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METHOD AND A COMPOSITE FOR MERCURY CAPTURE
FRUOM FLUID STREAMS

{011 This applicstion clidras benefit onder 38 US.CL § 1186 to 1.8, Provisional
Applivation Sevie! No. SOM32572, filed Mach 6, 2003, the disclosurs of which is
incorporsted herein by sefarsnos.

STATEMENT REGARDING FEDERALLY SPOMNSORED RESEARCH QR

DEVELOPMENTY

2] The U5 Government los contain rights to the favention based on Bovironmentsl
Protection Ageney Grant/Contener No. R-82060201 and Nationdl Acronautics and Space

Administration GrantCentract Ko, NUO S118, both with the University of Florids.

BACKGROUND OF THE INVENTION

1 Field of the Toveution

W3 This investios i dirccted to methods and composite materials for purifying fuid
strcams, Por exwuple, fields of the inventiow include flte gases emitted from combBustion
sourees (.8, oost-fred power plads, wasisdo-ghorgy facilities; smedicingd and stmilay
cinerstors, ansd industoal swnnfactores) and for purifving ground, suefacs, sadiy
inchaatrially processed watims, Mors purtioulsedy, the Invention relates fo reranval of morcudy
and ther contaminats frons a fhaid stresmn by adsorption md elther subseqguant or
continuoms catalytic and phatocatalytie oxidetion using catalyst and pl-:iamz:amlyst

tmpregnated of doped surbents (8.g., silicaegels),

i
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2. Deseription of the Refated Prior At

[94]  Mercury sinission frons sombusting sources iva significant envirommental congeny,
When maroury is rolegsed foto the stroosphere, it can be tansported by wind and then
ihrough divest deponition can acrummiate inosurfoce waters, In the water, biologics]
processes cun tasstorm mecary Oypically clonental merowry) inio methylmeraury, which is
fighly toxic aod o bloaccumalate in fish. Therefore, preventing the releass of ruerury jois
the givirsnment I8 very Iporiang.

f08]  The fargest omisers of mesury e coal-fived slectric wtility plunts, which avcoant fir
an astimated wwye than B0% of all anthropogenic mercury emdssons. Mercury is also Hsied
A8 one of the 189 hazardous alr polhustants (HATPS) inthe 1990 Clean Air Act Anendments
{CAAA). Regilasions are befuy ot for Titre emission standards for condmistion soarees o
be inylemerded as eardy as 2007,

06]  The unique festure of wercoey emission that differs from other toxie metals resalis
from meronry’s 346 closed shell Hlectreanie strueture that is Isoelectronic io He {155, sod
I8 pecordingdy highly stable in io elomental state. As 3 result, unkike othet toxie metils, the
daminant form of. memu;yis; mnﬁsm%im sxhayst fe elomental mercury (Hg®) ve por, uniesy
chlorine s present. Sinve Hg® is iasolable, gas remuoval devices, such as serabibers, any sfso
ineffective for ite removal. Similarly, particulate removal devices (2.¢., baghonses sud
slectrostatie precipitaior} sw also highly ineffective.

{071 Iuvecent yeurs, sumerons studies for enhanced meronry removal from comshuation
sources have beown andertaken. Cenprally the methods tsed in these studies wore based on
either adsorption or oxidetion. Cumrently, the mashonun availsbly control tecknology
MACT) Toy moroury is powderad sctivated carbon injection. MHowever, s predivted vae ds

Hinited bersuse of questionable costy, proseatly low capacity, fow applicable sempeaias

.
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rnge, wad probloms sesociated with collection and regenasation of the carbon. This
approach hae beon eatimated 0 cost abowt $2-5 billlon annually to ioyplament i U8, coal-
Tired posesr plante,

{08]  In addition t activaled ciebon, calciber-based sorbenis auch as frydrated s have
aleo been considered. However, calohwm-based sorbents provide pooe sfliciency for mstoury
reqnerval wnless they are modified with fly ash, Studies have also beew camied out wsing
azolite wnd bentonite, bt they have demonsteated vary fow capacity for mere ary.

{081 The use of an advanced oxidstion process haw 8lso bean invests gated for mercary
removal, Heterogenoous photecatalysis is ome such method that otilizes a semivonductor in
the oxidation and minevalization of polimants, either in the #ir phase or water phuse. When
the strface of the photocatalyst absoths 3 spesific amourt of enexrgy (uswally w phiston), #a
elestron Trom the valence hand is promated to the conduction band, thereby leaving a positive
charged “hole” in the valence band. Reactions with these dlevtron-hole pairs result in the
fosmation of hydrowy] radicats (OH), which are very reactive oxidizing species. * itanium
dioxide {T104} Is ono such senvivonductov/oatalvst that can be activated when iadiated by
UV fight,

(1] Wa st s, {Baw. Eng. Sci. 1995 15021137-148) and Low ot al. (AICHE T 2001:47:954-
9613 used Ti0, nano-asrosuls generated in-sitn In combustion systems fo sffectvely
transform elementsd roeroury Wto mmmc oxide, This provess was reported to bave high
officiency, bat & mador Fmitation wlated 1o separation and regeneration of the mercusc
wxide~-lvaded T0; aorosols.

[3] Thewfore, an sconomical solution fhat oan more efficiently capture mercury
compared to the wehnolagics discussed above offers the potential W significastly decreass

the exlinated costs to rasst pending negubtions. Tn addition, the solution should be

i,

PAC ET AL. EXHIBIT 1023
Page 6



WO 484508 PLTHISIBNGI0630T

pirgineered soch that it could be vasily implemented m existing voal-fived powey plants and
srndlar ixz:‘siaﬁimi{ms, st 1o be bosnd by theory, bat a vigble Tocation for the technology
devived hereln would be 1o et (he technology between the clestrostatic precipiiator o
baghouse and tho offfuont stack for conl-fired power plants, sithough the techoology 16 net
Hngited to this lecstion. In addition, iy conceivable o micronize {(creste o Tine powder with

dimpneters Tess than 43 o and injoct the maenial in 0 & flue duct,

SUMMARY OF THE INVENTION
[12]  In sccondance with the pressat nvantion, thers s provided a method and composite
for rempving meronry from s Thidd sheeam, the method inchuding the steps of contacting 5
composite material comprising 2 subkirate and catalyst particles with o Jued stream. The
coomposite msteciyd adsorbs and oxidizes thy moroury.
{13] Preferably, the ostalvet pacicles sre loosted on the sobstrate sueface andfor contained
in the subsirate. The compostie msterial may be & sorbent and, i 50, s preforably a g_eli; Ron
pmfetab'iy; & werngsl
{}.4};' The method of the Invention preferaldy nrludes the stop of fuadiating the composiie
mrsteri] with radiation; preferably radiation heving 2 wavelerigih of from aboot 160 & aboit
S8 nrn. The substrate is preferably wanspmeent to radiation and, for exmmple, may be porous
sifios, and the caralvet way consprise Ti0q. Preferably, the sorbent is & materiad having 3
surface arss (BETS of abous 1 to abont 1500 m/g, preforably about 200 to sbout 808 ¥y,
The catalyst is proforably present in e composite soaterial in s aenouns of oty abont
{11 wit to ghout 100 Wi,
18] The mothed of the presont nvention sise praferably coraprises the siep of
regenersting the compostis. The regeneration may be sither chemizal or Hermad

regeneration,
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[16]  The present irvention also relates 10 a composite, the composite inclading a sobewt
and wercasie xide and preforably farther inchuding w catalyst, I a cotalysl is present, 3 may
be prosent fn an amount of about 01wt o shout 100 wi%. The catalyst is preferably a
photecatalyst, more prefesably, T, The sorbentis profucably s gel, mors preferably, s
xerogel, The sorbend is proferably silion, sad preferably has o surface ares (BET) of from
shout 1 0 about 1500 m7g, proferably abuut 200 to about P00 m¥e, The composite
preferabdy contains the mevcuris oxide i an amount of from about 0.1 wi%h 1o about

1060 wi%, more preforably sbowt 8.1 »i%% fo sbout 10 wi¥e,

BRIEF DESCRIFTION OF THE DRAWINGS
{171 A fuller understanding of the present invention and the features and benefits thersof
will be scoonnphished ppon roview of the hllowing detalled description together with the
docompairying drawings, in which:
{181  FEG: 1 {a)-c) iliustrate scanning elpctron microscope (SEM) and snergy dispersive
spectrometry (EDNY analysSs of erushed ctuaposite pellats including 2 SEM mage, $i
miapping and Ti mapping, respectively:
(9] FIG 2 fiastrates 2 schamatio of a exemplary photocatalytie adsorpiion pacled hed
sexctor hased system for mercury vapor removal squipped with & source of mercury vapos
and an anslyvzer for messuring ragroary concsnirations.
{367 FI 3 iHostrates dinensiondess outled meroury concentration {{/C0) a8 a function of
trpe (13 widh TiI0: loading, relative humidity of 70% and rextdence thine of (.29 gec),
[28 PG 4 dlusthates mercuty romoval officiencies four vagious THY, loudings (15%

velotive hambdity, 0.3% sec residance Bawe).
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331 WG, § lustraes werowy removal officienstes for various tesidence Hmes (13wt
THO, T0% relgtive bumidisy),

(23] FXE & illusirates weroury romoval by sdrorption slone and then semoval by
adsorption sed iidiation £10% relutive bunndity, 12 v TI0, loading)

[34] P T fHugtetes meroury removal via simudtanenns adsorption and UV fradintion

{F0% relative humidity, 12wt Ti0 Jesding)

PRTALLED DESCRIPTION OF THE INVERTION
[28]  The invention ehudes 2 new raothod and composite that ca remove mercory from &
fluid stream, Specifiosily, the invention is targeted to remove mercury via adsorpdion anddor
sither simntianeous or subsequent nxidatien, Adsorption.on the comgosite materfal allows
merenry i be concentrated while exposars fo radiation ensures the oxidetion of the
ddsorbatels), Ieerretttent UV Hght exposiure oin be used with the fnvention which minimizes
energy consusigrion of the process if so desired, High efficlency, large capacity and the'
abilify to recover mervury ave adventageous festures of the invention.
1261 As wsed hewin, the tonm “mercuey” refors fo all forms of mercuey including oxidized
sigtes {e.g., o, HeCl, HaCla) and oleniontal meroury (Hg™). As vsed heréin, the trim,
“toyreguated” vefers to the Incorparation of a material (g, & photocatnlyss) within the
porous pebwork of u sorbang, and may be cither attached 1o the suefase of the pores andior a
puct of the crystalline netwogl, Alsss, as used herein, the term “doping® refors (o the addition
of & matexial such that it is fixed tn the sorbont internal or external sweface and §s aocossilie 1
the fluld stoarn, Purther, oa used herein, the teom “sorbent” refers (0 an smorphons o
arystalline solid thit & capable of accumuiatiog comtaminants ow or within the porous

notwork of the sorbent,
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377 The porsse cownposiie muterial proferably consivts of & high surface area substeaie
materigl, For exaople, ¢ siioa-gol impregosted with photocatalyst parsicles, such as Tty
hereln reforred ag 2 "SI0 THI compposiie go1”. The S10:- T30, cuvapostie gel can provide a
sarfave sres of shout o few m¥g 16 1500 m¥g. Tho gel s proferably & sarogel, detined s &
gel that s obtaived by avaporation of the bguid componsat af nbient pressary and
tervperainres below the oritioal tompersiure of the Hguid, However, otber ged forms wwy be
vand with the Invention. Oifer suftable substraies inchide activided carbon, veranios, metsd
siloates, dwinina, seoliies; and the Bhe as wall a¢ nonpurous subsipates such as silica/ghuas
beads, stainiess yiecl, and the Hke.

{381  The mercury deposited on the compostie following tivadiation has been identified as
mercuric oxude.  Very high Hyg mmdval efficiency (at loast about 99%) can be achioved with
contintious inadistion. & has alsn been observed that pliotocatalytic oxidation “sietivates” the
adsorbent; thus eshancing the schseguent sdseeption capacity of the composiis material when
UV {rrachation is not applied.

{391 The capacity of the povous comgposite mider al can be further icreased by og}tifﬁizi;zg.
the: ass fransfer of merowry frons the bulk fdd phase o the adsorpiion sites, For sxample,
one could manipuiete the gels pore size disiiibution or decrease the peliet size from the
current § X 3w size tosted herein. If desissd, by rinsing the composite pellets with a
suitable acld, such an HoSO andfor BNG,, adsorbed wercary oo be separatesd from the
peilets that gaemﬁt thse adsorpiion sites on the ceanposiic to be wgenarated. More efficient
rogoneration might be obtained by therme! treatment of the merciry at slevated emporatures
such as abogt 200°F to sbows JEHE,

{381 FPhotoomalve particle {e.g T loading at all levels hus been found o enhance

joercary remroval,  Optimad loading I8 & furction of sofbent porosity, surfice ames,
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transpaceney 1o UV Bk, permeabilicy, adsosption chavacteristics, grenular aize, and other
phiysioal and chomical chavactenstiss,  In the prefered ambodinent 5 THO? loading of
between 10 and 13 wtS has beon shonvn fo ghes optimaim performanos,

{311 In apeeforced cinbodiman, de 8I0-TIO: composits gel 18 Srmed Gsing a solgsl
methdd. Howeves, otlwer methods 1o form the composite will be appavent to those skilled i
the arte The basic formula vees specific volumetde ratios of various acids, water, stliow
atkoxide {silica propurs) o sodivim stlicate, with or without, various cosvlvents. During
foemudation, during gelation, Or post golation the stlioa {s doped, for exampls, with &
comntersiaily available phutocatalest, such o8 itamum diokide. Preferably, the titana
percenfage varies froryabout §.3% wabout 15% on & wifwt basis, but Til; loadings vp to
100 with cao be incorperated, Mixed alkoxide synthesis can dlsn bouged o form s,
coaposite gel of 510y and Tilh with # more homogeneons distnbution of Tily. Vanious
synihesis and aging sleps can produge ceanpsites with pors sizes ranging from < 10
angstrons B »50 nan or as large as desited, Preforably, the pore sizes are gragter than abowt
30 sngstrors sed less thaw abool 320 angstroms, meore preferably between abiout 60 and 200
angatroms, and most prefierably between about 100 and 140 angstrorus, In addition, surfsce
treannents can be asod i enhance Hg sdeception. When the solution becomes viscous dering
the gelation step, H ey thon be teansforrad e oomodd i order 1o create & pellet of & desived
sizen After gelation, the composiie may thon be aged for varving lengihs of Ume (o nereass
itg strength.. Afler aging, the pelicts may they be ramnoved from thelr mold, duaed with watar,
aad then placed in anather container for additfonal heat teestoents, In the preferred
smbodiment, the pellets are pluced It o oven and the lemperatore may then be ramped from
roon temnperature to 103°C and Kept constant for 18 howrs, resulting in vaporization of the

fopitd within the porous silion mstvx 1o form a xeregel. The tamperatnre may then de

&-
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rarped to 180 and kopt constant for & hows. Additional cnrdng ad Mighes tenperatures can
f%lsc} becachieved fup to SO0 for strengthening of the gel. The vesultant pvetage pore sivg
of the gel can rangs frovn x pore size of abond 30 angstomms 10 & pore stre of belween abad
100 o abont 200 angetroms, depending on the Initial fomnuta. The peliets can then be nsed fn
& packed-coluen,

(331 This ludicates only one sxenplary composits formalation. A wide varlety of
formnulations. casalysts, nging and doving parameters can be used to derive the eptimum pore
stze, pellet’paniicle size, surface wes, wiefrce adsorption charpoteristics, reduction efficiency,
pérmeability, leimperative Stability sod cogenaration characteristics. Alterbatively, the.
sorbent tan e synthesized in budk and crashed or grovnd and sorsened to produce gravudar
particles of the apiixmens size range for varlous applications,

{33] A signifivant-differonce berweny the-composiids deseribed herain and other
composites for reorcury romoval is the wee of 2 UV tiansparent subsiate material such ag
silica. Poross silica iy a good adeerbent medivn thay is alse substantially optically
sangparest i UV Ught, which allows the penetration of TV light through sis matiiX o
activate the intermixed photoatalyst pariicles, such as titantum dioxide, Preferably, the
photpeatalvst pagticles are previded beah on the sueface of and within the silies nuatrix
allowing oxtdation i coctsr en both exiorws and internisl surfaves within the povons silioa
structure,

3] A wide vavicty of photocatalysts san be nsed with the inventinn. The sol-gal process
is not Hmited 1o the use of Siandum doxdde, by ofher catalysts sueh as Hgl, 2nld, VD,
Sy o even modified Ti0; catalysts sonted with platinam or other condoctive materisls can
alao be asesd. In addition, the composdites cay be miade inte any shape convenient far use,

such a8 sphates, cyiinders, or sther shapes.

8.
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BEXAMPLES
[35]  The present {nvention is Durther Hlustrged by the following examples witch include.
demonstrations of the supetior pieformance of the advancad porous composite material e
clemental mercury sumoval. The sxsmples wo provided for itustration only and are wot 1o be
constraed as Hmiting the sonpe or sontent of the invension in any way.

EEAMPLE
Synthesis of siiea-titonia compeosite

[36}  The siios-tiania conposites werd tnade by # sob-gel maethod nsing vitele acid snd
Brydrofluotis actd s cutalyals to focrense the hytrolysis and condensation rates, thetshy
decroasing the gelation thne. The hesic formuls nsed o eroafe gels with & pore size of
roughly 158 & is as follows: 25 ml. water, 30 mL ¢thandd, 35 mL TEOS
{tetracthylonthosiioste], 4 ml uitrie goid (1IN}, and 4 L HF 3%). OF convss, ong of
optdinary skifl f the an will rocognize e sihoms slkoxides, sodiom silicate, collofdal siticas,
sHp casting or traditdonal cerwnit rechnigues ave suitable for use with the invention.

[37]  Thechemivsls wepe reagent grade and were added individually, in no particular order,
1o & polymetiylpertons contaloer, During this Uiee, a known mass of Degassa (Dusssidort,
Germany) P23 Ti0» was added 1o the baich and the percentages of titanis revorded {5 given s
a pescent by weight of aifica. A sugnetio stiv plate provided sufficient mixing, bat cane
should be used to fnsurs that the T s well dizpersed in the sod and that the homogonsous
disteibution of TiOy 1s madntained Suvughon the gelation provess. The solation (ingluding
the P23y was pipeted into polvstytete B8-woll assay plates before complete gelation. The
vslme added to cach well was approximately 8.3 mi. After gelation, the plates wene then
aovered with Huds and wreappsd in foll 1o provent pramature svaporation, Nl the sample

was-aged 2t room eperstore for tieo days, then at 83°C for two days.
10
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P38]  After aging, the pellets wars removed from the sontainer, insed with delonized water
fs reanove any rosidesd acid or ethumel, and placed {n » Toflon contadner Tor the next seres of
heat trestments, & smsdl hole To the Bd of the contrdaer sllowed stow and aniform deving of
the ged. The pellets wers they plaved i o oven and the tempeniture was vamped from oo
ferapemte fy H3°C (3% min) and kept constant for 18 howes, resulifog in the vaporization of
fgpid sofution within the silivs notwork. Next, the lemperature was ramped to HHO°C
{3%min} for removal of physically adsorbed water and hardening of the gol, whete it was kept
constant fw € howrs qad then way slowly deereased back o room temperaitre over 3 90
mintte povivd. The resultant size of an individaal cylindrival peliet after drying was
approsimately S io length with a Mameter o3 mm.

[38] The BET Brusaver, Boment, and Teller equation) surface area and pore volue
analyses wore porformed oo s Quantachrome NOVA 1200 Gas Sotption Analyzer (Boynton
Beach, FL). The semples were ouigasssd af 110°C for approxirately 24 hours and anadyzed
using nitrogen adsorption, The average pore stze was caloulated frogy the total pore vohune
and the surface arsa, Pore stre distribution cwryes were also attained fo pinvide addidonal
information on pare morphology. Scasmiag Electron Mittotcopy (SEM) (TSM-6400, JROL
USA, Ino.) with Energy Digpersive Spectrascopy (BDS) detector (Tracor Sygtem Y, Oxfind
Ingtrumends, Ine.) was osedd for morphology soad yurface glomental anatysis, The sflica-titsnis
gl composites had apecific swfnse o on the ordey of 200 to 300 mYg, pore volumes
asround 1 refg, and average pore diameters of about 150 angstromms, The synthesized peliots
fad & whits solor due o e prosence of TIOy. The addition of Ti0; in the range studied &d
fiot sesin to signitionntly aifsor the swrfoce awa. The pore volome within the loading ravge
weas roughly LU oofz and had negligible differencas smong the varioos pellats. Concesaimg

pove size, the average pore diameter (pore voltme/sarface gren) wvergged 150 angstinms.

-ii-
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The SEM toage of crushed fresht pellet {13 with lnading) is shown tn FR 1R The
corrssponding BOS slomental mappings of 85 and T3 are shown in FICL 1) and FIG. e},
respeotively, FIG. 1653 shows TI0; was well distributed b the $10y matrix although some

agglomeratesd TiO can also be ssen,

EXAMPILEZ

Merenry Bomoval CharsctevivationMethudology
P Silica-Thanis Cornposite Gel formed using the synthesis method desertbed above wae
tested in 2 packed bed resctor syshem o charsoteize the mechantemns sud efficienay for
roeféury vapsy nomovad, The seactor system inelnding » supply of wernwy vaporand a Hyg
analyzer is ehown bt Figore 2. The flow-rate of mbroury-laden afr was 0.67 fithrs/main with &
residence {ime in the resetorof 0.2 seconds. The initisl mercury concentsation for
expetiments vanged fioon 7 1o 150 ppb. Mewmtwy vapor lades alr was introdoced into te
system by passing purified air above Hguid meroury held in areservoir. To study the effects
of molsture ou the system, waiey vapor was introduced by hubbling water using purified afy,
The mercury conceniration of the mixiure was Yoedmired by a UV mercagy analyzer (VM
3000, Mereury fnstnuments or Zeseun RAS1 S merbury analyest), The aly carrying the
designated Jovel of merowry concentration sud humddity flowed downward throagh the
packedebed veactor frony the tap 1o order to minimize the chance of seloctive flow or
channeling through the reasior,
{41} A steinlosy stecl mesh {64 jau opening) was used 1o hold the pellets, A UV lanp
{4W) was placed ot the center of the packed-bed reactor, and the pellets were randomly
packed avound the laap. Botweon 3 and 10 grams of peliets wore used in the experiments.
The crose-srctionsl svon of the reactor was 265 e’ After Hlowing through the teactos,
dilution aly was setroduced fo diute the weroury concentration fo the appropsiate rangs fox

R

i
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meastranient. The alr was then passed Hrough a carbon trap hefory it was exhaosted into g
Bood whils 2 skt of the air was divected to the mercury walyzer for measurement. Purge alr
was used 1o fosh mervary oubof the system ofter easch expevinent,
3 At the sxperioen, the composite pellet was analyzed by BET aguin to examine i
thers was any sigaificans ohange I suelzoe ersa, The mmount of totad mervury adsorbed on
peliots was determined following a hot poid digestion (HNC L0, mixtwe; 7:3) of 38 mg
of pelletsf10 mi of solution. Samples wore brooght & areflugiag boil on a hol plate for 4
hours, After cooling, 8.1 mi of concentrted HOT was sdded 10 the swraples, and the fingd
volume adjusted to Sl by dilation seith Nanopure® water, Mercory concextuation was
ther measared by Indactively Coupled Plastng spectroscopy JCP) to detérmnine the capaaity.
_ EXAMPLES

Muereury Removal Bate a5 a Fonction of Adsorpiion and Oxidation
{431 FIG. 3 shows the dimensionless outley meroury concentation (C/00) for the TV
on/off cycles as 2 fanciion of Gme. The indel conceontration was regulaty checked 1o ensuwre 3t
stayed at the designated lovel, As shown, the outletconcentration in the first cyele increassd
to 68% after T3 piputes, proving that the high surface area silics gel was capalde of
adsorhing wercury, The bragkibronyd e wie shotl due (o the small bed height used, bt &
can be easily made larger by using 8 longer bed,
fdd]  Afer 15 mdnufes of sdscepiion, the UNV.-Hght was tarned s The outlet concardention
guickly dropped dows e 0% i Toss than 2 sbaaes, demonstrating bighly effective
phatocatstytic oxidmion, Duving s oxidation periad, effluent mercory sinyed st this low
favel. After & minotis of UV sxposure, the UV Hght was tuned off w0 start the sseond oyale.
The outlet concentration romained & » fow conventration for s short pediod of toe and then

increased e sinsilar pattemn observed i the provioos oycle. Comparison of the end of the

PAC ET AL. EXHIBIT 1023
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first eycle before the TV light way fened ow sued the bogining of the second eycle indivates

that photootalysis axidized the previously adaorbed soescury and Vreactivated” he silics gell
S 3 h g

Otherwise, the meroury sonosatration ldtially weasured i the secoud cycle would be the
final level deterted from the provioas oyele (e, 68%).

1457 The oiber unugpected phenopanon demonstoaiod was that oxidation oycles imgroved
adsorptions for the nexi oycle. I other sords, by compariog the mestury outiet
concenirations of the regpecitve oyeles, & docreasing trend was obssrved,

f46]  In s redutesd experiment, the e in feach 20% exhaastion (e, 20% of the sorbéat’s
capucity utilized) fur vach ycle for 10 grams of pellets was measwred, As cmn by seon froam
Table 1, the pellets performed better with each successive oyele,

Table 1: Time for Renching 26% Exhausiion by Adsorption in the Varisus Cydes

CydeNe. L 11 3 N 5T
Time (i) | i 2.1 32 [ 7.2 9.3

{477 Thus, Table § cleasdy shows the orease in tine with gach oycle to yeach 20%
exhanstion e §odn b the fogt oyede and 2.1 mimstes in the second oywle). This
treakthrough profile became stalle after 2 fow cygles.

XAMPLE 4
T Londing

48] An inceense i D0y kosding to 8 covtian exient Is expectad Yo yigld higher merowry
remnaval afficiencies by providing wrore active sites for photonatalytio asidation. However,
higher loadings (Le., gresise wi% ratio) may interfere with the adsorption or hinder UV
transpareney, thersture reducing the effoctivaness. Mewsnved afficiencies for varions Tidy
foadings are shown in Fi 4. ‘The efficiencies of photocatalytie oxidation, sdeorption st 3

mimites and at 15 mimtes ans both reported,

14
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{491 When the UV Hght was uy, meroiry removal was 100%, In Jooking at sdsorption, the
2.8% byppegnated silice-ged clondy had o lower capacity tha the other two Toadings, This
defintoncy mey be due @ the photocaiaiytic “activation” disvnssad o the previons seoton,
The 2.8% Ty joading may not by spough to provide he necesasry OF radicals for
setivalion, thee weulting in 8 lower sdsorption capscity, Companing the 13% and 18% dats,
the 13% grovided a slightly betler porformumes but the differsnce did not appeay to be
siguificant.

(501 For aptiesus gysiers perfiamance, TH, particles should be dispersed. Agglomeration
appears fo vield less effective use of VO, for this purpose. The experimental resulta suggest

‘that 13% loading to be the optiraal based on the cuwent doping methodalogy.

EXAMPLES
Restdonce Thne

511 Plow maie is apother imponiant operafing paramster thef generally determines the
msreury verpovid efficiency in the system: The flow ride controls the residence time of the
marculy containing gas by the wactor and therefore the effectivendss of adsorgtion and
reaption-cas we lopacted. In addition, by varving the How rate, the rate Virdting mechanism
can be dentified. The removal efficioney as & fanctioo of residence time is shows in FIG. &
821 As the residencs tme deorsased from 0,78 o (.16 5, adsorption was groetly impacted,
The vemoval efficiency drasiioally decmased when the residencs time decresded. Compared
to adsorplion, the removal efficiency by photnoatalytio oxidation only decressed siightly,
sithough 1t wes suich mow aifeoied at the smaliost residence tine, While short residence
te reducss the perfurmance of S syates regardless of whether adsorption or owidation is
the roatn rovnoval recchanism, ha weaults cleacdy Indicate that adsorption is the rate lindting

factor,
-5~
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{831 An shemstive o oxpraing the siios-gels to futermitient UV s to wadniain an
grvvironment of conetant bradiation, FIDL 6 dewmonstrales that once UV was appled tothe
syxtens, the offucent moetsury coptentration retumned & zero and ramalined there forthe
duration of the experivacnt. Smilarly, FIG, 7 demmonstestes that 1 the system ia fvadiated
from the beghuaing, other than the Suctuation in effluent mercary congentration in the
beginning of the expariment, the offlvent concenteation remained at zero for the Jurstion of
the experiment. Simtlar experimends were cwrted ot for almost SO0 houss with the same
resolts. Partheonore, sthion impregaated with HgQ with and withowt Ti0; performed
sindtardy fn the presence ad sbeance of WY Hight,

{341 Juis ro bo onderstood that while the invention has been described in conjunction with
the peeferred specific embodirmunts thereof, fhot the foregning description ss wsll as the
exanples which {ollow de intended to Husirate and not Henit the scops of the inventiod,
Other aspects, advantages wod modifications within the seope of the invention will be

appargat 1o those skilled in the ant o which the invention pertains.

-1~
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WHAT IS CLAIMED I

i A ethod [or resoving meeroury from & $hud steomy, comprisiag the steps
of) providing # conpostie materis! comprining u substrate and catalyst partdeles; and
contaeling a faid stresan with said composite, whersin ssid composite adsorbe sudior

oxidizes sald movowy,

2 The method of Clalm 1, wherein sald varalyst particlys are o the substrate

stirface andfor contained B the sebsivgie,
3, The wethod of Claim 1, wherein said composite materis! {s s sorbent,
4, The wethod of Clalm 3, wheseln sald sorbent fs-# gel.
F. The southod of Cladm 4, wherorn gaid gel is a xerdgel.

&.  Tie rosthod of Claim 1, forther comprising the step-of irradiatingsaid

composits migerial with radiation,

7. The method of Clain 6, wherein said radistion has & wavelength of from about

160 to about 650

8. The methsd of Chaten 1, wherels said substrate is transparent 10 radiative,

o The method of Clamm & wheveln sald sobstrate comprises povous siliva.

-7
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My The methad of Clalm 9, wherei suid oatalyst comprises TiOx.

L The method of Clatia 3, wheredr said sorhent has o surfacs sea (BET) of

ahant 1 1o sbout 1300 s

12, The methed of Clatra 1, whershn said vatalyst s prosent in said composite

mterial in an amount of from shout 1.1 & about 100 wi%h,

13 The mothed of Claim 1, fupher comprising the step of rogenerating the

COMposite.

14, The nethod of Cladm 13, wheiein said regenemtion step comprises chemioat

or therinal regenorstion.

15 Avomposife, compuising 2 sorbent and nerenric-oxide.

16, The composite of Cluim 15, Durther copyprising o calglyst,

170 Thecoanposite of Cladig 16, wheveln said catalyst {s preseat in sald eompusia

i an ammount of aboat 4.1 to ahoud 100 %,

18, Theveraposiie of Cladm 16, whersin sasd catalyat 1s o photocatalyst,

18-
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B The composite of Cladm 18, wherein sald photocutalyst is Ti0,.

0 The composite of Chaim 1, wherein stid evbent is a gell

2L The composite of Claim 20, whersdn said gel is g xovogel.

23 The compostte of Chain 1S, whersin sald stnbent i3 siliea,

23, The composite of Claim 15, wherein said sorbent has # surfree wen (RETY of

from sbout 1 1o showt 1500 e,

24 The composite of Clatm 13, wherein said mercuric txide s present jo said

sompoesiie o sp smount of fom oot 8.1 10 sbout 100 wi% .

b
AIF

PAC ET AL. EXHIBIT 1023

Page 22



WOOINs4easaE

ISI604/086307

]
g
iR

o] T, ¥

2

SKa.

PAC ET AL. EXHIBIT 1023
Page 23



PLTHISIBNGI0630T

H

%

WO g8

Pl

(43374

3 BUETT R

Hidy S00NERN0

£16-VY TON0

M SUYT UOBRYICT
- i y p...u @
o b s
wnyEosng | m
e m IR
§ Hd
, /

7 B
7 PR

pi-ecny

ot} esndiyg

s

e

i
S

Z

|
|
Q .

_,/

|

aduy, oy

] Rawites

RIS

SHOTHPE MO

PAC ET AL. EXHIBIT 1023

Page 24



WOOINs4easaE

37

Y o

é

1 an

UV on
|

Y on

i

L an

1.0
3.8+

A M

Time (min)

P33

PLTHISIBNGI0630T

PAC ET AL. EXHIBIT 1023
Page 25



WO 484508 PLTHISIBNGI0630T
47

§ N
: a\?
£0
R
\(E woRbeny,
2@
Ml v+
________________________________ &
5 6 =
-::» o .
= -w
57 ok -
58 -} =
iRl F
a3
<
B E
o
g L. Lo L o ]
o0 (8] ~F g
w

{or) Kousionia jeAcwioy

PAC ET AL. EXHIBIT 1023
Page 26



WOOINs4easaE

ey

% .min Adsorption - LY off
R 15 min Adsoiplion - UV off

g 1V on

g ° O =¥ O

{96} Asusidilly reacwiay

0.43
Residence Time (s}

0.16

PLTHISIBNGI0630T

L

FiG

PAC ET AL. EXHIBIT 1023
Page 27



PLTHISIBNGI0630T

H

%

WO g8

BT

3T
[y P,
o8z 0z 45t 05s
. , , : ,
§
/
A
¥
H
H
¥
-
i
P \oﬁt.\xsa.
. mﬁw g - ”
onaE s, -
L} By BIG
W% 01 Y G spened By

ehang uEnCHERG Adndiam

i

A

{3} vORTRERONGD

PAC ET AL. EXHIBIT 1023

Page 28



PLTHISIBNGI0630T

H

%

WO g8

L
{unpg) s}
o6 oG8 1178 809 0Dos o0v oog 1A {118 ¥
..... | w.
&
£
4
%
-8
£ o4
S TS LS

Fibd BITHE wiper
{0V TOAL %TL} 1063 CORIS wdu

Y02 ' 092 ‘sied B g
sasng ubnosypmesig Anosow

fasked) OB HLRDULY

PAC ET AL. EXHIBIT 1023

Page 29



(I INTHENATIONAL AFPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (POT)

{19 World Intellecinal Property
Orpanizaiion
Intemational Bureau

{43} Imfernational Publication kale
4 November 2004 (04.11.2004)

PCT

{18 Interngiional Publication Number

WO 2004/094024 A2

{51

nr

(213

(25
{260

(363

S B

£72)
(75}

BoiD

International Patend Classificatinn’;

Interpationat Application Munber:
POT/US2004401 28758

International Filiag Dater 273 Aprd] 2004 (2304 20604

Filing Langnage: English
Publication Language: English
Friority Dmta:

UETE R 23 Apel 2003 234420603y 1S
Appticant {for all desiznated States except USH ENERGY

& ENVIROMNMENTAL RESEARCH CENTER KFOLUN-
DATRON, TN, [VISARR] 15 Morth 3rd S0, PO Box 9018,
Grand Forks, Mool Dakota S8202-49018 (U5,

favemiors; amd

TnvemiorsfApplennts (or U8 anlyy (GLSOM, Edwin
PUSAUSE 225 Checle Hills Drive, Grand Forks, MNoenh
Dakota 58201 U8y HOLMES, Michael [USAIS] 814

fth Ave WH, Thompson, Nob Dakon 38278 (U8
PAYVLESH, Jobwm [USUSEH 4220 210th St SW, Fawt

Cirang Foris, Minnesota 5677 {5

{74} Ageni: JOHNSOM, Brice, A Johnson & Associates, PO
Box 90692, Austin, Texas T8708-0698 (118

{81 Desipnaied Stales (less vtherwise tndicated, for every
kind of netiona! protection available s AR &G, AL AM,
AT, AL AZ BA, BB, BG, BR,BW, BY, BZ, A, TH, TN,
OO, CRLCU CABE, DR, DM, D2, B0, BE BG, B8 T,
GR, Gy, GE, GH, G, HE, AT I, 71 IN, I8, 1P KE,
G KP KR KZ, LC LK LR LS, LT LU EV. MA, MD,
MO, MEMMN MW, MX, MA, NA, N NO, N£,OM, PG,
PH.OPTL, PTOROLREL SCL S, SFL SO SEL 8L, SYUTL T,
TN, TR, T, T, UA, UG, U5, U2, VU, VIR, YU, ZA, ZM,

{84y Destynmied Sinles (unfess otherwise indicated, for overy
kind of regional protection availablep ARIPO (RW, (GH,

GM, KE, LB, MW, MZ, 8D, SL, 87 TZ, UG, ZM, ZW),
Fumsian {AM, AZ BY, KG KL MBP, RU T W), Fure-

can LA, BY, BO CH, OY, O, D, 12K, B BS BE PR

GB, GE, (T R T, LU, MC L, FL TV, RO, SE, 8L SK,

{Continued on next page ]

{54

e
-,
p
£3
=
<5
o
&
T,
o
o
&
3
-

Vitie: FROCESS FOR KEGUNERATING A SPENT BORBENT

3, i A
RO
% | £ "”l
> Used Serbent Feed T
. 'S rosii| cutn Seblling Tak
i) Chemical Addiivs HY s =
: p L
[zed ! Fresi | pregen Liusrgy
iorberdy ot
[N s
N /
b By
. i Bank to gas duct hefurel Solds
e 4 sorbert system 98
T, 20—
Sortent Regeneration & | R
Yoayment Frogess
- [ L 8
’ Dewatering
| S— f.f”a o | Prving Progess (-~ fepanerated Sorbsnt

®

y Mot Poogss Bae

(87) Abstract: A method and apparatus is provided for regenerating » sorbent that bas been possonad by components devived from

floe pas. The sotbent is trented with an agent o renove the poisosing components and introduce 2 promoting agent inte the sorbent
The method and apparatas can alss be used to enhance the sffectiveness of 2 new sorben:,

PAC ET AL. EXHIBIT 1023

Page 30



WO 2004/094624 A2 BIINENNESERIARH AU RN

TRy QAP (BE B OF, CG, O, OM, Ga, GN, GO, GW,  Far mwosledier coder and other abbreviations, refer to the "Grid-
ML, MR, NE, 8N, TR, TG astee Netes on Codes and Abbreviations” appearing ai the begin-

Published:
""" without international search report and o be republished
wpon Fecaipt of that veporr

PAC ET AL. EXHIBIT 1023
Page 31



10

26

WO 2604/004824 PCTAIS2004/012828

I
PCT PATENT APPLICATION FOR:

PROCESS FOR REGENERATING
A SPENT SORBENT

Inventors:
Hdwin S. Obon
AMickael J. Holmes
John H. Pavlish

FIELD OF THE INVENTION

f01] This invention relates to the removal of mezcury and other pollutant species
from flue gas streams generated during the buming of fossil fuels, In particular, this
invention iz drawn 16 & process and systern for tegenerating spent sorbents, or

enhancing fresh sorbents.

BACKGROUND OF THE INVENTION

[32]  Buwmning fossil fuels such as coal generates @ flue gas that coniains
contaminands including mercury and other trace elements. In addition, the flue gas
contains oxides of sulfur and nitrogen {acid gas emissions) and particuiates whose
release (o the environment must be controlied by use of sorbents, scrubbers, filters,
precipitators, and other removal technologies. In the example of mercury, mercury is
generated in its' elemental form during conbusidon. Downstream of the boiler, in the
ducts and stack of the combustion syStem, part of the elemental mercury is oxidized,
The amount of mercary oxidized depends op the amsount of hydrochlonic acid (HCT)

and other gases present in the flue gas. The amount of mercury in 4 gas stream varies
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with different coal, but a typical concentration of meroury in the stream of combustion
gas is about 5 parts per biflion (ppb). As a result, several pounds of roercury per day

may be emitted in some utilities.

[03] Several types of mercury control methods for flue gas have been investigaied,
including injection of fine sorbent particles inro a flue gas duct and passing the fiue
gas throngh a sorbent bed. Tn these types of mercury control methods, the mercury
contacis the sorbent and attaches to its surface, where it can be collected slong with
the fly ash in a baghouse or electrostatic precipitator (ESP), One disadvantage in these
prior art systems is that sorbents are used only once and discarded. The sorbents are
are not regencrated and reused. These prior art techniques also create solid waste
disposal problems, and the spent sorbent may contaminate the cotlected ash for use in

various applications.

[04]  Another type of mercury control method uses carbon beds for mercury capiure
in flue gas. In these types of systems, spent sorbent is typically burned and not
regenerated. Some prios set systems employ a recireufating carbon bed, where
mercury is removed glong with acid gases (as ammonium salss) and the carbon 18
regenerated at high temperatures where ammonium sulfate is decompaosed to SO, snd

N, and mercury desorbs from the sorbent. Attrition of the sorbent resulisina

significant sorbent cost in this type of control method.

1051 Another type of mercury control method involves injecting manganese oxide
sorbent particies in a flue gas streatn. For example, US Patent 6,579,507 describes

such 3 method. Tn this patent, regeneration is claimed by removal of spent oxide
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particles from the reaction zone and rinsing with dilute aqueous acid. Une problem
with manganese oxide sorbents i3 that, while they do oxidize and remove elemental
mereury from flue gas, the reaction rates are far slower than those with activated
carbons. This means that the MnQ, sorbent can not handle high flow rates of flue gas
compared with the injected carbon sorbents. Also, the acid wash of the MnG, sorbent
does not restore the sorbent to its fall original actvity. In the described MnQ, sorbent
system, the purpose of the acid wash treatment i3 to actually remove the poisoned and
spent manganese from the surface of the sorbent as soluble salts, which destroys a
portion of the scrbent. The scluble salts contaminate the wash solution, and it is

difficult ko economically separate and recover the manganese and mercury.

106]  Of interest in designing a mercury control process is to use the sorbent
downstrean of a particulate control device so the sorbent is not highly diloted with
the ash particles. The sorbent could then be more easily regenerated and recycled. The
prior art discusses several examples of this type of co figuration and sorbent

processing.

[07] LS. Pat. No, 5,607,496 teaches the axidation of mercury on 4 metal oxide
sorbent bed and subseqoent absorption to a sorbent. The sorbent bed follows the
particulate removal equipment and thus the gas stilf conlains the SOy, and NOy, which
react with the mefal oxide sorbent to form metal sulfates, that poison the bed. High
temperatures are proposed to regenerate the bed, However, mercury is only partially
removed from the sorbent at teraperatures up to S00 degrees C. Also, the sorbents do

not work effectively after regeneration. The cause may be that manganese sulfate
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formed during the sorption cycle does not completely decompose back to an active
manganese oxide form. TS Patent 6,283,981 describes a fixed MG, or Fe, O, bed for
removal of mercury from a hydrocarbon strearm, huf no regeneration methed is

incinded,

(%] 1S Patent 6,596,661 descaibes the regeneration of 4 plaie or honeycomnb
material composed of transition Imetai oxides that was used for sorption of mercury in
flwe gas. The claimed process involves heating the sorbent in 4 reducing gas stream 10
remove poisons, followed by impregnation with a poly functional complex-forming
reagent containing the catalyst active cornponent to 1estore mercary capiure Capacity.
The first of these steps can remove the mercury, but it is wnclear whether it actually
removes the subfate poison. The second of these steps is rather expensive, because ong

ia actually reconstititing the reagent on the sorbent.

[09]  Other types of mercury control roethods using porous beds containing a
mercury oxidizing reagent on 3 solid support for removal of mercury from gas
streams are described in several patents. For example, US Patent 1,984,164 describes
the use of activated carbon or other solid impregnated with a halogen for removing
wercory from aiv. The impregnation method is not specified. No regeneration 18

claimed.

{10]  Examples include peroxomonosultate (for example, TS Patent 4,786,483},
wiiodide or other mixed halogens (for example, Ud Patents 3,194,629 and 3,662,523},
and sulfur (for example, US Patents 3,194,629; 4,101,631, 4,708,853, and 6,258,334}

fn these examples, the reagent material is destroyed either by reaction with the flue
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gas during sorption or by atiempts to regenerate the sorbent, Thevefore, these sorbents
are not regenerated, except by reimpregnation of the expensive reagent.
Amalgemating noble metals (gold, silver} on a suitable support can be regencrated by
microwave heating (for example, US Fatent 6,136,072), bul are expensive and not

especially active for sorption in flue gas.

SUMMARY OF THE INVENTION

[11] An spparatus and method is provided for regenerating used sorbents by
exposing used sorbenis t0 a solution (0 remove contaminants cotlecied on the sorbent.
An apparatus and method Is alse provided for enhancing the effectiveness of 2 sorbent
by exposing the sorbesit to a solution that increases the sorbent effectivensss. ln one

example, the solution used Is an aqueoas acidic solution.

{121 Other features and advantages of the present invention will be appareat from

the accompanying drawings and from the detailed description that follows below,

S

{13] The present invention is illostrated by way of example and not limitation in
the figures of the accompanying drawings, in which Iike references indicate similar

elements and in which:

141 FIG. 1 is a block diagram iilustrating one example of the application of the

sorbent regeneration technology of the present snvention.
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[15] FIG. 2 is a block diagram illostrating another example of the application of the

sorbent regeneration technology of the presant invention.

[16] FIG. 3 is a Wlock diagram ustrating a process for enbancing the effectivencss

of a sorbent,

DETAILED DESCRIPTION

[17] The present invention relates 1o the process for the removal of mercary and
other pollutant species from flue gas streams geperated during the burning of fossi
fuels, such as in a coal-fired utility. This removal process ttilizes a sosbent 10 remove
poltutants from the flue gas stream, which is at the same Hme intezacting with other
fiue gas components that result in poisening or deactivating the sorbent and reducing
its capacity or reaction rates with the poflutant species. The presest invention provides
a cost effective way to capture the pollntants by utilizing a process 10 regenerale the

reactivity and capacity of the sorbent.

[i8] Generally, a process of the present invention includes washing a used sorbent
with agents selected to remove the anions that collect on the sorbent during exposure
to flue gas and which poison the binding sites for mercury or other contaminants. The
process also impregnates the sorbent with agents that promote the chemisorption of
mercury and other contaminants in the next service cycle of the sorbent. This is
achieved by the fact that, following or during the removal of the sulfate or othe
contanrnants, the sorbent is washed with a reagent that restores mercury of olher

contaminant sorption effsctiveness of the sorbent.
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{191 In some examples, the invention applies to regeneration of asorbentina
powdered form that has been injected into a flue gas stream after particulates have
been removed, and have been collected on a filtration device or ESP device.
Examples of the composition of sorbents include activated carbon, 3 metal oxide of
metal oxides, a precions metal, or & camposite of any of these. In one example using
activated carbon, the sorbeni may take the form of powdered, granulated, or fibrous
carbon. Other examples are also possible. In other examples, sorbent s uged with a
sorbent bed, rather than being injected. A sorbent bed may be a fixed bed, traveling
bed, or a travelling fiber filter. In efther type, the poisoning contaminants from the
flue gas are removed and a promoting agent added 1o restore mercury sorption
activity. This process of promoting the activity of the carbon itself contrasts with the
carlier more expensive art of adding 4 reagent (such as peroxide, gold, trilodide, etc.}

o the sorbent,

{201  To help understand the present invention, it helps to understand how a sorbent
Joses fts ability to absorb contannants. Reactions between acidic components
generated from flue gas poison the basic binding sites on the sorbent for oxidized
mercury, which is a Lewis acid. Binding of other metal jons, such as boron, £,
arsenic, gallium, Sh, Pb, Bi, Cd, Ag, Cu,. Za, or other contaminants that may alse be

Lewis acids, would suffer froin loss of the intrinsic carbon basic sites,

211 To achieve the regeneration effect, 1t is necessary 1o remove the cortaminant
species that ovcupy the basic binding sites on the sorbent. Typically, there are several

acid species that occupy these sites far exceeding the number of bound roercury lons,
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The most seriots competitor for the binding sttes is sulfuric acid, formed from the
S0, and 80, in the flue gas. The sulfste formed by reaction of the sulfuric acid with
the basic sorbent sits can be removed from the sorbent by washing with aguoous
hydmochloric acid (FIC) or excess of chloride jon to exchange the sulfate or hydroges
sulfate jons. Washing with an acid or sali solution Is move effective than washing with
water since the anions exchange the solfate bound 10 the sorbent sites. Other acids or
reagents will also exchange thess jons. Washing with hydrochloric acid and/or other
acids also has the effect of promoting the subsequent oxidation of clementary mercury
when the sorbent is raturned to service, Adding the proton from the acid 1o a basic
carbene site on the carbon edge structure forrns a carbocation that accept electrons
fron the neutral mercory atom forming the oxidized mercary species that is bound to

the sorbent surface.

122] There are several solutions that can be used with the preseat invention o
regenerate and/or enhance a sorbent. In a first example, the sclutios includes one or
more inorganic acids such as hydsochioric acid (HCI), hydrobrone acid (HBr), and
fiydroindic acid (HI). In another example, the solution includes one of MO salt
solutions. The sali solution may nclude s halide salt, containing an associated cation,
such as ammoniam, sodinm, potassivm, iron, sluminue, boron, 2inc, manganese,
magnesium, caleinm. In asother example, the solution includes an organic acid, such
a8 citric acid, tartaric acid, oxalic acid, malonic acid, maleic acid, formic acid, and
acetic acid. In another example, the solution includes an organic salt solution, An
orgamic salt solution may include at least one anion from at Jeast one of citric acid,

tartaric acid, oxalic acid, malonic acid, maleic acid, formic acid, and acetic acid, and
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at least one associated cation, such a8 amrponium, sodinm, potassinm, iron,

shuminum, boron, zine, mangimese, magnesium, or caleium.

[23] In another example, the solution inclodes a compound cogaprised of a balogen
commbined with a2 Group V or Group VI elernent such as phosphorus, oxygen, sulfur,
selenium, nitrogen, ete.. In one example, the compound includes one of MOte of
thionyl chloride, sulfuryl chieride, phosphorus trichioride, prosphorus oxychlovide,
hypochlorous acid, and chlorine. In arother example, the compond includes one of
more of thionyl bromide, sulfuryl bromide, phosphorus wibronude, phospborus

oxvbromide, lypobromaus acid, and broouoe.

241  In aoother example, water can be used (o wash much of the sulfuric acid and
sulfates off a carbon sorbent. However this treatment may ooly be effective in
testoving the activity of the sorbent for capture of elementary mercury if halogens are
already incorporated into the carbon during a pretreatment or during » previous
regeneration cycling of the carbon, which was carried out with a hydeohalide acid

().

[25] ‘The present invention may also inchude washing the recovered powdered
sarbent or the hed material in 2 solotion of the contaminant removal agent, for
axample, an scid reagent. Washing with the wagents will exchange the flue-gas
derived sulfate ions and other contaminants from the binding sites on the sotbent. the
invention may alsa include the impreguation of agents into the'sotbent to promote
sorption activity, This may be accomplished using promoiors guch as a protonic hydro

halide acid FIX or Lewis acid MeX,,. These reagenis enhance metal oxidation activity
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by creating cationic chavacter on the carbon edge structure that aitracls meErcury aioms
and extracts electrons from said mercury atomn. A similar mechanism applies to
oxidation and capture of reduced arsenic and other pollutant specics. In another
example, the invention may use a reagent that promotes oxidation via chiorination of
a sothent surface, such as SOCL, SOLCL, PCL, POCHL, HOCEL NaGCL Cly, and
corresponding bromine (or other halide) reagents. These reagents cun be liguid, vapor

or solutiom reagents, depending on their stability.

6] The slurry of ireated sorbent particles is subjected 10 3 dewatering siop {for
example, centrifugal-based, gravity-based, or filiration-basced methods) to remove the
sorbent particles from the agueous acid. Finally, the sorbent is further dried via a mild
thermal treatment before returning to service. There we several reasons for
dewatering the sorbent, By improving flow charactetistios, this step wiil make the
powdered or moving particle sorbent easier to handle doring duct igjection or in a
contactor upit, Moisture may aiso block the pores preveniing gas phase diffusion of
elemental mereary, or may ptomote the sorption and subsequent oxidation of 8G, to

sulfuric acid.

1771 Inanother example, the water produced in the dewaicting step may be treated
in 2 settling basin with a Ca or Mg salt to produce insoluble Ca or Mg S04, or other
insoluble salt of the contaninant, which is removed as a sludge or solid. Examples of
guitable Ca or Mg salts include Kne, halide, or solutions spent from the resin
regeneration siep. The treated water may also be further subjected to treatrpent with a

cation exchange resin in the proton: form (0 remove any excess of Caor Mg in the
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water from the settiing basin and replace it with hydrogen ions. The resulting solutton
is then fandamentally what is required of the carbop regeneration step (exchange out
the comtaminant and add the promoter acid). In this process, the spent cation exchangs
regin from the process is treaied with a protonic acid, such as HCL to regenerate the
resin in the proton form and prodoce 8 soluble Ca or Mg salt. This process may
include the addition of the Ca and Mg brise from the 1=sin rogenerating unif fo the
setrhing tank to sid the precipitation of the insoluble Ca or Mg salt of the contaminant.
The process may also include the addition of acid oy salt to the recycled water from
the resin treatment step as needed to increase concentrations to those required for

contaminant removal and promotion of sorbent activity.

[28] Is another exarople, the waste water solution from the dewstering step can be
siraply disposed of by adding o scrubber shury, if available, or using other disposal
methods. This will convert the contamainant to insoluble calcium salts as scrubbers are

designed to do.

[#9]  In one example of the present invention, a regenerated o enhanced sorbent
can be improved by use of an additive mixed with the sorbent prior {0 injecting the
repenerated sorbent into a flue gas stream. In one example, the additive can be a

caleium-based additive which functions to nentralize acids.

[30] Ablthough the process for regenerating a deactivated sorbent is suitable for
varions forms of sorbent, a descriptive example of a regeneration process according to
the nvention (inchuding test results) follows. In this example, an activated carbon

sorbent was used. The regenesation of several carbon sorbents was fested, including
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the powdered Noxit FGD sorbent, an aercgel carbon film sorbent, and a carbon filter

consisting of fine carbon pagticles imnbedded on a polymer fiber matrix.

[31] The carbon sothents were initinily tested in  hoated bed where a synthetic fhue
gas stream conlaining elementa) mercury (Il p g;’m‘g} was passed through the bed.
Concenteations of total and elemental mercury in the effluent gas were determined
using a PSY Sir Galahad mercury contingous emission monitor (CEM). The powdered
sorbent was supported on a guartz filter during the fest, and the other sorbents wers
tested as a iriple layer. A comparison of the original FOD powdered carbon sorbent
with the sorbent after regeneration by washing with 0.1 N HBr, collecting the powder
by centrifugation, and drying, revealed that the meroury capture achivity was
inereased from an totial capture efficiency of about 50% of the mercury in the inlet to
100% captwre. A comparison of the sorbent after it is regencrated again with HiBr
after its second service cycle revealed that the mercury caplurs is again 100% at the
start of the test, and stays at higher capture efficiency for a substantially longer pegiod
of time. Similar results were obtained with the carbon fili and carbon fiber sorbents

by regeneration with 0.1 W HCL

[32] PI3 1 is a block diagram Hlustrating one example of the application of the
sorbent regeneration technology of the present invention. FIG. 1 should not be
considered Himiting, but rather depicis an exemplary systemn for incorporaiing the

technology.

{331 The process illustrated in FIG. 1 is laid out around the sorbent regeneration

and treatment process 10 that, as a nuinimumn, contacts the sorbent materials with the
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aqreous chemical reagent. This step could also include sironger agitation or grinding
bafls to expose fresh surfaces. Fresh sorbent and ssed sorbent ave fed from separate
storage silos 12 and 14 and metered 3t rates dependent upon mercury control feedback
from the treated flue-gas. A contact reactor receives a mixture of fresh and usad
sorbent and facilitates the sorbent regeneration and treatment process 10. In one
exaraple, the mixture inclodes about 50 percent used sorbeni and 20 percent fresh
sorbent. OF course, other ratios can also be used. In one example, nsed sorbent is
regenerated without using fresh sorbent. In the contact reactor, the sorbent mixture is
exposed to an aqueous acidic solution 10 ESIOLE MArCury sorptinn effectiveness to the
used sorbent, as described above. After the sorhent segeneration and treatment process
10, the resalting shury is passed through an initial dewatering process i6{e.g., viaa
fivdroclone, vacuum filter, settding tank, heat exchanger. or other device) 1o remove
sorbent particles from the aqueous acidic solation. The dewatering process 16 is
fotlowed by a final drying process 18 that stilizes hot process gas to being the
regencrated sorbent to a point of apparent dryness to allow snbsequent handling and
mjection into the power system for mercary control. The majority of the aqueous
solation from the dewatering process 16 is sent back to the regeneration reactor (via
the path shown by arrow 20} dlong with 2 make up stream 22 comprised of water and
frash chemical reagent. A portion 24 of the agueous solution is also sent {0 a system
26 that pses lime addition in a settfing tank 28 and ion exchange (via loa exchanger
30) to remove sulfates prior to reuse. For some applications, the economics mmay favor
replacing the sulfate removal step with a simple blow down stream and increased use

of fresh aqueous chemical reagent (described below), In anothes example, as an
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alternative to dewatering and diving, the wet sorbent can be injected back it a fhae

gas stream, where it will almost mstantly dry.

[34] FK3. 2 is a bleck diagram fNustrating another example of the application of the
sorhent regeneration technology of the present invention. FI(3, 7 is simnilar to the
block diagran shown in FIG. 1, with a few differences. First, FIG, 2 shows an ash

separation system 32, which separates fiy ash from the used sorbent.

1351 Like the block diagram shown in FIG. 1, FIG. 2 shows storage sifos 12 and 14
for providing fresh and use sorbent to a copfact reactor. The contact reactor recelves
the mixture of fresh and used sorbent and Facilitates the sorbent regeneration and
treatroent process 10. After the sorbent cegeoeration and trealment process 10, the
resulting sharry is passed througb a dewatering process 16 and drying process 18
Some of the agueous solution from the dewateting process 16 is sent back 1o the
regeneration reactor {via the path shown by atrow 20} along with a make ap stream
22, as is described above. A portion 24 of the agueons solution s also sent to a system
76 that uses Jime addition in a sertling tank 28 and jon cxchange {via jon exchanger
30) to remove aulfates prior to reuse. As mentioned above, for some applications, the
economics may favor replacing the sulfate removal step 34 with a simple blow down
stream (shown as "Option A" in FIG. 2) and increased use of fresh aqueous chemical

reagenl

136] The present invention may also be used to enhance the effectiveness of a pew
sorbent, FIG. 3 is a block diagram illustrating a process for enhancing the

offectiveness of a sorbent. FIG. 3 is similar to FIG, 2, without a source of used
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sorbent, FIG. 3 shows storage silos 12 for providing fresh sorbent 10 a contact actor.
The contact reactor receives the fresh sorbent and facilitates the sorbent treatment
process 10, which will eshance the effectivoness of the sorbent. The remoainder of

FHE. 3 is the same as FIG. 2,

371  Inthe preceding detailed description, the invention is described with reference
to specific exemplary embodiments thervof, Varjous modifications and changes way
be rade thereto withoot departing from the broader spixit and scope of the lnvention
as set forth in the claims. The specification and drawings are, accordingly, to be

regarded in an ithastrative rather than 4 resivictive sense.
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CLAIMS
What is claimmed is:
1 A method of regenerating a used sorbent comprising:

creating a sorbent mixture coptaining used serbent and unused sorbent

exposing the sorbent mixture to a solution o remove contaminants collected on the
used sorbent to restore mercary sorphion effactiveness o the sorbent;

dewatering the sorbent mixfure o remove sorbent particles from the solution; and

drying the dewatered sorbent mixtura.

2. The method of claim 1, wherein ash is separated from the used sorbent prior to
exposure of the sorbent mixture to the solution,

3. The method of claim 1, wherein the solution includes an inorganic acid
sodution,
4, The method of claim 3, the inorganic acid solution includes af least one of

bydrochloric acid (HCE, hydrobromic acid (HBr), and hydroiodic acid (Hi}

3 The method of claim I, wherein the solufion Is & salt sohstion.
4. The method of claim 5, the salt solution incledes a halide salt, containing an

associated cation, such as ammoniom, sodium, potassium, won, alessoum, boron,
Zine, Manganess, magnesium, calcium,

7. The method of claim {, wherein the solution includes an organic acid.
R The method of olaim 7, the organic actd schution imcludes at least one of cifric

aeid, tartaric acid, oxalic acid, malonic acid, maleic acid, formic acid, and acetic acid.
9. The method of clain 1, wherein the solution inclodes an organio salt solution.

13, The method of claim 9, whereln the organic salt solution includes:

at Jeast one anion from at least one of oftric acud, tartaric acid, oxalic acid, malonic
acid, maleic acid, formic acid, and acetic acid; and

af feast one associated cation, such as amynonivm, sodivm, potassivnm, iron,
ahomimun, boron, zise, mangasese, magnesiing, of calchum.

1t The method of claim 1, wherein the solution contgins only water,
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12, The method of claim }, wherein the used sorbent contains constituents derived
from a flue gas stream,

117 The method of claim 1, wherein the sorbent is activated carbon.
i4, The method of claim I, wherein the contanminant includes sulfuric acid.

5. The method of claim 1, wherein the mercury sorption effictiveness of the
sorbent is restored by removing anions collected on the used sorbent.

16.  The method of claim 1, wherein the mercury sorption effectiveness of the
sorbent is restored by rernoving sulfuric acid from the sorbent.

17, The method of claim 1, further comprising agitating the sorbent mixture and
the sointion. '

18,  ‘The method of claim 1, further comprising paixing an additive with the
regenerated sorbent prior to injecting the segenerated sorbent into the flue gas stream.

19.  The method of claim 18, wherein the additive neutralizes acids,
20, The method of claim 18, wherein the additive is a calcium-based addiiive.

#1. A method of regenerating a used sorbent cotnprising:

exposing the nsed sorbent 1o a solution to remove cop tarninants collected on the used
sorhent to mestore wercury sorption cffectiveness to the sorbent;

dewatering the sorbent to remove sorbent particles from the solution; and

drying the dewatered sorbent mixture.

23, The method of claim 21, wherein the solution includes an inorganic acid
soluiion.

53, The method of claim 21, wherein the soltion is 8 salt solution.
54, The method of claim 21, wherein the solution includes an organic acid.

25, The method of claim 21, wherein the solution includes an organic salt
solufion.

36, The method of ciabm 21, wherein the sorbent s activated carbon,

‘:--l

A method of regenerating a used sorhent comprising:
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creating a sorbent mixture containing used sorbent and vnused sorbent;

regencrating the used sorbent by exposing the sorbent raixture {0 a solotion fo remove
contaminants collected on the used sorbent to restore mercury sorplion
effectiveness to the sorbent; and

exposing the regenerated sorbent to a flue gas stream.

38.  The method of claim 27, wherein the regenerated sorbent is exposed to the
flue gas stream by injecting the rogenerated sorbent into the flue gas strearm,

29 The method of claim 27, whersin the regenerated sorbent is exposed to the
flue gas stream nsing a fixed sorbent bed.

30, The method of claim 27, wherein the regenerated sorbent is exposed to the
flue gas stream using a traveling sorbent bed.

35, The method of claim 27, wherein the regenerated sorbent is exposed 1o the
flue gas stream using a traveling fiber filter.

32.  The method of claim 27, wherein the solution includes an inorganic acid
solution.

3. The method of olair 27, wherein the solution is a salt solution.
34,  The method of clairs 27, wherein the solution includes an organic acid.

35, The method of claim 27, wherein the sofution includes an organic sait
sofution.

36, The method of claim 27, wherein the sorbent is activated carbon

7. A method of enhancing the effectiveness of a sorbent comprising:
exposing the soshent to a solution that increases sorbent effectiveness;
dewatering the sorbent to remove sorbent particles from the solution; and
drving the dewatered sorbent.

38,  The method of ¢clgim 37, wherein the solution inchides an inorganic acid
solution.

39, The method of claim 37, wherein the solution is a salf solation.

40, The method of claim 37, wherein the solution includes ap organic acid,
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41, The method of claim 37, wherein the solution incindes an organic salt
solation.

437, The method of claim 37, wherein the sorhent is activated carbon.

43, A method of eshancing the effectiveness of a sorbent comprising:

enhancing the sorbent by exposing the sorbent to a solution that increases sorbent
sifectivenass; and

exposing the enbanced sorbent to & flue gas stream.

44.  The method of claim 43, wherein the enhanced sorbent is exposed to the flue
gas siream by injecting the ephanced sorbent nto the flue gas stroam.

45.  The method of claim 43, wherein the eshanced sorbent is exposed to the flue
gas atreamn using a fixed sorbent bed.

46,  The method of claim 43, wherein the enhanced sorbent Is exposed to the flue
zas styeam using a traveling sorbent bed.

47, The method of clabm 43, wherein the erhanced sorbeat is exposed to the flue
gas stream using a traveling fiber flter.

48.  The method of claim 43, wherein the solution includes an incrganic acid
soluticn.

49, The method of claim 43, wherein the solution is a salt selution.
50.  The method of claim 43, wherein the solution includes an organic ackd.

51, The method of claim 43, wherein the solution isciudes an organic salt
solution.

52.  The method of claim 43, wherein the solution includes & compound comptised
of a halogen combined with a Group V or Group VI elemment.

53,  The method of claim 52, wherein the compound inclades one or more of
thiony! chioride, sulfuryl chloride, phosphotus trichioride, phosphorus oxychloride,
hypochlorous acid, and chionine.

54, The method of claim 52, wherein the compound is includes one or more of
thiony! bromude, sulfuryl bromide, phosphoras tribromide, phosphorus oxybronude,
hypobromous acid, and bromie.
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55.  The method of claim 43, wherein the sorbent is activated carbon.,

56, A method of removing mercury or other pollutants in a flue gas stream during

the burning of fossil foels, comprising:

exposing the sorbent to the flue gas stream (o remove comtaminants from the fhie gas
styeany;

mixing the used sorbent with fresh sorbent and exposing the mixture 10 2 solution fo
remove coptainants collected on the used sorbent fo restore mercury sorpiicn
effectiveness to the sorbent;

dewatering the mixture 1o remove sorbent particles from the solution;

drying the sorbent particles; and

exposing the dried sorbent particles to the fiue gas sream (0 ImMove ardditional
contaminants from the flue gas siream.

517 The method of claim 56, wherein the sorbent is activated carbon.

5% The method of claim 56, wherein the solution inclades an inorganic acid
solution.

59, The method of claim 56, wherein the solution is a salt sclution.
50. The method of claim 56, wherein the solntion includes an orgagic acid.

61.  The mothod of claim 36, wherein the solution includes an organic salt
solution.

62.  An apparatus for regenerating a sorbent comprising:

a contact reactor for receiving and containing a mixture of ased sorbent and nnosed
sorhent, wherein the mixture in the contact reactor i exposed 10 an aquects
acidic solution to restore mercury sorption effectiveness to the scrbent;

a dewatering device for removing sorbent particles from the aqueous acidic solution;

and

a dryer for drying the sorbent particles.

63.  The apparas of claim 62, whereln the contact reacior further comprises one
or more methods for agitating the mixtue,

64.  The apparatas of claim 62, wherein the dewatering device is comprised of a
hydroclone,

65.  The apparates of claim 62, wherein the dewatering device i comprised of a
settling tank or thickensr,
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66.  The apparatus of claim 62, wherein the dewatering device is comprised of a
filtration device,

&7.  The apparatas of claim 62, wherein the dryer is comprised of a heat
exchanger.

68,  The apparatus of claim 62, wherein the dryer Is comprised of a fluidization
chamber,

69.  The apparatus of claiim 62, further comprising a sorbent ash separator for
separating the used sorbent from ash prior to being received by the contact reacior.
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SORBENTS FOR THE OXIDATION AND REMOVAL OF MERCURY
STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

This imvention was made with United States Government support under the ULS,
Environmental Protection Agency Grant Nos. R 827649-01 and CR 83092%9.01. The United
States Government has certain rights in this invention.

BACKGROUND OF THE INVENTION

Technical Field of the Invention

The present invention refates 1o methods and materials for the removal of pollutants from
flue gas or product gas from a gasification systern. In particular, mercury is removed from gas
streamns generated during the burning or gasification of fossil fuels by highly reactive regenerable
sorbenis.

Backeround of the Invention

The combustion and gasification of fossil fuel such as coal generates flue gas that
contains mercury and other tace clements that originate from the fuel. The release of the
mercury (and other pollutents) {o the environment must be conirolied by use of sorbents,
scrabbers, filiers, precipitators, and other removal technologies. Mercury is initially present in
the elemental form during combustion and gasification. In downstrearn procsss sections, such as
in the ducts and stack of a combustion systen, some of the clemental mercury is oxidized. The
amount that is oxidized depends on the amount of acid gases present in the flue gas and other
factors. Amounts of mercury vary with the fuel, but concentrations of mercary in the stream of
flue gas from coal combustion are typically less than 5 paris per billion (ppd). Large coal
combustion facilities such as electric utilities may emit a pound of mercury, or more, per day.
Mercury removal applications include, without fimitation, flue gas from coal {or sther fossii fusl)
combustion, waste incineration, product gas from gasification, as well as off gases from mineral
processing, metal refining, reforting, cement manufacturing, chioralkali plants, dental facilities,
and crematories,

Mercury Sorbent Fechnologies

Several types of merowry control methods for flue gas have been investigated, including
injection of fine sorbent particies into a flue gas duct and pessing the flue gas through a sorbent
bed. Fine-particle injection sorbents include activated carbon, metal oxide sorbant, sodium
sulfide pariicles, and basic silicate or oxide sorbents, When particle brjection 1s employed, the
meroury captured on the sorbent particles is removed from the gas stream in a bag house or

electrostatic precipitator (ESF) and collected along with ash particulate. The sulfide and basic
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siticate snd oxide particles ave effective only for the oxidized mercury, and the metal oxide
sorbents exhibit slower capture kinetics than the carbon particles, Additionally, injection of fine
carbon particles into the flue gas stream has been only partially successful In removing mercury,
especially clemental mercury, where effective removal of only about 60% is attained for some
applications with a FF (fabric filter) to coflect carbon and ash. Even lower removal rates have
been observed when using an ESP to collect the carbon because the contact time of the carbon
with the gas is very short.

A major problem with existing carbon injection systems is that the sorbent is initielly
unreactive, and only after extended exposurs to the flus gas does the sorbent become effectively
seasoned and provide increased reactivity with the mercury in the gas. Consequently, these
sorbenis must be used in large amounts, at high sorbent-to-mercury ratios, to effectively capturs
the mercury. These sorbents tend io be relatively expensive and cannot be easily separated from
the ash for regeneration and reuse. The collection of carbon in the ash also creates solid waste
disposal problems, and the spent sorbent may contaminate the collected ash, preventing its use in
various applications.

Accordingly, there remains a need for more econcmical snd effactive mercury removal
technolegy. This invention provides for cost-effective removal of pollutants inchuding merewry,
using sorbent cnbancement additives and/or bighly reactive sorbemts, with contact times of
seconds (or less), and that may be regenerated and reused.

SUMMARY OF THE INVENTION

It is thus an object of the present invention to overcome the deficiencies of the prior art
andd thereby to provide new and economical methods for the removal of mercury from the gases
produced in the utilization of fossil fuels,

A halogen/halide promoted activated carbon sorbent is described that is highly effective
for the removal of mercury from flue gas streams. The sorbent comprises a new halide-modified
carbon form containing a reactive componnd produced by the reaction of bromine {(or halide or
vther halogen) with the carbon. Optional secondary components and alkali may be added to
further increase reactivity and mercury capacity. Mercury removal efficiencies obtained exceed
or match conventional methods with added benefits such as reduced costs, Optionally, the
sorbent can be regenerated and reused. Sorbent treatment and/or preparation methods are also
described. New methods for in-flight preparation, introduction, and control of the active sorbent
info the mercury contaminated gas stream are desoribed,

n some embodiments, a promoted carbon sorbent is provided comprising a base activated

carbon that has reacted with a promoter selocted from the group consisting of halides, halogens,

2
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and combinations thereof, such that the reaction product is effective for the removal of merowry
from a gas stream.

In an embodiment, a promoted carbon sorbent is provided wherein the base activated
carbon is selected from the group consisting of powdered activated carbon, granular activated
carbon, carbon black, carbon fiber, aerogel carbon, pyrolysis char, activated carbon with ap
average particle size greater than that of flyash produced such that it is physically separable
therefrom, and combinations thereof, and the promoter is selected from the group consisting of
molecular hatogens, Group V (CAS nomenclature is used throughout) halides, Group VI halides,
hydrobalides, and combinations thereof. In an embodiment, the base activated carbon may have
an mass mean particle diameter such that it can be substantially separated by physical means from
entrained ash in the gas siream from which mercury is to be removed. In an embodiment, the
base activated carbon may have a mass mean paticke diameter greater than about 40
micrometers.

In another embodiment, the sorbent comprises from about 1 o about 30 grams promoter
per 106 grams of base activaied carbon. Ancther embodiment further comprises an optional
secondary component comprising a halogen or a hydrohalide such that the reactivity and mercury
capacity of the sorbent are enhanced.

in another ombodiment, the concentration of the optional secondary component on the
finished sorbent is within the range of from about 1 to about 15 wi-% of the concentration of the
promoter on the finished sorbent.

In another embodiment, an optional alkali component may preferably be added to provide
a synergistic effect through combination of this alkali with the primary sorbent.

i another embodiment, the optional secondary component s selected from the group
consisting of Group V halides, Group VI halides, I, HBr, HC, and combinations thereof. In
another embodiment, the promoter is substantially in vapor form when combined with the base
activated carbon. In ancther embodiment, the promater is combined with an organic sojvent prior
to reaction with the base activated carbon. In another emobodiment, the promoter and optional
secondary component are combined with the base activated carbon sobstantially simultaneousty.
Another embodiment further comprises adding a mercury-stabilizing reagent selected from the
group consisting of 8, Se, Ho8, §0., HeSe, Sey, €8y, Po3s, and combinations thereof, Another
smbodiment further comprises adding an optional alkali component.

In an embodimeni, a method is provided comprising providing a granular activated
carbon; reacting the activated carbon with a promoter seiected from the group consisting of
halogens, halides, and combinations thereof, such that the reaction product comprises a promoted
carbon sorbent effective for removal of mercury from & gas sireamn. In & futher embodiment, the

1
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reaction product comprises from about 1 io about 30 grams promoter per 100 grams activated
carbon, In another embodiment the reaction product has an average particle size distribution
greater than the average size of entrained ash particles in the gas stream from which mercury is to
be removed, such that the reaction product can be substantially removed from the entraived ash
particles by physical means. In another embodiment the reaction product has a mass mean
particle dismeter greater than about 40 micrometers.

In another embodiment, the promoter is selected from the group consisting of molecuiar
halogens, hydrohalides, Group V halides, Group VI halides, and combinations thereofl 1In
another embodiment the promoter is in the gas phase when contacting the activated carbon. In
another embodirment, the promoter is in an organic solvent when contacting the activated carbon,

In another embodiment, the promoter s selected from the group consisting of By, 2
Group V bromide, a Group VI bromdde, and condsinations thereof.

in another embodiment, the method firther comprises reacting the granular activated
carbon with an optional secondary component comprising 2 halogen or a hydrohalide such that
the reactivity and mercury capacity of the sorbent are ephanced. In another embodiment, the
promoter and optional secondary component are contacted siimultaneously with the activated
carbon. {n another embodiment the method further comprises adding & mercury-stabilizing
reagent seiected from the group consisting of S, Se, HiS, 8O, Hp8e, Se(y, €8, PiSs, and
combinations thereof. In an embodiment, 2 method is provided for control of mercury from 2
flue gas at lower removal rates with substantially lower sorbent requirsments. Through enhanced
sorbent reactivity, mercury removal per gram of sorbent 13 increased, thereby decressing the
capital and operating costs by decreasing sorbent requirements.

In an embodiment, a method is provided for reducing mercury in flue gas compriging
providing a sorbent, Injecting the sorbent Into a mercury-containing flue gas stream, collecting
greater than 70 wi-% of the mercury in the fiue gas on the sorbent o produce a cleaned flue gas,
and substantially vecovering the sorbent from the cleaned flue gas. In embodiments where less
than 70 wi-% mercwry removal is desired, the required removal may preferably be aitained using
less than half as much carbon as would be requived with standard {(pon-enhanced) carbon. I a
further embodiment, the method further compriscs monitoring the mercury content of the clean
flue gas, regenerating the recovered sorbent, and using the monitored mercury content of the
cleaned flue gas to conirel the rate of injection of the sorbent. In apother embodiment the
injected sorbent is prepared in-flight by reacting an activated carbon and a promoter within a
preuwmatic fransport Hoe from which the reaction produet is injected to the mercury~containing

flue gas stream.

PAC ET AL. EXHIBIT 1023

Page 60



WO 2006/039007 PCT/US2005/030018

n another embodiment, the promoter is selected from the group consisting of molecular
halogens, halides, and combinations thereof. In another embodiment, the promeoter is reacted in
the gas phase or as a vapor. In another embodiment, the promoter is added st fom about 1 to

ahout 30 grams per 100 grams of activared carbon.

L

1nt another embodiment, the injected sorbent is prepared in-flight by reacting an activated
carbon, a promoter, and an optional secondary component to enhance the reactivily and capacity
of the sorbent within 2 pnetumatic trassport line from which the reaction product is injected to the
mercury-containing flue gas strean

o another embodiment, the opticnal secondary component is selected from the group
10 consisting of indine, Irydrohslides, Group V halides, Group V1 halides, and combinations thereof.

{n another embodiment, the optional secondary component is added at from about § fo about 13
wi-% of the promoter content. In another embodiment, the method further comprises adding o
the sorbent a mercury-stabilizing reagent selected from the group consisting of 8, Se, HhS, SO,
86, Se(,, £%., PuSs, and combinations thereof.
i5 In an embodiment, the method further comprises co-injecting an optional alkaline
material, including without limiation alkaline and alkaline earth components, {0 lvoprove the
efficiency of mercury capture by caploring oxidized mercury and/or capturing gaseous
components that might stherwise reduce sorbent capacity. In another embodiment, the optional
afkaline material may preferably comprise calcium oxide, sodiunn carbonate, and the like, as are
20 known in the art
In avother embodiment, the method further comprises using the monitored mercory
content of the cleaned flue gas to control the composition of the sorbent. In another embodiment,
the injescted sorbent is prepared in-flight by rescting an activated carbon and a promoter within a
pucurpatic transport line from which the reaction product is injected to the mercury-containing
25 flue gas stream, wherein the promoter i3 selected from the group cossisting of molecular
halogens, halides, and combinations thereof, wherein the promoter is reacted in the gas phase or
25 3 vapar, wherein the promoter is added at from about § 1o about 30 grams per 100 grams of
activated carbon, wherein the rate at which the promoter Is added and the rate of sorbent injection
are determined by a digital computer based at least in part on the monitored mercury content of
A3 the cleaned flue gas.

In an embodiment, a method for reducing the mercwry content of a mercury and ash
comtaining gas siream is provided wherein particulate activated carbon sorbent with a mass mean
size greater than 40 wm is injected into the gas stream, mercury is removed from the gas by the
sorbent particles, the sorbent particles are separated fom the ash particles on the basis of size,

35 and the sorbent particles are re-imjecied to the gas stream.  In another embodiment, the mercury-

3

PAC ET AL. EXHIBIT 1023
Page 61



30

WO 2006/039007 PCT/US2005/030018

containing sorbent particles are regencrated o remove some or substantially alt of the mercury.
In another embodiment, an alkaline component is co-injected into the gas stream. In ancther
embodiment, the sorbent may further comprise a promoter. The promoter may preferably
comprise a halide, a halogen, or both.

As will ke described in more defail below, the present invention thus provides several
advantages over previcusly known iechniques, incloding significantly more effective and
econontical mercury sorbents for effluent gases, advantageously applicable to treating gas
streams from fived equipment and gasification systems.

The foregoing has cutlined rather broadly the features and technical advantages of the
present invention i order that the detailed description of the invention that follows may be better
understood. Additional features and advantages of the invention will be described hereinafier
that form the subject of the claims of the nvention. It should be appreciated by those skiiled in
the art that the conception and specific embodiments disclosed may be readily utilized as a basis
for modifving or designing other structures for carrying out the same purposes of the present
imvention. 1t should also be realized by those skilled in the art that such equivalent constructions

do not depart from the spivit and scope of the invention as sei forth in the appended claims.
BRIEF DESCRIPTION OF THE DRAWINGS

For a2 more detailed description of the preferred embodiments of the present invention,
reference will now be made to the accompanying drawings.

Figure 1 schematically illustrates methods for preparation of promoted carbon sorbents in
accordance with the present invention,

Figure 2 Wlustrates & proposed mechanistic maodel of the chemical reactions resulting in
the oxidation and capture of mercury.

Figure 3 schematically illustrates preparation of promoted carbon sorbents and processes

for flue gas mercury reduction in flue gases and/or product gases from a gasification system in

" accordance with the present invention, including im-flight preparation of promoted carbon

sorbernt.

Figure 4 is 2 diagram illustrating breakthrongh curves for 5 wi/wi% brominated NORIT
Drarco FGD sorbent {37 mg + 113 g sand) in Jow-HCH (1 ppm) symthetic flue gas,

Figure 5 is a diagram iBustrating breskihrough curves for non-halegenated NORIT Darco
FGD sorbent (37 mg + 113 mg sand) in low-HCH (1 ppi) synthetic flue gas.

Figure 6 is a bar chart illastrating pilot-scale merciry removal results, including large-

gize sorbent resulis.
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Figure 7 is a diagram Hustrating the effects of sorbent size and injection rate on mercury
removal for ESDs and fabric filters.

Figure & is a diagram illustrating the breakthrough curves for a brominated NORIT Darco
FGD sorbent with inert sand.

Figwe @ is a diagram illustrating the breakthrough curves for brominated NORIT Darco

FGD sorbent with a co-injected alkalt material.

Figure 30 is a plot of mercury removal vs. carbon Injection rate with and without ¢o-
injection of alkali material.

DET ATILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Herein will be described in detail specific preferred smbodiments of the present
invention, withy the understanding that the present disclosuse s to be considered an
exemplification of the principles of the invention, and is not ifended to limit the invention to that
ilustrated and described herein. The present invention is susceptible to preferred embodiments
of different forms or order and should not be interpreted to be limited to the specifically
expressed methods or compositions contained herein.  In particular, varlous preferred
embodimenis ©f the present invention provide a number of different configurations and
applications of the inventive method, compositions, and theit uses.

The present invenijon provides a cost-effective way to capture pollutants by uviilizing
exceptionally reaciive helogen/halide promoted carbon sorbents wsing a bromide (or other
halogen/halidey treatment of the carbon, that capbure mercury vie mercory-sorbent surface
reactions, al very short contact times of seconds or less. The sorbent does not require in sify
activation {no induction period) in the gas stream to achleve high reactivity, as do conventional
activated carbory sorbents. The reactivity of the sorbent toward the polhutants is greatly eshanced
and the sorption capacity can be regeneraied, the promoted sorbent may be regenerated, recycied
and/or reused.

The treauted carbons, treatment fechmiques, and optional additives discussed herein have
applicability to mercury control from the product or effluent gas or gases from gasification
systems, syngas generators, and other mercury-coniaining gas streams, in addition to the flue gas
from combustion systerns. Thus, it should be understood that the terres combustion system and
flue gas as used throughout this description roay apply equally to gasificaiion systerns and syngas
or fuel gas, as will be understood by those skilled in the art.

Referrivag now to Figure 1, there is shown a block flow diagram ilustrating some
peferred embodiments of the process of the present juvention to prepare promoted sorbents
useful for mercury captuse from flue gas and/or product gas form a gasification systern sireame.

In a preferred embodiment illustrated by path 10-20, block 10 illustraies providing a base

7
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activaied carbon, and adding a halogen or balide promoter that veacts with the carbon, illustrated
at block 20, to produce a product promoted carbon sorbent. In embodiments where the halogen
or halide 15 added, for example, as a vapor, no firther steps may be necessary. In embodiments
where the halogen or halide is added in, for example, a solvent, it may be desirable o employ
soivent removal as llustrated by block 204,

Referring still to Figure 1, another preforred embodivnent of the process of the present
fnvention is illustrated by path 10-20-30, comprising providing & base activated carbon as shown
by block 10, adding a halogen or halide promoter that reacts with the carbon, illusirated at block
20, and adding a secondary component Hustrated at block 30 thyat reacts with the result of block
20 o produce a product promoted carbon sorbent, In emboditnents where both the halogen or
halide promeoter and the secondary component are added, for example. as a vapor, no finther steps
may be necessary. i embodiments where the halogen or halide promoter and/or secondary
component are added 113, for example, a solvent, # may be desirable to employ selvent removal as
tilusirated by biock 30/,

Referring still €0 Figure 1, snother preferred embodiment of the process of the present
invention is illustrated by path 10-40, comprising providing a base sctivated carbon as Hllustrated
at block 10, and adding a halogen or halide promoter and a secondary component o the activated
carbon together, with which they react as iliustrated by block 40, producing a product promoted
carbon sorbent. As above, in embodiments where vapor additions are made o the activated
carbon no further steps may be desired. In embodiments where one or more components are
added in solvent, a solvent removal step may be provided as illustrated by block 4GA.

Referring still to Figwre 1, also illustrated are prefexred embodiments in which, as
fllustrated by block 50, a flue gas stream i3 freated with product promoted carbon sorbemt
prepared as described above.

In some preferred embodiments the activaied carbon provided may preferably be any of
several types, as understood by those skilled in the art. For example, the activated carbon may
include powdered sctivated carbon, granular activated carbon, carbon black, carbon fiber, carbon
honeveomb or plate stxucture, aerogel carbon fbn, pyrolysis char, regenerated activated carbon
from product promoted. carbon sorbent, or other types as known in the art.

In some preferved erbodiments the activated carbon provided may preferably be any of
several types, as understood by those skilled in the art. For example, the activated carbon may
inchude powdered activated carbon, granular activated carbon, carbon black, carbon fber, carbon
honeycomb or plate Structure, asrogel carbon film, pyrolysis char, an activaied carbon or
regenerated activated carbon with 2 mass mean particle sive greater than fly ash in a flue gas

stream to be troated.
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In some preferred embodiments the activated carbon provided may preferably be any of
several types, as undersiood by those skilled in the art, For example, the activated carbon may
include powdered activated catbon, granular activated carbon, carbon black, carbon fiber, carbon
honeycomb or plate structwre, aerogel carbon filra, pyrolysis char, an activated carbon or
regeneraied activated carbon with a mass mean particle diameter preferabsly greater than 40
micrometers, more preferably greater than 60 micrometers, or & particle size distribution greater
than that of the fly ash or entrained ash in a flue gas stream to be treated, such that the activated
carbon and ash can be separated by physical means.

In some preferred embodinrents, the halogen or halide promoter that Is added to, and
regels with, the base activated carbon may preferably comprise, by way of illustration and not
limitation, a molecular halogen in wvapor or gasecus form, a molecular halogen in an organic
solvent, & Group ¥V or Group VI halide, such as PBrs or 8Cl respectively, in vapos, Hauid, or
solution form {though not in an aqueous solvent).

Embodiments are also providled in which the organic solvent may preferably comprise a
chiorinated hydrocarbon, such az dichloromethane, a hydrocarbon solvent, including for example,
petroleamn ether, ligroin, pentane, hexane, toluene, and benzene, carbon disulfide, a waste solvent,
an ecther, 2 recveled solvent, a supsroritical solvent, such as supercritical CQOx, water (though not
in the case of a Group V or Group V1 halide), and others as will be apparent 16 those of skill in
thie art.

Referring now o Figare 2, thiere is illustrated 2 theory developed or scientific evidence
to explain the nature of the promoting compounds.  For example, as iustrated i Figure 2,
hydrogen bromide reacts with the unsaturated structure of the activated carbon. This roay be, by
way of illustration only, a carbene species on the edge of the graphene sheet structures of the
carbon, Molecular bromine or 3 bromine compound reacts to form a simifar structure, with a
positive carbon that is active for oxicdlizing the meroury with subsequent capture by the sorbent,

1t has now been found that the formation of the new bromide comupound with carbon
increases their resctivity toward mercury and other pollutants.  Additiomally, the resulting
bromide compoeund is eniquely suited to facilitate oxadation of the mereury. The effectiveness of
the oxidation apperently results from the promotion coffect of the halicdde, exeried on ihe
developing positive charge on the myercury during the oxidation, known in ihwe chemical art as a
specific catalytic effect. Thus, as the mercury clectrons are drawn toward the positive carbon, the
halide anion clectrons are pushingg in fom the other side, stabilizing the positive charge
developing on the mercury and lowering the cnergy requirement for the oxidation process,

Bromide is especialiy reactive, owhing to the highly polarizable ¢lectrons in the outer 4p orbitals
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of the fon, Thus, adding HBe or Bey to the carbon forms a simeilar carbon bromide, in which the
positive carbon oxidizes the mercury with the assistance of the romide ion.

Referring now to Figure 3, a schematic flow disgramy is provided of mercury control
system: 100 comprising preparation of promvted carbon sorbent s, and flue gas mercury reduction,
in accordance with preferred embodiments of the present inwention. There is provided base
activated carbon reservolr 110, an optional halogen/halide promoter reservoir 120, an optional
secondary component reservolr 130, and an optional akali cxoomponent reservoir 180, sach of
which with corresponding flow control device(s) 201, 202, 203, and 208/209, respectively. Tn
conjunction with the optional alkali component reservoir 180, oplional flow conirol devices 208
and 209 can be used independently, together, or not at all.

Reservoirs 110, 120, 130, and 180 connect through their respective flow control devices
and via associated piping, (o transport line 115, Optional alkcali companent reservoir 180 may
also connect, through respective flow control devices and via associated piping, to iransport line
118, A source of aly, nitrogen, or other transport gas(es) is provided by gas source 170 o
transport lne 115 for the purpose of eniraining materials discharged from reservoirs 116, 120,
130, and 180 and injecting such meterials, via injection point 116, into contaminated flue gas
stream 15. A source of air, nitrogen, or other transport gas{es) may be provided by gas source
171 to transport line 118 for the purpose of entralning materials discharged from reservoirs 180
and injecting such materials, via injection point 119, indo flue gas stream 15, (as sources 170
and 171 may be the same or different, as desired.  Alterpatively, tramsport gas(es) may be
provided to dork transport lines 118 and 118 by gas source 170 {conneciion from source 170 fo
line 118 not shown). Although gas sources 170 and 171 are shoywn in Figwre 3 as compressors or
blowers, any source of tramsport energy known in the art way be accepiable, as will be
appreciaied by those of skill in the art.

For clarity, single injection points 116 or 119 are shown in Figure 3, although one skilled
in the art will understand thet multiple injection points are within the scope of the present
invertion. Optical density measuring device (8 204 is copnectexd to transport line 115 and/or 118
to provide signals representative of the optical density inside transport line 115 andior 118 a3 a
funciion of fime.

Downsiream from injection point 116 and 119 is provided particulate separator 140, By
way of fliustration and not limitation, particulate separator 140 may comprise one or ynore fabric
filters, one or more electrostatic precipiiators (herelnafter “ESP™), or other particulate rerooval
devices as are known i the art. It should be further noted that more than one particulate
separator 140 may exist, sequentially or in paraliel, and that injection point 116 and 119 may be

at 2 location upstream and/or downstream of 140 when paramllel, sequential, or combinations
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thercof exist. Particulate separator 140 produces af Jeast & predominantly gaseous (Mclean™)
stream 142, and a stream 141 comprising separated solid materials. A sorbent/ash separator 150
separates strearn 141 into a largely ash stream 152, and a largely sorberst stream 151, Stream 151
ay then preferably be passed to an optional sorbent regenerator 160, vwvhich vields a regenerated
sorbent stream 161 and a waste stream 162.

An optional Continuous Emission Monitor (hersinafter “CEM™) 205 for mercury is
provided in exhaust gas siream 33, to provide electrical signals reprezsendative of the mercury
concentration in exhaust strearn 35 as a funciion of time., The optional mercury CEM 205 and
flow controllers 201, 202, 203, 208, and 209 are electrically connected via optional lines 207 (or
wirciessly) to ap optional digital computer {or contrellery 206, which receives and processes
signals and preferably controls the preparation and injection of promioted carbon sorbent inio
contaminated fhue gas stream 15,

In operation, promoied carbon sorbent and/or an optional alliall component i1s njected
inte contaminated flue gos stream 15, After contacting the injected material with the
contaminated flue gas stream 15, the injected muaterial reduces the mercury concentration,
transforming conteminated fue gas into reduced wercwry flue gas, 25. The injected material is
removed from the flue gas 23, by separator 140, disposed of or frther scparated by optional
separator 150, and disposed of or regenerated by an optional regenerator 160, respectively. The
reduced mercury “clean” flue gas sirearn 142 i then monitored for mercury content by an
optional CBM 2035, which provides corresponding signals to an optional computer/controller 206,
Logic and optimization signals from 206 then adjust flow controllers 201, 202, 203, 208, 209 to
maintain the mercary concentration in exhaust stream 35 within desived limits, according o
controd algorithums well known in the art. Flow conwollers 201, 202, 203, 208, 209 can zlso be
adinsted manually or be some other automsated means (o maindain the tercury concentration in
exhaust stream 35 within desired limits, according to control algorthms well nown in the art.

Referring stifl 1o Figure 3, there are iliusirated seversl preferred embodiments for
preparation and injection of prometed carbon sorbents and/or alkali components i accordance
with the present invertion. Stream 111 provides for inroduction of base activated carbon from
reservolr 110, as metered by flow controller 201 mamually or ender the direction of computer
206, The halogen/haiide may be combined and ceact with the base activated carbon according to
any of several provided methods. The halogern/halide may preferably be combined via line 121
divectly into transport line 115, within which it contacts and reacts withe. the hase activated carbon
prior to jection point 116, This option is one form of what is referred to herein as “in-tlight”
preparation of a promoted carbon serbent in accordance with the investion. Further, the

hajogen/halide may be combined via Jine 121b with base activated carbon prior to entering
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transport line 115, Sl further, the halogen/halide may be contacted and react with the base
activated carbon by infroduction via line 121¢ into reservoir 110, This option is preferably
emploved when, for example, reservoir 110 comprises an cbullated or fluidized bed of base
activated carbon, through which halogen/halide flows in gaseous form or as a vapor, Of course,
the halogen/balide may also preferably be contacted with the base activated carbon in hguid form
or in a solvent, as discussed previousty, and solvent removal {not shown in Pigure 3) may then be
provided if necessary as mentioned with respect to embodiments discussed with reference o
Figure 1.

Similarly, the optional secondary component may be contacted and react directly in
frangport line 113 vim line 131, or optionally as described sbove with respest to the
halogen/halide, via lines 131b and 131c.

Similarly, the optional alkali component from 180 may either be added in transport line
115 divectly, or may be injected separately by transport line 118, combining downstream in flue
gas 15 for synergistie effects with base activated carbon, promoted carbon, or optional secondary
components, Being able to vary onsite the amount of the optional alkali component relative 1o
base activated carbun, promoted catbon, or optional secondary componends Is a key featme to
overcome and optimize for site~-specific operating and flue gas conditions..

In some preferred embodiments whereln contacting between componenis and reaction is
performed in a liquid or solvent phase, stiveing of such Hquid and/or slurry mixtures may be
provided. In other embodiments, (he hslogen/halide promoter and oplicsal secondary
component(s) may preforably be sprayed in solution form into or oo the base activated carbon. In
some such embodiments, deving, filtering, cendrifugation, settling, decantation, or other solvent
removal methods as are known in the art may then be provided.

In embodimenis wherein the halogen/halide promoter is in gaseous or vapor form, # may
be difutad in air, nitrogen, or other gas as appropriate, The halide/halogen gas, for exaniple,
gaseous HBr or Bry, may be passed through an ebullated or fividized bed of granular or fibrous
activated carbon, with the promoted carbon sorbent so produced removed from the top of the bed
via gas entrainment for injection.

In some embodiments, the secondary component{s} may preferably comprise iodine or
other halogens, hvdrchalides, including without hmitation HE, HBy, HC, 2 Group V or Group V1
element with & molecular halogen, such as SChy and others. In some preferred embodiments, the
promoted carbon sorbent may comprise from about 1 o about 30 g balogen/halide per 100 g base
activated carbon. In some preferred embodiments, the promoied carbon sorbent may compiise an
secondary component in concentration of from about | 1o sbout 15 wi-%% of the concentration of

the halogen/halide component.
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fn still other embodiments, the product promoted carbon sorberd mey be applied to a
substrate.  In other embodiments, such prepared substrate(s) may be ecaused (o contact 3
confaminated flue gas or gasification system product gas strearn for mercury reduction purposes.
Such substrates may be monolithic, rotating, or exposed to the gas stream in any nunber of ways
known to those skilled in the art.

In some embodiments, a rocthod is provided whereby 8 mercury stabilizing reagent is
added to a promoted carbon sorbent fo produce a bifunctional sorbent. Such stabilizing reagent{s)
may be sequentislly added, cither before or afier the addition and reaction of the halogen/halide.
In some preferred embodiments, the balogen/halide preferably comprises Br or HBr, and the
mercury-stabilizing reagent may comprise 8, Se, HaS, SOy, HiSe, S¢0,, CS; PuSs;, and
combinations thereof.

Halogens in Mercury Captire

Methodologles for using balogens for the treatment of flue gas have been problematic,
owing to their reactivity with other gascs and metfals, resulting in corroston and health yssues, A
“halogen” is defined as o member of the very active elements comprising Group VIIA {CAS
nomenclamre is used throughout; Group VIIA (CAS) corresponds to Group VIB (JUPAL)) of
the periodic table. In the molecular elemental forn of the halogens, inchuding Iy, Chy, Biw, and by,
the reaction with 2 hot flue gas components feave litle to react with elemental mercary., The
atomic elemental halogen form, which includes the flucrine, chlorine, bromine, and iodine atoms,
is about a million times more reactive 1o mercury but the concentration of the atomic forms s
typically extremely low. In a large portlon of electric utility coal combustion facilities, the
concenirations are generally not sufficient o oxidize a significant amount of mercury,

FThe term “halide” as used herein is defined as a comapound formed from the reaction of 3
halogen with another element or radical. [n geveral, halide compounds are much less reactive
than the molecular halogens, having a low chemical potential. Halides are considered reduced
forms that do not, alone, oxidize other compounds. In the conventional view therefore, a halide-
sali-troated activated carbon will not effectively oxidize elemental mercury and capture elemental
mercury,

Hulogen Promoted Sorbent Characteristics

The sorbent deseribed here has a very high initiel reactivity for oxidizing mercury and
therefore can be used in very small amoonts o achieve very high capture efficiencies, thus
towering operation costs and lessening waste disposal problems. In addition, further disposal
redoctions are obtalnable by regenerating and reusing the sorbents produced using the inventive
technology, The thme interval required for the meroury and the promoted carbon sorbents of the

present invention {o successiully imteract in a flue gas duct, with the subsequent coliection of the
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mercury on the sorbent and ash is very short — less than seconds. Clearly, such collection times
require the sorbent to have both high capacity and high reactivity toward mercury, The promoted
carbon sorbent can be utilized in a very finely powdered form to minimize mass transfer
limitations. However, again, the reactivity should be very bigh to captiwe all of the mercury
encountered by the fine particles.  Additionally, use of these enhancement fechnologies allows
caplure to be effective for larger sorbent particles which also allows separation of the sorbent
from the ash to enable subsequent regeneration as well as ash wilization. One feature of this
inveniion is the process (o prepare a sorbent containing a halide compound formed on the carbon
structure that provides a sorbent that is highly active on ipifial contact with the mercuty
contaminated gas stream, which allows for very effective capture of the mercury.

I appears that the inventive sorbents chemically combine molecalar bromine, for
exarnple, from solution, with activated carbon (edge sites). X-ray photoslectron spectroscopy has
established that the addition of bromine, chiorine, HBr, or HCl formed a chemical compound in
the carbon siructure, Thus, the sorbent produced from halogen and activated carbon does not
represent a molecular halogen form, but rather 2 new chemically modified carbon {or halocarbon)
structure.  In Addition to halide ions, this phenomenon may mot ccour with the less reactive
indine, where an I; molecular complex can sxist on the carbon basal plane. In the case of
bromine, the modified cationic carbon has a high chemical potential for oxidation of the mercury.
Thus, an entirely new model is presented for the reactivity of the bromine-ireated carbon with
mercary.  The reactive carbon form can prefersbly be generated by the addition of bromins,
hydrogen bromide, or combinations of bromine and other elements, as deseribed herein. Halogen
treatment yesuited in higher-activity carbons because the halide anions (especially bromide and
iodide) were etfective in promoting the oxidation by stabilizing the developing positive charge on
the mercury in the transition stste for oxidation. Based on this model, several innovative,
inexpensive, activity-enhancing features have been developed.

Optional Second Component

It has been demonstrated that addition of an optional second component, in addition to the
bromine, results in improved resctivity and capacity for the sorbent, typically excesding that of
both the untreafed carbon and the brominated carbon. The second compound comprises either a4
second halogen or a compound derived from 8 second halogen, such as HE Thus, in addition to
having a reactive carbon form present, the second component generates 2 Lowis base with greater
ability to stabilize the developing positive charge on the mercury, Thus, the second component 18

an slement with more polarized electrons {(4p and 5p).
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Opiional Alkali Component
It has been demonstrated that addition of an optional alkali component with a base or
promoted activated carbon results in improved mercury capiure, typically exceeding that of both
the unireaied carbon and the promoted carbon. Test data indicate that flue gas contamninants, flue
5 gas constituents {8O;, NQ,, HCL etc), operating temperature, mercury form, and mercury
concentration may impact the effectiveness of the alkali addition. This suggests the nesd 1o be
able to adjust and tailor the alkali-to-activated~carbon ratio onsite in order to overcome and
opdirnize for a given sel of site conditions.
The synergy that can be gained when co-Injecting the two materials can be explained as
10 follows. First, testing shows that binding sites on activated carbon (hersinafter “AC”) can ke
consumed by chlorine species, sulfir species (f.e. sulfates), and other flue gas contaminants
{arsenates, selenates, ¢t} The addition of optional alkali material will interact and react with
these species/coutaminants thus mintizing thelr consumption of AC mercury binding sifes,
Second, testing also shows that standard AT will continue to oxidize mercury, even though the
15 binding sites are fully consumed. This oxidized mercury can then react with alkali material and
subsequently be captured by particelate control devices. Consequently, the addition of the
optional alkali component acts to protect mercury binding sites and capture oxidized mercury,
thereby resuliing in improved mercury reduction at lower cost. Alkali is generally much lower in
cost (-~ an order of magnitude less) than activated carbon, thus more of it can be used still
20 resoliing in overall lower costs.
“In-Flight” Serbent Preparation
Furthermors, we have dernonstrated thet the halogen promoied carbon sorbest can be
readily produced “in-flight™. This is accomplished by, for example, contacting the vapors of any
sombination of halogens and optionally a second component, in-flight, with very fine carbon
25  particles. The particles may be dispersed in a stream of tapsport air {or other gas), which also
conveys the halogen/halide promoted carbon sorbent particles to the flue gas duct, or sther
contaminated gas siream, from which mercury is to then be removed. There i3 no particular
iernpersture requirement for this contact. This techaology is obviously very staple to implement,
and results in a great cost savings o facilities using this technology for mercury capture.
30 Addvantages of On-Site Freparation
In-flight preparation of the halogen/halide promoted carbon sorbent on location producss
ceriain advantages. For example, the freatment system can be combined with the carbon injection
systern at the endeuse site. With this technigue, the halogen/halide is introduced to the carbon-air

{or other gas) mixfure in a transport line (or other part of the sorbent storsge and injection
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system}). This provides the following benefits over current conventional concepts for freating
sorbents off-site:
»  Capital equipment costs ai a treatment facility are eliminated.
+  Cosis {o operate the treatment facility are eliminated,
»  There are no costs for transporting carbon and additive to a treatment facility.
»  The inventive process uses existing hardware and operation procedures.
+  The inventive technology ensures that the sorbent is always fresh, and thus, more
reactive,
+  No new handling concerns ars introdoced,
= There are no costs for removing carbon from {reatment sysiens.
= The inventive process allows rapid on-site tailoring of additive-sorbent ratios in order fo
match the requirements of flue gas changes, such as may be needed when changing fuels
or reducing loads, thus farther optimizing the economics.
= The inventive technology reduces the amount of spent sorbents that are disposed,

With the foregeing and other features in view, there iz provided, in accordance with the
present  invention, embodiments including a process for preparing and regenerating
halogen/halide promoted carbon sorbents, whose activity for mercury capture s enhanced by the
addition of halogen (e.g. bromine} to the carbon siructure.

Sorbent Infection Location

Some of the preferred embodiments contemplate the use of a halogen promoted sorbent in
a powdered form that bas been injecied into a flue gaa stream before or after ash particnlates have
been removed. Other embodiments of the inventive composition of the halogen promoted carbon
sorbent comprise & powdered modified activated carbon prepared by adding Br; or HBr plus a
second optional component. Cther embodiments allow the addition of the optional alkali
compenent in conjection with a base activated carbon and/or with the use of 2 halogen based
sorvent and any other combinations of the sorbent technologies provided in this palent
Alternatively, embodiments inchide methods wherein the sorbent is on a moving contactor
consisting of particles or {ibers containing cne or more of the compositions listed above.

Sorbent Regenerafion

Any of the above embodiments of the halogen/halide promoted carbon sorbent can be
easily regenerated; the poisening contaminants from the flue gas are preferably removed and an
inexpensive promoting agent added, o resiore mercury sorption activity, This process of
promoting the activity of the carbon itself contrasts with the eaclier, move expensive, conventional
methods of adding a reagent (such as peroxide, gold, tritodide, efc) to a sorbent. The

halogen/halide promoted carbon sorbent of the present ipvenijon, treated with bromine and/or
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optional components, is noncorrosive. Detailed examples of sorbent regeneration techniques are
described in co-pending, commonly owned PCT patent application No, PCT/US04/12828, titled
“PROCESS FOR REGENERATING A SPENT SORBENT”, which is hereby incorporated by
reference in its entirety,

Sorbant Injfeciion Contrel Schemes

Another advantage of the present invention relates to the use of a foedback system to
more efficiently utilize certain aspecis of the invention. Where possible and desirable, the
mercury control fechnology of the present imvemiion may preferably utilize continmuous
measurement of mercury emissions as feedback fo assist in control of the sorberd injection rate.
Tighter control on the sorbent and optional componeni(s) levels can be achieved in this way,
which will ensure mercury removal requirements are met with minimal material reguirements,
thus minimizing the associated costs. In an embediment, the mercury emissions are contingously
measured downstream of the injection location, preferably in the exhaust gas at the stack,
FProroted Carbon Sorbenis

Reactions of halogens and acidic species with the basic binding sites on the sctivated
carbon sorbent create sites for oxidizing mercury, Other metal jops, such as boron, tin, arsenie,
gallinm, 8b, Pb, Bi, Cd, Ag, Cu, Zn, or other contaminants, will also react with the oxidation sites
generated on the carbon.

Acvording to owr model, adding the bromine from the bromine reagent or 8 proton from a
hydrogen halide acid to a basic carbene site on the carbon edge structure forms a carbocarion that
accepis electrons from the newtral mercury atom forming the oxidized mercury species that s
bound o the sorbent surface, The reactive site may also generate reactive bromine radicals or
carbon radicals at the active sites on the carbon. Thus, the activated carbon serves to stabilize the
bromine, vet provides a highly reactive bromine- containing reagent that can oxidize the meramry
and promote its capture on the activated carhon. The sorbent that contains bromine is expected to
be more reaciive than the oorresponding sorbent containing chlorine and much less expensive
than the sorbent containing iodine,

EXAMPLES

To more clearly illustrate the present mvention, several examples are presented below.
These examples are intended to be fHushrative and no Hmitations to the present invention should
be drawn or inferred from the exaraples presented hevein.,

Example 1 -Preparation and Festing of Halogenated Carbon (& Comparative Example)

Gas Phase Halogenation

Finely powdered activated carbon (such as NORIT Darco FGD, NORIT Americss, Inc.,
Marshall, TX (USA), although others are suitable, as will be recognized by those skilled in the
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art), was placed in a rotating plastic barre! with side blades {2 5 ft’ (.14 m”} cement mixer) fitted
with a tight plastic 1id to prevent loss of the fine povder during the preparaticn. In a separate
vessel, gas phase bromine was generated by passing a nitrogen stream over a weighed amount of
tiquid bromine that is warmed o about 40°-30°C.  The vapor pressure of the bromine was such
that a dark red gas is generated a passed out of the generator. The outlet from the gascous
bromine generator is comnecled via a 36 inch (0.64 om) plastic hose to a stationary metal tube
inserted through a flange in the center of the plastic lid and passing into the center of the barrel.
The flange s not air tight o that the excess of nitrogen is released afier the bromine is transfer 1o
the tumbling carbon. Thus, the bromine gas stream contimaously passed into the rotating barrel
where it contacted the humbling carbon. The unit 15 then operaied until the desired amount of
bromine has combined with the carbon. Typically, this is 0.4 t0 1 kg of bromine 10 20 kg of
carbon (2-5 wi. %). When the reaction is compleied, the carbon is weighed. The treated carbon
is odorless and does not cause skin frritation since the bromine has completely reacted with the
carbon to produce the brominated carbon,

XPS spacira demonstrate that the brominated carbon contains both covalent carbon~bound
{organic) bromidde as well as anionic bromide. The product contains the same oisture originally
presend in the activated carbon {517 wit%e), but doss not require further drying for use. The
moisture is driven out at higher temperatures >>150°C), and the bromine was not released until
very high emperatures

Bench-Scoale Testing of Mercury Oxidation and Capiure Efficiency

A bench-scale apparatus and procedure based on the above doscription was used to test
the initial activities and capacities of several promoied activated carbon sorbents using powdered
carbon, including bromine-containing activated carbons prepared from a variety of carbons,
inchuding commercially available sorbents, aerogel [im sorbents, and the original precursor
carbons for comparison.

A detailed description of the apparatus and ifs operation 15 provided fn Dupham, GE.
Miller, §.J. Chang, R.; Bergman, P. Environmental Frogress 1998, 17, 203, which is incorporaied
herein by reference in s entirety. The bench scale mercury sorbent testa in the flue gas
compositions were performed with finely (-400 mesh) powdered sorbents (37 mg) mixed with
113 mg sand and foaded on 2 guartz filter (2.5 inch (6.35 om)). The loaded filter and holder were
heated in an oven (125°C) in the simulated flue gas stream (30 SCFH (standard cubic feet/hu} or
0.79 NCMH (normal cubic meters per hour)) contaiping the following: Oy (6%, CO, (12%), SO;
(606 ppm), NO (120 ppm) NG (6 ppm), HCE (1 ppra), He” (11 ugim™), L0 (15%), and N:
{balance). Elermental mercury was provided by a standard permeation tube source placed i &

double jacketed glass condenser, and heated to the desired temperature. Mercury coneentrations
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in the gas streams were determined with a conthmous mercury emission monitor (St Galahad
mercury CEM mft. P8, Analytical Deerfield Beach FL USA), and a SnCl; cell was used
convert oxidized species to elemental, so that both clemental and oxidized mercory coneentration
data could be obtained for both the influent and the effluent concenteations from the sorbent bed.
Meroury concentrations were calibrated for the fHow rates used. Spent sorbents were analyzed for
mercury to determine the mass balance.

Refesring now o Figure 4, the effluent mercury concentration data are plotted a3 a
percent of the influent mercury versus time. The resulting carve (breakthirough curve) for the
halogenaied sorbents typically showed 0%-1% Hg in the effluent (99+% caplure) at the
beginning, and increasing only aftor 30-60 minutes (brealthrough point), depending on the
sorbent. Figure 4 illustrates the breakthrough curves for 5 wifwi% brominated NORIT Dasco
FGD sorbent {37 mg + 113 mg sand) with synthetic fue gas cordaining 1 ppm HCL Total Hg
{solid circles) and elemental Hg (solid sqpuares) in the effluent are presented 25 a per cent of the
infet Hg. “EOT” indicates the end of test. {the later data points shown ere for calibration checks).

Figure § presents the comparative breakthrough curves for the corresponding
nonhalogenated sorbents typleally initfated at 5%-50% of inlet mercury, depending on the BCl
concentration in the synthetic flue gas, thius indicating considerably Jower reactivity for oxidation
and capture of the mercury for the nonhalogenated sorbenis. After breakthrough of either
halogenated or nonhalogenated sorbent, most of the mercury in the effluent was oxidized
mersury.

Example 2 - Gas Phase Hologenation of Flnidized Carbon

A bed of sctivated carbon supported in a vertical tube by a plug of glass wool was
fluidized by a nitrogen stream. The top of the finidized bed tube was connected 1o a catching trap
for carbon fines that biow out the fop of the tube. The bromine gas generstor ax described in
Exampie 1 was attached to the fluidized carbon bed and the desired amount of gaseous bromine
was passed into the bed. The contents of the irap were then mixed with the material in the bed
and weighed. The rescling brominated carbon exhibited properties similar to the bromyinated
carbon of Example 1,

Example 3 - Liguid Phase (water} Halogenation

A 5% solution of bromine in water was prepared by carefully adding 50 g of bromine to
1 Hiter of cold water, One kg of activated carbon was added to the bromine solution in a jarge
metal can. The resuliing shury was stirred with a large paddie during the addition and for a short
tome allerwards wmtil all the bromine had reacted with the carbon, as indicated by the
disappearance of the red color. The slurry was then filtered using & Buchner funnel onder

vasuum. The moist carbon that was collected on the filier was dried in an oven at 110°C for
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several hours to constand weight.  As in Example 1, some moisture remains in the carbon,
however. The dried catbony was then tumbled in the rotating barrel with metal pieces to break up
and ftuff the carbon.

Example 4 - Addition of th e Optional Second Halide Component,

Brominated carbon ‘was produced by sohstion pbase bromination similar to that deseribed
with roferonce 1o Example 3. However, before filivation, a solution of hydriodic acid (HI} was
sdded to the slurry in an armount equal to 10% of the bromine amount.  The slurry was stirred to
complete the reaction and then filtered and dried as described in Example 3.

Exampile 5 - Liguid Phase Phosphohalogenarion

A solution of phosphorus fribronuide {564 g) n ligroin (10 itewrs) was stivred in a large
metal can and 10 kg of activated carbon was added. The resulting sturmry was stirred with a large
paddie at ambient temperatuire to complete the reaction. The slurry was filtered under vacuan on
3 large Buchner furmel in several batches. The wet filter cake was dried at 110°C in an oven to

constant weight. The dried product was fluffed in the rotating barrel as deseribed in Example 3.

Example 6 - Preparation and Sorption on Larger-Particle Carbon

Tests were conducted on a pilot-scale combustor while firing & subbituminous coal, to
evaivate mercury conirol by injecting larger-than-normal sized treated sctivated carbon. Standard
AC sorbents geperally are of fine size with 3 mean particle diameter of Less than 20 micrometers,
which is also typical of the flyash thal is generated fom pulverized coal combustion
Consequently, because the sizes of standard AC and flyash are similar, separation of the two is
difficult, Injection of larger sized AC i3 generally not considered because the sorbent
effectivenese decreases with size. In a scheme 1o recycle the injected carbon, the carbon is
separated fom the flyash. A separation based on size fractionation requires a freated larger
particle sorhent. To test this concept, a freated larger sized (60 pmy sorbent was developed,
prepared, and tesied,

Trearment - Gas Phrase Haologenation

Granular activated carbon (Calgon F400) was ground and sieved through conventional
mesh screens. The mesh size fraction 1708 fo +240 (corresponding to about 60 to abowt BE
micrometers) was collected and placed in a rotating vessel as described in Exanople 1 above, Ina
separaie vessel, gas phase bromine was generated by passing a nivogen stream over a weighed
amowtt of liquid bromine that was wanned to about 40°-56°C, and the outlet from this gaseous
bromine gencrator was conmected via a 1/4 inch (6.35 mm) plastic hose £o a stationary metal tube
inseried through a flange e the center of the Hd and passing into the center of the rotating vessel,

also as described in Exemprle 1. The unit was opersted until the desired arsount of bromine had
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combined with the carbon, in this case 0.05 kg of bromine to 1 kg of carbon (5 wit. %). Wihien the
reaction was completed, the carbon was weighed.  The treated carbon way odorless as has been
described above,

PIC 4pparatus

The pilot-scale combustor, known as the “Particuiate Test Combustor” (hereinafter
SPTC™Y, Is a 550,000-Bin/tr {about 161 kW) pushverized coal ("PC™fired unit, designed to
generate combustion flue gas properties and fly asts thet are representative of those produced in a
full-scale utility boiler. The combustor js oriented vertically to minimize wall deposits. A
refractory lining helps to enswre adequate flame temperature for complete combustion and
prevents tapid quenching of the coalescing or condensing fly ash. Based on the superficial gas
velocity, the mean residence time of a partick in thie combustor is approximately 3 seconds. The
coal nozzie of the PTC fires axially upward from the bottom of the combusior, and secondary air
is introduced concentrically to the primary air with barbulent mixing. Coal 15 introduced. 1o the
primary air stream via a sorew foeder and eductor. An clectric air preheater 3 wsed for precise
conirol of the combustion air tempersture. Originally, the PTC used cold-water annuizr heat
exchangers  provide flue gas temperature contro to the baghouse (also referred to as ¢ “lubric
filter™) or electrustatic precipitator {ESP). However, mnalysis of ash deposits collected from the
heat exchangers indicated that some mercury was collected on the duct walls. To minimize this
sffect, the heat exchangers were modified to provide for higher duct wall teroperanires,

The PTC instrumentation permits systero. temperatures, pressures, fow maies, ffue gas
constituent concentrations, and particelate conirel device (baghouse, Advanced Hybrid Particle
Collectorr AHPC™, andior cloctrostatic precipitator/ESF) operating dala to be momitored
sontinuously and recorded on a data logger.

PIC Procedure

Flue gas samples were taken at combinations of two of the three available system sample
points: the furnace exit, the particulate control device inlet, and the particudate control device
ouilet. After passing through sampie conditioners 1o remove moisture, the flue gas was typically
analyzed for Oy, CO, €O, SO, and NQ,. Fach constituent was nonmally analyzed =t buoth the
furnace exit and the outlet of the particulate control device simultanecusly, using two analyzers,
The concentration values from all of the instiunents were recorded continuously. In acdldition,
data were manuvally recorded gt sef time imtervals. NGOy was determined using a pair of
Rosemount Analviical NO, chemiluminescent analyzers. 80, was measured osing 2 pair of
Ametek Instroments photoretric gas analyzers. The remaining gases were measured by z pair of
Rosemount Analytical nulti-gas continuous emissions monitors. Each of these analyzers was

rogularty calibrated and maintained to provide acetzraie flue gas concentration measements.

21

PAC ET AL. EXHIBIT 1023

Page 77



R

10

25

WO 2006/039007 PCT/US2005/030018

The baghouse vessel was a 20 inch (530.8 om) (ID) chamber that is beal-traced and
insulated, with the flue gas introduced near the boitormn. The combustor produced about

200 ACEM (actual cubic fect per minvte; about 3.7 actual m'/min) of flue gas at 300°F (about

150°C), therefore three 13-t by S-inch (3.96 m by 12.7 cro) bags provided an air-to-cloth ratio of

4 ftfmdn (1.22 m/min). Fach bag was cleaned separstely in operation with its own diaphragm
pulse valve. 1o order to gnantify differences in pressure drop foor different test conditions, the
bags were cleaned on a time basis, rather than with the cleaning cycle initiated by presswre drop,
Once bag cleaning was initiated, all three bags were pulsed io rapicd succession on-line.

Tests wers also conductad with a single-wire, tubular BSP replacing the fabric filter. The
ESP unit was designed to provide a specific collection area of 123 at 300°F (150°C). Since the
flue gas flow rate for the PTC is 130 SCFM (standard cubic feet per minute; about 3.7 NCMM
(normal o /mind), the gas velocity through the ESP is 5 ft/min Cabout 1.52 m/min). The plate
spacing for the ESP wnit is Hin (279 em).  The ESP was <designed fo facilitate thorough
cleaning between tests so that ail tests can begin on the same basis .

PTC Resulis

Results are Hlustrated in Figare 6. As can be observed in Eigure 6, even though the tested
sorbent particle size is significantly larger than normal sorbent particles, the treated larger-than-
normal sized {that is, »60 micrometers) activated carbon sorbent -was quile effective at capturing
mercury, Approximately 75% of the mercury was captured when the larger-sized treated AC was

injected ahead of the pilot-scale ESP, while approximately 85% of the mercury was capiured

‘when injected ahead of the pilot-scale fabric filer (FF).  Note that in Figure 6 {and throughout)

“MacP” (and “MACF”) indicates million actual cubic feet (1 MACTF is about 4.028 mitlion actual
cubic meters or “MACM™.

Referring now fo Figure 7, it can be obscrved that the larger-sized treated AU when
injected ahead of the piot-scale ESP (diamond symbol(s)) performed better than the finer
standard AC {irlangles) under the same arrangement. In comparison, when injected ahead of the
fabric filter (FF), the larger-sized treated AC (square) performed similarly to slightly worse.
However, for this application, the larger-sized treated AC can be physically separated from the
smaller flyash particles, and the sorbent can then be regenerated, xeeycled, and reused. This will
subsiantially improve overall utilization and economics. These data thus show that a larger-than-
normal sized sorbent can provide effective mercury control and ease flyash and AC separation,
thereby also preserving the characteristics of the fiyash for sale arad beneficial use. Accordingly,
because >60 g sorbent particles have been successfully demonstrated, superior merowry oonirol

¢an be obtained with >40 wm particles, which may be preferred i some applications, depending
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om the sorbent particle/ash separation system used. Note that in Figure 7 (and throughout)
“Maef” (and “MACE”) indicates million actual cubic feet.
Example 7 - Liguid Phase (Grganic Solvent} Halogenation

A 5% solution of bromine in Hgroin was prepared by carefially adding 50 g of bromine to
1 liter of cold ligroin, One kg of activated carbon was added to the bromine solution i g large
metal can. The shurry was stirred with a Jarge paddie during the addition and for a short time
afterwards until all the bromine had reacied with the carbon as indicaied by the disappearanes of
the red color. The sharry was filiered using a Buchner funnel undler vacuue. The carbon cake
that was collected on the filter was dried in an oven at 110°C for sseveral hours until # appeared
dry and a constant weight was obtained. As in Example 1, some maoistare was left in the carbon,
however, The dried carbon was then tumbled In the rotating barrel with metal pieces to break up
and fluff the carbon.

Exampie 8 - Promoted Activated Carbon Sorbents

A benchescale procedure based on the above descriptiors was used to fest the initial
activities and capacities of several promoted activated carbon sorbrents using powdered carbon,
inchuding the bromine-confaining activaied carbons prepared from a comuncrcially available
sorbent and an aerogel carbon film sorbent, as well as the owxiginal precursor carbons for
comparison. Bromine-ireated carbons were preparcd by impregnation of the powdered activaied
carbon precursors in a stirred solution of bromine in carbon tetrachiloride or methylene chloride,
or alternatively, in an agueous solution of HBr, followed by drying in air at arablent temperature
and drying in an oven at 100°C in air or nitrogen. Bromine-ireated <arbons were also prepared by
impregnating bromine from the gas phase by passing the gas through s rotating dry bed of the
activated carbon precursor, The results indicated that adding » second component to the solution
improved the capacity of the sorbent.

The carbons were initially tested in a heated bed, where a synthetic flue gas stream
containing elemental mercury (11 pp/m™) was passed through the bad. Concentrations of total
and elemental Hg in the efffuent gas were detemmined using a Siv Galahad mercury CEM
(“continuous emission mwonitor™) (mfr. P 5 Analytical, Deerfield Beach, FL, UUSA)  The
powdered sorbent was supporied on a quartz filter during the test, and the other sorbents were
tested as & triple layer. A comparison of the original commercial-grade powdered carbon sorbent
with the sorbemt afler #t was tresied with 0.1 N HBr, and the powder was collecied by
centrifugation and drying, revealed that the mercury caplure actiwity increased from an initial
capture efficiency of about 50% of the Hg in the inlet to 100% capture. A comparison of the
sorbent after subsequent regensration with HBr indicated that it not only captured mercury at the
same level as before (100% capture) but its capaeity was prolongedd by several minutes, and thus
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enhanced.  Similar reselis were obiained with the cacbon film and carbon fiber sorbents by
treatment with molecular bromine in solution or in dry beds as described above.
Example - Fluidized/Fbullated Bed Preparation

An activated carbon sorbent was prepared by treating the carbon by Impregnating
molecular bromine from a gas composition containing molecular bromine by flowing the gas
through a Hquid bromine reservoir in series with a fldized bed or ebullsted bed of the carbon.
The amount of bromine taken wp by the carbon ranges (in one example) from <1 to about 30 g per
106 g of activated carbon, depending on the proportions used,
Example 10 ~ Full-Scale Testing

In this cxample, a baghouse (fabric filter) or ESP was used o collect parbioudates in the
exhaust of a full-scale commercial pulverized goal-burning facility, A scrubber and sorbent bed
were also used to remove undesired constituents from the flue gas stream, before being fed to the
stack. In this example, the halogen/halide promoted carbon sorbent was injected into the flue gas
after the boiler. In general however, the inventive sorbent can be injecled where desired (e.g.,
before, afler, or within the boiler).

in one exemplary test conducted at a facility fired with Hgnite cosl, the flue gas phase
mercury {elemental} concentration was between 10 and 11 pa/m’, The ash and injected carbon
were oollected in the baghouse at 350°F fo 375°F {abowt 175-190°C). Injection of commercial-
grade activated carbon powder {unireated) at a rate of 1.0 BMACF ("MACF” and “Macf”
represent one million actual cubic feot; 1.0 I/MACE iz about 16 kg/MACM (million actual cuble
meters)) resulted in mercury effluent concentrations of 3.8-4.2 pg/m’® (representing 62%-58%
removal of the mercury from the gas, respectively), and at 2.0 b/ MACF (about 32 keg/™MACM),
gave T4%-71% removal. Injection of the bromine-treated carbon at 1.0 BMACF resulted in
T3%-69% removal and at 2.0 I/MACF gave 86%-84% removal. Thus, a sigeificant increase in
the mercury capture was exhibited during use of the bromine promoted carbon sorbent of the
present invention.
Fxample 114 - Addition of Optional Alkaline Component — Bench-Scale

The efficiency of the activated carbons for mercwry capture can be improved considerably
by employing a basic material co-ingected with the aclivated carbon, m order to capture any
oxidized mercury that may be released from the sorbent, or to capture some of the sulfir or
selentum oxides in the flue gas that can have a defrimental effect on the sorbent capacity.

Bench-seale festing was conducted by preparing a filter composed of 37 mg of
brominated activated carbon mixed with 113 mg of calchum oxide. The test was condocied as
described in Bxampie | and compared with the same carbon sorbent but with an inert dilwent,
The breakthrough curve for the mixture of brominated (2%} NORIT Darco FGID sorbent with
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inert sand is shown in Figure £, and the breakthrough curve for the mixture with Ca0 is shown in
Figure 9. Tt can be seen that the point of 50% breskthrough improves to 65 minutes with the
mixture with Ca0 from only 48 min with the sand mixture.

Example 118 - Addition of Optivaal Alialine Component — Pilor-Scale

Tests were conducted om the pilot-scale PTC combustor described above with reference to
Example 6 while firing a Texas lgnite to evaluate meroury control by co-injecting a standard
activated carbon {also referved to herein as “AC”) and an alkali material upstrearn of a fabric
filter. Typical results are illustrated in Figure 10. As shown in Figure 10, so-Injecting hime with
activated carbon vastly improved mercury removal Mercury removals of approximately 90%
were achieved with the co-injected sorbents, whereas less than 60% removal was achieved with
the use of standard AC alone, even at much higher injection rates. Data from similar tesis show
that injecting similar quantities of sodium carbonate and AC, and lime and AC, resulied in
mercury removals of approximately 80%, and 87%, respectively. These data suggest that other
atkali can also he co-injected with AC to improve mercury removal, Other data show that flue
gas temperature may impact the effectiveness of the alkali addition. Further test data indicate that
flae gas contaminsnts, flue gas constituents (SO, NO,, HCL ete.), operating femperature,
mercury form, and mercury concentration may impact the effectiveness of the alkali addition.
This indicates that it may be desirable to be able te adjust and tailor, onsite, the alkali-to-AC ratic
in order to optimize reraoval for a given set of site conditions.

Without wishing to be bound by any particular theory, the synergy observed in the
proved performance when co-injecting the two raterials can be explained as follows. First,
tests mdicate that binding sites on AC can be consumed by sulfur species and other contaminants.
The alkali material interacts and reacts with these species thus minimizing their consumption of
AC mercury binding sites. Second, other work has shown that standard AC will continue fo
oxidize mercury even though the binding sites are filly consumed. This oxidized mercury can
then react with alkali maierial and subsequently be captured by the particulate control device.
Thus, combining alkali with treated and/or non-treated AC synergistically takes advantage of
these two mechanisms, resulting in improved mercury capture at reduced costs,

Example 12- Browinated Carbon Serbent for Gasification Fuel Gas
Preparation of 3%8r2W-AC

Using a procedure similar to Example 3, a 2.5 wifvol% solution of bromine in waler was
prepared.  Granular Calgon F400 was added to the bromine sclution to give a 5 wiwids
brominated carbon product. The bromine solution was stirrad with a large paddle during and

after the addition until the red color in the water disappeared. The suspension was filfered by
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vacuum on 3 large Buchner funnel. The filier cake was dried in air, and then in an oven at 110°C
until a stable weight was obtained The moisture was reduced to 15%,.
Preparativa of $%BriD-AC

A brominated sorbent was prepared from Bry addition in solvent as deseribed in Example
7, except that dichloromethane was used as the solvent instead of ligroin, and granular Calgon
P40 was used.

Preparation of S%PBr3-AC

A phosphohzlogenated sorbent was prepared from PBr; using the method described
Example 5, except granular Calgon F400 was used.

Testing in Hydrogen dtmosphere - Procedure

To simulste the capture of mercury from a hested fuel gas or syngas from coal
gasification, tests were conducted employing a stream comprising 10% volfvol hydrogen
fitrogen passing through the sorbent at 300 cc/min. The stream cortained 26.9 microgramsin” of
elemental mercury from a commercial mercury permeation soures.

In the tests, the sorbent ((.5 ) was placed In a 0.39 inch (1 cm, inside diameter) glass
tube fitted with a medium frit sintered glass filtex disc to hold the sorbent in the gas stream. The
tube containing the sorbent bed was connected to a gas inlet tube for introducing the gas stream
containing the mercury vapor and at the outlet to a fube connection to the detector. The detector
was 2 Semtech 2000 continucmis mercury emdssion monitor. The tube was equilibrated in a
nitrogen flow (450 cofmin} for 3 minwtes at ambient temperature {0 stabilize the system, The
detector showed O concentration of mercury in the effluent from the sorbent bed. (The blank run
with no sorbent read 26.9 micrograras/m®). The tube was then placed in an oven at the selected
temperature for the test (from 250° to 400°C). Effluent mercury concentration data from the
detector were collected unti} the detector showed a constant reading for 3 minutes. Hydrogen (30
ce/min) was then added to the gas stream and detector readings were taken every 5 min. Tesis
were conducted at several oven temperatures for various periods of time up fo 3 hours, depending
on the tempersture and sorbent. The elemental mercury conceniration data were plotted as a
percent of inlet mercury concentration versus time as in Example 1. All the merowry in the
effhient was elemental, so a single defector was safficient, and no SnCly trap was needed to
convert to slemental mercury (as in Example 1) The time for 50% breakthrough (time to reach
50% capture) was then determined from the breakihrough curves.

Resulis
The resulis are shown in Table 1 (below) for the unbrominated sorbent (Calgon F-400),

the brominated sorbents (3%Br2W-AC and 5%BrD-AC), and the phosphobrominated sorbent
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3%PBr3-AC) The maximum mercury concentration obtained i the effluent in cach run is also
reported fo Table 1 for the time period indicated in the last coluron,

Under the reducing hydrogen conditions, the unbrominated sorbent broke through
immediately and was exhausted afier only 6.5 min. This complete failore ocourred because the
hydrogen reduces the caplored mercury in the unbrominated sorbent at any temperature above
160°C. Both of the brominated sorbents exhibited excellent reactivity and good capacity at all
fermperatures, up © at least 400°C. The phosphobrominated sorbent exhibited superior reactivity
and capacity at all temperatures, up to at least 400°C,

Table 1

Tmmes for 50% Breakthrough
Maximum Observed Hg Concentrations for Sorbents
(10% Hydrogen Streams)

Sorbent Temp 0% breakthrough Maximom [Hg] Thne {(min)
{*Cy {min} (ng/m’)

F400 250 ) 203 6.5
S%eBr2W-AC 250 >156 I4 150
S%Br2W AT 3090 >186 4.3 130
S%Br2W-AC 330 160 15.1 180
$9Br2W-AC 400 66 13.9 63
$%PRe3-AC 250 =146 ¢4 140
5$%PB3-AC 300 >156 .5 150
5%PRr3-AC 350 >150 1.4 150
$%Br2D-AC 350 >180 2.4 180
$%B2D-AC 400 >136 169 180

While the preferred embodiments of the invention have been shown and described,
meodifications thereof can be made by one skilled in the art without departing from the spiri and
teachings of the invention. The embodiments described herein are exemplary only, and are not
intended to be Hmiting, Many variations and modifications of the invention disclosed herein are
possible and are within the scope of the invention. Accordingly, the scope of protection is not
limited by the description set out above, but is only limited by the claims which follow, that scope
inchiding all equivalents of the subject maiter of the claims.

The examples provided in the disclosure are presented for illustration and explanation
purposes only and are pot intended to Limif the claims or smbodiment of this invention, While
the preferred embodiments of the invention have been shown and described, medifications

e ly]
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thereof can be made by one skilled in the art without departing from the spirit and teachings of

the invention. Process criteria, equipment, and the like for any given implementation of the
invention will be readily ascertainable to one of skill in the art based upon the disclosure herein.
The embodiments described herein are evemplary only, and are not intended to be limiting,
Many variations and roodifications of the invention disclosed bersin are possible and are within
the scope of the invention. Use of the feom Yoptionally” with respect to any element of the
invention is intended to mean that the subject clement is required, or alternatively, is not required.
Both alternatives are intended to be within the scope of the favention.

The discussion of a reference in the Backgrownd is not an adenission that it is prior art to
the present invention, especially any reference that may have a publication date after the priosity
date of this application. The discloswres of all patents, patent applications, and publications cited
herein are hereby incorporated herein by refevence in their entirety, to the exient that they provide
exemplary, procedural, or other details supplementary to those set forth herein,

Although the invention is deseribed herein as a sorbent material and associated processes
for its preparation and use, it is novertheless not intended to be limited to the derails described,
since various modifications and structural changes may be made therein without departing from

the spizit of the invention and within the scope and range of equivalents of the claims.
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WE CLAJIM:

1. A promoted carbon sorbent comprising a base activated carbon that has reacted with a
promoter selected from the group consisting of halides, halogens, and combinaticns thereof, such

that the reaction product is effective for the removal of mercury from a gas stream.

2. The promoted carbon sorbent of claim 1 whereln the base activated carbon is selected
from the group consisting of powdered sctivated carbon, granular activated carbon, carbon black,
carbon fiber, asrogel carbon, pyrolysis char, activated carbon with an average particle size greater
than 4¢ micrometers, and combinations thereof, and the promoter is selecied from the group
consisting of molecudar halogens, Group V halides, Group VI halides, hydrohalides, and

combinations thereof.

-

3 The promoted carbon sorbent of claitm 2 wherein the sorbent comprises from abouwt 1 to

about 30 grams promoter per 100 grams of base achivated carbon.

4. The promoted carbon sorbent of claim 3 further comprising an optional secondary
component comprising a halogen or a hydrohalide such that the reactivity and mercury capacity

of the sorbeni are enhanced,

5. The promoted carbon sorbent of claim 4 further comprising an optional alkaline
componeni selected from the group consisting of alkali elements, alkalive earth clements, alkali

sahts, alkaline earth salts, and combinations thereof,

&, The promoted carbon sorbent of claim 4 wherein the concentration of the oplional
secondary component on the finished sorbent is within the range of from abowut 1 to about 15 wi-

% of the concentration of the promoter on the finished sorbent.

7. The promoted carbon sorbent of claim 6 whersin the optional secondary component is
sclected from the group consisting of Group ¥V halides, Group VI halides, Hi, HBr, HCY, and

combinations thereof,

8. The promoted carbon sorbent of claim 7 wherein the optional secondary component is

selested from the group consisting of I, HE and combinations thercof,

8. The promoted carbon sorbent of ¢laim 8 wherein the promoter is substantially in vapor

form when combined with the base activaied carbon,

1. The promoted carbon sorbent of claim 8 wherein the promaoter is combined with an
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organic soivent prior to reaction with the base activated carbon.

T1.  The promoted carbon sorbent of claim & wherein the promoter and optional secondary

component are combined with the base activated carbon substantially simultaneously.

12, The promoded carbon sorbent of clai 8 further comprising 2 mercury-stabilizing reagent
selected from the group consisting of 8, Se, HoS, 80., HySe, Se(y, C8, PoBs, and combinations

thereof.

13, The promoted carbon sorbent of claim 12 wherein the promaoter is selected from the group
consisting of Bry, FBr, and combinations thereof.

14, The promoted carbon sorbert of claim 3 further comprising 2 mercury-stabilizing reagent
selected from the group sonsisting of 8, Se, HzS, 50, HiBe, SeQy, C8,, P18, and combinations

thereof.

15.  The promoted carbon sorbent of claim 14 further comprising an optional alkaline
component comprising an alkaline or alkaline earth element wherein the promoter is selected

from the group consisting of Bry, HBr, and combinations thereof.

16. A method comprising providing & grenular activated carbon; rescting the activated carbon
with 2 promoter sclected from the group consisting of halogens, halides, and combinations
thereof, such that the reaction preduct comprises a promoted carbon sorbent effective for removal

of mercury from a gas sheanm.

17. The method of claim 16 wherein the reaction product comprises from about 1 1o about 30

wrams promoter per 100 grama activated carbon,

I8, The method of claim 16 wherein the reaction product has an average particle size

distribution greater than about 48 micrometers.

19, The method of claim 16 wherein the promoter is selected from the group consisting of

molecular halogens, hydrobalides, Group V halides, Group VI halides, and combinations thereof,

20.  The method of claim 19 wherein the promoler is in the gas phase when contacting the

activated carbon.

21, The methed of claim 19 wherein the promoter is in an organic seivent when contacting

the aciivated carbon.
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22.  The method of claim 20 wherein the promoter is selected from the group consisting of

Brz, a Group V bromide, a Group VI bromide, and combinations thereof.

23. The method of claim 18 further comprising providing an optional alkaline corpponent o

improve the effectiveness of mercury removal.

24, The method of claim 20 further comprising reacting the granular activated carbon with an
optional secondary component comprising 2 halogen or a hydeohalide such that the reactivity and

mercury capacity of the sorbent are enbanced.

23. The method of claim 24 further comprising providing an optional alkaline component to

improve the effectiveness of mercury removal.

26, The method of claim 24 wherein the promoter and optional secondary corponent are

contacted simualtanacusty with the activated carbon.
27 The methed of claim 24 wherein the optional secondary comporent comprises Iy or HIL

28, The method of claim 20 further comprising adding a mercury-stabilizing reagent selected

from the group consisting of 8, Se, HiS, SO, HaSe, 5e0s, C8,, Pols, and combinations thereof,

29, The method of claim 24 further comprising adding 8 mercury-stabilizing reagent selected

froan the group consisting of 8, Se, M8, 8Oy, HaSe, Se(,, C8,, P18, and combinations therenf.

38, A method for reducing mercury in flue gas comprising providing a sorbent, injecting the
sorbent irdo a mercwry-containing flus gas stream, collecting greater than 70 wt-% of the mercwry
in the flue gas on the sorbent to produce a cleaned flue gas, and substantially recovering the

sorbent from the cleaned flue gas.

31 The method of claim 30 firther comprising co-injecting an optional alkaline component

into the mercury containing flue gas strean.

32. The method of claim 30 further comprising monitoring the mercury content of the clean
flue gas, regenerating the recovered sorbent, and using the monitored mercury content of the

cleaned fhue gas to contro] the rate of injection of the sorbent.

33, The method of claim 30 wherein the injected sorbent is prepared in-flight by reacting an
activaied carbon and a promoter within a ppeumatic transport line from which the reaction

product is injected fo the mercury-containing flue gas stream,

PAC ET AL. EXHIBIT 1023

Page 87



10

15

20

Pt
i

WO 2006/039007 PCT/US2005/030018

34. The method of claim 33 wherein the promoter s selected from the group consisting of

molecular halogens, halides, and combinations thereof,

35. The method of ¢laim 34 wherein the promoter is selected from the group consisting of

Bra, HBr, Group V bromides, Group VI bromides, and combinations thereof
36. The method of claim 35 wherein the promoter is reacted in the gas phase or as a vapor,

37 The methed of claim 36 wherein the promoter is added at from about 1 to about 30 grams

per 100 grams of activated carbon.

38. The methed of claim 37 whersin the injested sorbent is prepared in-flight by reacting an
activated carbon, & promoler, and an optional secondary component to enhance the reactivity and
capacity of the sorbent within a pnewmatic wanspoit line from which the reaction product is

injected to the mercury-containing flue gas stream.

39, The method of olaim 38 wherein the optional secondary component is selected from the
group consisting of iodine, hydrohalides, Group V halides, Group VI halides, and combinations

therent.

40, The method of cleim 39 further comprising co-injecting an optional alkaline component

into the mercury containing {lue gas stream,

41 The mwethoed of claimy 39 wherein the optionsl secondary component is added at from

about 1 to about 15 wi-% of the promoter content.

42, The method of claim 41 wherein the optional secondary component is selected from the

group consisting of I, HI, and combinations thereof,

43. The methed of claimn 42 wherein the optional secondary coraponent is added o the gas

phase or as a vapor.

44. The method of claim 41 further comprising adding (o the sorbent 3 mercury-stabilizing
reagent selected from the group consisting of 8, Se, Ho8, SO, HBe, 8204, C8,, PuSs5, and

combinations thereof,

45, The method of olaim 32 further comprising using the monitored mercury content of the

cleaned flue gas to control the composition of the sorbent.

46, The method of olaira 40 further comprising monitoring the mercury condend of the clean
32
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flue gas and using the monitored mercury content fo control the composition of the sorbent and

the alialine-to-sorbent injection ratio.

47. The method of claim 45 wherein the injected sorbent is prepared in-flight by reacting an
activated carbon and a promoter within & puewmaiic transport line from which the reaction
product is injected to the mercury-containing flue gas stream, wherein the promoter is sclecied
from the group consisting of molecudar halogens, halides, and combinations thereof, wherein the
promoter is reacted in the gas phase or as 3 vapor, wherein the promoter is added at from about 1
to about 30 grams per 100 grams of activated carbon, wherein the rate at which the promoter 15
aclded and the rate of sorbent injection are determined by a digital compuder based at least in part

o the monitored mercury content of the cleaned flue gas.

48. A method for reducing the mercury content of & gas stream coprising the steps of
injecting a powdered activated carbon sorbent having a mass-mean particle size >40um into 2 gas
stream confaining mercury and ash particles, capturing mercury from the gas stream on the
soyrhent particles, mechanically separating the sorbent particles from the ash particles, and re-

innjecting the separated sorbent particles into the gas stream.

49, The method of clairn 48 forther comprising regencrating the sorbent particles to

suabstantially remove contaminants therefrom to recover capacity for capturing mercury.

30, The method of claim 48 further comprising co-injecting into the gas stream an alkaline
cowmponent selected from the group consisting of alkali elements, alkaline earth elements, alkali

salts, alkaline sarth salts, and combinations thereof.

51.  The method of claimn 48 wherein the powdered activated carbon sorbent further comprises

a promoter selected from the group consisting of balides, halogens, and combinations thereol,

2. The method of olaim 51 further comprising co-injecting into the gas stream an alkaline
companent selected from the group consisting of alkali elewents, alkaline earth elements, alkali

salts, alkaline earth salts, and combinations thereof.

33. The method of claim 48 wherein the pacticulate activated carbon sorbent has 2 mass-mean

particle size >60um.

54, The method of claim 52 wherein the particulate activated carbon sotbent has 4 mass-mean

particle size >60um.

33
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SORBENTS FOR THE OXIDATION AND REMOVAL OF MERCURY
STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

This invention was made with United Swtes Government support under the US,
Environmental Protection Ageney Gram Mos. R 827649-01 and CR 83092901, The United
States Government has certain rights 1o this invention.

BACKGROUND OF THE INVENTION

Technical Field of the Invention

The present invention relates w methods and matenials for the removal of pollutants from
flue gas or product gas from a gasification system. In particular, mercury is removed from gas
streams generated during the burning or gasification of fossi fuels by highly reactive regenerable
sorbents,

Backsround of the Invention

The combustion and gasification of fossil fuel such as coal generates flue gas tha
contains mercury and other trace clements that originate from the fuel. The release of the
mercury {and other pollutants) to the environment must be controlled by use of sorbents,
scrubbers, filters, procipitators, and other removal technologies. Mercury is initially present n
the elemental form during combustion and gasification, In downstream process sections, such as
in the ducts and stack of a combustion sysiem, some of the elemental mercury is oxidized. The
amount that is oxidized depends on the amount of acid gases present in the Jue gas and other
factors. Amounts of mercury vary with the fuel, but concentrations of mercury in the stream of
flue gas from coal combustion are tvpically less than § parts per billion {ppb).  Large coal
combuston facilities such as electric wilities may emit a pound of mercury, or more, per day.
Mercury removal applications include, without limitation, flue gas rom coal (or other fossit fuel)
combustion, waste incineration, product gas from gasification, as well as off gases from mineral
processing, metal refiming, retorting, cement manufacturing, chioratkali plants, dental facilities,
and crematories,

Mercury Sorbent Technologies

Several types of mercury control methods for flue gas have been investigated, including
injection of fing sorbent pasticles into a flue gas duct and passing the flue gas through a sorbent
bed. Fine-particle injection sorbents include activated carbon, metal oxide sorbeny, sodium
sulfide particles, and basic siticate or oxide sorbents, When particie injection is employed, the
mercury captured on the sorbent particles is removed from the gas stream in a bag house or

electrostatic precipitator (ESP) and collected along with ash particulate. The sulfide and basic
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siticate and oxide particles are effective only for the oxidized mercury, and the metal oxide
sorbents exhibit slower capture kinetics than the carbon particles, Additionally, injection ¢f fing
carkon particles into the flue gas stream has been only partially successful in removing mercury,
sspecially elemental mercury, where effective removal of only about 60% is anained for some
applications with 2 FF {fabric filier} to collect carbon and ash. Even lower removal rates have
been observed when using an ESP to collect the carbon because the contact time of the carbon
with the gas is very short,

A major problem with existing carbon injection systems is that the sotbent is injtially
unreactive, and only after extended exposure 1o the flue gas does the sorbent become effectively
seasoned and provide increased reactivity with the mercury in the gas, Consequently, these
sorbents must be used in large amounis, at high sorbent-to-mercury ratios, to effectively capture
the mercury. These sorbents tend to be relatively expensive and cannot be casily separated from
the ash for regencration and reuse, The collection of carbon in the ash also creates solid waste
disposal problems, and the spent sorbent may contaminate the collected ash, preventing its use in
varicus applications.

Ascordingly, there remams a need for more econnmical and effective mercury removal
techmology, This invention provides for cost-effective removal of pollutants including mercury,
using sorbent enhancement additives and/or highly reactive sorbents, with contact times of
seconds {or less), and that may be regenerated and reused,

SUMMARY OF THE INVENTION

1t is thus an object of the present invention o overcome the deficiencies of the prior art
and thereby 1o provide new and economical methods for the removal of mercury from the gases
produced in the utitization of fossil fuels.

A halogen/halide promoted activated carbon sorbent is described that is highly effective
for the removal of mercury from flue gas streams. The sorbent comprises a new halide-modified
carbon form containing a reactive compound produced by the reaction of bromine (or halide or
other halogen) with the carbon. Optional secondary components and alkall may be added ¢
further increase reactivity and mercury capacity. Mercury removal efficiencies obtained exceed
or maich conventional methods with added benefits such as reduced costs, Optionally, the
sorbent can be regenerated and reused. Sorbent treatment and/or preparation methods are also
described. WNew methods for in-flight preparation, introduction, and control of the active sorbent
into the mercury contaminated gas stream are deseribed.

in some embodiments, a promoted carbon sorbent is provided comprising a base activated

carbon that has reacted with a promoter selected from the group consisting of halides, halogens,

g
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and combinations thereof, such that the reaction product is effective for the removal of mercury
from a gas stream,

In an embodiment, a promoted carbon sorbent is provided wherein the base activated
carbon is selected from the group comsisting of powdered activated carbon, granular activated
carbon, carbon black, carbon fiber, serogel carbon, pyrolysis char, activated carbon with an
average patticle size greater than that of flyash produced such that it is physically separable
therefrom, and combinations thereof, and the promoter is selected from the group consisting of
motecular halogens, Group V {CAS nomenclature is used throughout) halides, Group Vi halides,
hydrohalides, and combinations thereof. In an embodiment, the base activated carbon may have
an mass mean particle diameter such that it can be substantially separated by physical means from
entrained ash in the gas stream from which mercury is to be removed. ln an embodiment, the
base activated carbon wmay have a mass mean particle diameter greater than about 40
micrometers,

In another embodiment, the sorbent comprises from about T io abowt 30 grams promoier
per 100 grams of base activated carbon.  Another embodiment further comprises an optional
secondary component comprising 4 halogen or a hydrohalide such that the reactivity and mercury
capacity of the sorbent are enhanced,

In another embodiment, the concentration of the optional secondary component on the
finished sorbent is within the range of from about ] to about 15 wi-% of the concentration 0f the
promaoter on the finished sorbent,

In another embodiment. an optional alkali component may preferably be added to provide
a synergistic effect through combination of this alkali with the primary sorbent.

In another embodiment, the optional secondary component is selected from the group
consisting of Group V halides, Group VI halides, Bi, HBr, HCL and combinations thereof. In
another embodiment, the promoter Is substantially in vapor form when combined with the base
activated carbon. In another embodiment, the promoter is combined with an organic solvent prior
to reaction with the base activated carbon. In another ambodiment, the promoter and optional
secondary component are combined with the base activated carbon substantially simultaneously,
Ancther embodiment further comprises adding a mercury-stabilizing reagent selected from the
group coasisting of S, Se, HoS, 50, HySe, 50, CS;, PiSs, and combinations thereof. Another
embodiment further comprises adding an optional alkali component,

In an embodiment, 2 method is provided comprising providing a granular activated
carbon; reacting the activated carbon with a promoter selecied from the group consisting of
halogens, halides, and combinations thereof, such that the reaction product comprises 2 promoted

carbon sorbent effective for removal of mercury from a gas stream, [n a further embodiment, the

ok
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reaction product comprises from about 1 to about 30 grams promoter per 100 grams activated
carbon. In another embodiment the reaction product has an average particie size distribution
greater than the average size of entrained ash particles in the gas stream {rom which mercary is o
be removed, such that the resction product can be substantially removed from the entrained ash
particles by physical weans.  In another embodiment the reaction product has a mass mean
particle dlameter greater than about 40 micrometers,

in another embodiment, the promoter is selected from the group consisting of molecular
halogens, hydrohalides, Group V halides, Group VI halides, and combinations thereof. In
another embodiment the promoter is in the gas phase when contacting the activated carbon. In
another embodiment, the promoter is in an organic solvent when contacting the activated carbon.

In another embodiment, the promoter is sclected from the group consisting of Bry, a
Group V bromide, a Group V1 bromide, and combinations thereof.

In another embodiment, the method further comprises reacting the granular activated
carbon with an optional secondary component comprising 8 halogen or a hydrobalide such that
the reactivity and mercury capacity of the sorbent are enhanced. In another embodiment, the
promoter and optional secondary component are contacted simultancously with the activated
cathon.  in another embodimen the method further comprises adding a mercury-stabilizing
reagent selected from the group consisting of 5, Se, HaS. 50n, Hobe, 5¢0,, U5y, P, and
combinations thereof, In an embodiment, a method is provided for controd of mercury from 2
flue gas at Jower removal rates with substantially lower sorbent requirements. Through enhanced
sorbent reactivity, mercury removal per gram of sorbent is increased, thereby decreasing the
capital and operating costs by decreasing sorbent requirements.

In an embodiment, a method s provided for reducing mercury in flue gas comprising
providing a sorbent, injecting the sorbent into 8 mercury-containing flue gas stream, collecting
greater than 70 wi-% of the mercury in the flue gas on the sorbent to produce a cleaned flue gas,
and substantially recovering the sorbent from the cleaned flue gas. In embodiments where less
than 70 wi-%% mercury removal is desired, the required removal may preferably be aitained using
fess than hall as much carbon as would be required with standard (non-enhanced) carbon. In a
further embodiment, the method further comprises monitoring the mercury content of the cleap
flue gas, regencrating the recovered sorbent, and using the monitored mercury content of the
cleaned flue gas to control the rate of injection of the sorbent. In another embodiment the
injected sorbent is prepared in-flight by reacting an activated carbon and a promoter within a
priearnatic transport Hine from which the reaction product is insecied 1o the mercury-coniaining

flue gas stream,
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In ancther embodiment, the promoter is selected from the group consisting of molecular
halogens, halides, and combinations thereof. In another embodiment, the promoter is reacted in
the gas phase or as a vapor. in ancther smbodiment, the promotsr is added at from about 1 10
about 30 grams per 100 grams of activated carbon.

In another embaodiment, the injected sorbent is prepared in-flight by reacting an activaled
carbon, a promoter, and an optional secondary component to enhance the reactivity and capacity
of the sorbent within a preumatic transport Jine from which the reaction product is injected to the
mercury-containing flue gas stream,

In another embodiment, the optional secondary component is selected from the group
consisting of iodine, hydrohalides, Group V halides, Group V1 halides, and combinations thereof.
In another embodiment, the optional secondary component 15 added at from about 1 to about 15
wi-% of the promoter content. In another embodiment, the method further comprises adding to
the sorbent a mercury-stabilizing reagent selected from the group consisting of 5, Se, HaS, S0,
H;Se, Se0y, T8, P55, and combinations thersof,

In an embodiment, the method further comprises co-injecting an optional alkaline
material, including without limitation alkaline and alkaline earth components, 10 Improve the
efficiency of mercury capture by oapluring oxidized mercury andior capluring gasecus
components that might otherwise reduce sorbent capacity. In another embodiment, the optional
atkaline material may preferably comprise caleiun oxide, sodium carbonate, and the like, as are
known in the art.

In another embodiment, the method further comprises using the monitored mercury
sontent of the cleaned flue gas 1o control the composition of the sorbent. In another embodiment,
the injected sorbent is prepared in-flight by reacting an activated carbon and a promoter within a
pneumatic transpert line from which the reaction product is injected to ithe mercury-containing
flue gas stream, whergin the promoter s selected from the group consisting of molecular
halogens, halides, and combinations thereof, wherein the promoter is reacted in the gas phase or
as a vapor, wherein the promoter is added at from about 1 to about 30 grams per 100 grams of
activated carbon, wherein the rate at which the promoter is added and the rate of sorbent injection
are determined by a digital computer based at feast in part on the monitored mercury content of
the cleaned flue gas,

In an embodiment, a method for reducing the mercury content of a mercury and ash
cortaining gas strearn is provided wherein particulate sctivated carbon sorbent with a mass mean
size greater than 40 wm is injected into the gas stream, mercury is removed from the gas by the
sorbeni particles, the sorbent particles are separated from the ash particles on the basis of size,
and the sorbent particles are re-injected to the gas stream. In another embodiment, the mercury-

iy
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containing sorhent particles are regensrated to remove some of substantiafly alt of the mercury,
In another embodiment, an sikaline component is co-imjected indo the gas stream.  In another
embodiaent, the sorbent may further comprise a promoter.  The promoter may preferably
comprise a halide, a halogen, or both,

As will be described in more detail below, the present wvention thus provides several
advantages over previously known techniques, including significantly more effective and
economical mercury sorbenis for effluent gases, advantageously applicable to treating gas
streams from fired equipment and gasification systems.

The foregoing has outlined rather broadly the features and technical advantages of the
present investion in order that the detailed description of the invention that foliows may be better
understood,  Additional features and advantages of the invention will be described hercinafier
that form the subject of the claims of the invention. Tt should be appreciated by those skilled in
the art that the conception and specific embodiments disclosed may be readily utilized as a basis
for modifving or designing other structures for carrying out the same purposes of the present
invention. 1t should also be realized by those skilled in the art that such equivalent constructions

do not depart from the spirit and scope of the invention as set forth in the appended claims,
BRIEF DESCRIPTION OF THE DRAWINGS

For a more detailed description of the preferred embodiments of the present invention,
reference will now be made 1o the accompanying drawings.

Figure 1 schematically illustrates methods for preparation of promoted carbon sarbents in
accordance with the present invention,

Figure 2 #iustrates a proposed mechanistic model of the chemical reactions resuliing in
the oxidation and vapture of mercury.

Figure 3 schematically illustrates preparation of promoted carbon sorbents and processes
for flue gas mercury reduction in flue gases and/or product gases from a gasification system in
accordance with the present mvention, including in-Bight preparation of promoted carbon
sorbent.

Figure 4 is a diagram illustrating breakthrough curves for & witwit% brominated NORIT
Darce FGD sorbent (37 mg + 113 mg sand) in low-HCI {1 ppmy) synthatic flue gas,

Figure § is 2 diagram illustrating breakthrough curves for non-halogenated NORIT Dareo
FGD sorbent (37 mg + 113 mg sand) in fow-HC1 {1 ppm) synthetic flue gas.

Figure 6 is a bar chart lusirating pilot-scale mercury removal resulis, including large-

size sorbent rosults.
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Figure 7 1s a diagram illustrating the effects of sorbent size and injection rate on mercury
removal for ESPs and fabric filters.

Figure 8 is a diagram illustrating the breakthrough curves for a broninated NORIT Darco
FGD sorhent with inert sand.

Figure 9 is a diagram illustrating the breakthrough curves for brominated NORIT Darco
FGD sorbent with a co-injected alkali material,

Figure 10 is a plot of mercury removal vs. carbon injection rate with and without co-
injection of alkali material.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Herein will be deseribed in detall specific preferred embodiments of the present
invention, with the understanding that the present disclosure is to be considered an
exemnphification of the principles of the invention, and is not intended to Hmit the invention to that
illustrated and described herein. The present invention is susceptible to preferred embodiments
of different forms or order and should not be interpreted to be limited to the specifically
expressed methods or compositions contained herein.  In particular, various preferred
embodiments of the present invention provide a number of different configurations and
applications of the inventive method, compositions, and their uses.

The present mvention provides a cost-effective way to capture pollutants by wtilizing
exceptionally reactive halogenthalide promoted carbon sorbents using a bromide (or other
halogen/halide} treatment of the carbon, that capture mercury wa mercury-sorbent surface
reactions, at very short contact times of seconds or Jess. The sorbent does not require in sify
activation {no induction period) in the gas stream t0 achieve high reactivity, as do conventional
activated carbon sorbents. The reactivity of the sorbent toward the pollutants is greatly enhanced
and the sorption capacity ¢an be regenerated, the promoted sotbent may be regenerated, recycled
and/or reused. _

The treated carbons, treatren techniques, and optional additives discussed herein have
applicability to mercury control from the product or effluent gas or gases from gasification
systems, syngas generators, and other mercury-containing gas streams, in addition to the flue gas
from combustion systerns. Thus, it should be understood that the terms combustion system and
flue gas as used throughout this description may apply equally © gasification systems and syngas
or fuel gas, as will be undersiood by those skilled in the an.

Referring now to Figure 1, there is shown a block flow diagram ilustrating some
preferred embodiments of the process of the present invention (0 prepare promoted sorbents
useful for mercury capture from flue gas and/or product gas form a gasification system streams,

In g preferred embodiment illustrated by path 10-20, block 10 illustrates providing a base

7
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activated carbon, and adding a halogen or halide promofer that reacts with the carbon, Hlustrated
at block 26, to produce a product promoted carbon sorbent. In embodiments where the halogen
or halide is added, for exampie, as a vapor, no further steps may be necessary. In embodiments
where the halogen or halide is added in, for example, a solvent, it may be desirable 1o employ
solvent removal as illusteated by block 204,

Referring sull to Figure 1, another preferved embodiment of the process of the present
invention is illustrated by path 10-20-30, comprising providing a base activated carbon as shown
by block 10, adding a halogen or halide promuoter that reacts with the carbon, illustrated at block
20, and 2dding g secondary component Hiustrated at block 30 that reacts with the result of block
20 to produce a product promoted carbon sorbent.  In embodiments where both the halogen or
hatide promoter and the sscondary component are added, for example, as a vapor, no further steps
may be necessary.  In embodiments where the halogen or halide promoter andfor secondary
component are added in, for example, a solvent, it may be desirable to employ solvent removal as
itlustrated by block 304,

Referring still 1o Figure 1, another preferred embodiment of the process of the present
invention is ilustrated by path 10-40, comprising providing a base activated carbon as Husirated
at block 10, and adding a halogen or halide promoter and a secondary component 1o the activated
carbon together, with which they react as illustrated by block 40, producing a product promoted
carbon sorbent.  As above, in embodiments where vapor additidns are made 1o the activated
carbon no further sieps may be desired. In embodiments where one or more componenis are
added in selvent, a solvent removal step may be provided as lustrated by block 40A.

Referring still to Figure 1, also illustrated are preferred embodiments in which, a5
ilustrated by block 30, a flue gas stream is treated with product promoted carbon sorbent
prepared as described ahove.

in some preferred embodiments the activated carbon provided may preferably be any of
several types, as understood by those skilled in the ant. For example, the activated carbon may
include powdered activated carbon, granular activated carbon, carbon black, carbon fiber, carbon
honeycomb or plate siructure, aerogel carbon film, pyrolvsis char, regenerated activated carbon
from product promoted carbon sorbent, or other types as known in the art.

In some preferred embodiments the activated carbon provided may preferably be any of
several types, as understood by those skilled in the art. For example, the activated carbon may
include powdered activated carbon, granular activated carbon, carbon black, carbon fiker, carbon
honeycomb or plate structure,  agrogel carbon film, pyrolvsis char, an activated carbon or
regenerated activated carbon with a mass mean particle size greater than fly ash in a flue gas

stream {0 be treated,
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In same preferred embodiments the activated carbon provided may preferably be any of
several types, as understood by those skilled in the art. For example, the activated carbon may
include powdered activated carbon, granular activated carbon, carbon black, carbon fiber, carbon
honeycomb or plate structure, aerogel carbon film, pyrolysis char. an activated carbon or
regenerated activated carbon with a mass mean particle diameter preferably greater than 40
micrometers, more preferably greater than 60 micrometers, or 4 particle size distribution greater
than that of the flv ash or entrained ash in a flue gas stream to be reated, such that the activated
carbon and ash can be separated by physical means.

In some preferred embodiments, the halogen or halide promoter that is added 1o, and
reacts with, the base activated carbon mayv preferably comprise, by way of Hiustration and not
limitation, a molecular halogen in vapor or gaseous form, 2 molecular halogen in an organic
solvent, a Group V or Group V1 halide, such as PBry or 5CI; respectively, in vapor, liquid, or
solution form {though not in an agueous solvent).

Embodirnents are also provided in which the organic solvent may preferably comprise a
chiorinated hydrocarbon, such as dichioromethane, a hydrocarbon selvent, inciuding for example,
petroleum ether, figroin, pentane, hexane, toluene, and benzene, carbon disuifide, a waste solvent,
an ether, a recycled soivent, a supercritical solvent, such as supercritical CO,, water (though not
in the case of a Group V o1 Group VI halide), and others as will be apparent to those of skill in
the art.

Referving now to Figure 2, there is ilustrated a theory developed from scientific evidence
to explain the nature of the promoting compounds. For example, as illustrated  Figure 2,
hydrogen bromide reacts with the unsaturated structure of the activated carbon. This may be, by
way of ilinstration only, a carbene species on the edge of the graphene sheet structures of the
carbon, Molecular bromine or a bromine compound reacts 1o form a similar structure, with a
positive carbon that is active for oxidizing the mercury with subsequent capture by the sorbent.

Jt has now been found that the formation of the new bromide compound with carbon
increases their reactivity toward mercury and other pollams,  Additionally, the resulting
bromide compound is uniquely suited 1o facilizate oxidation of the mercury, The effectiveness of
the oxidation apparently results from the promotion effect of the halide, exerted on the
developing positive charge on the mercury during the oxidation, known in the chemical art as a
specific catalytic effect. Thus, as the mercury electrons are drawn toward the positive carbon, the
halide anion electrons are pushing in from the cther side, swabilizing the positive charge
developing on the mercury and lowering the energy requirement for the oxidation process.

Bromide is especially reactive, owing 10 the highly polarizable electrons in the outer 4p orbitals
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of the ion. Thus, adding HBr or Bry to the carbon forms a similar carbon bromide, in which the
positive carbon oxidizes the mercury with the assistance of the bromide ton.

Referring now 1o Figure 3, a schematic flow diagram is provided of mercury control
systetn 100 comprising preparation of promoted carbosn sorbents, and flue gas mercury reduction,
in accordance with preforved embodiments of the present invention. There is provided base
aclivated carbon reservoir 118, an optional halogen/halide promoter reserveir 124, an optional
secondary component reservoir 130, and an oputional akali component reservoir 186, each of
which with corresponding flow control device(s) 201, 102, 203, and 208/209, respectively, In
conjunction with the optional alkali component reservoir 180, optional flow control devices 208
and 209 can be used independently, together, or not at all,

Reservoirs 116, 120, 130, and 183 connect through their respective flow control devices
and via associated piping, 10 ransport line 113, Optional alkali component reservoir 180 may
also connect, through respective flow control devices and via associated piping, o transport line
118, A socurce of air, nitrogen, or other transport gacfes) is provided by gas source 170 w0
transport line 115 for the purpose of entraining materials discharged from reservoirs 110, 120,
130, and 180 and injecting such materials, via injection point 116, into contaminated flue gas
streamn 13, A source of air, nitrogen, or other transport gas{es) may be provided by gas source
171 1o transport line 118 for the purpose of entraining materials discharged fror reservoirs 180
and injecting such materials, via injection point 119, into flue gas stream 15, Gas sources 170
and 171 may be the same or different, as desired.  Alternatively, ransport gas{es) may be
provided to borh transport bnes 113 and 118 by gas source 170 (connection from source 17¢ ©
fine 118 not shown). Although gas sources 170 and 171 are shown in Figure 3 a5 compressors or
blowers, any source of transport energy known in the art may be acceptable, as will be
appreciated by those of skill in the art.

For clarity, single injection points 116 or 119 are shown in Fi gure 3, although one skilled
in the art will understand that multiple injection points are within the scope of the presemt
invention. Optical density measuring device (8) 204 is connected to transport line 115 and/or 118
to provide signals representative of the optical density inside transport fine 115 and/or 118 as a
function of time.

Downstream from injection point 116 and 119 is provided particulate separator 140, By
way of #Hustration and not limitation, particulate separator 140 may comprise one or more fabric
filters, one or more electrostatic precipitators thereinafter “ESP”}, or other particulate removal
devices as are known in the art. [t should be further noted that more than one particulaie
separator 140 may exist. sequentially or in parallel, and thar injection point 116 and 119 may be

at 4 location upsweam andior downstream of 140 when parallel, sequential, or combinations
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thereof exist. Particulate separator 140 produces at feast a predominantly gaseous (“clean™)
stream 142, and a stream 141 comprising separated solid materials, A sorbent/ash separator 150
separates strearmn 141 into a largely ash stream 152, and a largely sorbent stream 151, Stream 151
may then preferably be passed to an optional sorbent regenerator 160, which yields a regenerated
sorbent stream 161 and a waste strearn 162,

An optional Cortiruous Emissien Monitor {(hereinafter “CEM”) 205 for mercury is
provided m exhaust gas stream 335, to provide ¢lectrical signals representative of the mercury
soncentration in exhaust stream 35 as a function of Gme. The optional mercury CEM 205 and
flow controliers 201, 202, 203, 208, and 209 are elecwically comnecied via opuonal lines 207 (or
wirelessly) to an optional dighal computer {or controlier) 206, which receives and processes
signals and preferably controls the preparation and injection of promoted carbon sorbent into
contaminated flue gas stream 13,

in operation, promoted carbon sorbent and/or an optional alkali component is injected
into contaminated flue gas strears 15, Afier contacting the injected material with the
contaminated flue gas stream 15, the injected material reduces the mercury concentration,
transforming contaminated flue gas into reduced mercury {lue gas, 25, The injected material is
rerpoved from the flue gas 25, by separator 140, disposed of or further separated by optional
separator |50, and disposed of or regenerated by an optional regenerator 160, respectively, The
reduced mercury “clean” flue gas stream 142 is then monitored for mercury content by an
optional CEM 205, which provides corresponding signals o an optional computer/controiler 206.
Logic and optimization signals from 206 then adjust flow controdlers 201, 202, 203, 208, 20% ©
maintain the mercury concentration in exhaust stream 35 within desired limits, according o
control algorithms well known in the art. Flow controllers 201, 202, 203, 208, 209 can also be
adjusted manually or be some other automated means (o0 maintain the mercury concentration i
exhaust stream 35 within desired limits, according to control algorithums weil Known in the art,

Referring stilf to Figure 3, there are ilustrated several preferred embodiments for
preparation and injection of promoted carbon sorbents and/or altkali components in accordance
with the present invention. Stream 111 provides for troduction of base activated carbon from
reservoir 110, as metered by flow controller 201 manually or under the direction of computer
206, The halogen/halide may be combined and react with the base activated carbon according to
any of several provided methods, The halogen/halide may preferably be combined via line 121
direcaly into transport fine 115, within which it contacts and reacts with the base activated carbon
prior {0 injection point 116, This option is one form of what is referred ©© herein as “in-flight”
preparation of a promoied carbon sorbent In accordance with the invention, Fusther, the

halogen/halide may be combined via line 121b with base activated carbon prior {0 entering
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transport line 115, Stll further, the halogen/halide may be contacied and react with the base
activated carbon by introduction via Jine {2lc into reservoir 110, This option is preferably
employed when, for example, reservoir 110 comprises an ebullated or fluidized bed of base
activated carbon, through which halogen/halide flows in gasecus form or as a vapor. OFf course,
the halogen/halide may also preferably be contacted with the base activated carbon in Hquid form
or in a solvent, as discussed previously, and solvent remaoval {not shown in Figure 3) may then be
provided if necessary as mentioned with respect to embaodiments discussed with reference to
Figure 1.

Similarly, the cprions! secondary component may be contacied and react directly in
transport line 115 via line 131, or optionally as described above with respect to the
hatogen/halide, via lines 131b and 131ec.

Similarly, the optional alkali component from 180 may elther be added in transport Jine
115 directly, or may be injected separately by transport fine 118, combining downsiream in flue
zas 15 for synergistic effects with base activated carbon, promoted carbon, or optional secondary
components, Being able to vary onsite the amount of the optional alkali component relative w
base activated carbon, promoted carbon, or optional secondary components s a key feature fo
gvercomae and optimize for site~specific operating and flue gas conditions.,

in some preferred embodiments wherein condacting between components and reaction 18
performed in a liguid or solvent phase, stiming of such hiquid and/or slurry mixtures may be
provided.  In other embodiments, the halogervhalide promoter and optional secondary
somponent{s) may preferably be sprayed m solution form into or on the base activated carbon, In
some such embodiments, drying, filtering, centrifugation, settling, decaniation, or other solvent
removal methods as are known in the art may then be provided.

in embodiments wherein the halogen/halide promuer is in gaseous or vapor form, it may
be diluted in air, nitrogen, or other gas as appropriate.  The halide/halogen gas, for example,
gaseous HBr or Bry, may be passed through an cbullated or fluidized bed of granular or fibrous
activated carbon, with the promoied carbon sorbent so produced removed from the wp of the bad
via gas entrainment for injection.

fIn some embodiments, the secondary component{s) may preferably comprise iodine or
other halogens, hydrohalides, including without Himitation HI, HBr, HTY, a Group V or Group VI
element with a molecular halogen, such as 8CH; and others. In some preferred embodiments, the
promoted carbon sorbent may coraprise from about | 1o about 30 g halogen/halide per 100 g base
activated carbon. In some preferred embodiments, the promoted carbon sorbent may comprise an
secondary component in concentration of from about | 1o about 13 w1-% of the concentration of

the halogen/halide component.
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In still other embodiments, the product promoted carbon sorbent may be applied to a
substrate.  In other embodiments, such prepared subsirate(s} may be caused to conlact a
contanunated flue gas or gasification system product gas stream for mercwry reduction purposes.
Such substrates may be monolithic, rotating, or exposed to the gas stream n any number of ways
known 10 those skilled in the art.

In some embodiments, a method is provided wherchy a mercury stabiiizing reagent 13
added to a promoted carbon sarbent to produce a bifunctional sorbent. Such stabilizing reagems)
may be sequentially added, either before or after the addition and reaction of the halogenshalide,
in seme preferred embodiments, the halogen/halide preforably comprises Br or HBr, and the
mercury-stabilizing reagent may comprise 8, Se¢, H8, 50, HiSe, 8¢0, €8, P28 and
combinations thereof,

Halogens in Mercury Capture

Methodologies for using halogens for the treatment of flue gas have been preblematic,
owing o their reactivity with other gases and metals, resulting in corrosion and health 1ssues. A
“hatogan”™ is defined as a member of the very active clerments comprising Group VilA {CAS
nomenciature is used throughout, Group VA (CAS) comresponds to Group VHB (QUPACY of
the periodic 1able, In the molecular elernental form of the halogens, including ¥y, Cly, Brg, and b,
the reaction with g hot {flue gas components leave littie 1o react with elemental mercury. The
atomic elemental halogen fonm, which includes the fluorine, chlorine, bromine, and iodine atoms,
is about a million times more reactive o mercury but the concentration of the atomic forms &5
wypically extremely fow. In a large portion of electric wiility coal combustion facilities, the
concentrations are generaily not sufficient 1o oxidize a significant amount of mercury.

The term “halide” as used herein is defined as a compound formed from the reaction of a
halogen with another element or radical. In general, halide compounds are much less reactive
than the molecular halogens, having a low chemical potential, Halides are considersd reduced
forms that do not, alone, oxidize other compounds. In the conventional view therefore, a halide-
salt-treated activated carbon will not etfectively oxidize elemental mercury and capture elemental
mareury.

Halogen Promoied Sorbent Characteristics

The sovbent described here has 3 very high initial reactivity for oxidizing mercury and
therefore can be used in very small amounts to achieve very high capture efficiencies, thus
lowering operation costs and lessening waste disposal problems,  [n addition, further disposal
reductions are obtainable by regencrating and reusing the sorbents produced using the inventive
technology. The time interval required for the mercury and the promoted carbon sorbends of the

present invention to successfully interact in a flue gas duct, with the subsequent collection of the
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mercury on the sorbent and ash is very short — less than seconds. Cleariy, such collection times
require the sorbent to have both high capacity and high reactivity toward mercury. The promoted
carbon sorbent can be utilized in a very finely powdered form to minimize mass transfer
timitations. However, again, the reactivity should be very high 1o capture all of the mercury
encountered by the fine particles. Additionally, use of these snhancement technologies allows
capture to be effective for larger sorbent particles which also allows separation of the sorbent
from the ash to enable subsequent regeneration as well as ash utilization, One feature of this
invention is the process 1o prepare a sorbent containing a halide compound formed on the carbon
structure that provides a sorbent that ss highly active on initial contact with the mercury
contaminated gas stream, which allows for very effective capture of the mercury,

it appears that the inventive sorbents chemucally combine molecular bromine, for
example, from sojution, with activated carbon (edge sites). M-ray photoelectron spectroscopy has
established that the addition of broming, chlorine, HBr, or HCE formed a chemical compound in
the carbon structure. Thus, the sorbent produced from halogen and activated carbon does not
represent a molecular halogen form, but rather a new chemically modified carbon {or halocarbon)
structure,  In Addition to halide ions, this phenomenon may not cccur with the less reactive
iodine, where an L molecular complex can exist on the carbon basal plane.  In the case of
bromine, the modified cationic carbon has a high chemical potential for oxidation of the mercury.
Thus, an entirely new model is presented for the reactivity of the bromine-treated carbon with
mercury. The reactive carbon form can preferably be generated by the addition of bromine,
hydrogen bromide, or combinations of bromine and other elements, as described herein. Halogen
treatment resulted in higher-activity carbons because the halide anions (especially bromide and
1odide) were effective in promoting the oxidation by stabilizing the developing positive charge on
the mercury in the fransition state for oxidaticn. Based on this model, several inmovative,
inexpensive, activity-enhancing features have been developed.
Oprional Second Component

It has been demonstrated that addition of an optional second component, in addition 10 the
bromine, results in improved reactivity and capacity for the sorbent, typically exceeding that of
both the unireated carbon and the brominated carbon, The second compound comprises either g
second halogen or a compound derived from a second halogen, such as Hi. Thus, in addition 1o
having a reactive carbon forra present, the second component generates a Lewis base with greater
ability 10 stabilize the developing positive charge on the mercury. Thus, the second component is

an element with more polarized elactrons (4p and 3p).
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Optional Afkali Component

it has been demonstrated that addition of an optional alkali component with a base or
promoted activated carbon results in improved mercury capture, typically exceeding that of both
the untreated carbon and the promoted carbon, Test data indicate that flue gas contaminants, flue
gas constituents (SO, NO,, HCl, ew), operating teraperature, mercury form, and mercury
concentration may mpact the effectiveness of the alkalt addition, This suggests the need to be
able to adjust and tailer the alkali-to-activated-carbon ratio onsite in order to overcome and
optimize for a given set of site conditions,

The synergy that can be gained when co-injecting the two materials can be explained as
follows,  First, testing shows that binding sites on activated carbon (hereinafier “AC™) can be
consumed by chlorine species, sulfur species (i.e. suifaes), and cther flue gas confaminants
{arsenates, selenates, etc). The addition of optional alkall material will interact and react with
these species/contaminants thus minimizing their consumption of AC mercury binding sites.
Second, testing also shows that standard AC will continue o oxidize mercury, even though the
binding sites are fully consumed. This oxidized mercury can then react with alkalt material and
subsequently be captured by particulate control devices. Conseguently, the addition of the
optional atkali component acts to protect mercury binding sites and capture oxidized mercury,
thereby resulting in improved mercury reduction at lower cost. Alkali is generally much lower in
cost {~ an order of magnitude less) than activated carbon, thus more of i can be used sull
resuiting in overall lower costs,

“En-Iiight” Sorbent Preparation

Furthermore, we have demonstrated that the halogen promoted carbon sorbent can be
readily produced “in-flight™. This is accomplished by, for example, contacting the vapors of any
combination of halogens and optionally 2 second component, in-flight, with very fine carbon
particles. The particles may be dispersed in a stream of transport air {or other gas), which also
conveys the halogen/halide promoted carbon sorbent particles to the flue gas duct, or other
contaminated gas stream, from which mercury is to then be removed. There is no particular
temperature requiremend for this contact. This technology is obvicusly very simple to implement,
and results in a great cost savings to facilities using this wechnology for mercury capiure.
Advantages of On-Site Preparation

fn-flight preparation of the halogen/halide promoted carbon sorbent on location produces
certain advantages, For example, the treatment system can be combined with the carbon injection
systemn at the end-use site. With this technigque, the halogen/halide is introduced to the carbon-air

{or other gas) mixture in a transport line {or other part of the sorbent storage and injection
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system). This provides the following benefits over current conventional concepts for treating
sarbents off-site:
«  Capital equipment costs af a treatment facility are eliminated.
«  Costs to operate the treatment facility are ¢liminated,
+  There are no costs for transporting carbon and additive to a treatraent facility,
= The inventive process uses existing hardware and operation procedures,
« The inventive technology ensures that the sorbent 15 always fresh, and thus, more
reactive,
»  No new handling concerns are introduced.
» There are no costs for removing carbon from treatment system,
¢ The inventive process allows rapid on-site tailoring of additive-sorbent ratios in order 10
match the requirements of flue gas changes, such as may be needed when changing fucls
or reducing loads, thus further optimizing the economics.
» The inventive technology reduces the amount of spent sorbenta that are disposed.

With the foregoing and other features in view, there is provided, in accordance with the
present  invention, embodiments including a process for preparing and  regenerating
halogen/halide promoted carbon sorbents, whose activity for mercury capture is enbanced by the
addition of halogen {e.g. bromine) to the carbon structure.

Sorvbent Infection Locarion

Some of the preferred embodiments contemplate the use of a halogen promotad sorbent in
a powdered forim that has been injected into a flue gas stream before or after ash particulates have
been removed. Other embodiments of the inventive composition of the halogen promoted carbon
sorbent comprise a powdersd modified activated carbon prepared by adding Br, or HBr plus g
second optional componeni. Other embodiments allow the addition of the optional alkali
comporent in conjestion with a base activated carbon and/or with the use of 3 halogen based
sorbent and any other combinations of the sorbent technologies provided in this patent,
Alternatively, embodiments include methods wherein the sorbent is on a moving contacior
congisting of particles or fibers containing one or more of the compositions listed above.

Sorbent Regeneration

Any of the above embodiments of the halogen/halide promoted carbon sorbent can be
¢asily regenerated; the poisoning contaminants from the flue gas are preferably removed and an
inexpensive promoting agen! added, to restore mercury sorption activity, This process of
promoting the activity of the carbon itself conteasts with the earlier, more expensive, conventional
methods of adding a reagent (Such as peroxide, gold, witodide, et} 1o a sorbent.  The

hatogen/halide promoted carbon sorbent of the present Invention, reated with bromine and/or
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optional components, is noncomosive, Detailed examples of sorbent regencration techmiques are
deseribed in co-pending, commonly owned PCT patent application No, PCT/US04/1 2828, titled
SPROCESS FOR REGENERATING A SPENT SORBENT”, which is hereby incorporated by
reference in its entirety.

Sorben Injection Comrol Schemes

Another advantage of the present invention relates to the use of a feedback system to
more efficiently wiilize ceriain aspects of the invention, Where possible and desirable, the
mercury control technology of the present invention may preferably utilize confinucus
measurement of mercury emissions as feedback 10 assist in control of the sorbent injection rate.
Tighter control 0on the sorbent and optional component(s) levels can be achisved in this way,
which will ensure mercury removal requirernents are met with munimal material requirements,
thus minimizing the associated costs. In an embodiment, the mercury emissions are continucusly
measured downstream of the injection location, preferably in the exhaust gas at the stack.
Promoted Carbon Sorbents

Reactions of halogens and acidic species with the basic binding sites on the activated
carbon sorbent create sives for oxidizing mercury., Other metad ions, such #s boron, tin, arsenic,
gallium, Sh, Pb, By, Cd, Ag, Cu, Zn, or oiber contaminants, will also react with the oxidation sites
generated on the carbon,

According to our model, adding the bromine from the bromine reagent or 3 preten from a
hivdrogen halide acid 1o a basic carbene sitc on the carbon edge structure formas g carbocation that
aceepts electrons from the neutral mercury atom forming the oxidized rercury species that is
bound 1o the sorbent surface. The reactive site may also generate reactive bromine radicals or
carbon radicals ar the active sites on the carbon. Thus, the activated carbon serves (o stabilize the
bromineg, yet provides a highly reactive bromine- containing reagent that can oxidize the mercury
and promote its capture on the activated carbon. The sorbent that contains bromine s expected 1o
be more reactive than the corresponding sorbent containing chiorine and much fess expensive
than the sorbent containing iodine.

EXAMPLES

To more clearly iflusirate the present invention, several examples are presented below,
These examples are intended to be illustrative and no limitations o the present invention should
be drawn or inferred from the examples presented herein.

Example 1 -Preparation and Testing of Halogenated Carbon (& Comparative Example)
Gas Phase Halogenation
Finely powdered activated carbon (such as NORIT Darco FGD, NORIT Americas, Inc.,

Marshall, TX (USA), although others are sunable, as will be recognized by those skilled in the

17

PAC ET AL. EXHIBIT 1023

Page 115



i

13

ik
L

WO 2006/039007 BPCT/AIS2GG5/036018

art), was placed in a rotating plastic barre] with side blades {a 3 £ (0.14 1’} cement mixer) fitted
with a tight plastic fid 1o prevent loss of the fine powder during the preparation. ln a scparawe
vessel, gas phase bromine wag generated by passing a nitrogen stream over 3 weighed amount of
tiguid bromine that 15 warmed to about 40°-50°C.  The vapor pressure of the bromine was such
that 2 dark red gas is generated a passed out of the generator. The outlet from the gaseous
bromine generator is conmected via a Y inch (.64 ¢m) plastic hose fo a stationary metal wbe
inserted through a flange in the center of the plastic Hid and passing into the center of the barrel,
The flange is not air tight to that the excess of nitrogen is released after the bromine bs transter 1o

the sumbling carbon, Thus, the bromine gas stream continuously passed into the rotating barrel

where it contacied the wmbling carbon, The unit is then operated until the desired amount of

bromine has combined with the carbon. Typically, this is 0.4 o 1 kg of bromine 10 20 kg of
carbon {2-5 wi. %), When the reaction is completed, the carbon is weighed. The treated carbon
is odoriess and does not cause skin jrritation since the bromine has completely reacted with the
carbon {0 produce the brominated carbon,

XPS specira derponsirate that the brominated carbon contains both covalent carbon-bound
{organic) bromide as weall as anionic bromide. The product conlains the same muoisture originally
present in the activated carbon (5-17 wi¥a), but does not require fusther drying for use, The
moisture is driven out at higher temperatores (>150°C), and the bromine was not released untid
very high temperatures

Bench-Scale Testing of Mercury Oxidation and Capture Efficiency

A bench-scale apparatus and procedure based on the above deseription was used to test
the initial activities and capacities of several promoted activated carbon sorbents using powdered
carbon, including bromine-containing activated carbons prepared from a variety of carbons,
including commercially available sorbents, aerogel film sorbents, and the original precursor
carhons for comparison.

A detailed description of the apparatus and #s operation i5 provided in Dunham, G.E;
Miller, 3.1, Chang, R.; Bergman, P. Environmental Progress 1998, 17, 203, which is ingorporated
herein by reference in its entirety. The bench scale mercury sorbent tests in the flue gas
compositions were performed with fingly (400 mesh) powdered sorbents (37 mg) mixed with
113 mg sand and loaded on a guantz filter (2.5 inch (6,35 cm)). The loaded filter and holder were
heated in an oven {125°C) in the simulated flue gas stream (30 SCFH {(standard cubic fest/he) or
0.79 NCMH (normal cubic meters per howr)) containing the following: O, (6%0), CO: (12%), 80,
(600 ppm). NO (120 ppm) Ny (6 ppr), HCH (1 ppm), He® (11 ug/m’), H0 (15%), and N,
{balance). Elemental mercury was provided by a standard permeation tube source placed in a

double jacketed glass condenser, and heaied to the desired temperature. Mercury concentrations
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in the gas streams were determined with & continuous mercury emission monitor {8ir Galshad
mercury CEM mfr, P.S. Analytical Decrfield Beach FIL USA), and a SnCl; cell was used w
convert oxidized species to elemental, 5o that both elemental and oxidized mercury Concentration
data could be obtained for both the influent and the effluent concentrations from the sotbent bed.
Mercury concentrations were calibrated for the flow rates used. Spent sorbents were analyzed for
mercury to determine the mass balance.

Referring now to Figure 4, the effluent mercury concentration data are plotted as a
percent of the influent mercury versus time. The resulting curve {(breakthrough curve) for the
halogenated sorbents typicatly showed 0%—1% Hg in the effluent (99+% capiure) a1 the
beginning, and increasing only after 30-60 minutes (breaktlwough point}, depending on the
sorbent, Figure 4 iflusirates the brealthrough curves for 5 wirwt% brominated NORIT Darco
FGD sorbent (37 mg + 113 mg sand) with synthetic flue gas containing 1 ppm HOIL Total Hg
{solid circles) and clemental Hg {(solid squares) in the effluent are presented as a per cent of the
infet Hg, “EOT” indicates the end of test {the later data points showrn are for calibration cheeks),

Figure 5 presenis the comparative breakihrough curves for the corresponding
nonhalogenated sorbents typically initiated at 5%-530% of inlet mercury, depending on the HCE
concentration in the syathetic flue gas, thes indicating considerably lower reactivity for oxidation
and capture of the mercury for the ponbalogenated sorbents.  After breskihrough of either
halogenated or nonhalopenated sorbent, most of the mercury in the efffuent was oxadized
MErcury.

FExample 2 - Gas Phase Hylogenation of Fluidized Carbon

A bed of activated carbon supporied in 3 vertical mbe by a plug of glass wool was
fluidized by a nitrogen stream. The top of the fluidized bed tube was connecied 10 a catching trap
for carbon {ines that blow out the top of the tube. The bromine gas gencrator as described in
Example 1 was attached to the fluidized carbon bed and the desired amount of gaseous bromine
was passed into the bed. The contents of the trap were then mixed with the material in the bed
and weighed. The resulting brominated carbon exhibited properties similar to the brominated
carbon of Exampile 1.

Exgmple 3 - Liguid Phase {water) Halogenation

A 5% solution of bromineg in water was prepared by carefully adding 50 g of bromine to
i liter of cold water. One kg of activated carbon was added to the bronune solution in 4 large
metal can. The resulting shurry was stirred with 2 large paddie during the addition and for 3 short
time afterwards umtil zl] the bromiine had reacted with the carbon, as indicated by the
disappearance of the red color. The slumy was then iltered using 2 Buchner funnel under

vacuum, The moist carbon that was collected on the fher was dried in an oven at FIO°C for
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several hours to constant weight.  As in Example |, some moisture remains in the carbon,
however. The dried carbon was then twmbled in the rotating barre] with metal picces to break up
and fluff the carbon.

Example 4 - Addition of the Optional Second Halide Component,

Brominated carbon was produced by solution phase bromination similar to that descnbed
with reference to Example 3. Howsever, before filivation, a solution of hydriodic acid ({HI} was
added to the slurry in an amount equal to 10% of the bromine amount. The slurry was stirred 10
complete the reaction and then filtered and dried as deseribed in Example 3.

Example § - Liguid Phase Phospholalogenation

A solution of phosphorus tribromide (500 g in ligroin (310 liters) was stirred in a large
metal can and 10 kg of activated carbon was added. The resulting slurey was stimed with a large
paddle at ambient temperature to complete the reaction. The slerry was filiered under vacuum on
a large Buchner funnel in several batches. The wet filter cake was dried at 110°C in an oven to

constant weight, The dried product was fluffed in the rotating barrel as deseribed in Example 3.

Expmple 6 - Preparation and Sorption on Larger-Particle Carbon

Tests were conducted on a plict-scale combusior while firing a sobbituminous coal, ©
evaluate mercury control by injecting larger-than-normal sized treated activated carbon. Standard
AC sorbents generally are of fine size with a mean particle diameter of fess than 20 micrometers,
which i3 also typical of the flyash that is gencrated from pulverized coal combustion.
Consequently, because the sizes of standard AC and flvash are similar, separation of the two is
difficult.  Injection of larger sized AC is generally not considered because the sorbent
effectiveness decreases with size. In a2 scheme to recyele the injected carbon, the carbon is
separated from the flyash. A scparation based on size fractionation requires a8 treated lasger
particle sorbent. To test this concept, z treated larger sized (260 pm) sorbant was developed,
prepared, and tested.

Treatment - Gas Phase Halogenaiion

Granular activated carbon {Calgon F400) was ground and sieved through conventional
mesh screens, The mesh size fraction -170 to +240 {corresponding to about 6C o about &8
micrometers} was collected and placed in 2 rotating vessel as deseribed in Example { above. Ina
separate vessel, gas phase bromine was generated by passing a nitrogen stream over a weighed
ameunt of liquid bromine that was warmed to about 40°-30°C, and the outlet from this gaseous
bromine generator was connected via a [/4 inch (6.35 mm) plastic hose 10 a stationary metal tube
inseried through a flange in the center of the [id and passing into the center of the rotating vessel,

also as deseribed in Example 1. The unil was operated until the desired amount of bromine bhad
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cornbined with the carbon, in this case 0.05 kg of bromine 1o 1 Kg of carbon (5 wi. %) When the
reaction was completed, the carbon was weighed. The treated carbon was odorless as has been
described above,

PTC Apparatus

The pilot-scale combustor, known as the “Paniculate Test Combustor” (hereinafier
“PTCY), is a 350,000-Bawhe (about 161 kW) pulverized coal ("PU")-fired unit, designed to
generate cormbustion flue gas properties and fly ash that are representative of those produced ina
full-scale uttlny boiler. The combustor is oriented vertically 10 minimize wall deposits. A
refractory jining helps to ensure adequate {lame temperature for complete combustion and
prevents rapid quenching of the coalescing or condensing fly ash. Based on the superficial gas
velosity, the mean residence time of & particle in the combusior is approxirnately 3 seconds. The
coal nozzle of the PTC fives axially upward from the bottom of the combustor, and secondary air
is introduced concentrically 1o the primary air with turbulent mixing. Coal is introduced to the
primary air stream via a screw feeder and eductor. An electric air preheater is used for precise
controd of the combustion aiv emperature.  Originally, the PTC used cold-water annular heat
exchangers (o provide flue gas temperature control (o the baghouse (also referred o as 3 “fabric
filter”) or electrostatic precipitator {E5P). However, analysis of ash deposits collected from the
heat exchangers indicated that some mercury was coliected on the duct walls. To minimize this
effect, the heat exchangers were moditied to provide for higher duet wall temperatures.

The FPTC instrumentation permits system temperatures, pressures, flow rates, flue gas
constituent concentrations, and particulate control device {(baghouse, Advanced Hybrid Particle
Collectot/ AHPC™, andfor electrostatic precipitator/ESP) operating data to be monitored
continuously and recorded on a data fogger.

PTC Procedure

Flue gas saraples were taken at combinations of two of the three available system sample
points: the furnace exit, the particulate control device inlet, and the pacticulate control device
outlet. Afler passing through sample conditioners 1o remove moisture, the flue gas was typically
analyzed for G, €O, COy, 80,, and NG, Each constdivem was normally analyzed at both the
furnace exit and the outlet of the particulate control device simultaneously, using two analyzers.
The concentration values from all of the Instruments were recorded continuously.  In addition,
data were manually recorded at set ume intervals, NO, was determined using a pair of
Rosernount Analytical NGO, chemiluminescent analyzers. SO, was measured using a pair of
Ametek Instrurnents photometric gas analyzers. The remaining gases were measured by a pair of
Rosemount Analytical multi-gas continucus emissions monitors. Each of these analvzers was

regularly calibrated and maintained to provide accurale flue gas concentration measurernents.
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The baghouse vessel was a 20 inch (50.8 cm} (1D} chamber that s heat-traced and
insulated, with the flue gas introduced near the bottomn. The combustor produced about
200 ACFM {(actua! cubic fest per minute; about 5.7 actual ' /ming of flue gas at 300°F (about
150°C), therefore three 13-f by 3-inch {3.96 m by 12.7 cm) bags provided an air-to-cloth ratio of
4 fUmin {1.22 m/min}. Each bag was cleaned separately in operation with s own diaphragm
pulse valve. In order to quantify differences in pressure drop for different test conditions, the
bags were cleanad on a time basis, rather than with the cleaning cycle initiated by pressure drop.
Once bag cleaning was initiated, all three bags were pulsed n rapid suecession on-line.

Tesis were also conducted with a single-wire, wbular ESP replacing the fabric filter, The
ESP urut was designed to provide a specific collection area of 125 at 300°F (130°C). Since the
tlue gas flow rate for the PTC is 130 SCFM (standard cubic feet per minute; about 3.7 NUMM
{normal m’/min)), the gas velocity through the ESP is § f/min (abow 1.52 m/min). The plate
spacing for the ESP unit 48 11 in (27.9 em).  The ESP was designed to facilitate thorough
cleaning between tests so that all tests can begin on the same basis,

PTC Results

Results are illustrated in Figure 6. As can be observed in Figure 6, even though the tested
sorbent pasticle size is significantly larger than normal sorbent particles, the treated larger-than-
normal sized (that is, >60 micrometers) activased carbon sorbent was quite effective at capturing
mercury. Approximately 75% of the mercury wag captured when the larger-sized treated AC was
mjected shead of the pilot-scale ESP, while approximately 85% of the mercury was captured
when injected ahead of the pilot-scale fabric filrer (“FF7).  Note that i Frgure § {and throughout)
“Macf” {and "MACHF") indicates million actual cubic feet (1 MACF is about 3,028 million actual
subic meters or “MACM™

Referring now to Figure 7, it can be observed that the larger-sized treated AC when
injected shead of the pilot-scale ESP {diamond symbol(s)) performed betier than the finer
standard AC (tfriangles) uader the same arrangement. In comparison, when injected ahead of the
fabric filter (FF). the larger-sized treated AC {(square} performed similarly to slighdy worse.
However, for this apphication, the larger-sized treated AC can be physically separated from the
smaller flyash particies, and the sorbent can then be regenerated, recycied, and reused. This will
substantially improve overall utilization and economics. These data thus show that a larger-than-
normal sized sorbent can provide effective mercury control and ease flvash and AC separation,
thereby also preserving the characteristics of the Oyash for sale and beneficial use. Accordingly,
becawse >60 um sorbent particles have been successfully demonstrated, superior mercury control

can be obtained with »4¢ wm particles, which may be preferred in some applications, depending

T
[

PAC ET AL. EXHIBIT 1023

Page 120



WO 2006/039007 BPCT/AIS2GG5/036018

on the sorbent particle/ash separation svstem used. Node that in Figure 7 (and throughout)
“Mact” (and “MACF”} indicates million actual cubic feet,
Example 7 - Liguid Phase (Organic Solvent} Halogenation

A 5% solution of bromine in ligroin was prepared by carefuily adding 50 g of bromine to

s

1 liter of cold ligroin. One kg of activated carbon was added 10 the bromine solution in a large
metal can. The slurry was stirred with & large paddle during the addition and for a short time
afierwards until all the bromine had reacted with the carbon as indicated by the disappearance of
the red color. The shurry was filtered using a Buchaer funne! under vacuum, The carbon cake
that was collecied on the filter was dried in an oven at 110°C for several hours until it appeared
10 dry and a constant weight was obtained, As in Example {, some moisturg was left in the carbon,
however, The dried carbon was then wmbled in the rotating barrel with metal pieces o break up
and Aufl the carbon,
Example 8 - Promoted Activated Carbon Sorbents
A bench-scale procedure based on the above description was used to st the initial

15 activitics and capacities of several promoted activated carbon sorbents using powdered carbon,
including the bromine-containing activated carbons prepared from a commercially available
sorbent and an aerogel carbon film sorbent, as well as the original precarsor carbons for
comparison. Bromine-treated carbons were prepared by impregnation of the powdered activated
carbon precursors in a stirred solution of bromine in carbon tetrachloride or methylene chiornide,

20 or alternatively, in an agueous solotion of HBr, followed by drying in air at ambient temperature
and drving in an oven at 100°C in a1 or nitrogen. Bromune-treated carbons were alsc prepared by
tmpregnating bromine from the gas phase by passing the gas through a rotating dry bed of the
activated carbon precursor, The results indicated that adding a second component 1o the solution
improved the capacity of the sorbent,

2 The carbons were initially tested in 2 heated bed, where a synthetic flue gas stream
containing elemental mercury (11 pg/m®) was passed through the bed. Concentrations of (otal
and clemental Hg in the efffuent gas were determined using a Sir Galshad mercury CEM
“econtinuous emission monitor™ (mifr. P 5 Analytical, Deerfield Beach, FL, USA) The
powdered sorbent was supported on a quartz filter during the test, and the other sorbents were

30 tesied as 2 triple layer. A comparison of the original commercial-grade powdered carbon sorbent

with the sorbent after it was treated with 0.3 N HBr, and the powder was collected by

centrifugation and drying, revealed that the mercury capture activity increased from an initial
capture efficiency of about 50% of the Hg in the inlet to 100% capture. A comparison of the
sorbent afier subsequent regeneration with HEr indicated that it not ondy captured mercury at the

15 same level as before {100% capture) but its capacity was profonged by several minutes, and thus
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enhanced.  Stmilar results were obtained with the carbon film and carbon fiber sorbenis by
treatment with molecular bromine in sofution or in dry beds as described above.
Exampie 9« Fluidized/Ebuliaied Bed Freparation

An activated carbon sorbent was prepared by treating the carbon by impregnating
molecuiar broming from a gas composition containing molkecular bromine by flowing the gas
through a ligquid bromine reservoir in series with a fluldized bed or ebullated bed of the carbon,
The amount of bromine taken up by the carbon ranges {in one example) from <1 to about 30 g per
100 g of activated carbon, depending on the proportions used.

Example 16 - Full-Scale Testing

in this example, 3 baghouse {fabric filter) or ESP was used 10 collect particulates in the
exhaust of 8 full-scale commercial pulverized coal-buming facility. A scrubber and sorbent bed
were also used 10 remove undesired constituents fromo the flug gas stream, before being fed to the
stack. In this example, the halogen/balide promoted carbon sorbent was injected into the flue gas
after the hoiler. In gencral however, the inventive sorbent can be injocted where desived {(e.g.,
before, afier, or within the boiler)

In one exemplary test conducted at a facility fived with lignite coal, the flue gas phase
mercury (elemental) concentration was betwzen 10 and 11 ug/n’. The ash and injected carbon
were colfecied in the baghouse al 350°F 1o 375°F (about 175-190°C). Injection of commercial-
grade activated carbon powder {untreated) at a rate of 1.0 I/MACF ("MACF” and "“Macf”
represent one mithon actual cubic feet; 1.0 IbMACF i3 about 16 kg/MACM (million actual cubic
meters)) resulted in mercury efffuent concentrations of 3.8-4.2 ug/m’ (representing 62%-~38%
removal of the mercury from the gas, respectively}, and a1 2.0 Ib/MACE {about 32 kg/MACM),
gave 74%-71% removal, Injection of the bromine-treated carbon at 1.0 W/MACF resulied in
7394-69% removal and at 2.0 Io/MACY gave 86%4-84% removal. Thus, a significant increase in
the mercury capiure was gxhibited during use of the bromine promoted carbon sorbent of the
preseat invention.

Example 114 - Addition of Optional Atkaline Compopnent —~ Bench-Scale

The efficiency of the activated carbons for mercury capture can be improved considerably
by emploving a basic material co-injected with the activated carbon, in order 10 capture any
oxidized mercury that may be released from the sorbent, or 1o capure some of the sulfur or
selenium oxides in the flue gas that can have a detrimental effect on the sorbent capacity.

Bench-scale testing was conducted by preparing a {ilter composed of 37 mg of
brominated activated carbon mised with 113 mg of calcium oxide. The test was conducted as
described in Example | and compared with the same carbon sorbent but with an inert dilwent,

The breakthrough corve for the mixture of brominated (2%) NORIT Darco FOD sorbent with
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inert sand is shown in Figure 8, and the breakthrough curve for the mixture with CaQ is shown in
Figure 9. it can be seen that the point of 30% breakthrough improves to 63 minutes with the
mixture with Ca® from only 48 min with the sand mixture.

Example 118 - Addition of Optional Alkaline Component - Pllot-Seale

Tests were conducted on the pilot-seale PTC combustor describad above with reference to
Example 6 while firing a Texas lignite o evaluate mercury control by co-injecting a standard
gctivated carbon {(also referred fo herein as “AC”Y and an alkaly material upstream of a fabric
filter. Typical results are illustrated in Figure 10, As shown in Figure 10, co-injecting lime with
activated carbon vastly improved mercury removal. Mercury removals of approximately 0%
were achieved with the co-injected sorbents, whereas less than 64% removal was achieved with
the use of standard AC slone, even at much higher injection rates. Data from similar tests show
that injecting similar quantities of sodium carbonate and AC, and fime and AC, resulted in
mercury removals of approximately 80%%, and 87%, respectively, These data suggest that other
alkali can also be co-injected with AC {o improve mercury removal. Other data show that flue
gas temperature may impact the effectiveness of the alkali addition. Further test data indicate that
flue gas contaminants, flue gas constituents (803, NG, HCL etc.), operating temperature,
mercury form, and mercury concentration may impact the effectiveness of the ailcali addition.
This indicates that 1t may be desirable t be able to adjugt and tailor. onsite, the alkali-to-AC ratio
in order to optimize remaval for a given set of site conditions,

Without wishing to be bound by any particular theory, the svnergy observed in the
improved performance when co-infecting the two materials can be explained as follows, First,
tests indicate that binding sites on AC can be consumed by sulfur species and other contaminants,
The alkali material interacts and reacts with these species thus minimizing their consumption of
AC mercury binding sites.  Second, other work has shown that standard AC will continue to
oxidize mercury even though the binding sites are fully consumed. This oxidized mercury can
then react with alkali material and subsequently be captured by the particulate control device,
Thus, combining alkali with treated and/or non-treated AC synergistically takes advaniage of
these two mechanisms, reauliing in improved mercury capture at reduced costs.

Example 12- Brominated Carbon Sorbent for Gasification Fuef Gas
Proparation of 3%8r2W-A4C

Ulsing a procedure similar to Example 3, 3 2.5 wi/vol% solution of bromine in water was
prepared.  Granular Calgon F400 was added to the bromine solution {0 give a § wi/wide
brominated carbon product. The bromine sclution was stirmed with a large paddle during and

after the addition until the red color in the water disappeared. The suspension was Ditered by
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vacutm on 2 large Buchner funnel. The filter cake was dried in air, and then in an oven at 116°C
unti] a stable weight was obtained The moisture was reduced to 15%,
Praparation of 5% BrlD-AC

A brominzted sorbent was prepared from Bry addition in solvent as described in Example
7, except that dichloromethane was used as the solvent instead of figroin, and granular Calgon
F400 was used,

Preparation of 5% PBr3-AL

A phosphohalogenated sorbent was prepared from PBr using the method described in
Example 5, except granular Calgon F400 was used,

Testing in Hydrogen dimosphere - Procedure

To simulate the caplure of mercury from a heated fuel gas or syngas from coal
gasification, tests were conducted employing a stream comprising 10% volivel hydrogen in
nitrogen passing through the sorbent at 300 co/min, The stream contained 26.9 micrograms/m’ of
slemental mercury from 3 commercial mercury permention source.

In the tests, the sorbent (0.5 g} was placed in a 0.3% inch (1 cm, inside diameter) glass
whe fitted with a medium fric sintered glass filter disc to hold the sorbent in the gas stream. The
tube containing the sorbent bed was connected 10 a gas inlet tube for introducing the gas stream
containing the mercary vapor and at the outiet 10 3 tube connection to the detector. The detector
was a Semtech 20080 continuous mercury emission monitor. The mibe was equilibrated in 2
nitrogen flow (430 co/min) for § minutes at ambicot temperature to stabilize the systam, The
detector showed 0 concentration of mercury in the efffuent from the sorbent bed, (The blank run
wiih no sorbent read 26.9 micmgrams/m“‘). The tube was then placed in an oven at the selected
emperature for the test (from 250° to 400°C).  Effluent mercury concentration data from the
detector were collected until the detector showed a constant reading for § minutes, Hydrogen (56
cefmin} was then added to the gas stream and detector readings were taken every 5 min, Tests
were conducted at several oven temperatures for various periods of time up (0 3 hours, depending
on the temperature and sorbent, The elemental mercury concentration data were plotied as a
percent of inlet mercury concentration versus time as in Example 1, All the mercury in the
effluent was elemental, so a single detector wags sufficient, and no SnCly trap was needed o
convert o elemendal mercury (as in Example 1), The time for 30% breakthrough {(time to reach
30% capture) was then determined from the breakthrough curves,

Results

The results are shown in Table | (below) for the unbrominaled sorbent (Calgon F-404),

the brominaled sorbents {(3%Br2W-AC and 3%BrD-AC), and the phosphobrominated sorbent
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{(53%PBr3-AC) The maximum mercury concentration obtaned in the efffuent tn each run is also
reported in Table 1 for the time period indicated in the last column,

Under the reducing hydrogen conditions, the unbrominated sorbent broke through
immediately and was exhausted after only 6.5 min, This complete fatlure occurred because the
hvdrogen reduces the captured mercury in the unbrominated sorbent at any temperature above
106°C. Both of the brominated sorbents exhibited exccllent reactivity and goad capacity at all
temperatures, up to at least 460°C. The phosphobrominated serbent exhibited superior reactivity
and capacity at all temperatures, up 0 at least 460°C.

Tabie 1

Times for 50% Breakihrough
Maximum Observed Hyg Concentrations for Sorbenis
{10% Hydrogen Streams)

Sorbent Temp £0% breakthrough Maxbayum [Hgl Time (min)
¢C) (min) (ng/m’y

F-400 250 & 263 6.3
5%%Be2W-aC 258 >150 i4 154
S%Br2W -AC 3060 >180 4.1 188
S%B2W-AC 330 160 151 180
5%Br2 W-AlC 400 60 i38 63
5%PBr3-AC 250 >140 0.4 140
5%PRr3-AC 360 >15¢ 0.5 i50
5%PBr3-AC 350 >150 1.4 50
5%Br2B-AC 350 >180 2.1 {80
3%Brib-AC 400 >180 10.9 B0

While the preferred embodiments of the isvention have been shown and described,
reodifications thercof can be made by one skilled in the an without departing from the spirit and
teachings of the invention. The embodiments described herein are exempiary only, and are not
intended 1o be limiting. Many variations and modifications of the invention disclosed herein are
possible and are within the scope of the mvention, Accordingly, the scope of protection s not
fimited by the description set out above, but is only himited by the claims which follow, that scope
including all equivalents of the subject matter of the ¢laims.

The examples provided in the disclosure are presented for illustration and explanation
purposes only and are not intended to Tiait the claims or embodiment of thus invention, While

the preferred embodiments of the invention have been shown and described, modifications
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thereof can be made by one skilled in the art without departing from the spirit and teachings of
the invention. Process criteria, equipment, and the like for any given implementation of the
invention will be readily ascertainable 10 one of skill in the ast based upon the disclosure herein.
The embodiments described herein are exemplary only, and are not intended to be limiting.
Many variations and modifications of the invention disclosed herein are possible and are within
the scope of the invention. Use of the term “optionally” with respect to any element of the
invention is intended o mean that the subject clement is required, or altematively, s not required.
Both alternatives are intended 1o be within the scope of the invention,

The discussion of a reference in the Background 1 not an admission that it is prior art o
the present invention, especially any reference that may have a publication date after the priority
date of this application. The disclosures of ail patents, patent applications, and publications cifed
herein are hereby incorporated herein by reference in thelr entirety, 10 the extent that they provide
exemplary, procedural, or other detatls supplementary 1o those set forth herein,

Although the invention is described herein as a sorbent material and associated processes
for its preparation and vse, it is nevertheless not intended o be limited to the details described,
since various modifications and structural changes may be made therein without departing from

the spirit of the invention and within the scope and range of equivalents of the claims.
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WE CLAIM:

i. A promoted carbon sorbent comprising a base activaied carbon that has reacted with a
promoter selected from the group consisting of halides, halogens, and combinations thereof, such

that the reaction product is effective for the removal of mercury from a gas stream.

2 The promoted carbon sorbent of claim | wherein the base activated carbon is selecred
from the group consisting of powdered activated carbon, granular activated carbon, carbon black,
carbon fiber, aerogel carbon, pyrolysis char, activated carbon with an average particle size greater

than 40 micrometers, and combinations thereof, and the promoter is selected from the group

consisting of muolecular balogens, Group V halides, Group VI halides, hydrobalides, and.

combinations thereof

B

3 The promoted carbon sorbent of claim 2 wherein the sorbent comprises from about § 1o

about 3¢ grams promoter per 100 grams of base activated carbon,

4. The promoled carbon sorbemt of claim 3 funther comprising an optional secondary
component comprising a halogen or a hydrohalide such that the reactivity and mercury capacity

of the sorbent are enhanced,

5, The promoted carbon sorbent of clawm 4 further comprising an optional alkaline
component selected from the group consisting of alkall elements, alkaline carth elements, alkali

salts, alkaline earth salts, and combinations thereol.

6. The promoted carbon sorbent of claim 4 wherein the concentration of the optional
secondary component on the finished sorbent is within the range of from about | to about 15 wi-

% of the concentration of the promoter on the finished sorbent,

7. The promoted carbon sorbent of claim 6 wherein the optional secondary component is
selected from the group consisting of Group V halides, Group VI halides, HI, HBr, HCI, and

combinations thereof,

8. The promoted carbon sorbent of claim 7 wherein the optional secondary component is

selected from the group conaisting of I3, Hi, and combinations thereof.

e, The promoted carbon sorbent of claim 8 wherein the promoter is substantially in vapor

form when combined with the base activated carbon,

10, The promoted carbon sorbent of claim § wherein the promoter is combined with an

28
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erganic solvent prior 1o reaction with the base activated carbon.

11, The promoted carbon sorbent of claim 8 wherein the promoter and opticnal secondary

cormponent are combined with the base activated carbon substantially simultaneously,

12, The promoted carbon sorbent of ¢laim 8 further comprising a mercury-stabilizing reagent
selected from the group consisting of S, Se, H;S, §O5, HiSe, Se;, €83, PoS;, and combinations

thereof

3. The promoted carbon sorbent of claim 12 wherein the promoter is selected from the group

sonsisting of Bry, HBr, and combinations thereof,

i4. The promoted carbon sorbent of claim 3 further comprising a mercury-stabilizing reagent
selected from the group consisting of 8, Se, Ha8, 80, HySe, Se(h, C8;, Pi5;5, and combinations

thereof.

is. The promoted carbon sorbent of claim 14 further comprising an optional alkaline
component comprising an alkaling or alkaline carth element wherein the promoter is selected

from the group consisting of Bry, HBr, and combinations thereof.

16. A method comprising providing a granular activated carbon; reacting the activated carbon
with a promoter selected from the group consisting of halogens, halides, and combinations
thereof, such that the reaction produci comprises a promoted carbon sorbent effective for removal

of mercury from a gas stream.

17.  The methed of claim 16 wherein the reaction product comprises from about § fo about 30

grams promoter per 100 grams activated carbon,

18.  The method of claim 16 wherein the reaction product has an average particle size

disiribution greater than about 40 micrometers.

18, The method of claim 16 wherein the promoter is selected from the group consisting of

maotecular halogens, hydrobalides, Group V halides, Group V1 halides, and combinations thereof,

20.  The method of claim 19 wherein the promoter is in the gas phase when contacting the

activated carbon.

21, The method of claim 19 wherein the promoter is in an organic solvent when contacting

the activaied carbon,

T
o
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22, The method of claim 20 wherein the promoter is selected from the group consisting of

Bry, a Group V bromide, a Group VI bromide, and combinations thereof,

23, The method of claim {8 further comprising providing an optional alkaline component 1o

improve the effectiveness of mercury removal,

24, The method of claim 20 further comprising reacting the granular activated carbon with an
optional secondary comprnent comprising a halogen or a hydrohalide such that the reactivity and

mercury capacity of the sorbent are enhanced.

28, The method of claim 24 further comprising providing an optional alkaline component to

improve the effectiveness of mercury removal,

26,  The method of claim 24 wherein the promuter and optional secoadary component are

confacted simultanecusty with the activated carbon,
27. The method of claim 24 wherein the optional secondary component compnses I; or HlL

28. The methed of claim 20 further comprising adding a mercury-stabilizing reagent selecied

from the group consisting of §, Se, Hy8, 8Oy, HiSe, SeCy, £8;, P23, and combinations thereof.

29, The method of claim 24 further comprising adding & mercury-stabilizing reagent selected

from the group consisting of 8, Se, Ha8, 80, HiSe, Se0,, 08y, PoSs, and combinations thereof.

30. A method for reducing mercury in flue gas comprising providing a sorbent, injecting the
sorbent into a mercury-containing flue gas stream, collecting greater than 70 wi-% of the mercury
in the flue gas on the sorbent to produce a cleaned flue gas, and substantially recovering the

sorbent from the cleaned flue gas.

31 The method of claim 3¢ further comprising co-injecting an optional alkaline component

inte the mercury containing flue gas stream,

32 The methed of claim 30 further comprising monioring the mercury content of the clean
flue gas, regenerating the recovered sorbent, and using the monitored mercury content of the

cleaned flue gas to control the rate of injection of the sorbent,

33, The method of claim 30 whereln the injected sorbent is prepaced in-fight by reacting an
activated carbon and 2 promoter within a pneumatic transport line from which the reaction

product is injected {o the mercury-containing flue gas stream.

31

PAC ET AL. EXHIBIT 1023

Page 129



10

3
o)

W 20067039007 PCT/US2M3/030018

34, The mathod of claim 33 wherein the promoter is selected from the group consisting of

molecular halogens, halides, and combinations thereof,

35, The method of claim 34 wherein the promoter is selecied from the group consisting of

Brs, HBr, Group V bromides, Group V] bromides, and combinations thereof,
36.  The method of claim 35 wherein the promoter is reacted in the gas phase or as a vapor.

37, The method of ciaim 36 wherein the promoter s added at from about 1 to about 36 grams

per 100 grams of activated carbon.

38. The method of claim 37 wherein the injected sorbent is prepared in-flight by reacting an
activated carbon, & promoter, and an optional secondary component 1o enhance the reactivity and
capacity of the sorbent within a preumatic transport line from which the reaction product is

injected to the mercury-containing tlue gas stream,

34, The method of claim 38 wherein the optional secondary component is selected from the
group consisting of iodine, hydrohalides, Group V halides, Group V1 halides, and combinations

thereot,

4. The method of claim 39 further comprising co-injecting an optional alkaline component

inio the mercury containing flue gas stream.

41, The method of claim 39 wherein the optional secondary component is added at from

about | 1o about 15 wi-% of the promoter content,

42, The method of claim 41 wherein the optional secondary component is selecied from the

group consisting of I, Hi, and combinations thereof.

43, The method of claim 42 wherein the optional secondary component is added in the gas

phase or as a vapor.

44, The method of claim 41 further comprising adding to the sorbent a mercury-stablizing
reagent selecied from the group consisting of 8, Se¢, a8, 8G;, HySe, $20,, €S, PuS;. and

combinations thereof,

43,  The method of claim 32 further comprising using the monitored mercury content of the

cleancd flue gas 1o control the composition of the sorbent.

46,  The method of claim 40 further comprising monitoring the mercury content of the clean
32
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flue gas and using the monitored mercury content to controd the composition of the sorbent and
g i

the atkaline-to-sothent injection ratio,

47.  The method of clairn 45 wherein the injected sorbent is prepared in-flight by reacting an
activated carbon and a promoter within a preumatic transport line from which the reaction
sroduct is injected 10 the mercury-containing flue gas stream, wherein the promoter is selected
from the group consisting of molecular halogens, halides, and combinations thereof, wherein the
promoter is reacted in the gas phase or as 2 vapor, wherein the promoter is added at from about 1
10 about 30 grams per 100 grams of activated carbon, wherein the rate at which the promoter is
added and the rate of sorbent injection are determined by a digital computer based at least in pant

on the monitored mercury content of the cleaned flue gas.

43 A mathed for reducing the mercury content of a gas stream comprising the sieps of
injecting a powdered activaied carbon sorbent having a mass-mean particle size >40um 810 4 gas
siream containing mercury and ash particles, capturing mercury from the gas stream on the
sorbent particles, mechanically separating the sorbent pasticles from the ash particles, and re-

injeciing the separated sorbent particles into the gas stream.

4% The method of claim 48 further comprising regencrating the sorbent particles 1o

substantially remove contaminants thercfrom to recover capacity for capturing mercury.

34, The method of claim 48 further comprising co-injecting imo the gas stream an alkaline
component selecied from the group consisting of alkali clements, alkaline earth elements, alkali

salts, afkaline earth saits, and combinations thereof,

$1. The method of claim 48 wherein the powdered activated carbon sorbent Rurther comprises

a promoter selected from the group consisting of halides. halogens, and combinations thereof,

52. The method of claim 31 further comprising co-injeciing into the gas siream an alkaline
component selected from the group consisting of alkall elements, alkaline eanh elements, alkali

salts, atkaline carth salis, and combinations therteof

53, The method of claim 48 wherein the particulate activated carbon sorbent has a mass-mean

particle size >60um,

54, The method of claim 52 wherein the particulate activated carbon sorbent has a mass-mean

particle size >60um,

33
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REDUCING MERCURY BEMISSIONS FROM THE BURNING OF COAL

CROSS REPFERENCE TO RELATED APPLICATIONS
{0001}  This application clatms the benefit of U Provisional Application
60/662,911 filed March 17, 2005; of U5, Provisional Application 60/742,154 filed
Decomber 2, 2005; of 115, Provisional Application 60/759,994 filed Javuary 18, 2006;
and of U.S. Provisional Application 60/765,944 filed February 7, 2006,

INTRODUCTION

00021  The invention provides compoesitions and methods for reducing the
levels of mercary eritied into the atmosphere upon burning of mercury-containing fuels
such as coal. Im particular, the invention provides for addition of various halogen and
wther sorbent compositions info the coal borning system during combustion.

{0003]  Significant coal resources exist around the world capable of mesting
large portions of the world’s encrgy needs into the next two centugies. High sulfur cod is
plentiful, bui requires remediation steps {o prevent excess sulfur from being released into
the atmosphere upon combustion. In the United States, low soifur coal exists in the form
of low BTU value coal in the Powder River basin of Wyoming and Montana, in lignite
deposits in the North Ceniral region of North and South Dakota, and in lignite deposits in
Texas, Bu sven when coals contain low sujfur, they still contain non-negligible levels
of elemental and oxidized mercury and/or other heavy metals.

(060417  Unfortunately, mercury is at least partially volatilized upon
combustion of coal. As 3 result, the mercury iends not to stay with the agh, but rather
becomes 3 component of the flue gases. If remediation is not undertaken, the mercury
tends to escape from the coal burning facility Into the surrounding aimosphere. Some
mercury today is captured by utilities, for example in wet scrubber and SCR condrol
systems. However, most merccury is not captured and is therefore released through the
exhaust stack,

F0005]  Mercury emissions inte the ateosphere in the United Siates are
approximately 30 ions per year. A significant fraction of the release comes from
emissions from coal burning facilities such as electric utilities. Meroury is a known

cuvironmental hazard and leads (o health problems for both huomans and non-human
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animal species. To safegoard the health of the public and to protect the environmenn, the
uiility industry is continuing to develop, test, and implement Systems to reduce the level
of mercury emissions from its plamts. In combustion of carbonacecus materials, it is
desirable to have a process wherein mercury and other undesirable compounds are
captured and retained after the combustion phase so that they are 1ot released into the
atrnosphers,

[0006] In addition o wet scrubber and SCR control systems thet tend to
semove mercury partially from the flue gases of coal combustion, other methods of
control have included the use of activated carbon systems. Use of such sysierns tends to
be associated with high treatment costs and clovated capital costs. Further, the use of
activated carbon systems leads to carbon contamination of the fly ash collected in
exhaust air treatments such as the bag house and electrostatic precipitators.

{00071 At the sume time, demand for cementitious materials such as portiand
cement is expected to increase as developed countries maintain their infrastructure and
developing countries build and maintain roads, dums, and other major constrctions for
the benefit of their citizens.

[0008] When coal is bumed o produce heat energy from combustion of
carbonaceous material, the unbumed material and particulate combustion products form
an ash with pozzolanic and/or cementitions properties. While the chemical composition
of coal ash depends on the chemical composition of the coal, the ash normally contains 2
major amount of silica and alumina, and significant but lesser amount of caletum.

[0008]  So-called fly ash produced from buming of pulverized coal in 2 coal
fired fumace or boiler is & powdery panticulaie matter made of the components of coal
that do niot volatize upon combustion. The ash is normally carried off in the flue gas and
is usually collected from the flue gas using conveniional apparatus such as electrostalic
precipitators, filtration devices such as bag houses, and/or mechanical devices such as
cyclones. The burning of coal entails the producton of a large amount of coal ash,
which must be dealt with by the coal buming facility. For example, under certain
circumstances ash from buming coal has been successfully used in portland cement
concreto a8 4 pactial replacement for portland coment. Coal ash has further been used 2
component in the production of flowable fiil and as a component as stabilized base and

sub-based mixtures. In these applicstions, the amount of ash used, especially as a
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replacement for portiand coment in such applications, is limited by the cementitious
nature or lack thereof of the particular ash product,

[0010] Even though reuse of the ash is prefenred for economic reasons, in
many situations, the ash is not suitable to be used as a component of cementitious
mixtures. In many cases the ash must be land filled or othesrwise (reated as a wasie
product.

100141 Methods and compositions for buming coal to produce an ash product
having highly cementitions qualitics would be a significant advance, becavse it would
both reduce costs of waste disposal from coal burning uiilities and reduce the cost of

concrete products for needed building projects.

SUMMARY

00121 Processes and compositions ate provided for decreasing emissions of
mercury upon combustion of fuels such as coal. Various sorbent coropositions are
provided that contaln components that reduce the level of mercury andlor sutfor emitied
into the atmosphere from such combustion. In various embodiments, use of the sorbent
compositions leads 1o a fly ash corbustion praduct from which mercury or other heavy
metals do not significantly leach under acidic condifions.

100131  In varicus embodiments, the sorbent compositions are added directly
to the fuel before combustion; into the fumace or fireball while the fuel i3 burning; inte
the flue gas post combustion zene; or in various combinations. The sorbent
compositions comprise a source of calciur, aluming, and silica, preferably in the form of
alkaline powders. In various ernbodiments, use of a sorbent containing calelum, silica,
and aluming ag alkaline powders lowers the amouni of sulfur andfor mercury emitted
from the facility into the atmosphere. In one aspect, use of the alkaline powders lowers
the oxidized mercury, for example in systems where the flame temperature 35 low, for
exaraple down to about 1000°F,

[0014] In o preferred embodiment, the sorbent also includes a source of
halogen, andfor a sorbent containing a source of halogen is separately added into the
coal-burning system. Among the halogens, jodine and bromine are preferred. In various
embodiments, inorganic bromides make up a part of the sorben! compositions, In

various embodiments mercury sorbent compositions containing halogen, especially

Lad
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bromine andfor iodine, are added to the fuel as a powder or 4 liguid prior to combustion,
Alternatively, the soabent compositions containing halogen such as bromine and iodine
ate injected into the flue gas at a point after the combustion chaysber where the
terpperature is higher than about 560°C (932°F), preferably higher than 1500°F (about
BG0°C), andfor into the furmace during combustion.

0045] In prefered embodiments, wercwry emissions from coal burning
facilities are reduced to such ap extent that 90% or more of the mercury in the coal is
captured before refease info the atmosphere. Most of the mercwry is captared in the fiy
ash in non-leaching form; corrosion from sulfur gases is also reduced. In preferred
smbodinments, significant sulfur reduction is achieved.

[6018] Methods and compoesitions are provided for burning coal to produce
an ash prodoct that is highly cementitious in nature. In various embodiments, the
cementitious nature of the ash allows for formulation of portland cement concrete and
sipilar products with up to 50% or more of the portland cement being substituied by the
ash product. In various embodiments, the strength activity index of portiend type cement
products formulated with up to 50% or more ash is greater than 75% and preferably
100% or greater. Accordingly, m some embodivuents, the ash produet of the invention is
vsed a8 the main comentitious material in portland cement concretes, in stabilized base,
in sub-base mixtures, in flowable fill (also called controlied low strength roaterial or
CLSM), and the Hke,

[0017] The fly ash produced from combusting coal with these somrbent
components iz generally higher in calcium condent than the specifications for class F or
class C fly ash, and the combined comtent of silica, alupina, and jron oxide, while
significant, is considerably below the specifications for class F and class C {ly ash,

f00%8]  In various embodiments, the invention provides a variety of cement
products such as portland cernent concrete, flowsble £ifl, stabilized base, and sirnilar
products in which the conventional cement (portland cement) otherwise used mn the
products is replaced in whole or in part with the cementitious ash product described
hergin, In particolar, in preferred erbodiments, the cementitions ash product of the
current disclosure is used to replace 40% or more of the portland cement conventionatly

used in such producis.
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[0019]  In various embodiments, use of the cementitious ash in building
products as total or pardal replacement for portland cement resulis in reduced carhon
dioxide emissions that would otherwise result from the manufacture of portland coment.
In addition to avoided carbon dioxide ervissions from calcining of limesfone fo make
porifand cement and the burning of fossil fuels to provide the energy needed io make
portland cement, tse of the sorhent components tends to increase the efficiency of encrgy
production from burning of coal, further reducing greenhouse emissions from the

buraing of fossil fuel to produce encrgy,

DESCRIPTION

{0020]  Sorbents, sorbent components and methods for their use are described
heremn; in U8, Provisional Application No. 60/662,911 filed Mach 17, 2008, in US,
Provisional Application No. 60/742,154 filed December 2, 2003; in U.8. Provisional
Apphication No. 60/759,994 filed Jamuary 18, 2005, and in U.S. Provisional Application
No. 60/765,944 filed February 7, 2006, the disclosures of which are hereby incorporated
by reference. Apparatus and methods of injection of the various sorbent compasitiong
are described herein and in U.S. Provisional Applications No. 60/759,943 filed J anuary
18, 2006 and No. 60/760,424 filed January 19, 2006, the disclosures of which are
incorporated by reference,

[0021] In various embodimenis, the invention provides compositions and
methods for reducing emissions of mercury that arise from the combustion of mercury-
containing fuels such as coal. A comwercially valuable embodiment is use of the
invention {0 reduce sulfor andfor mercury emissions from coal burning facilities to
protect the environment and comply with government regniations and treaty obligations,

100221  In various embodiments, the methods prevent release of mercury into
the atmosphere from point sources, such as coal-burning utilities by capiuring the
mercury in the ash. Further, the methods prevent release of mercury and other heavy
metals into the environment by leaching from solid wastes such as coal ash produced by
bucning the mercury containing coal. In both these ways, mercury is kept out of bodies
of water, Thus, prevention or reduction of mercury emissions from such facilities as
coal-burning utilities leads to a variety of environmental benefits, incloding less air

pollution, less water pollution, and less hazardous waste production, with less resulting
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eround contamination. For convenience but without limitation, advantageous leatures of
the invention are llustrated as preventing air, water, and ground pollution by mercury or
other heavy moetals.

[0023)  Varioss sorhent components are nsed in combination to ireat coal
ahead of combustion andfor to be added into the flarne or downstream of the flame,
preferably ab minimum temperafiges to assure complete formation of the refractory
structures that result in various advantages of the methods. The sorbent componenis
comprise calcimm, aluming, silica, and halogen, In various embodiments, together, the
components

« peduce emissions of mercury and subfur;

# reduce emissions of elemental and oxidized mercury;

& increase the efficiency of the coal burning process through de-
slagging of boiler tubes;

e increase the level of Hg, As, Pb, andfor Cl in the coal ash;

e decrease the levels of leachable heavy metals (such as Hg) in the
ash, preferably to levels below the detectable Hmuits; and

= make a highly cementitious ash product.

{0024] By calcium I8 meant a compound or composition that bas a von-
neghigible amount of calciwm. For example, many alkaline powders contain 20% or
more calcium, based on Ca0, Examples are limestone, lime, calonus oxide, caleium
hydroxide (slaked lime), portland cement and other manufactured products or by-
products of indusirial processes, and calcium-containing aluminosilicate minerals. Silica
and aluming conteni is based on Si0; and ALOs equivalents, even though it is
appreciated that silica and alumina are often present in 4 move complex chendesl or
molecular form.

f0025]  As used herein, all percentages are on a weight basiz, unless indicated
as otherwise. It should be noted that the chemical compositions of various materials
deseribed herein are expressed in terms of simple oxides calewlated from elemental
analysis, typically determined by x-ray flucrescence techmigues. While the various
simple oxides may be, and often are, present in move coraplex compounds in the
roaterial, the oxide analysis is a useful method for expressing the concentraiion of

compounds of interest in the respective compositions.
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100268]  Alhough much of the following discussion will refer to coal 23 the
fuel, it is to be understood that the description of coal burning is for Hlustrative purposes
only and the invention is not necessarily (o be limnited thereby. For example, other types
of facilities that burn fucls with potentially harmful levels of mercury or other heavy
metals include incineradtion plants, such as those used to incinerate houschold waste,
hazardous waste, or sewage slodge. In addition, many facilities burn fuel mixwures that
comprise coal as well as other fuels, such as vatural gas, synthetic gas, os waste-derived
fuals,

[0027] A vadety of waste streams are incinerated i such plants, which often
operate in populated aceas for logistical reasons. Houschold waste can contain mercury
from a variety of sources, such as discarded batieries and thermometers as well as a wide
variety of consumer ilems with detectable mercury levels. Hazardous waste streams
inciude mercury from a pumber of commercial or indusirial sources, Sewage sludge
contains mercory resulting from ingestion and elimination of mercury-containing foods
and from other sources. All of the waste streams also contain mercury from a number of
natural sources as well. When burned in an incinerator, the wasles can release valatile
mercury or mercury compounds into the air, which tend to setile to the groond close to
the incineration plant, feading to Jocal contamination of the soil and groundwater, as well
ag lowered air quality. Accordingiy, in varous embodiments of the invention, waste
streams containing mercury or other heavy metals are incinerated in the presence of
various mercury sorbents added into the incineration system as descgbed below. In
preferred ermbodiments, halogen and preferably silica and alumina are added in sufficient
amounts to reduce mercury emissions into the aimosphere and to render mercury nos-
leachable that is captured in the ash.

0028]  Major elements in coal, besides carbon, include silica, alumina, and
calcium, along with lesser amounts of iron. In addition, trace beavy metals such as
arsenic, antimony, lead, chromdum, cadmivm, nicksd, wvanadhwo, molybdenuwm,

manganese, copper, and barium are normaally present. These clements tend to report o

the ash upon combustion of coal. Coal also contains significant amounts of suifor. Upon

combustion, the sulfar in coal bums to produce volatile sulfur oxides, which tend 1o
escape from the coal burning utility in gaseous form. It is desired to remediate or reduce

the level of sulfor oxides emitted from coal burning plants.
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[00287 Coal also contains mescury, Although present at 2 fow level, mercury
tends to volatilize during combustion and escape from the coal buraing utifity. Hven af
the low levels produced from the combustion of coal, the release of mercary into the
environment is undesirable because the element is toxic and tends to accurnulate in body
tissues, Because of mercury’s damaging effect on health and the environmend, its release
has recenily come under regulatory control in the United States and elsewhere in the
world. ‘Whether mercury is subject to regulatory controls or not, it is highly desirable o
reduce the amount of mercury emitted from coal burning utilities.

f0030]  In a typical coal burning facility, raw coal arrives in railcars and is
delivered onto a receiving belt, which leads the coal into a pug mull. After the pug mill,
ihe coat is discharged to a feed belt and deposited in a coal storage area. Under the coal
storage area there is typically a grate and bin ares; from there a belt transports the coal o
am open stockpile area, sometimes called a bunker. Stoker furnaces can be fed with coal
from the bunker or from a crusher. For furmaces burning palverized coal, the ccal is
delivered by belt or other means to milling equipment such as a crusher and ultimately to
a pulverizer. Tn a storage sysiem, coal is pulverized and conveyed by air or gas to a
collector, from which the pulverized coal is transterred (o a storage bin, from which the
coal is fed to the furnace as needed. In a direct fired system, cosl is pulverized and
wransported directly to the furnace. In a somi-direct systerm, the coal goes from the
pulvesizer to a cyclone collector. The coal is fed directly from the cyclone to the
furmnace.

{0031] During operation coal is fed into the furnace and bomned in the
presence of oxygen. For high btu fuels, typical flame temperatures in the combustion
chamber are on the ader of 2700°F {abont 1450°C) to about 3000°F (about 1640°C) or
gven higher, such as 3300°F (about 1815°Ch to 3600°F (ahout 1982°C%,

[0032] In vatious embodiments, sorbent compositions scoording 1o the
invention are added to the raw coal, in the pug mill, on the receiving belt or feed belt, in
the coal storage area, in the collector, in the storage bin, in the ¢yclone coliector, in the
pulverizer before or duting pulverization, and/or while being transported from the
pulverizer to the furnace for combustion. Conveniently, in varioys embodiments the

sorbents ate sdded to the coal duving processes that mix the coal such as the in the pug
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il or in the podverizer, Tn a preferred embodiment, the sorbents are added onto the coal
in the pulverizers.

{G033] Alternatively or in addition, sorbent components are added into the
coal bwrring system by injecting them into the furnace during conbustion of the fuel, In
a preferred embodiment, they are injected into the fireball or close to the fireball, for
exampie where the temperatore is sbove 2000°F, above 2300°F, or above 2700°F.
According to the design of the burners and the operating parameters of the furnace,
effective sorbent addition takes place along with the fuel, with the primary combustion
air, above the flame, with or above the overfire air, and so on.  Also depending on the
furnace design and operation, sorbents are injected from one or more faces of the furnace
andfor from one or more comers of the furnace. Addition of sorbent compositions and
sorbent components tends to be most effective when the temperature at injection is
sufficiently high andfor the acrodynamics of the burners and furnace set up lead to
adequale mixing of the powder sorbents with the fuel andior combustion products.
Alternatively or in addition, sorbent addition is made o the convective pathway
downsiream of the flame and furnace. In various embodiments, optimum injection or
application points for sorbents are found by modeling the furnace and choosing
patameters (rate of injection, place of injection, distance above the flame, distance from
the wall, mode of powder spraying, and the lke) that give the best mixing of sorbent,
coal, and combustion products for the desired resulis.

{0034] I coal buming systerss, hot combustion gases and air move by
convection away from the flame through the convective pathway in a downsiream
direction (i.e., downstream in relation to the fireball). The convective pathway of the
{facility contains a number of zones characterized by the temperature of the gases and
combustion products in each zone. Generally, the temperature of the combustion gas
falls as it moves in a direction downstream from the fireball. From the furnace, where
the coal in one example is burning at a teroperature of approximately 2700°F ~ 3600°F
{about 1430°C —~ 1650°C), the fly ash and combustion gases move downstream in the
convective pathway to zones of ever decreasing temperanure. To illostrate, downstreamn
of the fireball is 2 zone with temperature Jess that 2700°F, Further downstream, a point
ts reached where the temperature has cooled to about 1500°F. Between the two points is

a zone having a temperature from about 1500°F to about 2700°F. Further downsiream, a
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zone of less than 1500°F is reached, and 5o on. Further along in the convective pathway,
the gases and fly ash pass through lower temperature zones until the baghouse or
electrostatic precipitator is reached, which typically has 2 temperature of about 300°F
before the gases are emitted up the stack.

[0035] The combastion gases contain cartbon dionide a8 well a5 various
undesirable gases containing sulfor and mercnry. The convective pathways aio also
filled with a variety of ash which is swept along with the high temperature gases. To
remove the ash before ermission into the atmosphere, particulate removal systeins are
used. A vaticty of such removal systems, such as slectrostatic precipitators mnd a bag
house, are generally disposed in the convective pathway. In addition, chemical scrubbers
can be positioned in the convective pathway. Additonally, there may be provided
various instrumments to monitor components of the gas such as subfur and mercury.

[0036] Thus, in various emobodiments, the process of the present invention
calls for the application of sorbeais

directly imto the furnace during combustion (addition “vo-
combustion™)

directly to a fuel such as cosl before combusiion (addition "pre-
cornbustion™);

directly into the gaseous strearn after combusidon preferably in 2
temperature zone of grealer than 500°C and preferably greater than E00°C {addition
“nost-combustion); or

in a combination of pre-combustion, co-combustion, and post-
combustion additions.

[0037]  Application of the sorbents is made “into the coal burning system’™ in
any of pre-combustion, co-combustion, or post-combustion modes, or in any
combination. When the sorbents are added into the coal burping system, the coal or
other fuel is said to be combusted “in the presence” the various sorbents, sorbent
compositions, or sorbent componenis

[0038] In a preferred embodiment downsiream addition is carried out where
the temperature is about 1500°F (815.5°C) to about 2700°F {1482.2°C}: In some
aspects, and depending upon the specifics of fwmace design and the layout of the

convective pathways, the cotoff point or distinction belween “into the furnace”, “into the
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fireball”, and “into the convective pathways” can be rather arbitrary, At some poiwd, ihe
combustion gases leave what is clearty a burning chamber or furnace and enter a separale
structure that 18 clearly a flue or convective pathway for gases downstream of the
furnace. However, many fumaces are quite large and so permit addition of sorbents
“tuto the furnace” at a considerable distance from where the fuel and air are being fed to
form the Sreball, Por example. some fornaces have overfire air injection ports and the
like specifically designed to provide additional oxygen at a location above the fireball to
achieve more complete combustion andfor control of emissions such as nitrogen oxides.
The overfire gir ports can be 20 feet or higher above the fuel injection. Tn vanous
embodiments, sorbent components or compositions are injected divectly into the fireball
along with coal being fed, at a location above the coal feed above or below the overfire
alr poris, or at 3 higher Jocation within the burning chamber, such as at or just under the
nose of the fumace. Bach of these locations 1s characterized by a temperature and by
conditions of turbulent flow that contribute to mixing of the sorbents with the fuel and/or
the combustion products (such as the fly ash). In embodiments involving applying
sorbent compositions into the furmace or downsiream of the furnace, application is
preferably made where the temperature is above 1300°F, preferably above 2000°F, more
preferably where the temperature is above 2300°F, and most preferably where the
temperature is above 27007,

[0038] In various embodiments, sorbents are added a8 coal is burned along
with other foels in co-generation plants. Such plants are flexible in the fucls they bum.
Tu addition to hituminous and sub-bituminous coal, suck facilities can also burn waste-
derived fuels such without Hmiiation as municipal waste, sewage sludge, pet coke,
animal waste, plant waste {such as without limitation wood, rice hulls, wood chips,
agricultural waste, andfor sawdust), scrap plastics, shredded tires, and the like. To the
extent that the fuels contain mercury and subfur, use of sorbents as described herein tends
to mitigate or lower emissions of sulfur andfor mercury that would otherwise be released
jnto the atmosphere upon combustion. Depending on the fuel value, the fame
temperatire in such co-generation plants varies upward from about 1000°F - 1200°F (for
tow value fuels or fuels containing high proportions of low value biomass or other low-
value componends) to 2700°F to 3600°F or higher {for high BTU coal). In vasious

embodiments, use of sorbents of the invention mitigates mercury emissions from systems
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bumming at relatively lower temperatures. I is believed the sorbents e especiaily
effective at removing oxidized mercary from the flue gases, and that oxidized mercury in
the species predominantly formed by combustion at the lower temperaiares.

[0040] Thus, in various embodiments, co-generation plants bumning a
commbination of coal and a wide variety of other fuels (see above) are troated with sorbent
compositions to achieve significant reductions in emissions of mercury andfor sulfur,

[0041] I vasious embodiments described herein, sorbent compaositions that
tend 1o reduce or remediate the rolease of mercury and/or selfur from coal buming
utilities also have the beneficial effect of rendering the ash produced by combustion of
the fuel highly cementitions. As a result, the ash is usable in commerce 25 a partial or
complete replacement for portland cement in various cement and concrete products.

[0042] Buming the coal with the sorbent compositions described herew
reculis in an ash that hes, in various embodiments, increased levels of the heavy metals
compared to coal bumed without the sarbent, but which nevertheless contains Jower
tevels of leachable heavy metals than the ash produced without the sorvbenis. As a result,
the ash is safe to handle and to sell into comumerce, for example as a cementitious
rpaterial,

[0043] To make the ash products, a carbonaceous fuel is burned to produce
heat energy from combustion of the carbonacesus material. Unburned material and
particulate combustion products form ash, some of which collects at the bottorm of the
furnace, but the majority of which is collected as fly ash from the flue by precipitators or
filters, for example a bag house on a coal burning facility, The content of the botiom ash
and the fly ash depends on the chemical composition of the coal and on the amonnt and
composition of soibent components added ito the coal burning facility during
combustion.

[0044] In various embodiments, mercury emissions from the coal buming
facifity are monitored. Fmissions are monitored as clemental mercury, oxidized
mercury, ot both. Elemental megcury raeans mercury in the ground or zero oxidation
state, while oxidized mercury means meroury in the +1 or 42 oxidation state. Depending
on the level of mercury in the floe gas prior to emussion from the plast, the amount of
sorbent composition added pre-, co-, and/or posi-combustion is raised, lowered, or is

maintzined unchanged. In general, it is desirable to remove as bigh a level of wercury as
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15 possible. In typical embodiments, mercury removal of 90% and greater is achieved,
based on the total amount of mercury in the coal. This number refers 1o the mercury
removed from the flue gases so that mercury is not released through the stack into the
atmoesphere. Normaily, removal of mercury from the flue gases leads {o increased levels
of mercury in the ash. To minimize the amount of sorbent added intc the coal burning
process 50 as to reduce the overall smount of ash produced in the furnace, it is desirable
in pany embodiments to use the measuraments of mercury emissions to adjust the
sorbend composition rate of addition 1o one which will achieve the desired mercury
reduction withoot adding excess material inio the system.

f0048] In various embodiments of burning coal or other fuels with the added
sorbent components, mercory and other heavy metals in the coal such as arsenic,
antimony, lead, and others report to the bag house or electrostatic precipitator and
become part of the overall ash content of the cosl burning plant, alternatively or in
addition, the mercury and heavy metals are found in the bottom ash. As such, mercury
and other heavy metals are not emitted from the facility, In general, mercury and other
heavy metals in the ash are resistant to leaching under acidic conditions, even though
they tend to be present in the wh at elevated levels relative to ash produced by burning
coal without the sorbent components described herein. Advantageously, heavy metals in
the ash do not leach beyond regulatory levels; in fact, a decreased level of leachable
heavy metal s observed in the ash on a ppm basis, sven though the ash normally
contains a higher absolute level of heavy metals by vittee of being produced by burning
with the sorbents. Because in addition the cementitious nature of the ash is enhanced,
the ash from the combustion (coal ash) is valuable for ssle in commerce and use, for
example, as a ceroentitions material to make portland cements as well as concrete
products and ready mixes.

{00487  In preferred embodiments, leaching of heavy metals iz monitored or
analyzed pericdicaily or continuously during combustion. The TCLP mrocedure of the
United States Environmental Protection Agency is a commonly wsed method.  The
atsount of sorbent, particularly of sorbent components with 81 (SiQ; or equivalents)
angfor Al (AlzO4 or equivalents), is adjusted based on the analytical resuli to maintain

the leaching in g desired range.
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{00471 In one crnbodiment, a methed is provided for burning coal to reduce
the amount of mercury yeleased into the atmosphere. The method involves applving a
sorbent composition comprising a halogen compound into the system in which the coal is
being combusted. The halogen compound is preferably a bromine compound; in a
preferred embodiment, the sorbent is free of alkali metal compoands so as to avoid
corrosion on boiler tubes ot other furnace components.  The coal is combusted in the
furnace 1o produce ash and combustion gases. The combustion gases contain mercury,
sulfur and other components. To accomplish a desived reduction of mercury in the
combustion gases i order to Homit release into the atmesphere, the mercury level in the
combustion  gases is preferably monitored, for example by measuring the level
analytically. In preferred embodiments, the amount of the sorbent composition applied
is adjusted {i.c., by increasing i, decreasing it, or in some cases deciding fo leave it
unchanged) depending on the value of the mercury level messured in the combustion
gases. In a preferred embodiment, the sorbent is added into the system by applving it to
the coal pre-combustion, then delivering the coal containing the sorbent into the furnace
for cornbustion.

{6048] In another embodiment, sothent components comprising a halogen
{preferably bromine or iodine, and most preferably bromine) compound and at Teast one
alupinosilicate material are applied into the coal buming system. The components are
added separately or as a single sorbent composition, and are optionally added onio the
ceal pre-combustion, into the furnace during combustion, or into the flue gases
downstream of the furnace at suitable temperafures. In a preferred embodiment, the
components are added to the coal pre-combustion, and the coal containing the sorbent is
then delivered into the furpace for combustion. As before, preferably mercury is
monitored in the fhue gases and the sorbent application rate is adjusted depending on the
vaiue of the measured mercory level. The halogen contributes to lowering the Jevel of
rercury emissions, while the aluminositicate contributes o making mercury captured in
the agh nop-leaching.

[0049] In a related embodiment, a method for reducing leaching of mercury
andior of other heavy metals from ash produced from the combustion of coal or other
fuel in a coal tuming system or in ap incinerator involves introducing sorbents

containing silica and alumina into the incinerator or coal burning system during
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combustion, measuring leaching of mercury and/or other heavy metals from the resulting
ash, and adjusting the Jevel of silica and dlumina added according to the measured
leaching of heavy metals. If leaching is higher than desired, the rate of application of the
sorbent can be increased to bring the leaching back down into the desired range. In a
preferred embodiment, the sorbent further contains a halogen {e.g. bromine) componnd
to enhance capture of mercury in the ash.

{0050] I one embodiment, the invention provides a method for reducing the
amount of oxidized mercury in flue gases that are generated by combustion of mercory-
containing carbonaceous fuel such as coal while at the same time producing a
cementitiots ash product. The method comprises buming the fuel in the presence of an
alkaline powder sorbent wherein the powder sorbent comprises calcium, silica, and
alumina.  The slkaline powder is added to the coal pre-combustion, injected into the
furnace during combusiion, applied inte the flue gases downstream of the furnace
{preferably where the temperature is 1500°F or greater), or in any combination. The
powders are alkaline, characterized by a pH above 7 when combined with water,
preferably above 8 and preferably above 9. Preferably, the sorbent contains about 0.01
to about 3% by weight of alkalis soch as those based on Nap0O and K0, In varons
embodiments, the sorbant further comfains iron  and magnesivm.  In various
embodiments, the aluminum content of the sorbent i3 higher than the slumina content of
portland cement, preferably above about 5% or above about 7% alumina.

{00511  While the fuel is burning, a level of mercury {oxidized, elemental, or
both) is measured in the floe gases downstream from the furnace. The measured
mercury level is compared to a target Jevel and, if the measured level is above the
targeted level, the amount of powder sorbent added relative 1o the amount of fuel being
burned is increased. Alternatively, if the measured level is at or below the farget level,
the rate of sorbent addition can be decreased or maintained unchanged.

{0052] In another embodiment, the powder composition is an alkaline sorbent
composition that contains an alkaline calcium component as weil as significant levels of
silica and alumina. In 2 non-limiting embodiment, the powder composition comprises 2
to 50% of an aluminosilicate material and 50 1o 98% by weight of an alkaline powder
comprising calcinm, In a preferred embodiment, the alkaline powder comprises one or

maore of lime, calcium oxide, portland cement, coment kiln dust, lime kiln dust, and SURar
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beet lime, while the aluminosilicate material contgins one or more selected from the
group consisting of calctom montmerillenite, sodium montmorillonite, and kaolin. The
powder composition is added to the coal at 3 rate of about §.1 to about 10% by weight,
bused on the amount of coal being treated with the sorbenis for g batch process, or on the
rate of coal being consumed by combustion for a continzous process. In a preferred
embodiment, the rate is from 1 1o 8% by weight, 2 to 8% by weight, 4 to 8% by weight,
4 1o 6% by weight, or about 6% by weight. In preferred embodiments, the powder
composition is injected to the fireball or fumace during combustion andfor is applied io
the coal under smbient conditions, prior to itz combustion. The termperature al the
injection point is preferably at least about 1000°F or higher. For some low vahue foels,
this comresponds 0 igjection futo or close to the fireball.

{00531 In another embodiment, the inveniion provides novel sorbent
composttions comprising about 50 to 98% by weight of at least one of portiand cement,
cement kiln dust, lHme kiln dust, sugar beel lime, and 2 to 50% by weight of an
aluminosilicate material. In 2 various emboditents, the compuositions further comprise a
bromine compound, for example a bromide such as calcium bromide, Use of the
sorbents during the coal burping process as described herein tends (0 lessen the amown
of harmful sulfur and mercury products emitted from the facility, while at the same fime
producing an ash that s environmentally accepiable (e.g. leaching of heavy metals is
below regulatory levels and is Jower than in ash produced by burning the coal without
the sorbent components) and highly cementitious in nature so that the ash serves as a
complete or partial {greater than 40%, preferably greater than 30%) replacement for
portland coment in cementitions mixtures and processes for their use,

{0084}  In vet another embodimment, a method is provided for burning a fuel
coniaining meroury and optionally sulfur so that the level of harmful compounds emitied
in the combustion gases and released intc the enviromment is reduced. In a preferred
embodiment, the method Involves applyving a sorbent onto the fuel and burning the fuel
containing the sorbent to produce gases snd fly ash. The sorbent contains bromine,
calcium, silica, and alumina.

{0055 In a further embodiment, 2 wethod for reducing mercury andfor sulfur
emitted into the environment during combustion of coal in a coal burniog system

comprises adding sorbent components comprising bromine, calcinm, silica, and alumina
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into the coal burning system snd combusting the coal in the presence of the sorbent
components to produce combustion gases and fly ash. The amount of mercury in the
combustion gases is measured and level of components containing bromine added into
the system is adjusted depending on the measured value of mercury in the combustion
gases.

{00581 In varous embodiments, the four compoments (calcium, silica,
aluming, and bromine) are added together or separately to the coal pre-combustion, 1o the
furnace, and/or to the flue gases at suitable temperature as described herein. Preferably,
bromine is present at a level effective to a capture, in the ash, at least 80% of the mercury
in the coal, and silica and alumina are present at levels effoctive to produce fly ash with a
leaching value of less than 0.2 ppm (200 ppb) with respect to mercury, preferably less
tharn 100 ppb Hg, less than 50 ppb, and most preferably less than 2 ppb with respect to
mercury. A level of 2 ppb represents the current lower detectable limit of the TCLP test
for mercury leaching.

10057] In a paxticulsr embodiment, a dual sorbent systers 3s used wherein
calcium, silica, and alumina are added in a powder sorbent, while bromine or other
halogen{(s} is added in a lquid sorbent. The lguid and powder sorbents are added inio
the coal burning system onto the coal pre-combustion, into the fumnesce, into the flue
gases (at suitable temperawses ss described hereind, or In any combination. In a
preferred embodiment, liquid sorbent is added to the coal pre-combustion and powder
sorbent is added etther {o the coal pre-combustion or o the furnace during combustion.
Treatment levels of the lguid and powder sorbents, as well as preferred compositions,
are described herein,

[0058]  In preferred embodiments, the methods provide coal ash andfor fly ash
cottaining rmercury at a level corresponding o captore in the ash of at least 90% of the
mercury originally in the coal before combustion. In some embodiments, the meroury
level is higher than in known fly ashes due to capture of mercury in the ash rather than
release of mercury into the atmosphere. Fly ash produced by the process contains up (o
200 ppm wercury ot higher; in some embodiments the roercury content of the ly ash is
above 250 ppm. Since the volume of ash is normally increased by use of the sorbents {in
typical embodiments, the volure of ssh about doubles), the increased measured levels of

mercury represent significant capiure in the ash of mercury that without the sorbents
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would have been released into the environment. The content in the fly ash of mercury
and other heavy metals such as lead, chromium, arsenic, and cadmium s generally
higher than in fIy ash produced from buming coal without the added sorbents or sorbent
components.

[0058]  In various embodiments, an ash product is produced by buming coal
in the presence of sorbent components comprising calcium, silics, aluming, aud
preferably a halogen such as bromine, The components ate added as pas of one o
more sorbent compositions into the coal-burning systern, In a non-lmiting example,
sorhent components calcium, silica, and alumina are added together in an alkaline
powder sorbent composition that comprises about 2 {0 15% by weight AlOs, about 30 to
75% by weight CaQ, about 3 to 20% by weight Si0;, about 1 to 10% FeaOs, and sbout
0.1 0 3% by weight total alkali, such as sodium oxide and polassiom oxide. In a
preferred embodiment, the sorbents comprise about 2 to 10% by weight AlaOs, about 40
to 70% by weight Ca0, and about 5 to 15% by weight 8i0; in addition to the iofal
atkalis. In a preferred embodiment, powder sorbent compositions described herein
contain one or more alkaline powders containing calcium, glong with lesser levels of one
or more alominosilicate materials, The halogen component, i desized, is added as a
further component of the alkaline powder or is added separately as parl of a Yguid or
powder composition, Advantageously, use of the sorbents leads to a reduction in the
levels of sulfur, mercury, other heavy metals soch as lead and arsenic, and/or chlorine
from the coal boming system.

[D060]  In another embodiment, the method of the invention provides coal ash
containing mercury at a level corresponding to capture in the ash of at least 90% of the
mercury originally in the coal before combustion. A process for making the coal ash
involves bumning cosl in the presence of added calcium, sifica, and alwmina, and
preferably in the further presence of a helogen such as bromine. In a prefeoed
embaodiment, ash is prepared by burning coal in the presence of sorbents or sorbent
components described herein. Preferably, the mercury in the coal ash is non-leaching in
that it exhibits a concentration of mercury in the extract of less than 0.2 ppm when tested
using the Toxicity Characteristic Leaching Procedure (TCLP), test Method 1311 in “Tegt
Methods for Bvaluating Solid Waste, Physical/Chemical Methods,” BPA Publication SW
~ 846 — Third Edition, as incorporated by reference in 40 CPR §260.11. It is normally

18

PAC ET AL. EXHIBIT 1023

Page 157



10

15

20

25

30

WO 2006/0096 11 PCT/US2006/010000

observed that fly ash from buming coal with the sorbents described herein has less
leachable mercury than ash produced from burning coal without the sorbent, even though
the total mercury coment in ash produced from the sorbent wweated coal is higher by as
muech as a factor of 2 or more over the level in ash produced by burning without the
sorbents. To iflusirate, typical ash from bumning of PRB coal contains about 100-123
ppm mercury; i varions embodiments, ash produced by buming PRB coal with about
% by weight of the sorbents described herein has about 200-250 ppm mercury or more.

{0061} In ancther embodiment, the inveniion provides a hydraulic cement
product containing portland cement and from 0.1% to abount 99% by weight, based on the
total weight of the cement product, of a coal ash or fly ash described above,

[0062]  In a further embodiment, the invention provides a pozzolanic product
comyrising a pozzokm and from 0.01% to abouwt 99% by weight, based on the total
weight of the pozzolanic product of the ash described above,

[0083] The invention also provides a cementitious mixtore containing the
hydraulic cerpent product,

{0084} The invention further provides a concrete ready mix product
containing aggregate and the hydraolic cement product,

{G088] In another embodiment, 3 cementitions mixture contains coal ash
described herein as the sole cementitious component; in these embodiments, the ash is a
total replacement for conventional cements such as portland cement, The cementitious
mixiures contain cement and optionally aggregate, fillers, andfor other admixtures. The
cementitious mixtares are normally combined with water and used as concrete, mortars,
grout, flowable fill, stabilized base, and other applications.

{0086] The methods thus encompass burning coal with the added sorbents to
produce coal ash and energy for heat or eleciricity generation. The ash is then recovered
and used to formulate cementitious mixteres incloding cements, mortars, and grouts.

[0067]  Sorbent compositions used in varions embodiments of the invention
described above and herein contain components that contribute calciurn, silica, andfor
aluming, preferably in the form of alkafine powders. Tn varicus embodiments, the
compositions also contain iron oxide, as well as basic powders based on sodium oxide
(Na;O) and potassiven oxide (K:0). In a non-limiting example, the powder sorbent

confains about 2-10% by weight Al.Os, about 40-70% Ca0, about 53-15% SiQ., about 2-
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9% Pey(s, and about 0.1-5% total alkalis such a3 sodium oxide and potassivm oxide,
The components comprising calcium, silica, and alumina - and other elements if present -
are combined together in a single composition or are added separately or in any
combination as components o the fuel burning system. In preferred embodiments, use
of the sorbents leads to reductions in the amouns of sulfur endior mercury released info
the atmosphere. In various embodimenis, use of the sorbent compositions Ieads to the
remnoval of mercury, especially oxidized mercury. In addition, the compositions redoce
the amount of sulfur given off from combustion by a virtue of their calcium content,

{0088]  Advantageously, the sorbent compositions contain suitable high levels
of alumina and silica. 1t is believed that the presence of alumina and/or silica leads to
several advantages seen from use of the sorbent. To ithastrate, it is believed that the
presence of aluming and/or sikica and/or the balance of the silica/alumina with calcium,
nwon, and other ingredients contributes to the low acid teaching of mercury andfor other
beavy metals that is ohserved in ash produced by combustion of coal or other fuels
contarming mercury in the presence of the sorbents.

[0089] In various embodiments, it is ohserved thai use of the sorbent
compositions during combustion of cozl or other fuel leads to the formation of 3
refractory lining on the walls of the furnece and on the boiler tubes, It is believed that
such a refractory lning reflects heat in the furnace and jeads to ki gher water temperature
in the hoilers. In vatious embodiments, it is also obscrved that use of the sorbent resulty
in reduced scale formation or slagging around the boiler tubes. In this way, use of the
sorbents Jeads to cleaner furnaces, but more iraportantly improves the heat exchange
between the burning coal and the water in the boiler tubes. As result, in various
embodiments use of the sorbents leads to higher water temperature in the boiler, based
on burning the same amount of fuel. Alternatively, it has been obacrved that wse of the
sorbent allows the feed rate of, for example, coal to be raduced while mamntaining the
Same power output or boiler water temperature. Tn an illustrative embodiment, use of a
sorbent at a 6% rate results in combustion of a coal/sorbent composition that prodoces as
much power as a composition of the same weight that is all coal, ¥t is scen in such
embodiments that use of the sorbent, which is normally captured in the fly ash and
recycled, sctually increases the efficiency of the coal buming process, leading to less

consumption of fuel. Advantageously in such a process, the fiy ash, which s normally
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increased in volume by vinlue of the use of the sorbent, is recycled for use in paitland
cement manufacture and the like, it having an improved cementitions nature and low
heavy metal leaching,

{00707  As noted, the components that contribute caleiwm, silica, andfor
aturmina are preferably provided as a¥kaline powders. Without being limited by theory, it
is believed that the alkaline natwre of the sorbent components leads at least in part to the
desivable properties described above. For example, it is believed the alkaline naruse of
the powdess leads t a reduction in sulfur pitting. After nentralization, it is believed a
geopolymeric ash is formed in the presence of the sotbents, coupling with silica and
alurning present in the sorbent to form 2 ceranvc ke matrix that reports as a stabilized
ash. 'The stabilized ash is characterized by very lowing leaching of mwercury and other
heavy metals. In sore embodiments, the leaching of mercury is below detectable Hmits,

[0071]  Sources of calcium for the sorbent compositions of the mvention
mclude, without Hmitation, calcium powders such as calcium carbonate, Hmestone,
dolomite, calciom oxide, calcium hydroxide, calcium phosphate, and other calciom salis,
Industrial products such as Himestone, lime, slaked Jime, and the like contribute major
propoztions of such calcium salts, As soch, they are suitable components for the sorbent
compositions of the invention.

{0072] Other sources of calcium include various manufactured products.
Such products are commercially available, and some are 80ld as waste products or by-
products of other industrial provesses. In preferred embodiments, the products further
contribate either silica, alwmina, or both fo the compositions of the invention. Non-
limiting examples of industrial products that contain silice and/or alumina in addition to
calcium inclede portland cement, cement kiln dust, lime kiln dust, sugar beet lime, slags
(such as steel slag, stainless sieel slag, and blast fiurnace slag), paper de-inking shudge
ash, cupola arrester filter cake, and cupola fumace dust,

[0073]  These and optionally other materials are combined to provide alkaline
powders or mixtures of alkaline powders that contain calcium, and preferably also
contain silica and alumina.  Other alkaline powders comtaining calcium, silica, and
atunina inchude pozzolanic materials, wood ash, rice hull ash, class C flv ash, and class
Ffly ash. In various embodiments, thess and similar materials are suitable COMPOTents

of sorbent compositions, especially if the resulting composition containing them as
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components falls within the preferred range of 2 o 15% by weight AlOy, about 30 to
75% by weight Ca0, about 5 10 20% by weight Si0,, about 1 to 10% Fe.Os, and about
0.1 10 5% by weight total alkali, Mixtures of materials are also used. Non-Hmiting
examples include mixtures of portland cement and Hme, and mixiures contaiping cement
kiln dust, such as cement kiln dust and lime kiln dust

[0074] Suger beet lime is » solid waste material resulting from the
manufacture of segar from sugar beets. It is high in calcium content, and also contains
varions impuritics that precipitate in the liming procedute carvied out on sugar bests. It
is an item of commerce, and is normally sold to landscapers, farmers, and the like as a
soil amendment,

{8078}  Cement kiln dust (CKD) generally refers to a byproduct generated
within 2 cement kilo or related processing equiproent during portland cement
manufacturing,

[0076]  Generally, CKD comprises 2 combination of different particles
generated in different areas of the kiln, pre-treatroent equipment, and/or material
handling sysiems, including for example, clinker dust, partiaily to fully calcined material
dust, and vaw material ¢hydrated and dehydrated) dust. The composition of the CKD
varies based upon the raw matesials and fuels used, the manufactoring and processing
conditions, and the location of coliection points for CKID within the cement
manufacturing process, CKIY can include dust or particulate matter collected from kiln
efffuent (i.e., exhavst) sireams, clinker cooler effluent, pre~calcmer effluent, air pollution
control devices, and the like.

100771  While CKD compositions will vary for different kilns, CKD usually
has at lenst some cementitiows and/or pozzolanic properties, due to the presence of the
dust of clinker and calcined materials. Typical CKD compositions cormprise silicon-
containing compounds, such as silicates including tricalcium silicate, dicalcium silicale;
aiuminum--containing compounds, such as aluminates including tricalcium aluminate;
and iron-containing compounds, such as ferrites including tetracalcivm alumrinoferrite.
CKD generally comprises calcium oxide (CaO). Exemplary CKD compositions
comprise about 10 to about 60% calcium oxide, optionally about 25 to about 509, and
optionally about 30 to about 45% by weight. In some embodiments, CKD comprises a

concentration of free lime (available for a hydration reaction with water) of about 1 to
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about 10 %, optionally of aboot 1 to aboat 5%, and in some embadiments about 3 to
about 5%. Further, in cerfain embodiments, CKD comprises compounds containing
alkali metals, alkaline earth metals, and sulfur, infer alic

[0078] Other oxemplary sources for the alkaline powders comprising
calcium, and preferably further comprising silica and alursing, nclude various cement-
refated byproducts (in addition to portiand cement and CRD described above). Blended-
cement products are one soitable example of such a source. These blended cement
products typically contain mixes of portland cement and/or its clinker combined with
slag(s} andfor pozzolan(s) {e.g., fly ash, silica fume, bumed shale). Pozzolans are
usually siicaceous materials that are not in themselves cementitious, but which develop
bydraulic cement properties when reacted with free lime (free CaQ) and water. Other
sources are masonry cement and/or hydraulic lime, which include mixtures of portiand
cement and/or its clinker with lime or Himestone., Other suitable sources are aluminous
cements, which are hyvdraulic cerents manyfactured by burning a mix of limestone and
bauxite (a naturally occurring, helerogeneous material comprising one or more aluminum
hydroxide minerals, plus vatious mixiures of silica, iron oxide, titanis, aluminum
silicates, and other impurities in minor or trace amounts). Vel another example is a
pozzolan cement, which is a blended cement containing a substantial concentration of
pozzolans. Usually the pozzolan cement comprises calcium oxide, but is substantially
free of portland cement.  Common examples of widely-emploved pozzolans include
natural poszoluns (such as certain volcanic ashes or tuffs, certain diatomaceons earth,
burned clays and shales) and synthetic pozzolans (such as silica fume and fly ash).

[0079]  Lime kiln dust (LKD) is 2 byproduct from the manufacturing of lime.
LKD is dust or particulate matter collected from & lme kiln or associated processing
eyuipment,  Manufactured lime can be categorized as high-calciom lime or dolomitic
lime, and LKD varles based upon the processes that form it. Lime is often prodaced by a
calcination reaction conducted by heating calcitic raw material, such as calcinm
cartbonate {CaCO;3), to form free lime CaQ and carbon dioxide {COs). High-calcium
time has a high concentration of calejum oxide and typically some impurities, including
aluminum-containing and iron-containing compounds. High-calcium lime is typically
formed from high purity calcium carbonate {about 95% purity or greater). Typical

calcivm oxide content in an LKD) product derived from high-calcium lime processing is
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greater than or equal to about 75% by weight, optionally greater than or equal to abour
83% by weight, and in some cases greater than or equal to about 90% by weight. In
some Hme manufacturing, dolomite (CaCOsMgCQOs) is decomposed by heating o
primarily generate calcium oxide (Ca0) and magnesium oxide (MgO), thus forming
what is koown as dolomitic Hme. In LKD generated by doloraitic lime processing,
calciurm oxide can be present at greater than or equal to about 435% by weight, optionally
greater than about 50% by weight, and in certain embodiments, greater than about 55%
by weight. While LKD varies based upon the type of lime processing employed, it
generally has a yelatively high concentration of free lime. Typical armounts of free lme
in LKD are about 10 fo about 50%, optionally about 20 o about 40%, depending upon
the relative concentration of calciwim oxide present in the Hme product generated.

[0080] Slags are gencrally byproduet compoonds generated by metal
mgnufacturing and processing.  The term “slag” encompasses a wide varety of
byproduct compounds, typically comprising a large portion of the non-metallic
byproducts of ferrous metal and/or steel manufacturing and processing, Generally, slags
are considered to be a mixfure of various yoetal oxides, however they often contain metal
suifides and metal atoms in an elemental form.

{00817  Various examples of slag byproducts useful for certain embodiments
of the invention include ferrous slags, such as those generated in blast furnzces (aiso
known as cupola fumaces), mecluding, by way of example, air-cooled blagt furnace slag
(ACBFS), expanded or foamed blast furnace slag, pelletized blast furnace glag,
gravulated blast furnace slag (GBES), and the like. Steel slags can be prodoced from
basic oxygen steelmaking furnaces (BOS/BOF) or electric are farnaces {EAF). Many
slags are recognized for having cementitious and/or pozzolamic properties, however the
extent to which slags have these properties depends upon their respective composition
and the process from which they are derived, as recognized by the skilled artisan.
Exeroplary  slags  comprise  calclum-coutaining  compounds, silicon-containing
compounds, aluminum-containing compounds, magnesium-contatning compounds, fron-
containing compounds, manganese-coniaining compounds andfor sulfur-containing
compounds. In certain embodiments, the slag comprises caleinm oxide at about 25 to

about 60%, optionally about 30 to about 50%, and optionally about 30 to about 45% by
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weight. One example of a suitable slag generally having cementitious properties i3
ground granulated biast furnace siag {(GGBFS).

[0082] As described above, other suitable examples include blast {cupola)
furnace dust collected from air poliution conirol devices attached fo blast furnaces, such
as cupola arrester filter cake. Another suitable industrial byproduct source is paper de-
inking sludge ash. As recognized by those of skill in the art, there are many different
manufactured/industrial process byproducts that are feasible as a source of calchum for
the alkaline powders that form the sorbent compositions of the invention. Many of these
well known byproducts comprise shunina and/or stlica, as well. Some, such a3 Hime kiln
dust, contain major amounts of Ca(y and relatively small amounts of silica and alumina,
Combinations of asy of the exemplary mamufactured products andfor industris
bypraducts are also contemplated for use as the alkaline powders of certain embodiments
of the invention.

10083] In various embodimens, desired freat levels of silica and/or alumina
are above those provided by adding materials such as portland cement, cement kiln dust,
time liln dust, and/or sugar beet Hme. Accordingly, it is possible to supplement such
materials with aluminosilicate materials, such a8 without limitadon clays (e.g
montmorillonite, kaolins, and the like) where needed to provide preferred silica and
slomina levels. In various cmbodiments, supplemental aluminosibicate materials make
up at least about 2%, and preferably at Ieast about 3% by weight of the various sorbent
components added into the coal burning system. In general, there is no upper Emit from
a technical point of view as long as adequate levels of calcium are mainiained. However,
from a cost standpoint, it {s normally desirable to Hmit the proportion of more expensive
stuminosilicate materials. Thus, the sorbent components preferably comprise from about
2 o 50%, preferably 2 to 20%, and more preferably, about 2 to 10% by weight
aluminosilicate material such as the exemplary clays. A von-limiting example of a
sorbent is about 93% by weight of a blend of CKD and LK (for exampie, g 50:50 blend
or mixture) and about 7% by weight of an aluminosilicate clay,

f0084] In various embodimenis, an alkaline powder sorbent composition
contains one or more caloium-containing powders such as portland cement, cement Kiln
dust, Yrme kil dust, various slags, and sugar beet lime, along with an aluminosilicate

clay such as, without limitation, montmorillonite or kaolin. The sorbeni composition
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preferably contains sufficient S3#0y and A1L,04 (o form a refractory-like muixtare with
calciom sulfate produced by combustion of the sulfur-containing coal in the presence of
the Ca(d sorbent component such that the calcium stifate is handled by the particle
control system; and to form a refractory mixture with mercury and other heavy metals so
that the mescury and other heavy metals are not leached from the ash under acidic
conditions. In preferred embodiments, the calcium containing powder sotbent contains
by weight a pnipiom of 2% silica and 2% alumina, praferably a misimum of 5% silica
and 3% alumuna. Preferably, the aluraina level is higher than that found in poriland
cement, that is to say higher than about 3% by weight, preferably higher than about 6%
by weight, based on AlyOs.

{0085] In various embodiments, the sorbent componenss of the alkaline
powder sorbent composiion work iogether with optional added halogen (such sas
bromine) compound or compounds to capture chioride as well a8 mercury, lead, arsenic,
and other heavy metais in the ash, vender the heavy metals non-leaching under acidic
conditions, and improve the cementitious natwre of the ash produced. As a resoli,
emissions of harmful clements are mitigated, reduced, or eliminaled, and 8 valuable
cementitious material is produced as a by-product of coal burning,

[0088]  Suitable sluminosilicate materials include a wide variety of inorganic
minerals and materials. For example, a number of minersls, natural materials, and
synthetic materials coptain silicon and aluminom associated with an oxy enviroument
along with optional other cations such as, without Jmitation, Na, K, Be, Mg, Ca, Zr, V,
Zn, Ye, Mn, and/or other anions, such as hydroxide, sulfate, chioride, carbonate, along
with optional walers of hydration. Such natural and synthetic materials are referred to
herein as aluminosilicate materials and are exemplified in a non-limiting way by the
clays noted above.

0087 In ajuminosilicate materials, the silicon tends to be present as
tetrahedra, while the alurainum is present as tetrahedin, octahedra, or a combination of
both, Chains or networks of aluminesilicate are built up in such materials by the sharing
of 1, 2, or 3 oxygen atoms betwesn silicon and aluminom tetrahedra or ocishedra. Such
munexals go by a variety of names, such as silics, alumina, aluninosilicates, geopolymer,

silicates, and aluminates. However presented, compounds containing alwminum andfor
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silicon tend to produce silica and aluming upon exposure to high temperatures of
combustion in the presence of oxygen

[0088] In one embodiment, aluminosilicate materials inclade polymorphs of
$i0yAL (. For example, silliminate contains silica octzhedra and aloming evealy
divided between tetrshedra and octahedra. Kyanite is based onp silica tetrahedra and
alurnina octahedra. Andahusite is another polymorph of 510y ALOs.

{00891  In other embodiments, chain silicates contribute siicon (as sifica}
and/or aluminum (as alumina) to the compositions of the invention. Chain silicates
include without limitation pyroxene and pyroxenoid silicates made of infinite chains of
5310y tetrahediz Ninked by sharing oxygen atoms.

I0080] Cther suitable alumsinosificate materials include sheet mategals such
as, without limitation, micas, clays, chrysotiles (such as asbestos), talc, soapstone,
pyrophillite, and kaolinite. Such materlals are characterized by having layer straciures
wherein silica and alumina octahedra and tetrahedra share two oxygen atoms. Layered
aluminosilicates include clays such as chiorites, glauconite, illite, polygorskite,
pyrophillite, sauconite, vermiculife, kaolinite, caicium montmorillonite, sodium
montmorilionite, and bentonite. Gther examples include micas and tale.

[0081]  Suitable aluminosilicate materials also include synthefic and natural
zeolites, such as without linitation the analcime, sodalite, chabazite, natrobte, phitlipsite,
and mordenite groups. Other zeolite minerals include henlandite, brewsterite, epistilbite,
stilbite, vagawaralite, lavmontite, ferrierite, paulingite, and clinoptilolite. The zeoiites
are smimerals or synthetic materials characterized by an aluminosilicate i{strahedral
frammework, ion eachangeable “large cations” (such as Na, X, Ca, Ba, and Sr} and loosely
held water molecules.

[0092] In cther embodiments, framework or 3D silicates, aluminates, and
aluminosilicates are used. Framework aluminosilicates are characterized by a structure
where S10, tetrahedra, AlQ, tetrahedsa, andfor AlQ¢ ccishedrs are linked in three
dimensions. Non-Hmiting examples of framework silicates containing both silica and
ahumina include feldspars such as albite, anorthite, andesine, bylownite, iabradorite,
microcline, sanidine, and orthoclase.

{0093]  In one aspect, the sorbent powder compositions are characterized in

that they coniain a major smount of calcium, preferably greater than 20% by weight
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based on calcium oxwde, and that furthermore they contain levels of silica, and/or
aluimina higher than that found in commercial products such as portland cement. In
preferred embodiments, the sorbent compositions cornprise greater than 5% by weight
alomina, preferably grester than 6% by weight alomina, preferably greater than 7% by
weight aluming, and preferably greater than about 8% by weight alumina.

{0084]  Coal or other fuel is treated with sorbent components at rates effective
to control the amount of sulfur and/or mercury released into the atmosphere upon
combustion. In various embodiments, total treatment levels of the sorbent components
ranges from about 0.1% to about 20% by weight, based on the weight of the coal being
treated or on the rate of the coal being consurmed by combustion, when the sorbent is 2
powder sorbent containing calcium, silica, and slumina. When the sorbent components
are combined into a single composition, the component treat Jevels correspond to sorbent
treat lovels. In this way a single sorhent composition can be provided and metered or
otherwise measured for addition into the coal burning system. In general, it is desirable
to use a minimum amount of sorbent so as not to overload the syster with excess ash,
while still providing enough to have a desited effect on sulfur and/or mercury emissions,
Accordingly, in preferred embodiments, the treatment leve! of sorbent ranges from about
1% 1o about 10% by weight, and preferably from about § or 2% by weight to about 10%
by weight. Por many coals, an addition rate of 6% by weight of powder sorbent has been
found to be acceptable,

[0088] The powder sorbents containing calcium, sifica, and alumina as
described herein are generally effective to reduce the amount of sulfur in gases emitted
from the coal burming facility, For reduction of sulfor emissions, it is preferred to
provide calciom in the sorbent components at a molar ratic of at Jeast 1:1, and preferably
above 1:1, measured against the moles of sulfur in the fuel {such as coal) being bumed.
If it is desired w0 avoid production of excess ash, the amount of calcium delivered by way
of the sorbent can be limited to, say, & maximum molar satio of 31, again measured
against sulfur in the cosl.

[0086] In some embodiments, the amowst of mercury released is also
mitigated, lowered, or eliminated by use of such sorbents even without additional
halogen. It is believed that the sorbents are effective at removing oxidized mercury in

systems where the flame temperature is as Jow as 1000°F.  However, in many
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embodiments, including some in which the flame tempersture is considerably higher
than 1000°F, i is preferable to freat the coal with sorbent compositions that contain a
halogen compound. The use of the halogen compound along with the alkaline powder
sorbent tends o reduce the amount of upoxidized mercury in the gases of combuston,

{0087]  Sorbent compositions comprising a halogen compound contain one or
more organic or inorganic compounds that contain a halogen.  Halogens include
chiorine, bromine, and iodine. Preferred halogens are bromine and iodine. The halogen
compounds are sources of the halogens, especially of broming and iodine. Por bromine,
sources of the halogen include varous inorganic salts of bromine inchuding bromides,
bromates, and hypobromites. In varions embodiments, erganic bromine compounds are
less preferved because of their cost or availability, However, organic sources of bromine
containing & suitably high level of bromine are considered within the scope of the
invention. Non-limgting exemples of organic bromine compounds include methylene
bromide, ethyl bromide, bromoform, and carbon tetrabromide. Non-limiting inorganic
sources of iodine include hypoiodites, lodates, and iodides, with lodides being preferred.
COreganic todine compounds can also be used.

f0098] When the hajogen compound is an inorgamic substituent, it is
preferably a bromine or ledine containing sait of an alkaline earth element. Exemplary
alkaline carth elements include beryllium, magnesium, snd calcium.  Of bhalogen
compounds, particulanly preferred are bromides and iodides of alkaline earth metals such
as caloiwm. Alkali metal bromine and iodine compounds such as bromudes and iodides
are offective in reducing mercury emissions. But in some cmbodiments, they are less
proferred as they tend to cause corrosion on the boiler tubes and other steel surfaces
and/or contribute to tube degradation and/or firebrick degradation.  In various
embodiments, it has been found desirable to avoid potassivm salis of the halogess, in
order to avoid probleras in the furnace.

{0089] In various embodiments, it has been found thai the use of alkaline
earth salts such as calcium tends o avoid such probloms with sodium andfor potassium,
Thus in varions embodiments, the sorbents added into the coal burning system contain
essentially no alkali metal-containing bromine or iodine compounds, or more specifically

essentially no sodivm-containing or potassim-containing bromine or iodine compounds.
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{4100} In various ernbodiments, sorbent compositions containing halogen
are provided in the form of a liquid or of a solid composition. In various embodiments,
the halogen-containing composition is applied io the coal before combustion, is added 1o
the fornace during combustion, and/or is applied into flue gases downstream of the
furngce. Whes the halogen composition is a solid, it can fusther contain the calcium,
silica, and alumina components described herein as the powder sorbent.  Allernatively, a
solid halogen composition is applied onto the coal andfor elsewhere into the combustion
systemn separately from the sorbent components comprising calcium, silics, and alumina.
When it is a liguid composition it is generally applied separately.

{0101] in various embodiments, liguid mercury sorbent comprises a
solution containing 5 to 60% by weight of # soluble bromine or iodine containing salt.
Nen-limiting examples of preferred bromine snd jodine salts include calcivm bromide
and calchum iodide. In vardous embodiments, liquid sotbents contain 5-60% by weight
of calcium bromide and/or caleium fodide. For efficiency of addition to the coal prior to
combustion, i varions embodiments & is preferred to add mercury sorbents having as
high level of brotine or iodine compound as is feasible. In a non-fimiling embodiment,
the liquid sorbent contains 50% or more by weight of the halogen compound, such as
calcium bromide or calcium iodide.

0102] To various embodiments, the sorbent compositions containing a
halogen compound forther contain a mitrate compound, a niirite compound, or a
combination of rwtrate and nitrite compounds. Preferred nitrale and nilrite compounds
include those of magnesium and calcium, preferably calchum,

[0103]  To further illustrate, one cmbodiment of the present invention
mvoives the addition of liguid mercury sorbent directly to raw or crushed coal prior to
combustion. For exampie, mercury sorbent is added to the coal in the coal feeders.
Addition of liquid mercury sorbent ranges from 0.01 to 5%. In various embodiments,
treatment is at less than 5%, less than 4%, less than 3%, or less than 2%, where all
percentages are based on the amount of coal being treated or on the rate of coad
consumpiion by combustion. Higher treatment levels are possible, but tend o waste
material, as no further benefit is achioved. Preferred treatment levels are from 0.025
2.5% by weight on s wet basis. The amonnt of solid bromide or iodide salt added by

way of the liguid sorbent is of comrse reduced by its weight fraction in the sorbent. In an
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itlustrative embodiment, addition of bronide or iodide compound is at a low level such
as from 0.01 % w0 1% by weight based on the solid. When a 50% by weight solution is
used, the sorbent is then added at a rate of 0.02% {0 2% to achieve the Jow levels of
addition. For example, in a preferred embodiment, the coal is treated by a Hquid sorbent
at a rate of 0.02 o 1%, preferably 0.02 to 0.5 % calculated assuming the calcium
bromide {s about 30% by weight of the sorbent. In a typical embodiment, approximaiely
1%, 0.5%, or 0.25% of Bquid sorbent containing 50% calcium bromide is added onto the
coal prior to corsbustion, the percentage being based on the weight of the coal. Tn a
preferred embodiment, initial treatment is started at low levels {such as 0.01% to 0.1%)
and is imcremenially increased until a desired (fow) level of mercury emissions is
achieved, based on monitoring of emissions. Similar treatment levels of halogen are
used when the halogen is added as » solid or in multi-component compositions with
other components such as calclum, silica, aluming, iron oxide, and 30 on,

[0104]  When used, Hquid sorbent is sprayed, dripped, or otherwise deliverad
onto the coal or elsewhere into the coal buming system. In various embodiments,
addition is made to the coal or other fuel at ambient conditions prior to entry of the
fuel/sorbent composition into the fumace., For example, sorbent is added onto powdered
coal prior 1o 118 injection into the furnace. Alfernatively or in addition, liquid sorbent is
added into the furnace during combustion and/or into the flue gases downstream of the
furnace. Addiion of the halogen containing mercury sorbent compnsition is often
accompanied by a drop in the wercury levels measured in the flue gases within a minute
or a few minotes: in various embodiments, the reduction of mercury is in addition to 2
reduction achieved by use of an alkaline powder sorbent based on calcium, silica, and
alumina,

[G108] In another cmbodiment, the invention involves the addition of a
hatogen component (Hlustratively a calcium bromide solution) directly to the furnace
during combustion. Tn another embodiment, the invention provides for an addition of a
calcium bromide solution such as discussed above, into the gascous strearn downstream
of the furnace in a zone characterized by a temperature in the range of 2700°F to 1500°F,
preferably 2200°F to 1500°F. In various embodiments, treat levels of bromine
compounds, such as calcium bromide are divided between co-, pre- and post-combustion

addition in any proporiion.

PAC ET AL. EXHIBIT 1023

Page 170



10

15

20

25

30

WO 2006/0096 11 PCT/US2006/010000

[0106]  In one embodiment, various sorbent componenis are added onto coal
prior to its combustion. The coal is preferably particulate coal, and is optionally
pulverized or powdered sccording to conventionsl procedures. In a non-limiting
example, the codl is pulverized so that 75% by weight of the particles passes through a
200 mesh screen {2 200 mesh screen has hole diameters of 73 um).  In vanous
embodiments, the sorbent components ave added onto the coal as a soltd or as a
combination of a Honid and a solid. Generally, solid sorbent compositions are in the
form of a powder. If 3 sorbent is added as a lguid (fHustratively as 4 solution of one or
more bromine or iodine salts in water), in one embodiment the coal remains wet when
fed into the burner. In various embodiments, a sorbent composition is added onio the
coal continuously at the coal buraing facility by spraying or mixing outo the cosd while it
is on a conveyor, screw extruder, or other feeding apparatus. In addition or alternatively,
a sorbent composition is separately mixed with the coal at the coal tnrning facility or at
the coal producer. In a preferred embodiment, the sorbent composition Is added as a
liquid or a powder to the coal as it is being fed into the burner. For example, in a
preferred commercial embodiment, the sorbent is applied into the puivenizers that
pulverize the coal prior o injection. I desired, the rate of addition of the sorbent
composition is varied to achieve a desited level of mercury emissions. In one
erabodiment, the level of mercury in the flue gases is monitored and the level of sorbant
addition adjosted up or down 48 required to maintain the desired mercury level.

{01071  In various embodiments, levels of mercury and/or sulfur erpitted from
the facility are monitored with conventional analytical equipment using indusiry standard
detection and determination methods. In one embodiment, monitonng 15 conducied
periodically, either maoually or automatically. To a non-limiting example, mercury
emissions are monitored once an hour o ensure compliance with government
regulations. To illustrate, the Ontario Hydro method is used. In this ksown method,
gases are collected for a pre-determined time, for example one howr. Mercury 15
precipitated from the collected gases, and the level of elemental and/or oxidized mercury
is quantitated using a suitable method such as atomic absorpiion. Monitoning can also
take more or less frequently than once an hour, depending on technical and commercial
feasibility. Comunercial continuous mercury monitors can be sef 1o measure mercury and

produce g number st a sultable freguency, for example once every 3 to 7 minudes. o
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various embodiments, the output of the mercury monitors is used to control the rate of
addition of mercury sorbent. Depending on the resulis of monitoring, the rate of addition
of the mercury sorbent is adjusted by either increasing the level of addition; decreasing
it; or leaving it unchanged. To iHusteate, if monitoring indicates mercury levels are
higher than desired, the rate of addition of sorbent is increased emtil mercury levels
return to a desired level ¥ mercury levels are at desired levels, the rate of sorbent
addition can remain unchanged.  Alternatively, the rate of sorbent addition can be
lowered until monitoring indicates it should be increased to avoid high mercory levels.
in this way, mercury erdssion redoction is achicved and excessive use of sorhent {with
concommitant increase of ash) 1s avoided.

{0108] DMercury is monitored in the convective pathway at svitable locations,
In various embodiments, mercury released into the atmosphere is monitored and
measured on the ¢lean side of the particulate control systerms.  Mercwry can also be
monitored at a point in the convective pathway upstream of the particulate control
system. Experirnents show that as much as 20 to 30% of the mercury in coal s captured
in the ash and not wleased into the atmosphere when no mercury sorbent is added, In
preferred embodiments, addition of mercury sorbenis described herein raises the amount
of mercury capiure to 90% or more. Mercury emissions into the atmosphere are
correspondingly reduced.

{0108] In vedous embodiments, sorbent components or a  sorbent
composition is added more or less continuously to the coal before combustion, to the
furrace during combustion, and/or to the convective pathway in the 15G0°F to 2700°F
zone a8 described above. In various embodiroents, automatic feedback loops are
provided between the mercury monitoring apparatus and the sorbent feed apparatus,
This allows for a constant monitoring of emitted mercury and adjustment of sorbent
addition rates to control the process.

{01101 In prefoerred embodiments, mercury and sulfur are mowitored using
industry standard methods such as those published by the American Society for Testing
and Materials (ASTM) or intersational standards published by the International
Standards Organization (ISO).  Avn apparatus comprising an analytical instrumnent is
preferably disposed in the convective pathway downgtream of the addition points of the

mercury and sulfur sorbents. In a preferred embodiment, a meroury monitor is disposed
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on the cleap side of the particulate control system.  Alternatively or in addition, the fine
gases are sampled at appropriate locatons iy the convective pathway without the need (o
install an instroment or monitoring device, In various embodiments, a measured level of
mercury or sulfur is used to provide feedback signals to pumps, solenoids, sprayess, and
ather devices that are actuated or controlled to adjust the rate of addition of 8 sorbent
composition into the coal burning system. Alternatively or in addition, the rate of
sorbent addition can be adjusted by a unan operator based on the observed lovels of
mercury and/or sulfur

[0111] In various embodiments, the ash produced by burning coal in the
prasence of the sorbenis described herein is cementitious in that it sets and develops
strength when combined with water. The ash tends o be self-setting due ifs reiatively
high level of calcivm. The ash serves alone or in cormbination with portland cement as a
hydraalic cement suitable for formulation info 4 varlety of cementitious naxtures such as
maortars, concretes, and grouts.

{01121 The cementitions natwre of ash produced as described herein is
demonsirated for example by consideration of the strength activity index of the ash, or
more exactly, of 2 cementitious mixture containing the ash,  As described i ASTM
C311-05, measurement of the strength activity index ts made by comparing the cure
behavior and propetty developmerd of a 100% portland cement concrete and a test
concrete wherein 20% of the portland cement is replaced with an equal weight of a test
cement. To the standard test, strength is compared at 7 days and ot 28 days. A “pass” 13
cousidered to be when the strength of the test concrete is 75% of the strength of the
portland cement concrete of greater. In various embodiments, ashes of the invention
exhibit of strength activity of 100% to 150% in the ASTM test, indicating a strong
“nass”. Similar high values are observed when lests are run on test mixtores with other
than an 80:20 blend of portland cement to ash. In vatious embodiments, a strength
activity index of 100% to 150% is achieved with blends of 85:13 to 50:50, where the first
number of the ratio is porttand cement and the second number of the ratio is ash prepared
according o the invention, In patticular emsbodiments, the strength development of an
ali-ash test cementitious mixture (i.e., ong where ash represents 100% of the cement o
the test mixture) is greater than S0% that of the all-portland cement control, and is

preferably greater than 78%, and more preferably 100% or more, for example 100 -
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150%. Such results demounstrate the highly cementitious nature of ash produced by
burning coal or other fuel in the presence of the sorbent components described herein.

{0113] Because the ash resulting from combustion of coal according to the
invention containg mercury in & non-leaching form, it is available to be sold into
commerce. Non-limiting uses of spent or waste fly ash or bottom ash inclode as a
component in a cemens product such as portland cement. In various embodiments,
cement products contain from about 0.1% up to about 99% by weight of the coal ash
produced by burning compositions according to the invention. In one aspect, the non-
leaching property of the mercury and other heavy metals in the coal ash males it suitable
for all known indostiial uses of coal ash.

{0114]  Coal ash according to the invention, especially the fly ash collected by
the patticle control systems (bag house, electrostatic precipifaioss, etc.) is used in
poriland cement conorete (PCC) as a partial or complete replacement for portland
cement.  In various cmbodiments, the ash is used as a mineral admixbure or as a
componeni of blended cement. As an admixturs, the ash can be total or partial
replacement for portland cement and can be added direcily into ready mix concrete at the
batch plant. Alternatively, or in addition, the ash is inter-ground with cement clinker or
blended with portland cernent to produce blended cements,

{01181 Class F and Class C fly ashes are defined for example in .S,
Standard ASTM C 618, The ASTM Standard serves a8 a specification for fly ash when
it is used in partial substitution for portland cement. 1t is to be noted that coal ash
produced by the methods described herein tends o be higher in calchim and Jower in
sihica and gluming than called for in the specifications for Class F and Class C fly ash in
ASTM C 618, Typical valoes for the fly ash of the invention is »50% by weight Ca0),
and <25% S10/ALOFe, Oy In various embodiments, the ash is from 31 o 80 % by
weight CaO and from abont 2 10 about 25% of total silica, alumina, and iron oxide. ¥t is
observed that fly ash according to the invention is highly cementitious, allowing for
substitidions or cutting of the portland cement used in soch cementitious materials and
cementiticus materials by 50% or more. In various applications, the coal ash resulting
from burning coal with sorbents described herein is sufficiently cementitious to be a

complete (100%) replacement for portland cement in such compositions.
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f0116] To further illusirale, the Amedican Concrete Institute (ACDH
recommends that Class F iy ash replace from 15 f0 25% of portland cement and Class C
fly ash replace from 20 to 35%. It has been found that coal ash produced according io
the methods described herein is sufficiently cementitious to replace up to 30% of the
portland cement, while maintaining 28 day strength development equivalent to that
developed in a product using 100% portfland cement. That is, slthough in various
embodiments the ash does not qualify by chemics! composition as Class C or Class F ash
according to ASTM C 618, it nevertheless is useful for formulating high sirength
concrele products,

[0117]  Coal ash made according to the invention can alsoc be used as a
component in the production of flowable fill, which is also called controlled Jow strength
material or CLSM. CLSM is used as a self leveling, self compacting back fil material in
place of compacted earth or other fill, The ash described herein s used in vatious
embodiments ¢ a 100% replacement for portland cement in such CLSM malerials. Such
compositions are formulated with water, cement, and aggregate to provide a desired
flowability and development of wlimate strength. For example, the ultimate strength of
flowable fill should not exceed 1035 kPa (150 pounds per square inch) if removability of
the set malerial is required. ¥ formulated to achieve higher vltimate strength, jack
hammers may be sequired for removal. However, when # is desiced to formulate
flowable £l mixes to be used in higher load bearing applications, mixtures containing a
greater range of compressive sirength upon cute can be designed.

[0118]  Coal ash produced according to the methods described hersin is also
usable a8 & cornponent of stabilized base and sub base mixtures, Since the 1950°s
numerous variations of the basic Hmeffly ashfaggregaie formulations have been used as
stabilized base mixtuzres. An exsmple of the use of stabilized base is used as g stabilized
road base. To illustrate, gravel toads can be recycled in place of using ash according to
the composition. An existing road surface is pulverized and re-deposited in its original
location.  Ash such as produced by the methods described herein is spread over the
pulverized road material and mized in. Following compaction, a seal coat surface is
placed on the roadway. Ash according to the invention is vseful in such applications
because it contains no heavy metals that leach above regulatory requirements. Rather,

the ash produced by methods of the invention contains less leachable mercury and less
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leachable other heavy metals (such as arsenic and lead) than does coal ash produced by
burning coal without the sorbents described herein, _

[0118]  Thus, the invention provides various methods of eliminating the need
to landfill coal ash or fly ash resulting from contbustion of coal that contains high levels
of mercury. Insiead of a cosily disposal, the material can be sold or otherwise used as a
raw material.,

{0120] In a preferred embodiment, wse of the sorbents results in a
cementitious ash that can replace portland cement in whole or in part in a vatety of
applications. Because of the re-use of the cementitioss product, at least some portland
cement manufacture is avoided, saving the energy required to make the cement, and
avoiding the release of significant amounis of carbon dioxide which would have arisen
from the cement manufacture, Other savings in carbon dioxide emissions result from the
reduced need for Hme or calcium carbonate in desulfurization scrobbers. The invention
thus provides, in various embodiments, methods for saving energy and reducing green
house emissions such as carbon dioxide, Further detail of varous embodiments of this
aspect of the invention are given below,

[0121]  Ponland coment is manufactured in a wet or a dry process kiln, While
the wet and dry processes differ, both processes heat the raw material in stages. Cement
manufacturing raw ynaterials comprise sources of calchum, sifica, ivon, and alumina, and
usnally inclode limestone, as well as a variety of other materials, such as clay, sand,
and/or shale, for examople. The first stage is a pre-heating stage that drives off any
moisture from the raw materials, removes water of hydration, and raises the material
temperature op 1o approximately 1500°F. The second stage is the calcination siage
which generally occurs between about 1500°F and 2000°F, where the limestone (CaC04)
is converted 1o lime (Ca0) by driving off carbon dioxide (CO,) in a calcination reaction.
The raw materials are then heated to 3 maximum temperature of between about 2500°F
to 3060°F in the burning zone, where they substantially melt and flux, thus forming
inorganic compounds, such a8 tricalcium  silicate, dicalcium silicate, tdcalcium
albiminate, and tetracalcium aluminoferrite. A typical analysis of portfland cement
products shows that they contain approximately 65-70% Ca0, 20% 5i0;, 5% ALOs, 4%
Fea(s, with lesser amounts of other corapounds, such as oxides of magnesium, sulfur,

potassium, sodium, and the bke. The molten raw material is cooled fo solidify into an
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intermediate product in small lumps, known as “clicker” that is subsequently removed
from the kiln. Clinker is then fingly ground and mixed with other additives (such as 3
set-retardant, gypsum) to form pottland cement. Portland cement can then be mixed with
aggregaies and water to form concrete.

{0122] Cement production is an energy sensilive process in which a
combination of raw materials is chemically altered through intense hest to form a
compound of binding properties. Cement manufacturing is the largest non-energy
industrial source of carbon dioxide emissions. The emissions result from heating
limestone, which constitutes approximately 80% of the feed o cement kilns, During
cement production, high temperatures are vsed to transforme the Ymestone into lime,
releasing carbon dioxide into the atmosphere. In this process, one molecule of calciam
carbonale is decomposed into one molecule of carbon dioxide gas and ove molecule of
caleivmn oxide.

91231 ‘The cement manufacturer wiflizes neady 100% of the calcium oxide
obtained from calcinated calcium carbonate. Thus, the amount of csleium oxide in the
cement chinker is 3 good measure of the carbon dioxide produced during production. In
an sxample, 1o estimate carbon dioxide emission from cement production, an ermission
factor 18 derived by muliiplyiug the fraction of lime in the cement clinker by a constant
that reflects the mass of carbon released per unit of ime, In one example, assuming an
average lime content of 64.6% based on recomrendations of the International Panel for
Climate Control, an emissions factor of 0.138 tons of carbon per ton of clinker produced
is obtained. Additional carbon dioxide may be released as a result of adding extra lime
i make masonry cement, a mors plastic coment that typically is used in mortar.

(0124]  In cement making, carbon dioxide emissions result from energy use
and from decomposition of calcium carhonate during clinker production. Depending on
the fuel source that provides the energy, carbon dioxide emissions may vary. For
example, the use of a cleaner buming fuel, such as natural gas, produces less carbon
dioxide endssions than the wse of a fuel such s coal, In various embodiments, the
invention described above may be used in the production of cement. In such
embodiments, the use of the invention in the production of cement will reduce carbon

dioxide emissions,
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{0125]  In various embodiments, the invention described herein, may be used
in the preduction of cement to produce carbon dioxide emission credits by lowering
carbon dioxide emission in the preduction of cement. In preferred embodiments, a point
source for alr ermnissions, such as a cement plant or a coal-fired power plant, is brought
into compliance with the Kyoto protocol.

{0126]  Although the invention is not to be lmited by theory, it is belleved
that the sorbent compositions described sbove provide additional or supplemental
sources of silica and alumina into the coal burning process. Combustion of the coal with
the added silica and alamina forms a geopolymeric matrix such as is known in coid
ceramics. Although coal naturally contains small amounts of silica and/or alumina, it is
believed that the armount of the materials naturally occurring in coal is normally not
sufficient to provide the geopolymeric mattix upon combustion. Further, the silica and
alumina natavally occurring in coal is ot necessartly balanced with the natural occurring
calciom in order o provide optimur sulfur andfor mercury capture andfor cementitions
ash product upen combustion,

{81271 In various embodiments, the invention provides methods for
improving the leaching quality of heavy metals such as mercury from coal. The methods
involve adding sufficient silica and/or alomina to the coal o cause a geopolymer to form
upon corpbustion.  Preferably, the silica and alumina are added along with sufficient
alkalt powders to reduce sulfur pitting. The alkali powders tend 0 nestralize the silica
and alumina, with formation of geopolymeric ash along with coupling silica and/or
ahiming to form g ceramic like matrix that reports as a stabilized ash, ¥ may also be that
the aloming and silica burning with the coal forms a sefractory like mixture compound
with mercury, lead, arsenic, cadmium, antimony, cobalt, copper, manganese, zinc, and/or
other heavy metals. As a result, the resulting coal ash or fly ash containing heavy metals
is resisiant to leaching under standard conditions. As noted above, the non-leaching
quality of the coal ash leads to commercial advantages because the product would no

longer be considered as a hazardous material,
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EXAMPLES

[0128] In Examples 1 - 6, coals of varying BTU value, sulfur, and mercury
cordent are buiped in the CTH furnace at the Energy Environmental Research Center
(BERC) at the University of Nonh Dakota, Percent mercury is reported based on the
total amount of the element in the coal prior to combustion. Percentage sulfur removal is
a percentage reduction above baseling, the baseline determined by measuring sulfur

emxissions from buming withoui sorbent,

Hreample 1

(01287 This example iflustrates the mercury sovption ability of a calehum
bromide/water solution when applied to a Powder River basin sub-bituminous coal. The
as-fired coal has 2 moisturs content of 2.408%, ash content of 4.83%, sulfur content of
$.29%, a heating value of 8,999 BTU and a mercury content of 0.122 pg/g. Combustion
withont sorbent resulis in a mercory concentration of 13.9 _ug:"m3 in the exhaust gaz, The
fuel is ground to 70% passing 200 mesh and blended with 6% of a sorbent powder and
0.5% of a sorbent liquid, based on the weight of the coal. The powder contains by
weight 40-45% poriland cement, 40-45% calcium oxide, and the remainder calciure- or
soditm montmorillonite. The liguid is a 50% by weight solution of calcium bromide in
water.

{0138]  The sorbents are mixed directly with the fuel for three minutes and
then stored for combustion. The treated coal is fed to the furnace. Combustion results in
a 90% mercury {total) removal at the bag house outlet and a 80% removal of sulfur as

measured at the bag house outiet.

Example 2
[G131]  This example illustrates the use of powder and lignid sorbents apphied
to three bitupunous coals of varving mercury conient.  All coals are prepared as in

example #1, with the same addition levels of sorbenis.
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Parameter Coal % of Mercury % Sulfur
Hemoval Removal
% Moistore 8.48 Pittsburgh, 97.97 4.0
% Sulfur 2,78 Seamn, Bailey
Mercury 162 pgfm’ | Coal
BTU value 13,3724
96 Moistare 10.46 Freeman Crown
% Sulfer 4,24 11} 97.9 36,0
Mercury 8.53 pg fm’”
BTU value 11,824
Kentucky
% Moisture 1.0 Blend G901 524
% Sulfur 1.23 N
Mercury 5.26 ug iy’

BT value 12,937

Example 3

[0132] This example illustrates addition of a mercury sorbent post.
combustion. Piltsburgh Seam-Bailey Coal is ground to 70% passing 200 mesh. No
sorbent was added to the fuel pre-combustion. Liguid sorbent containing 50% calciom
bromide in water is duct injected into the gaseous stream of the furnace in the 2200°F «
1300°F zone. The liquid sorbent is injected at the rate of approximately 1.5% by weight
of the coal.

Coal Type Sorbent % 5 veduction # Hg
Composition Reduction
Pittsburgh 50% CaBr, 28,13 96.0
Seam-Bailey 30% W20
Coal

{0133] This exemple dlinstrates addition of a liquid and a powder sorbent
post-combustion. No sorbent was added directly 1o the fuel. Both fuels are bituminous
and noted as Freeman Crown 11I and Pittsburgh Seam — Bailey Coal.  In both cases the
coal was ground to 70% minus 200 mesh prior to combustion. The powder and liquid

sorbents are as used in Example 1. Rates of liquid and powder addition {percentages
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based on the weight of the coal being burmed), as well as mercury and sulfur reduction

levels, are presented in the table,

Coal Type Ligmd sorbent | Powder sorbent | S Reduction | Hg Reduction
injoction rate injection rafe
Freeman Crows [ 1.0 4.0 36.27 97.89
Pittsburgh Seam — 1.3 6,10 33.90 96,00
Bailey Coal
Hxample 5

{0134] Pitisborgh Sestn Bailey Cosl is prepared as in Example 1. The
powder sorbent of Example 1 is added to the coal pre-combustion at 9.5% by weight.
The liquid sorbepi of Example 1 (530% calcium bromide in water) is injectsd post-
corsbustion in the 1500°F — 2200°F zone at a rate of 0.77%, based on the burn rate of the

coal, Suoifur reduction is 56.239% and roercury reduction is 93.67%.
¥

Hrample 6

{0135] Kentucky Blend Coal is prepared &8 in Example 1. The powder
sorbent of Example 1 is added to the coal pre-combustion at 6% by weight, The ligwid
sorbent of Example 1 (50% calcium bromide in water) is injected post-combustion in the
1500°F — 2200°F zone at a rate of 2.63%, based on the burn rate of the coal. Sulfur
reduction {5 34.91% and mercury reduction is 93.0%.

{0136] In Bxamples 7 - 18, coals of varying BTYJ value, sulfur, and mercury
content are burned in a variety of boilers at electrical utilities, Percent mercury reduction
i3 reporied based on the total amount of the element in the coal prior o combastion.
Percentage sulfor removal is a percentage reduction above bascline, the baseline

determined by measuring sulfur emissions from burping without sorbent.

[0137] A fuel containing bituminous and sab-bituminous coals, pet coke,
wood chips, and rubber tire scraps is burned in a stoker famace to produce 60 megawatts
of power. The furnace is operating in a balanced draft manner. Baseline emissions of

mercury from boming the fuel with no added sorbent indicate the mercory is mostly in
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the oxidized form, After establishing a baseline, a powder sorbent composition is added
at a treat rate of 5.3 - 6% by weight to the furmace about two feet above the grate through
the fly ash recyclefreinjection tubes of the furnace. After steady state is reached, the
mercury capture is 96%. The powder sorbent composition is 93% by weight of a 50:50
mixiwre of cement kiln dust asd YHme kilo dust; and 7% by weight caloium
montmorilionite.  While maintaining addition of the powder sorbent composition, a
Bguid sorbent containing 50% by weight calcium bromide in water is added onto the fuel
prior to combustion at a vale of 0.5%, based on the weight of the fuel being consumed,

Un addition of the liquid sorbent, the mercury capture increases o 99.5%,

Example §

[138] PRB coal {pulverized to 75% passing 200 Mesh) is bumed in a
tangentially fired boiler operating in a balanced draft manner o produce 160 megawatis
of electric power. After establishing baseline 8 and Hg crmissions from burning of the
coal without added sorbent, a powder sorbent composition as in Example 7 is added at a
treat level of 5.5 - 6% into the fomace. Addition is made through a lance positioned 4
feet frora the inside wall of the fuunace and 20 feet above the fireball, The temperature
of the flue gases at the point of injection is about 2400°F to 2600°F, measured by a
temperature sensor. Sulfur capture is increased by 63 % over baseline, Mercury caphe
is 3 %, based on the total amount of mercury in the PRB coal. Then, while continuing
addition of the powder sorbent, a 50% calcium bromide in water solution is added to the
pulverized coal in the coal foeders by drip feed at a freat rate of 0.5 %, based on the raie

of coal consumption, Mercury capture increases to 90 %.

Example 8

[0139] PRB coal puiverized (o about 200 mesh is bumed in a tangentially
fired fumace operating in a positive deaft manner to prodece about 164 megawatis of
electric power. Afier establishing baseline sulfur and mercury emissions from burning
the coal without added sorbent (the mercury is predominantly i slemental form in the
flue gas emissions), a powder sorbent composition as in Example 7 is added at a
treatment rate of 3.5 — 6.0% by weight of fuel into the furnace just below the neck of the
furnace, about 20 feet above the fireball. The temperature at the injection point is about

30007 10 3300°F. Addition is made through a series of 3 lances along one side of the
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furnace. Bach lance conveys approximately the same amount of powder and protrudes
approximately 3 feet into the furnace from the inside wall. Sulfur capture is inereased by
30% over baseline. Mercury capture s approximately 1 - 3% over baseline. While
continuing addition of the powder sorbent compesition into the furnace, a 50% by weight
solation of calcivm bromide in water is added direcily io the fuel in the fuel feeder at a
rate of ap?mxjmaieiy .2% by weight. based on the weight of coal being consumed by

combustion. Mercury captuge increases to 90%.

{01401 The same process as Example 9 is also followed except the powder
sorbent is added directly to the coal feeders (upstream of the furnace) rather than directly
into the furmace. The same sulfur and mercory reductions are observed as with Example
9.

[0141] PRB coal is bumed in a positive draft tangentiafly fired beiler to
generate electricity for consumer use. Powdered coal (75% passing 200 mesh) is fed {0
the boiler. Before introduction of the powdered coal into the boiler, a powder sorbent is
added to the coal at a rate of 6% by weight, based on the rate of coal being consumed by
combustion. The powder sorbent containg 93% by weight of a 30/50 mixture of cement
kiln dust and lime kils dust, and 7% by weight of calcium montroorifionite. At the same
titne, a 30% by weight solution of calcium bromide in water is dripped onto the coal at a
rate of 0.1 to 2% by weight based on the rate of consumption of coal by combustion, Ry
ash samples are collected before addition of sorbents (haseline), and after addition of the
powder and liquid sorbents. ‘The levels of chlotine and heavy metals are determined

acoording to standard methods. Results are in the table (Table 1)
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Fly Ash Composition with and withouot sorbenis

Elerpent Test ~ After sorbent Baseline - Prior to
addifion sorbent addition
{ppm except for {ppm except for chloring
chlorine}

Ag 39,3 28.5

Ba 1.3 1.4

d 2.3 1.1

Co 44.% 38.5

Cr 52.0 4.3

Cu 61.6 48.8

Mn 4557 3055

Mo 26.0 315

i 208.5 325.5

Fb 453 31.3

Sb 23.0 7.3

W 473.0 274.5

Zn 30954.0 9747
Mercury {3,246 (.128
Chlorine {,940% (1.36%

{0142] 1t is seen that use of the sorbents increases the level of several heavy

metals found in the fly ash. For example, arsenic, cadmiwm, chromivm, lead, mercnry,
and chlorine are present at higher levels in the test ash than in the baseline, This is
believed to represent increased capture of the slernents in the ash. The increased level of
zine in the test ash is unexplained. However, it could be due to the fact that a great deal
of de-slagging is observed from the botler tubes upon use of sorbents of the invention. It
could be that the increased levels of zine are attributable to material removed from the

boiler tubes during combustion with the sorbents.

Example 12
Mext the ash samples are tested acconding o the TCLP procedure of the U.S.
Environmental Protection Agency (EPA) to determine the acid leaching thresholds of

key clements. Resuits are in Table 2.
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Table 2
Fly Ash TCLP Test Results

Element EPA Bassline — prier Test - with
Theeshold Limit ta sorbent sorbent additien
{pra) addition {ppm)
{ppmy)
Arsenic 3.0 <{.034 =(,04
Barium 100.0 (.814 .33
Cadmium 1.0 <004 <0.04
Chrominm 50 {0.830 <0.007
Lead 3.0 {513 0.096
Mezcury .20 0.095 6.078
Selenium 1.4 <0487 <Q.07
Silver 5.0 3.835 3.291
{1431 Table 2 shows that, while the ash is higher in sbsolute levels of

elements such a8 avsenic, lead, and mercury, nevertheless the amount of leachable

arsenic, lead, and mercury is actually lower in the test ash than in the baseline.

Fxample 13

{0144] PRB cosl (75% passing 200 mesh) is bumed in a balanced draft
tangentially fired fursace to produce 160 MWaits of power. The coal is burned for a
time period to produce 8 box cars of fly ash. A powder sorbent is added at a mate of 4-
6% by weight into the system during the time period. For the first third of the time
period, addition of sorbent is solely into the furnace at a location just below the nose of
the furnace through a lance inserted through the fummace wall; for the next third, addition
of sorbent is half into the fumace and half onio the powdered coal pre-combustion; for
the fimal third, addition of powder sorbent is 100% onto the coal pre-combustion.
Throughout the time period, a Hauid sorbent (30% by weight calciom bromide in water)
1s added onto the powdered coal pre-combustion at a vale of 0.15% by weight, based on
the rate of coal consurnption. A consolidated sample representative of the eight box cars
of ash is collected and measured for leaching using the US EPA TCLP procedure, The
leaching result for barium is 26 ppm, well below the regulatory fevel of 100 ppm. TCLP
values for As, Cd, Cr, Pb, Hg, Se, and Ag are below the detection lumits of the test. Tn

particular, mercory leaching is <0.0020 ppm, which is less than 2 ppb,
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CLAIMS

I claim:

1. A process for burning coal in a coal burning system to reduce the amount
of mercury released into the atmogphere compaising

applying a sorbent composition comprising a halogen into the coal
burning system, wherein the sorbent composition is free of alkali
metal compounds;

combusting the coal to produce ash and combustion gases;

measuring a mercury ievel in the combustion gases; and

adjusting the amount of sorbent composition applied based on the value of

the wercury level,

2, A process according to claim 1, comprising applying the sorbent
composition onto the coal, delivering the coal containing the sorbent into the furnace for
combustion, and adjusting the amount of sorbent applied to the coal based on the value

of the mercury level.

3. A process according to claim 1, wherein the sorbent composition

comprises a bromine compound or an fodine compound,

4, A method according to claim 1, wherein the sorthent composition

comprises a bronude.

5. A method according tw claim 1, wherein the sorbent composition

comprises calcium bromide.

5. A method according to claim 1, comprising applying 4 solution containing

a bromine compound onto the coal.

7. A method according to clabm 1, comprising applying 2 solution containing

a indine compound onto the coal.
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g, A method according 10 claim 1, comprising contaciing the coal with an

agueous solution comprising calcium bromide.

3. A method according to claim 8, wherein the solution comprises 20% to

60% by weight calciom bromide.

10. A method according to claim 8, wherein the solution comprises grealer

than 50% by weight calcium bromide.

1L A method for reducing mercury in the flue gasss resulting from
combustion of coal in a coal burming system, comprising

applying sorbent components into the coal burning system, wherein the
components comprise a halogen compound and af legst one
sluminosilicate mineral;

combusting the coal to produce ash and combustion gases;

measuring a mercury level in the combustion gases; and

adjusting the amount of halogen compounnd applied based on the value of

the mercury level.

12, A method according to claim 1, comprising applying the components 1o
the coal before combustion and delivering the coal containing the components to the

furnace for combustion.

13, A method according to claim 11, wherein the sorbent comprises a

bromide,

i4, A method according to claim 11, whersin the sorbent commprises calcium

bromide.

18, Amethod according to clain 11, wherein the aluminosilicate mineral is a

layered structure comprising at least one nuineral selected from the group consisting of

PAC ET AL. EXHIBIT 1023
Page 187



He

16

20

25

30

W 2006/099611 PCT/US2086/010000

clay, kaolinite, sodium montmeorillonite, calcium montmorillonite, vermiculite, mica,

tale, chrysotile, and pyrophiliite,

16. A method according to claim 11, wherein the alurinosilicate mineral
comprises ai feast one layered structure selected from the group consisting of kaolinite,

calcium montroriilonite, and sodiam montmoritonite.

17. A method for reducing the amount of oxidized mercury in flue gases
generated by combustion of mercery-containing carbonaceous fuels, the method
COmprising

burning the fuel in the presence of an alkaline powder sorbent;

measuring the level of mercury in the flue gases;

comparing the measured rercury level 0 8 target level; and

it the measured valoe is above the targeted lovel, increasin g the amount of
powder sorbent added relative to the fuel,

wherein the powder sorbent comprises caleium, silica, and ahumina.

i8. A method according to claim 17, wherein the powder sorbent further

comprises iron and magnesium,

19, A method according to claim 17, wherein the slumina content of the

sorbent is higher than the alumina content of portiand cemvent,

20. A method according to clasim 17, wherein the alumina content of the

powder sorbent is greater than 7% by weight,

2i. A method according to claim 17, comprising injecting the powder sorbent

inio the furmace during the burning.

22 A method according to clatm 17, wherein the fuel comprises coal and onc
or more components selected from the group consisting of biomass, polymer scrap, and

rubber tires,
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23. A method according to claim 17, wherein the powder sorbent comprises
one or more materials selected from the group consisting of poriland cement, calcium
oxide, lime, limestone, sugar beet Hime, cement kiln dust, and lime kiln dust, and further

comprises an aluminosificate matesial.

24. A method according to claim 23, wherein the powder sorbent comprises

iwo or more of the materiaia,

25. A method of reducing sulfur and/or mercury in the flue gases produced by
the combustion of coal in the fumace of a coal burning facility, comprising applving a
powder composition onuto the coal before combustion andfor info the furnace during
combustion,  wherzin the powder composition coraprises 50 to 98% by weight of an
atkaline powder comprising calciom, and 2 to 50% by weight of an aluminosilicate

material,

26. A method according to claim 23, comprising combusting the fuel at g

temperature of about 1060°F.

27, A method according to claim 25, wherein the powder composition

comprises 5 t0 25% by weight of the shuminosilicate material,
¥ g

28. A method according to claim 25, wherein the powder sorbent comprises 3

o 10% by weight of the aluminosilicate material,

28, A method according to claim 28, wherein the alkaline powder comprises
one or more malerials selected from the group consisting of portland cerment, cement kiln

dust, lime kiln dust, and sugar beet lime.

30, A method according to claim 25, wherein the alkaline powder comprises

coment kiln doust and lime kiln dust,
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31, A method according to claim 25, wherein the aluminosilicate material
comprises @t least one material selected from the group consisting of calcium

montmerillontte, sodivm montmeoriiionite, and kaolin.

32. A method according to claim 25, comprising applying the powder

composition at 0.1 to 10% by weight based on the weight of the coal being combusied,

33. A method according to claim 25, comprising injecting the powder

composition into the fumace.

34. A method according to claim 33, wherein the temperature at the point of

jection is greater than 2000°F,

35. A sorbent composition coraprising 50 to 98% by weight of an alkaline
powder and 2 to 30% of an aluminosilicate mineral, wherein the alkaline powder
comprises one or more of portland cement, cement kiln dust, Hme Iiln dust, and sugar

beet Hme.

36. A composition according to claim 35, further comprising a bromine

compound.

37. A composition according to claim 35, wherein the alkaline powder

comprizes cement kdin dust and lime kiln dust,

38. A method according to claim 35, comprising 2 to 20% by weight of the

abarninosilicate material.
39. A method according o claim 38, wherein the aluminosilicate material is

one or more selected from the group consisting of calcium montmorilionite, sodium

mentmoriiionte, and kaolin,
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40. A process for burning coal to reduce the amount of mercury released into
the atinosphere comprising
applying s liquid sotbent composition comprising a bromine componnd
oo the coal;
delivering the coal containing the sorbent into 3 coal buming furnace;,
injecting a powder composition into the fumace during combustion, the
powder composition comprising sotrces of calchnm, silica, and
aluminag
combusting the coal together with the Hquid and powder composition in

the coal burning fumace to produce ash and combustion gases,

41, A process according to claim 40, further comprising
meastiring leaching of mercury from the ash; and
adjusting the amount of silica and alumina added by way of the sorbent
composition applied to the coal based on the value of the measured

leaching.

42. A method according to claim 40, wherein the liquid sorhent composition

comprises 2 bromide.

43. A method according to claim 42, wherein the liquid sorbent composition

contains essentially no alkali metal compound.

44. A method according to claim 40, wherein the powder composition

comaprises an alominosilicate mineral,

45, A method sccording to claim 40, whersin the powder composition

comprises one or more of portland cement, cement kiln dust, and lime kiln dust,

46. A method according to claim 40, wherein the sorbent comprises cement

kiin dust, me kiln dust, and an sluminosilicate minersl
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47, A method according to claim 40, compxising injecting the powder where

the temperaiure i3 above 2000°F,

4%, A method according to claim 40, comprising injecting the powder where

the lemperature is above 2300°F.

4%, A method according to claim 40, comprising injecting the powder where

the temperature is above 2700°F,

540, A method for buming mercury-containing coal in a combuistion system
o =

comprising a fumace and convective pathway for flue gases downstream of the fumace,

the method corprising:
adding a Hguid composition Into the system;
adding a powder composition comprising calcium, silica, and alumina
into the systern during combustion; and

combusting coal to produce flue gases and fly ash;

whertein the Hquid composition comprises a bromine compound and the powder

composition comprises at least 2% by weight sitica and at least 2% by weight alumina.

51, A method according to clabm 50, comprising adding the liguid

composition to the coal before combustion.

52. A method according to claim 50, comprising adding the powder

composition to the coal before combustion,

53, A method zecording to claim 50, whersin the Hauid composition

comprises calcium bromide.

54, A method according to claim 50, wherein the powder compaosition
comprises an aluminosilicate miveral and further coraprises one or more of portland

cetnent, cernent kiln dust, sugar beet fime, and lime kiln dust
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3%, A method sccording to claim 50, comprising adding the powder sorbent at

a 1 to 10% by weight based on the weight of the coal being combusied.

86, A wethod according to claim 50, comprising adding the bromine
compound at (.05 to 1% by weight based on the weight of the coal being consumed by

cornbusiion,

57. A method for burning coal with reduced levels of undesirable elements
eacaping into the enviromment comprising
adding a sorhent composition comprising calcium, silica, alumina, and 2
halogen selected from the group consisting of bromine and iodine
onto the coal;

burning the coal to produce ash and combustion gases.

58. A method according to claim 57, further comprising measuring a level of
mercury in the combustion gases and adjusting the level of bromine added to the coal

based on the level of mercury.

5%, A method according to claim 57, comprising adding a sufficient amount
of bromine onto the coal to reduce the mercury emissions into the environment by 90%
or more compared {0 the emissions produced by buiming coal without adding the

bromine.

60. A method according to claim 57, wherein the sorbent composition

comprises calcium bromide,

61. A method according io claim 357, comprising applying a liquid

compaosition comprising a bromine compound onto the coal,

62, A method according to claim 61, wherein the liquid composition

comprises calcium bromide,
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63. A method for reducing mercury in the flue gsses resulting from
combustion of coal in the furnace of a coal burning systers, comprising
applying sorbent components comprising 4 halogen, calcium, silica, and
aluining into the coal burning system; and

combusting the coal to produce ash and combustion gases.

64, A method according to 63, further comprising
measoring a mercury level in the combustion gases; and
adjusting the amount of halogen applied into the sysiem based on the

value of the mercury level.

65. A method according to ciaim 63, wherein the halogen comprises brommuue.

68, A method according to claiin 63, comprising adding at least one of the

components onto the coal pricr to combustion.

67. A method according to claim 63, comprising adding at least one of the

components direcily into the furnace.

68, A method according to claim 63, comprising injecting at least one of the

compenents into a convective pathway of the systern downstream of the fumace.

69. A method according to claim 63, comprising adding a Heuid sorbent

comprising bromine and & powder sorbent comprising calcium, silica, and alumina.

70. A method according to claim 69, wherein the powder sorbent comprises
one or more of portland cement, cement kiln dust, lime kiln dust, and ajuminosilicate

clay,

7. A method according to claim 69, comprising adding 1 to 10% by weight

of the powder sorbeut, based on the weight of coal being combusted.

4
in
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72, Acoal ash made by a process comprising burning coal in the presence of

added bromine, silica, and alumina.

73. A cement product comprising portland cement and from 0.01% o about
99% by weight, based on the total weight of the cement product, of a coal ash according

to claim 72,

74. A pozzolanic product comprising a pozzolan, and from about 8.01% by
about 80% by weight, based on the total weight of the pozzolanic product, of a coal ash

according to claim 72,

75. A concrete ready mix product comprising aggregate and a coment

roduct, wherein the cement product comprises a coal ash according (o claim 772,
| L=

78, A composition prepared by adding water to a ready mix prodact

according to claim 75,

71, A setconcrete construction prepared by hydrating a ready mix product

according to claim 75,

78. A process comprising
burning coal in the presence of 1-10% by weight of an added sorbent, the
sorbent comprising about 3{3—?5% by weight Ca0, abowt 2 -15% by
alaming, about 5-20% by weight silica, sbout 1-10% by weight PeoOs,
and 0.1-5% by weight of alkali selected from NaO and K0,
producing an ash by buming the coal;
recovering the ash; and

formulating a cementitious mixime comprising the ash,

. A process according to claim 78, comprising burning the coal in the

farther presence of 2 bromine compound,
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R0, A process according to claim 78, wherein the added sorbent COMPTISes an

aluminosilicate mineral,

81. A process accerding to claim 78, wherein the added sorbent comprises

5 cernent Kin dust.
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abutract, cofumn 2 line 2530, column 3 line 4437,
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INTERNATIONAL SEARCH REPORT huternational apphieation No,
PLTAIS 2006/ 0100060

Box No, 1] Observations where certain clabns were found unsearchable (Continuntion of fem 2 of first sheet)

This tnternational search report has not been established in respect of certatn claims under Avticle 17(2)(s) for the tollowing reasons:

Clagms Nos,:
because they relate o subiset matter vot tequired to be searched by this Anthority, samely:

=

Chaime Nos.: 38, 34

because they refafe to parts of the intemational applivation that do not comply with the preseribed requirements to such an
extent that no meaningful rniernational scarch cun be carried out, speciticaliv:

Crarnis 38,39 duweet 10 2 metlod accordig o clann 35 wineh discloses 4 sorbent compositton. A method olamed by 38, 39 are
not clear whether they are directed o manufacturing method for the sorbent or method of ceanhustion using the sorbent.

3 I:I Claums Nos -

hecanse they are dependent claims and are not drafied 10 acenrdance with the second and third senterces of Rule Gad{a).

Box Mo, {11 Observations where anity of invention b lacking (Continuation of item 3 of fivst sheet)

Thes Indernational Scarching Authoaty found multiple wventions in this interaabional application. as follows:

See separate shesls

1 D As atl requived addiional search Feos weore thnely paad by the applcant, this international search report covers all searchable
ciaims,

o

As ai searchable clarms could be scarched withowt offort justifving an additional foe, this Authoerity did not i
of any additional fee.

i A onby some of the required addstional scarch foos were timed
onby those clauns Tor which fees were paid, speciiicatly cla

paid by the applicant, this intersationa] scarch repot! covers

¥ Conseguently, this internatic

sirch report 38

| i The additional seavch fees were accompanied by the applicants protest and, where applicable, the
payment of a protest fee.
| i The addifional search fees were accompanted by the applicant's protest but the applicable protest

Remark on Protest

fee was not pald within the the it specified in the tavitation,
P Mo protest acoompaiied the paviment of addiliona seaich foes,
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INTERNATIONAL SEARCH REPORT tniernational appheation No.
PCTAIS2006/0 10000

Sox Mo, i

Uity of invention

indicated as folows!

Ciims 1-10, 12 directed 1o a process for burmindg coal in a coal burning system o raduce
arncunt of mercury released inle the u.rmsphur-\ compnsing appiving a sorbant composi
cormprising a halogen inde the coal burning system, wherein the sorbent compoasiion is free of a
metal compounds

i Claims 11, 1316 directed to a method for reducing mercury in the Hue gases resulting |

Burning  system. wherein the componenis comprise a halogen compound and at least
aluminasilinate mineral,

calcium, siica. and atumira.

¢ H0% by weight of an aluminosilicale .‘f&ai-c riaf,

.’"Oflidnﬂ ccment, \,ement kiin dust, Eme kiin dust, and sugar beet lime.

miecting a powder composition into the furmace during combusiion, the powder composi
comprising sources of caicium. siica. and alumina: combusting the coal together with the kgu

cowdar composilion in the coal buming fumace to produce ash and combustion gasas.

alurina, and a halogen salacted from the groun congigting of broming and iodine onto the ¢oal.

Vil Claims 6371 direcied 1o a method for reducing mercury in the fiue gases resulting
compiising a halogen, calcium. siica. and alumina inlo the coal buming system

X0 Claims 7277 directed to a coal ash, a coement, a pozzolanic prodact, & concrete ready
orgduct, 8 composition. a st concrale construction,

K Claims 78-81 directed to a process for formulating a cementitious mixture.

{Continuad)

The international Searching Authorty cornsiders that there are 106 inventions covered by the cia

ims

tha
fion
{kaili

om

sombusiion of coal in a coal burping system. comprising applying sorbent components into the coal

ana

M Claims 1724 direcied to a method for reducing the amount of oxidized mercury in fiue gases
generated by combustion of mercury-containing carbonaceous fuels. the method comprising buming
the tuei in the presence o an alikalne powder sorbent, wherein the powder sorbent comprisas

v Claims 25-34 directed to a method for reducing sulphar and/or mercuiy in flue gases produced by
combustion of coal in the fumace of a coal burning facility, comprising applying a powder

composition onto the coal before Combus“iﬂn and/or info the furnace during combuslion. wherein the
nower composition compiises 50 o 98% by weight of an alkaline powder comprising ealcium. and 2

Yo Claims 35-37 d rem,f* to a sorbent composibion comprising 50 to 88% by weight of an atkaline
wdar and 2 io B0% of an aluminosilicate. wherein the slkaline powder comptises one of more of

Vit Claims 4056 directed 1o a procass for Larmg coal o reduce the amount of mercuiy refeased
into the atmosphers comprising apoiving a Liged sorbenl composiiion comprsing 8 bromine
compound onta the coall delivering the coal (,Na* ining the sorpenl into a coal buming {umace:

tion

¢ and

vill Claims 57-62 directed to a method for buming coal with reduced leveis of undesirable siamenis
ageaping Into the environmentl comprising adding a sorbent composilion comprising calcium, silics

rom

comizusiion of ceal in the furnace of a ceal buming sysiem. comprising applving sorbent compounents

mix
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Confinuation of Box Mo,

The reasons for which the present application has been desmed {o confain 10 inventions which ars
not linkad such that they form a single ganeral inventive concept, Aas reguired by Hules 131, 13.2 and

13.3, PCT are as foliows:

The prior art has boen identified as: D1{US2004/008843941) and D3{USE23833481)

invention &

From a comparieon of the digclosure of thig prior art ©1 and the lechnioal features of claims 1-10, 12,
the features which are known from 01 {abstract, seciion 7-10) are the iolowing: Removing mercury
fram the fhie gases generated by combustion of coal by various bromine compound. The following
tachnical faaiures of claim{s) 1-10. 12 can be seen o make a contribution over this prior art {Rule
13.2 POTY Using halogens compound, which i3 free of alkall metal compounds.

invention i

From a cemparisen of the gisclosure of this prior art D1 and the technical features of claims 11, 13-
18 the foliowing features can be seen to make a contribution over this prior art (Ruie 13.2 PCTH Using
additional aluminosilicaie mineral,

irvention Hi

From a comparison of the disclosure of this pror art 03 and the lechnical fealures of ciaims 1724,
the features which are known from D3 {abstract, column 5) are the foliowing Bemoving mercury from
the flue gases generated by combustion of coal by alumina, silica. aluminosilicale having porosiiy.
The disclosure of this prior art D7 and the lechnical fralures of claims 17-24 are overlapped {Rule
13.2 PCT.

invention i

From a comparison of the disclesure of this prior ant 23 and the technical features of claims 25-34
the following features can be seen to make a contribution over this prior art (Rule 13.2 PCTE
Heducing sulphur and/or mercury in the fiue gases with additional alkaline powder,

invention V.
Claims 35-37 does not linked to olher clabms because in claims a sorbent composition andy {Fule
13.1 PCT).

invention Wi
From a comparigon of the disclosure of this prior arl D2 and the tachnical features of claims 40-58
the following leatures can be seen ¢ make a rer" ition over this prior art (Rule 13.2 PCTH

Reducing mearcury in the Hue gases wilk additional liquid bromine sorbent,

invention VI

Froem a comparison ¢f the disclosure of this prior aft D3 and the lechnical features of claims 5762
the following fealurss can be seen o make a contiition over this prior art (Rule 13.2 POTH
Redusing undesirable elements with additional bromine.

irvvention VHE

From a comparison of the disclosure of this prior arnt D3 and the technical features of claims 83—
the following leatures can be seen to make a conlribulion over this prior art (Rule 13.2 PO
Haducing rmercury in the Hae gases with additional bromine.

{Contined;

Form POTASAZ G (extra sheety (Aprd 2005,

PAC ET AL. EXHIBIT 1023

Page 200



INTERNATIONAL SEARCH REPORT tniernational appheation No.
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Confinuation of Box Mo,

invention X
Claims 72-77 does not linked to other claims because in claims 2 coal ash {Ruls 13.1 PCTL

invention X:
Claims 78-81 does not linked o other claims because in claims a process  formulabing a
;

2 14,1 PCT).

cemenlitious migture (Hu

The above analysis shows that the special technical features of invention | io nvention X doeg not
share any technical relationship among those inveniions. Therefore, the groups of claims are not
finked by common of carrssponding spacial technical {zatures and define 10 diffarent nventions not
finked by a single general inventive concept,

The application. hence does not maest the requiremeanis of Unity of Ivendion as defined in Rules 133
& 132 PCY.

The Applicant should be aware thal for the above menlicned 10 inventions a il search has been
carfed out, without additional searching fee! this does not however imply that each of said | 1o X
inventions, fulfii(s) the requirement of unily of invention stipulated in Rule 13.1 & 13,2 PCT.
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FI7C 500200601 F@2C 6714 (006,00 kind af narional protection availahiel: AR, AG, AL, AN,
a1k 33708 {20810.01) E258 2080 (200501 AD, AT, ATLAZ BA BB, BG BH BR,BW, BY. BZ, CA,
CH, CN.C0, CR, CLL 07, DE, DK, DM, DO, DZ. B, EE,
{21} Imternations) Application MNumber: EG ES FL OB, GO, GE, G OM, GT HN, HR, HL Ty,
POTAIS200R7 19486 TLANC IS IR RN, KG EM KN KP KR, KZ, LALC LK,
LR, LS, L LUL LY, MALMB, ME, MG, MK, MN, MW,
{22) Infersationad Filing Date: 1 Augest 2008 (01.08 2008 MX, MY, MZ, NA, NG NI, NG, NE, OM, PG, PH, PL, PTL
ROORS, R SC SBUSE, 584G, SK, 5L, M. ST. SV, 8Y. 11,
(25) Fillng Language: Tnglish T™, TN, TR, TT, TZ, UA. UG, US, UZ, VC, VN, ZA, 7M.
FAVS
(26) Pubfication 1 s English L
) Fublication Language PEST 184y Desiguated States (unloss othenvise fndicated, for every
) .  Thgens kind of regional protection availabiel: ARIPO (BW, GH,
30 fg;jf:i,j;‘”a' | Apsst 2007 (@LOS200T  US GM, KE, LS, MW, MZ, NA, SD, 8L, 8%, TZ, UG, ZM,
REe Avghst JEUFELUR, OV : ZW), Datasian (AM. AZ. BY, KG. KZ. MD, RU, TL TMD,
) . . N K an (A1, BE BG, CHL OY, CF, DE, DR, BE, Bs, FL
{7 Applicant {or ofl desigrated States excepr U8k EN- aropean AL ! - .

FR, OB, R, HR, HUL 16, 18, T, LT, L1, LV, MO, M. NL,
NG, PL.PT RG SE SL SKLUTRY OAPHBE BLLCE. CG.
CE CM, A, GN, GO, GW, ML, ME, NE, 88, TD, TG).

ERGY & ENVIRONMENTAL RESEARCH CENTER
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532024018 (IS

_ Fublished:
i-z%) Inventor; and I with international search repore
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PO, PO Box 3267, Houston, Texas 77253 3287 (LIS, 19 March 2000

{54) Tille: APPLICATION OF MICROTURBINES TO CONTRGL EMISSIONS FROM ASSOUIATED GAS

kigure t

{37 abstract: A system for conteoliing the emission of associated gas produced from o reservedr. In an embodiment, the system
comprises a gas cotnpresser including a gas infet i fluid communication with an associated gas source and a gas outiet. The gas
compiessor sdjusts the prassure of the asseciated gas to produce a pressure-regulated sssociated gas. In addition. the system com-
&3 prises a gas cleaner including a gas inlet in fluid commanication with the catlet of the gas compressor, a fuel pas cutlet, and & waste
product ontlet, The gas cleaner separates at feast a porlion of the sulfor and the water from the associated gas to prodoce a foel

@ gas, Further, the sysiem comprises & gas torhine including 2 foel gas inlet in foid communication with the fuel gas ontlet of the gas
y

009/018539 A3 HHEN

]

cleaner and an air indet, Sl foriber, the svsten comprises 3 choke in finid comrepnication with the air indet,
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{54y Titde: SORBENTS FOR THE ORIDATION AND REMOVAL OF MERCURY

{873 Abstract: A prowmoted cachon sndfor non-Carhon base sorhent are desoribed that are highly effective for the removal of mer-
clry from e gas streams, The promoted sorbent comprises a cazhon amdfor nos-carban base sorbeat that kas reacted with and
coartaing foms of halogen and balides Oprional components may be added 1o increase and/or preserve reactivity and meromy oa.
pacity. These may be added divecty with the base sorhent, of in-flight within a gas streaw (2, flue zas, efcl), fo enbonce base sor-

beat performance adfor mercury capimre. Meronry temoval efficienciss obiained exceed conventional methods. The promoted
sorhent oan be regeneraled and vens sed. Base sorbent meatment and preparation maethods are also desoribed. New methads for in—
fiight preparation, inrroduction, and cowrol of the sotive bage sorbent into the mercnty cowtmminated gas sinesn are desoribed.
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SORBENTS FOR THE OXIDATION AND REMOVAL OF MERCURY

CROSS-REFERENCE TO RELATED APPLICATIONS

foe1] This application is being filed on 02 February 2010, as a PCT International
Patent application in the name of Energy & Environmental Research Center
Foundation, a U.8. national corporation, appheant for the designation of all countries
except the U8, and Bdwin 8. Olson, a citizen of the U.S., Michaei 1. Holnes, a
citizen of the U.8., and John H. Paviish, a citizen of the U.8,, applicants for the
designation of the U.S. only, and claims priority to U.8. Continvation-in-Part Patent
Application Serial No. 12/429,058 filed on 23 April 2008,

BACKGROUND OF THE INVENTION

Technjcai Field of the Invention

{0002} The presend invention relates to methods and materials for the removal of
poltutants from flne gas or product gas from a gasification systern. In particular,
mercury is removed fom gas streams generated during the buming or gasification of

fossil fuels by highly reactive regencrable sorbents.

Backeround of the Invention

10003] The combustion and gasification of fossi] fuel such as coal generates flue gas
that contains mercury and other frace elements that originate from the fuel. The release
of the mercury {and other poliutants) fo the environment must be controlled by use of
sorbents, scrubbers, Biters, precipitators, and other removal technologies. Mercury is
initially present in the elemental form during combustion and gesification. In
downstream process sections, such as in the ducts and stack of a combustion svstem,
some of the elemental mercury is oxidized. The amount that is oxidized depends on the
amount of acid gases presant in the flue pas and other factors. Amounts of meroury
vary with the fuel, but concentrations of mercury in the stream of flue gas from coal
combustion are typically less than § parts per billion (ppb}. Large coal combustion
facilities such as electric utilities may emit a pound of mercury, or mors, & day,
Mercury removal applications inclade, without mitation, flue gas from coal {or other
fossil fuel) conbustion, waste incineration, product gas from gasification, as well as
offgases from mineral processing, metal refining, retorting, cement mapufactuing,
chioralkali plants, dental facilities, and crematonies,
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Mercury Sorbent Technologies

{0004] Several types of mercury control methods for flue gas have been investigated,
including injection of fine sorbent particles into a flue gas duct and passing the flue gas
through a sorbent bed. Fine-particle injection sorbents include activated carbon, metal
oxide sorbent, sodium sulfide particles, and basic silicate or oxide sorbents. When
particle injection is employed, the mercury captured on the sorbent particles is rernoved
from the gas streara in 2 patticulate control device such as a baghouss of electrostatic
precipitator (EST) and collected along with ash particulate. The sulfide and basic
silicate and oxide particles are effective only for the oxidived mercury, and the metal
oxide sorbents exhibit slower capture kinetics than the carbon particles. Addivionally,
injection of fine carbon particles into the flue gas slveam has been only partially
successful in removing mercury, especially elemental mereury, where effective removal
of ondy about 60% is attained for some applications with s FF (fabric filter) to collect
carbon and ash. Even lower removal rates have been observed when an ESP is used to
collect the carbon because the contact time of the carbon with the gas is very short.
{06051 A major problem with existing carbon injection systems is that the sorbent is
relatively unreactive toward mercury. Consequently, these sorbents muost be used in
large amounts, at high sorbent-to~mercury ratics, to effectively capture the mercury.
These sorbents tead 1o be relatively expensive and cannot be easily separaied from the
ash for regeneration and rause. The collection of carbon in the ash also creates solid
waste disposal problems, and the spent sorbent may contaminate the cotlected ash,
preventing its use in various applications.

[00068] One solution has been to add an oxidative sorbent comprising an aluminosilicate
material impregnated with a very heavy dosage of one or more oxidative metal halides
plus activated carbon. For example, refer to Varma et al. (20070140940}, However, the
amounts of metal salts required for Hg oxidation are gencrally relatively large and
expensive. Also, several of the salts that can be used in such a process are highly toxic.
Althongh the metal salts are present for oxidation in this process, activated carbor is
sssential for geiting adsorption of the Hg,  As such, there is no synergistic role for the
aluminosilicates as they appeat to be only a support for the oxidizing salts.

(00073 Another approach hias been the injection of aluminosilicate particulate such as
bentonite, which contains neither oxidizing salts nor halogen complexes with 3 Lewis
base site, and thus lacks the more powerful oxidizing capability of the said complexes as
described in this application. For example, see U.S. Patent No, 7,413,719,

Additionally, the injection of an aluminosilicate (kaolin or metakaoiin containing
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calchumn hypochlorite which thermally decomposes to form halogen is also known, For
sxample, see U.S. Pateni Application No, 20030103882, Thus these and similar
impregnated abuminosilicate technologies require time in fhght af appropriate high
temperaiures to heat the impregnated sali(s) to generate an oxidation aite. This clearly
represents a kinetic barrder to activation in contrast to the extremely fast complexing
reaction of the Lewis acid on the surface of the appropriale Lewis base sorbent
described in the present patend. The kinetic barrier is only for heating up the calcihum
hypochiorite to decompose i o O atoms or molecules. Halogen (bimolecular or atomic)
would complex with carbon or noncarbon at any lower temperabure to fonm reactive
oxidation sites. Alse, halide would requdre a very high terop or strong acid to form reactive
halogen or halogen complex.

[0008] Yet another approach is the injection of bentonite plus a metal sulfide and a
metal salt, none of which is oxidizing to elemental mercury and would require a slow
thermal activation step. For example, see ULS. Patent Application No, 20070119300
{0009] The injection of halogen or halogen precursors in a hot Zone, followed by
contact with an alkaline material in a wet or dry scrubber is another approach known in
the art. With such an approach, slemental mercury is claimed 1o be oxidized by the
halogen to Ha(IT) which is collected by the alkaline material in the scrubber. For
example, see 1.5, Patent No 6,808,692 {Ochr}, U.5. Patent No. 3,849,267 (Thigen), US.
Patent No, 5,435,980 (Felsvang), 1.8, Patent No. 6,375,90% (Dangtran), U.5. Patent
Application Neo. 20020114749 (Cole), U8, Patent No. 6,638,485 (lida}, U.S. Patent
Appheation No. 20030185718 (Sellalumary, U.S. Patent Application Ne. 20030147793
{Breen), and U.S. Patent No. 6,878,358 (Vosteen). However, even though it is known to
inject halogen forms at some stage of the combustion process, such a process does not
utilize a complexing method on a sorbent surface for conducting the oxidation and
captare. Further, the alkaline material is rapidly surface-coated by the large
concentrations of acid gases, lowering its capacity for adsorption of Hg(ih), Itis also
recognized that the halogen forms initially introduced or generated are far more reactive
to the large concentrations of SOy and moisture in the flue gas, and so gas-phase
reactions of the halogens with Hg are hindered. Incontrast, the present invention takes
advantage of the Lewis acid complexes that rapidly form on the sorbent swrface to effect
the Hg oxidation, rather than rely on gas phase reactions for oxidation. Thus HCI, HBr,
SO,Br, and other gas-phase products all festoon the surface and promote the activity of

the sorbent by forming complexes with the sorbent to form a promoted sorbent.
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10818} Accordingly, there remains a need for more economical and effective mercury
removal technology. This invention provides for cost-effective removal of poilutants,
including mercury, using sorbent enhancement additives and/or highly reactive sorbents,

with contact times of seconds {or less), and that may be regenerated and reused.

SUMMARY

10041] The various embodiments of the present Invention ovarcome the various aspects
of the deficiencies of the prior art and provide new and economical metheds for the
removal of mercury from the gases produced in the utilization of fossil fuels.

108121 A halogen/halide-promoted sorbent is deseribed that is highly effective for the
removal of mercury from flue gas siweams. The sorbent comprises any activated carbon
and/or nog-carbon compound, such as porous or vesicular felsic or basaltic materials,
clay-based compounds, alkaline compounds, calcium hydroxide compounds, sodium
acetate compounds, and/or bicarbonate compounds, or a cornbination thereof. Optional
secondary components and atkali may be added to further increase reactivity and
mercury capacity. Mercury removal efficiencies obtained exceed or match conventional
methods with added benefits such as reduced costs. Ogptionally, the promoled sorbent
can be regenerated and reused. Sorbent treatment and/or preparation methods are also
described. Methods for in-flight preparation, introduction, and control of the sorbent,
promoter and promoted sorbent into the mercury contaminated gas strearm are described.
{6043] When a promoted or # non-promoted base sorbent reacts with elemental or
oxidized mercury, 3 mercury/sorbent chemical composition is formed and, in the case of
elemental mercury reacting with the promoted base sorbent, the mercury is oxidized.

As discussed in forther detail in other portions of the specification, the base sorbent may
he either a carbon or a non-carbon material or a combination thereof. Additionally, the
mescury/sorhent chemical composition may be comprised of covalent bonds, lomic
honds and/or chemical compiexes between the promoted or non-promoted base sorbent
and the oxidized mercuey. The Lowis basic groups on the non-promoted base sorbent,
or the non-promoted portions of 2 promoted base sorbent, are available for reaction with
the Lewis acid groups of already existing oxidized mercury in the mercury containing
goas, Thus, mercury may be removed from the mercury conteining gas streanm through
the formation of multiple and various mercury/sorbent chemical compositions sven

within the same process. For example, multiple sites on a sorbent particulate can form
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rouitipie and varjous mercury/sorbent chemical compositions in the case where only @
portion of the siics on the base sorbent particulate are promoted.

[0o14] In some embodiments, a carbon and/or non-carbon promoted sorbent and/or a
combination thereof is provided comprising a sorbent siructure that has reacted with 2
promoter selected from the group consisting of halides, halogess, and combinations
thereof, such that the reaction produoct is effective for the removal of mercary fromm a gas
stream, The carbon sorbent comprises reactive Lewis acid groups/sites; the non-carbon
sorbent comprises reactive Lewis basic groups/sites,

[66151 In an embodiment, 8 promoted carbon and/or non-carbon sorbent is provided
wherein the baze sorbent i selected from the group consisting of carbon, activated
carbon, porous or vesicular felsic and basaltic matenials, clay-based compounds,
alkaline compounds, calcium hydroxide compounds, sodiom acetate compounds, and/or
bicarbonate compounds, or a combination thereof, with an average particle size simifar
io that of fly ash produced from a thermal process {combustion or gasification} or
greater than that of fy ash produced such that it is physically separable therefrom, and
combinations thereof, and the promoter is selected from the group consisting of
molecular halogens, Group V (CAS nomenclature is used throughout) halides, Group VI
halidés, hydrohalides, and combinations thereof. Inn an cinbodiment, the promoted
sorbent {carbon, non-carbon, or their combination) may have 2 mass mean particle
diameter such that it can be substantially separated by physical means from entrained
ash in the gas stream from which mercury is fo be removed. In an embodiment, the base
sorbent {carbon, non-carbon, or their combination) may bave a mass mean particle
Jdiameter greater than about 40 micrometers.

[60181 In another smbodiment, the promoted sovbent comprises from abowt 1 1o aboud
30 grams of promoter per 100 grams of base sorbest. Another embodiment further
comprises an optional secondary component comprising a halogen or 8 hydrohalide
such that the reactivity and mercury capacity of the promoted sotbent are enhanced.
18047] o another embodiment, the concentration of the optiona! secondary component
on the finished sorbent is within the range of from about 1 o about 15 wi% of the
concentration of the promoter on the finished sorbent.

10018] Io another embodiment, an optional alkali commponent may prefecably be added
to provide a svnergistic offoct through combination of this alkali with the base sorbent.
{0019] In another embodiment, the optional secondary component is selected from the
group consisting of Group V balides, Group V1 halides, HI, HBy, HCL and

combinations thereof. In another embodiment, the promoter is substantially in vapor
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form wher combined with the base sorbent. In another embodimens, the promoter is
combined with an organic solvent prior to veaction with the bage sorbent. In another
smibodizment, the promoter and optional secondary component are combined with the
base sorbentsubsiantially simultaneously. Another embodiment further comprises
adding a mercury-stabilizing reagent selected from the group consisting of §, Se, H,S,
8O, HySe, Se0y, CF,, P85, and combinations thereof. Another embodiment further
comprises adding an optiopal allali component.

[0620] In an embodiment, a method is provided comprising providing o granular base
sorbent and reacting the base sorbent with a promoter selected from the group consisting
of halogens, halides, and combinations thereof, such that the reaction product comprises
s promoted sorbent effective for removal of mercury from a gas stream. In a further
embodiment, the reaction product comprises from about § 1o about 30 grams of
promoter per 100 grams of base sorbent. In another embodiment the reaction product
has an average particle-size distribution greater than the average size of enirained ash
particies in the gas stream from which mercury is to be removed, such that the reaction
product can be substantially removed from the entrained ash particles by physical
means. In another embodiment, the reaction product has a yass mean particle diameter
greater than sbout 40 micrometers,

{0024} In another embodiment, the promaoter is selected from the group consisting of
molecular halogens, hydrohalides, Group V haklides, Group Vi balides, and
combinations thereof. In another embodiment, the promoter is in the gas phase when
contacting the base sorbent (carbon, non-carbon, or their combination). In another
embodiment, the promoter is in an organic solvent when contacting the base sorbent
{carbon, non-carbon, or their combination).

{0022} In another embodiment, the promoter is selected from the group consisting of
Bry, a Group V bromide, a Group VI bromide, and combinations thereof,

[0023] In ancther embodiment, the method further comprises reacting the granuiar non-
carbon with an optional secondary component coraprising a halogen or a hydrohalide
such that the reactivity and mercury capacity of the promoted sorbent are enhanced. In
another embodimens, the promoter and optional secondary component are contacted
simultaneously with the non-carbon base sorbent. In another embodiment, the method
further comprises adding a mercury-stabilizing reagent selected from the group
consisting of §, Se, H,8, 503, HaSe, Sely, C8,, F;S;, and combinations thereof, Inan
embodiment, 3 method is provided for control of mercury in a flue gas with

subsiantially lower sorbent requirements, Through enhanced sorbent reactivity,
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mercury removal per gram of sorbent is increased, thereby decreasing the capiial and
operating costs by decreasing sorbent reguirements.

[0624] In an cmbodiment, the promoted sorbent is introduced by direct injection into
the flue gas stream. In another embodiment, the base sorbent is promoted within the
flue gas stream

[0025] In an embodiment, 2 method is provided for reducing mervary in floe gas
comprising providing a base sorbent, either by injection or in sin creation, into a
mercury-containing flue gas stream, collecting greater than 70 wi% of the mereury in
the flue gas on the promoted sorbent to produce a cleaned flue gas, and substantially
recovering the promoted sorbent from the cleaned flue gas. In embodimenis where less
than 70 wt% mercury removal is desired, the required removal is attained using Jess
base sorbent as would be required with standard base sorbent, In a further embodiment,
the method fwther comprises monitoring the mercury content of the clean flue gas,
regenerating the recovered promoted sorbent, and using the monitored mercury content
of the cleaned fluc gas to control the rate of base sorbent and promoter. In another
ernbodiment the injected promoted sorbent is prepared in-flight by reacting a base
sorbent {carbon, nen-carboy, or their combination) and a promoter within 2 pneumatic
transport Hue from which the reaction product is injected to the mercury-containing fve
igas stream,

{00261 In another embodiment, the promoter is selected from the group consisting of
molecular halogens, halides, and combinations thersof. In another embodimerd, the
promoter i3 reacted in the gas phase or as a vapor. In another embodimens, the promoter
iz sdded at from about 1 fo about 30 grams per 100 grams of the base sorbent {carbon,
non—céirbon, or their combination},

10027] In another embodiment, the injected promoted sorbent is prepared in-flight by
reacting a base sorbent {(carbon, non-carbon, or their combination), 2 promoter, and an
optional secondary component (o enhance the reactivity and capacity of the promoted
sorbent within a pnewmatic transport line from which the reaction product is injected 1o
the mercury-containing flue gas stream.

{0028] In another embodiment, the optional secondary component is selected from the
group corsisting of iodine, hydrohalides, Group V balides, Group VI halides, and
combinations thereof In another embeodimend, the optional secondary component is
added at from about | to about 15 wit% of the promoter content. In another
smbodiment, the method further comprises adding to the promoted sorbent a mercury-

stabilizing reagent selected from the group consisting of 8, Se, HyS, S0, HySe, SeOy,
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{8, P2S;, and combinations thereof.

{60281 Tn an embodiment, the methed farther comprises coinjecting an optional atkaling
material, including without imitation alkaline and alkaline-carth components, to
improve the efficiency of marcury caprure by capturing oxidized mercury andfor
capturing gaseous components that might otherwise reduce promoted sorbent capacity.
In another embodiment, the optional alkaline material may preferably comprise calcium
oxide, sodium carbonate, and the like, as are known in the art.

[0¢38] [n another embodiment, the method firther comprises using the monitorad
mercury content of the cleaned fhue gas to contro! the composition of the promoted
sorbent, In another embodiment, the promoted sorbent is prepared in-flight by reacting
a base sorbent (carbon, non-carbon, or their combination) and a promoter within the flue
gas stream or in a transport line from which the reaction product is injected to the
mercory-containing flue gas stream, wherein the promoter is selected frorm the group
consisting of molecular halogens, halides, and combinations thereof, wherein the
promoter is reacted in the gas phase or as a vapor, wherein the promoter is added at
from about 1 {o ghout 30 grams per 100 grams of the base sorbent {carbon, non-carbon,
or their combingtion)}, whevein the rate at which the promoter is added and the rate of
promoted sorbent injection are determined by a digital computer based, at least in part,
on the monitored mercury content of the cleancd flue gas,

[0631] In an embodiment, a method for reducing the mercury content of a mercury and
ash-containing gas stream 1s provided wherein particulate carbon and/or non-carbon
promoted sorbent with 2 mass mean size greater than 40 wm is injested imio the gas
stream, mercury is removed from the gas by the promoted sorbont particles, the
promoted sorbent particies are separated from the ash particles on the basis of size, and
the promoted sorbend particles are reinjected to the gas stream. In another embodiment,
the mercury-containing promoted sorbent particles are regenerated 1o remove some or
substaﬁtially all of the mercury. In another embodiment, an alkaline component 1s
colgected into the gas sirearmn. In ancther erobodiment, the promoted sorbent may
further comprise a promoter. The promoter may preferably comprise a halide, &
halogen, or both.

{10032 In an embediment, a method for reducing mercury in s mercury-containing gas
10 # desired level is disclosed. The metbod comprises reacting a carbon base sorbent
with at least one promoter selected from the group congisting of melecular halogens,
halidcé, and combinations thereof to produce a promoted carbon sorbent; allowing said

promoted carbon sorbent 1o inderact with a mercury-containing gas to capture meroury
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in the mercury-containing gas on the promoted sorbent to produce z cleaned gas; and
monitoring the mercary content of the cleaned gas. In some embodiments, the carbon
base sorbent and the promoter are introduced into the mercury-contaning gas at the
same Jocation or at separate locations. Int sotne embodiments, the carbon base sorbent
or protnoter or combination thereof je introduced into the mercury-containing gas ag one
or more locations. In an embodiment, the rate at which the carbon base sorbent is
imroduced or the rate at which the promoter is introduced or combination thereof i
adjusted according to the monitored mercury content of the cleaned gos so that the
mercury sontent of the cleaned gas is maintained at substantially the desired level with
minimal operating cost,

100331 in a further smobodiment, the method comprises reacting 2 non-carbon base
sorbent with at least one promoter selected from the group consisting of molecular
halogens, halides, and combinations thereo{ to produce a promoted non-carbon sorbent;
allowing said promoted non-carbon sorbent to interact with a mercury-containing gas t
capture mercury in the mercury-containing gas on the promoted sorbent 1o produce a
cieaned gas; and monitoring the mercery content of the cleaned gas. Insome
embodiments, the non-carbon base sorbent and the promoter are introduced info the
mercury-containing gas at the same location or at separate locations. In some
embodiments, the non-carbon base sorbert or prounoter or combination thereof is
introduced into the mercury-containing gas af one or more locations. In an embodiment,
the rate ai which the son-carbon base sorbent is introduaced or the rate at which the
promater is introduced or combination thereof is adjusted according 1o the monitored
mercury content of the cleaned gas so that the mercury content of the cleaned gas is
maintainod at substantially the desired fevel with minimal operating cost,

{00341 In a further embodiment, 2 method for reducing merciwy in @ meroury-
containing gas to a desired Jevel is presented. The wethod comprises reacting a base
sorbent with at least one promoter selecled from the group consisting of molecular
11ain:3géns, halides, and combinations thereof to produce a promoted sorbent, wherein
said base sorbent is selected from the group consisting of a non-carbon material, a
carbon material, and combination thereof; allowing said promoted serbent (o mteract
with a mercury-containing gas to capture mercury in the mercary-sontaining gas on the
prometed sorbent to produce a cleaned gas; and monrioring the mercuty content of the
cleaned gas.

0035} In some embodiments, the base sorbent and the promoier are introduced into the

mercury-confaining gas at the same location or ai separate locations. In some

1

PAC ET AL. EXHIBIT 1023

Page 215



W 2018/123689 POTAIRIOL0/022567

10

20

embodiments, the base sorbent or promoter or combination thoreof s introduced into the
mercury-containing gas at one or more locations. In some embodiments, introdacing
the base sorbent and the promoter comprises injecting the base sorbent and the promoter
into the mercory-containing gas, In some embodiments, the promoter is introduced into
the mercury-containing gas upstream of the introduction of the base sorbent. In some
erebodiments, the promoier is introduced upstream of a boiler oy a combustion chamber.
iIn an embodiment, fie rate at which the base sorbent is introduced or the rate at which
the promaoter is infroduced or combination thereof is adjusted according fo the
monitored mercury content of the cleaned gas so fhat the mercury content of the claaned
gas is maintained at substantially the desived level with minimal operating cost,

{0038] In an embodiment, the base sorbent for the promoted sorbent is selected from
the group consiating of carbon, activated carbon, porous felsic materials, vesicalar felsic
materials, porous basaltic materials, vesicular basaltic materials, clay-based compounds,
alkaline compounds, calctumn hydroxide compounds, sodium acetate compounds,
bicarbonate compounds, and combinations thereof. In smbodiments, the non-carbon
material comprises Lewis basic groups and the carbon material comprises Lewis acid
groups, [n some cases, the non-carbon material coneprises amorphous forms of
tectosilicates comprising nancscale cavities hined with Lewis basic oxygen associated
with alkaline-earth metals. The alkaline-earth metals comprise Group I and Group §
alkaline-earth metals. In some other cases, the non-carbon material comprises
amorphous forms of phyllosilicates comprising nanoscale cavities lined with Lewig
basic oxygen,

{0037] Inan embodiment, the promoted sorbent comprises metastabla complexes
formed between the provnoter of this disclosure and inorganic species on the non-carbon
base sorbent. o some embodiments, the inorganic species is sciccted from the group
conaisting of sodivm commpounds, calohun compounds, magnesivm compounds,
almmninum compounds, iron compounds, and combinations thereo{ In an erobodiment,
the prémeted sorbent comprises metastable complexes formed between the promoter of
this disclosure and metal-oxygen-metal structuges on the non-carbon base sorbent. In
some embodiments, the promoter after being complexed with the metal-oxygen-metal
structures 18 in the form selected from the group consisting ¢f a dihalogen group, &
halogen atom, a hvdrohalogen group, a Group V halide, a Group VI halide, and
combinations thereof, T an embodiment, the promoted sorbent comprises activated
Lewis basic groups or activated Lewis acid groups or combination thereof, In some

ernbodiments, the interaction between promoted sorbent and said mercury-containing
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gas stream comprises mercury diffusing from the gas phase onto said promoted sorbent
surface; and reacting with the activated Lewis basic groups or activated Lewls acid
groups or combination thereof 1o cause chemiscrption on the promoted sorbent surface.
[0028] In an embodiment, the method for reducing mercury in a mercury-containing
gas 1o a desired level further comprises prefreating the base sorbent to increase the
number of Lewis basic groups or Lewis acid groups of combination thereof. Ts some
cases, the pretreating methods comprise chemical treatment, thenmal treatnent, vacuurm
treatrment, and combinations thereof. In some embodiments, chemica! treatment
comprises acid treatment and atkaline reatment. I an embodinent, [[,]] the method for
reducing mercury in a mercury-containing gas 1o a desired level firther comprises
introducing an alkali component inio the mercury-coniaining gas.

10038] As will be described in more detail below, the present ivention thus provides
several advantages over previously known techniques, including sigmficantly more
effective and economical mercury sorbents for effluent gases, advantageously applicable
to treating gas sircams from combustion and gasification systems.

[0040] The foregoing has outlined rather broadly the features and technical advantages
of the present fnvention in order that the detailed description of the inveniion that
follows may be better undersiood. Additional features and advantages of the invention
will be described hercinaftor that form the subject of the claims of the invention, It
should be appreciated by those skilled in the art that the conception and specific
embodiments disclosed may be readily wiilized as a basis for modifving or designing
other siructures for carrying out the same purposes of the present invention. ¥ should
also be realized by those sikilled in the art that such equivalend constructions do not

depart from the spirit and scope of the invention as set forth in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

{0841] For a more detailed description of the preferred embediments of the present
fnvention, refersnce will now be made fo the accompanying drawings.

{0042} Figore ! schematically ilhatrates methods for preparation of promoted carbon
and/or non-carbon sorbenis in accordance with the present invention.

[0043] Figure 2 illustrates a proposed mechanistic model of the chemical reactions
resulting in the oxidation and capture ol mercury.

0044] Figure 3 schematically llustrates preparation of promoted carbon and/or non-

carbon sorbents and processes for flue gas mercury reduction in flue gases and/or
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product gases from a gasification system in accordance with the present invention,
inclyding in-flight preparation of promoted carbon andfor non-carbon sorbent.

[0048] Figwe 4 illustrates 2 mechanism for promotion of metal oxide base sorbent via
formation of a reactive halogen complex sorbent and subsequent capture of elemental
weroury on the promoted sorbent.

[0046] Figwre 5A schematically lustrates an exernplary process flow diagram for in-
flight preparation of a promoted carbon and/or non-carbon sorbent,

f0047] Pigure 5B schematically illusirates an exemplary process flow diagram for in-

flight preparation of a proracted carbon and/or non-carbon sorbent,

DETAILED DESCRIFTION

{0048} Herein will be described in detail specific preferred embodiments of the presemt
invention, with the onderstanding that the present disclosure is to be considered an
exemplification of the principies of the invention and is not imtended to Himit the
invention to that fustrated and desoribed herein, The present invention is susceptible to
preferved emshodiments of different forms or order and should not be interpreted to be
timited to the specifically sxpressed methods or compositions contained herein, In
particular, various preforred embodiments of the present invention provide a number of
different configurations and applications of the inventive method, compositions, and
{(heir uses,
[0049] The present invention provides a cost-effective way o capture pollutanis by
utilizing exceptionally reactive halogen/halide-promoted sorbents using a bromids {or
other halogen/halids) treatment of the promeoted sorbent, that caplure mercury via
mercury—-sorbent surface reactions, at very short contact times of seconds or less, The
resctivity of the promoted sorbent wward the polintants (i.e., mercury} is greatly
amhanbcd, and the sorption capacity can be regenerated; L.e., the promoted sorbent may
be regerierated, recycled and/or reused.
[0050] The treated base sorbents {cachon, non-varbon, or thely combination), treatraent
techuiques, and optional additives discussed herein have applicability to mercury
cordrol from the product or effluent gas or gases from gasification systeras, syngas
generators, and other mercury-containing gas streams, in addition to the flue gas fom
combustion systeme. Thus if should be understood thar the terms cornbustion system
and flue 2as ag used throughout this description may apply equally to gasification
systerns and syngas or fue] gas, as will be undesstood by those skilled in the art.
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[0651] Hereinafter the disclosuze may #t tines discuss the use of carbon base sorbonts
i further details; howsver the use of non-carbon base sorbents and 4 combination of
carbon and non-carbon hase sorbents is also contemplated to af least the same degree ay
carbon base sorbenis,

{08521 Referring now to Figure 1, there is shown a block flow diagram illustrating
some preferred embodiments of the process of the present invention 0 prepare
promoted sorbents useful for mercury capture in a mercury containing gas, such as a
flue gas and/or product gas from pasification sysiers streams, In a preforred
embodirent illustrated by path 10-20, block 10 sHlustrates providing a base sorbent
while block 20 ilhustrates adding a halogen or halide promoter that reacts with the base
sorbent to produce a product-promoted sorbent. In embodiments where the halogen or
hatlide is added, for example, as a vapor, no further steps may be necessary. In
embodiments where the balogen or halide is added in, for example, a solvent, it may be
desirable to employ solvent removal as Hlustrated by block 20A to produce a product-
promoted sorbent auiiable for injection.

{08537 Referring still fo Figure 1, another preferred embodiment of the process of the
present invention s ilustrated by path 10-20-30, comprising providing a base sorbant as
shown by bleck 10, adding a halogen or halide promoter that reacts with the base
sorbent, iilustrated at block 20, and adding a secondary component ilustrated at block
30 that reacts with the reselt of block 240 to produce a product-promoted sarbent. In
embodiments where both the halogen or halide promoter and the secondary component
are added, for example, as a vapor, no further steps may be necessary. In embodiments
where the halogen or halide promoter and/or secondary component are added in, for
example, & solvent, it may be desirable to employ solvent remeval as illustrated by
block 304 to produce a product-promoted sorbent suitable for injection.

{0654} Referring still o Figure 1, another preferred embodiment of the process of the
present invention is ilustrated by path 10-40, comprising providing a base sorbent as
iltustrated at block 10 and adding a halogen or halide promoter and 4 secondary
component to the base sorbent together, with which they react o produce a produet-
promoted sorbent as ilfusiraied by block 40. Az above, in embodiments whers vapor
additions are made to the base sorbent, no further steps may be desired In
emboﬂiments where one or more coniponenis are added in solvent, a selvent removal
step may be provided as illusirated by block 404 to produce a product-promoted sorbent

suitable for injection,
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{0058] Referring still to Figure I, another preferred armbodigent of the process of the
present invention is iHlustrated by path 10-50 in combination with path 20-56. In this
cmbodiment, a base sorbent as ilustrated by block 10 Is introduced 1o the mercury
containing gas as ilfustrated by block 50 while a halogen or halide promoter as
iliustrated by block 20 is introduced to the mercnry containing gas strewn. Thus the
base sorbent and promcter react ai block 50 io produce 2 product-promoted sorbent, In
stmilar manner, » secondary component as illustrated by block 30 may be added to the
halogen or halide promoter as iflusirated by block 20 and introduced into the mercury
containing gas as illustrated by block 50, In embodiments where both the halogen or
hatide pramoter and secondary component are added, for example, by vapor, no farther
steps ay be taken, In embodiments where the halogen or halide snd/or secondary
component are added in, for example, a solvent, it may be desirable (o employ solvent
vemoval as Hlustrated by block 204 and/or block 30A.

0086} Referring still to Figare 1, also illustrated are prefomed embodiraents in which,
as ilustrated by block 30, @ mercury containing gas stream is treated with product-
promoted carbon sorbent prepared as described above.

(00571 in some preferred embodiments, the carbon base sorbent provided may
prefarably be any of several types, a8 undersiood by those skilied in the art. For
example, the carbon bage sorbent may inchide powdered activaied carbon, granular
activated carbon, carbon black, vnbhaned carborn, carbon fiber, carbon honeycomb or
plate structure, aerogel carbon film, pyrolysis char, regenerated activated carbon from
p:‘oduét—pmmﬂted carbon sorbent, or other types as known in the art.

{0058] In some preferred embodiments, the carbon base sorbent provided may
preferably have a mass mean particle size greater than the fly ash in 3 mercury
containing gas, such as a flue gas stream, to be wreated.

[0058] In some preferred embodiments, the carbon base sorbent provided may
preferably have a mass mean particle diameter preferably greater than 40 micrometers,
more preferably greater than 60 micremetess, or a particle-size distribution greater than
that of the fly ash or entrained ash in a flue gas stream, or other mercury containing gas,
to be treated, such that the activated carbon and ash can be separated by physical means,
[0068] In some preferred embodiments, the halogen or halide promoter that 18 added 1o,
and reacts with, the carbon base sorbent may preferably comprise, by way of illustration
and not Himitation, a molecular halogen in vapor or gaseous form, a molecular halogen
in an organic solvent, 2 Group V or Group VI halide, such as PBry or 8Chy, respectively,

in vapor, Hquid, or solufion form {though not in an agueous solvent).
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[0081] Ewmbodiments are also provided in which the organic solvent may preferably
comprizge a chlorinated hydrocarbon, such as dichloromethane, a hydrocarbon solvent,
including for example, pefroleum ether, ligroin, pentane, hexane, toluens, and benzene,
carbon disulfide, a waste solvent, an ether, 2 recyeled solvent, 8 supercritical solvent,
such s supercritical CO,, water (though not in the case of a Group V or Group Vi
hatide), and others as will be apparent o those of slall in the art.

[0062] Referring now to Figure 4, a theory is illustrated developed from scientilfic
evidence to explain the nature of the promoting compounds. For example, as thustrated
in Figure 4, & molecalar bromine molecule forms a complex with the surface of the base
sorbent comprising a high surface ares form of a metal oxide. Complexing with
bromine can ocour at surface and defect sites on the surface of the glassy amorphous
tectosilicates by association with the Lewis basic oxygen lining the interstitial cavitics
and the alkali actions on the swrface. Molecular hydrogen broride or an electrophilic or
Lewis acid bromine compound react 1o form a similar structure. The precedence for this
promotion of & metal oxide surface complex with an acidic species is deseribed in a
paper by Stark and Kiabunde (Klsbunde, K.J. Chem, Mater. 1996, 8, 1913-1918) who
showed addition of ackds, HCL, 8Cs, and NO, to a MgO surface to form a surface
complex. In US Parent 6,517,423 to Koper et al. the described surfuce commplexes were
active for destroying biological agents and soxins. As shown in Figure 4, addition of
halogens to a metal oxide surface (A) can form a complex that could be described asa
bromide-oxybromide species {B), in which electrophilic reactivity is maintained, owing
io the formation of positive charges on the surface. The electrophilic complex [ormed
on the metal oxide base sorbent comprises an active site for oxidation of elemental
mercury. Addition of mercury o the cormplex results in formation of a mercury oxygen
hond and, simulianecusly, a mercury bromine bond as shown in complex  in Figure 4.
Thus the final struehure is a stable oxidized Hy form (D) deseribed as a
metaloxymercuric bromide.

[0083] In summary, it has now been found that the formation of the new bromide
complex with the metal oxide surface increases the surface reactivity toward mercury
and other pollutants, Additionally, the resulting bromide compound is uniquely suied
to facilitate oxidation of the mercury, The effectiveness of the oxidation apparently
results from the promotion effect of the halide, exerted on the dcvelc-ping positive
charge on the mercury during the oxidation, known In the chemical art a3 a specific
cata]y.!'i ¢ effect. Thus as the mercury electrons are drawn foward the positive surface

oxygen, the halide apion slecirons are pushing in from the other side, stabilizing the
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positive charge develoeping on the mercury and lowering the energy requirement for the
oxidation procesa. Bromide is especially reactive, owing 1o the highly polarizable
electrons in the outer 4p orbitals of the ion, Thus addimg HBr or B, to the appropriate
meta! oxide forms a similar surface bromide complex, in which the positive oxygen
Gxidiies the mercury with the assisiance of the bromide jon.

10084] In embodiments, a non-carbon base sorbent with Lewis basic sites/groups
comprising metal-oxygen-metal structures is activaied by a promoter of this disclosure,
forming » promoted soubert. The promoter and the metal-oxygen-metal structures of
the non-carbon base sorbent form metastable complexes, which are responsible for
mercury capture via chemisorption, For example, metasiable complexes may form
between a halogen promoter and incrganic species on a non-carbon base sorbent,
wherein inorganic species include sodium (Na), calcium (Ca), magnesivm (Mg),
shumintmm (AD, jron (Fe) coropounds, and combinations thereof. Inn some embodiments,
the metastable complexes comprise a dihalogen group, such as Br-Cl, Br-Br, complexed
with metal-oxygen-metal siructures of the base sorbent. In some embodiments, the
metastable comploxes comprise a2 balogen atom, complexed with raeisl-oxygen-metal
structures of the base sorbent. In some embodiments, the metastable complexes
comprise a hydeohalogen group, complexed with metal-oxygen-metal structures of the
base sorbent. In some embodiments, the metastable complexes comprise a Group V or
Group VI halide, complexed with metal-oxygen-metal structures of the base sorbent, In
some embodiments, the metal-oxygen-metal stractares of the base sorbent are
complexed with combinations of the functionsd groups disclosed hercin, Without
wishing o be Bmited by a theory, it is believed that mercury caphure via chemisorption
takes place through the action of mercury oxidation provided by these metastable
complexes.

10065 In embodiments, a carbon base sorbent with Lewis acid sites/groups compnsing
graphene sheets is activated by a promoter of this disclosure, forming a promoted
sorbent. The promoter arsd the grapheme shieets of the carbon base sorbent form stable
compounds, which are responsible for mercary capture via chemisorption. Without
baing limited by a theory, it is believed (hat mercury capturs via chemisorption takes
place through the action of mercary oxidation provided by thess stable compounds. As
one skilled in the art would appreciate, the versatility of chemistry associated with the
base sorbent (sﬁarban, nom-carbon, or combination thereof) and the promoter of this

disclosure enables versatile applications of the promoted sorbent system for mercury
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capture. This is especially advantageous becanse mercury contont in fiug gases varies
from facility to facility, from operation fo operation, and from day to day.

1{3066} Examples of non-carbon base sorbents are amorphbous forms of tectosilicates
that comprise nanoscale cavities lined with Lewis basic oxygen associated with Group 1
alkali metals and Group 1 alkaline-carth metals. Such tectosilicates can be found
naturally occurring minerals, including, but not lunited to, perlite and pumacite.
Examples of non-carbon base sorbents aiso mclude amorphous forms of phyllosilicates.
Y is appreciated that other minerals may be used and also treated chemically and
thermaily to increase the activity of the base sorbent materials, such as phyliosilicates in
the amorphous forms.

{00671 In some embodiments, bentonites are used as non-carbon base sorbents,
including sodium bentonite and calcium bentonite. The use of other types of bentonites
is contemplated as is known to one skilled in the art. The application of bentonite base
sorbenids is by introducing them into the flue gas at » location of the mercury capture
system wherein the temperature of that location is below 300°C.

30681 In some embodiments, the base sorbents are treated chemically and/or thermally
to increase their activity, For example, perlite as a base sotbent may go through vacuum
treatraent and then thermal freatrnent so as to reduce the moisture contained thersin,
increase its activity, and potentially alter its morphology. Other treatment provesses
inchide chemical treatment, such acid freatment and alkaline treatment. These weatment
methods may be cornbined 1o achieve desired effecis as known {0 one skilled in the anl.
One of the desired effects is to increase the number of available Lewis acid sites/groups
in the carbon base sorbent and/or the mumber of available Lewis basic sites/groups in the
non-carbon base sorbent for subsequent activation via reaction with a promoter
disclosed herein.

[6089] Reforring sow to Figure 3, a schematic flow diagram is provided of mercury
control system 100 comprising preparation of promoted base sorbents and fue gas
mercury reduction in aceordance with preferved embodiments of the present invention.
In the exemplary embodimsent shown, there is provided a base sorbent reservoir 110, a
halogen/halide promoter reserveir 120, a secondary component reservoir 130, and an
alkali component reservoir 180, each of which with corresponding flow conirol
device(s} 201, 202, 203, and 208/209, respectively. In conjunction with the alkali
component reservoir 180, flow conirol devices 208 and 209 can be used independently,
together, or not at all, Further, reservoirs 110, 120, 130 and 180 are optional and can be

used in any combination, or not at all, whereby (he otherwise siored components can be
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introduced o the system by other means either together or independently. Purther, the
alkali and secondary components may not be used ad all within the system, if so desired.
[0078] As shown, reservoirs 110, 120, 130, and 180 comnpect through their respective
flow control devices and via assoctated piping, to transport lice 115, Alkali component
reservoir 180 may also connect, through respective flow control devices and via
associated piping, to transport line 118, A source of air, nitrogen, or other (ransport
gas{es) is provided by gas source 170 to transport line 115 for the porpose of entraining
materials discharged from reservoirs 110, 120, 130, and 180 and ingecting such
rnaterials, via injection point 116, into contamninaled five gas stream 13, A source of ain,
nitrogen, or other transport gas(es) may be provided by gas source 171 to transport ling
118 for the purpose of entraining materials discharged from reservoirs 180 and injecting
such materials, via injection point 119, into flue gas stream 15, Gas sources 170 and
171 may be the same or differeni, as desired. Alternatively, transport gas(es) may be
provided to both transport Hnes 115 and 118 by gas source 170 {connection from sowrce
170 to line 118 not shown), Although gas sources 170 and 171 are shown in Figure 3 ag
compressors o7 blowers, any source of transpor! energy known in the art may be
aceepiable, as will be appreciated by those of skill in the art.

100741 For clarity, single injection points 116 or 119 are showan in Fignre 3, although
one skilled in the art will understand that muliiple injection points and/er locations are
within the scope of the present invention. In the embodiment shown, transport line 15
comprises anltiple Ynes allowing for multiple injections and separate snd/or combined
injections of base sorbent 110 and promeoter 120 andior 130. One mode of operation, by
example, comprises providing base sorbent 110 in 2 common line which is promoted
inline “in-flight” using promoter 120 and/or 130 and injected at point 116. Another
mode of operation, by example, comprises transport and injection of a base sorbent 110
int a separate Hoe to a point dowastrears of the injection of promoter 120 and/or 130 ina
line at peint 116 which is upstream of injection of base sorbent 110, resudting in ire-flight
;;reparétion at a promoted sorberd within stream 135,

100721 In the exemplary erobodiment shown, an optional optical density measuring
device(s) 204 is conneated to transport line 113 and/or 118 to provide signals
represontative of the optical density inside transpost line 115 andfor 118 as a function of
fime.

0073} Downstrearn from injection point 116 and 119 is provided particulate separator
140. By way of illustration snd not limitation, particulate separator 140 may compnise

one or more fabric filters, one or more BSPs, or other particulate removal devices gs gre
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kuiown 1 the art, ¥t should be further noted that more than one particulate separater 140
may exist, sequentially or in parallel, and that injection point 116 and 119 may be at
multiple locations upstream and/or downstream of 140 when parallel, sequential, or
combinations thereof exist, Particulale separator 140 produces af least a predominantly
gascous (“clean™ stream 142 and 3 stream 141 comprising separated solid materials. A
sorbent/nsh separator 130 separates steeam 141 into a largely ash strearn 152 and 2
largely sorbent stream 151, Stream 151 may then preferably be passed to an optional
sorhent regenerator 160, which yields a regencrated sorbent stream 161 and o waste
stream 162,

10674] An optional continuous emission monitor (hereinafter “CEM”) 205 for mercury
is provided in exhaust gas stream 35 to provide elecwrical signals representative of the
mercuty concentration in exhaust stream 35 as a function of time. The optional mercury
CFEM 205 and flow controllers 201, 202, 203, 208, and 209 are elecinically connected
via optional lines 207 (or wirelessly} to an optional digital computer {or controller) 206,
which receives and processes signals and preferably controls the preparstion and
injection of promoted carbon sorbent into contaminated flue gos siream 15.

100751 In operation, as sxaraple, promoted sorbent and/or an optional alkali component
is injected into contaminated flue gas stream 15, After contacting the igjected material
with the contaminated flue gas stzeam 15, the injected material reduces the mercury
concentration, transforroing contaminated flue gas into reduced mercury flue gas, 25,
The injected material is removed from the flue gas 23 by separator 140, disposed of or
firther soparated by optional separator 150, and disposed of or regenerated by an
optional regencrator 160, respectively. The reduced mercury clean flue gas siream 142
is then monitored for marcury content by an optional CEM 205, which provides
corresponding signals to an optional computer/controler 206. Logic and optimization
signals from 206 then adjust flow controflers 201, 2012, 243, 208, and 209 to maintain
the mercury concentration in exhaust streann 35 within desired lumits, aceording 1o
contrel algorithms well known in the art. Flow controllers 201, 202, 203, 208, and 200
can alsc be adjusted marmally or by some other aviomated means to maintain the
rpercary conceniration in exhaust stream 35 within desired limits, according to control
algorithms well known in the art.

[0678] Referring stifl to Figure 3, several embodiments are illustrated for preparation
and injection of promoted sorbents andfor alkali compouents in accovdance with the
present invention. Stream 111 provides for introduction of base sorbent from rEservoir

110, as metered by flow controlier 201 manually or wnder the direction of computer 206.
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The halogern/halide may be comabined and react with the base sorbent according to any
of several provided methods. The halogen/halide may preferably be combined via line
121 directly into transport lne 113, within which it contacts and reacts with the base
sorbent prior {0 injection point 116 or downstream at point 116, This results in in-flight
preparation of 3 promoted sorbent in accordance with the invention. Further, the
halogen/halide may be combined via line 121b with the base sorbent prior to entering
transport line 115, Still further, the halogen/halide may be contacted and react with the
base sorbent by introduction via line 121¢ inlo reservoir 110, This option is preferably
employed when, for example, reservoir 110 comprises an ebullisted or flueidized bed of
base sorbent, through which halogen/halide flows in gaseous form or as a vapor. Of
course, the halogen/halide may also preferably be contacted with the base sorbent in
tiquid form or in 2 solvent, as discussed proviously, and solvent removal (not shown in
Figure 3} may then be provided if necessary as mentioned with respect (o embodiments
discussed with reference to Figurs |

{0077} Similardy, the optional secondary component may be contacted and react
dizecily in transport Hine 115 via line 131, or optionally as described above with respect
ta the halogen/halide, via bines 131b and 13 (¢,

{0078} Similarly, the optional alkali component froms 180 may either be added in
transport Hne 113 directly, or may be injected separately by transport line 118,
combining downstream i fue gas 13 for synergistic effects with the base sorbent,
prowmoted sorbent, or optional secondary components. Being able to vary on-site the
amount of the optional alkali component relative 1o base sorbent, promotad sorben, or
optional secondaty components is a key feature to overcome and optimize for site-
specific operatimg and fue gas conditions.

[GO?’Q}' In some preferred cmbodiments whereio contacting between components and
rezetion is performed in 3 liguid or solvent phase, stirring of such liquid and/or shurry
mixtufes may be provided. In other embodiments, the halogen/halide promoter and
optional secondary component(s) may preferably be sprayed in solution form inio or on
the base sorbent. In some such ambodiments, drying, filtering, centrifugation, setiling,
decantation, or other solvent removal methods as are known in the art may then be
provided.

{00801 In embodimenis whersin the halogen/halide promoter is In gassous or vapor
form, it may be diluted in air, nitrogen, or other gas as appropriate. The halide/halogen

gas, for exarple, gaseous HBr or Bry, may be passed through an ebulliated or flueidized
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bed of granudar or fibrous base sorbent, with the promoted sorbent so produced removed
from the top of the bed via gas entrainment for imyection.

[0081) In some embodimenis, the secondary component(s) may preferably comprise
jodine or other halogens, hydrohalides, including without Himitation HI, HBy, HCl, 2
Group V or Group VI element with a meolecular halogen, such as 3Cl and others. In
some preferred embodiments, the promoted sorbent may comprise from about 1 1o abowt
30 g of halogen/halide per 100 g of base sorbent. In some preferred embodimentds, the
promoted sorbent may comprise a secondary compenent in concentration of from ahout
1 to about 15 wi% of the concentration of the halogen‘halide component.

{06821 In still other embeodiments, the product-promoted sorbent may be appliedtoa
substrate. In other embodiments, such prepared substrate(s) may be caused lo contact a
contaminated flue gas or gasification aystem product gas stream for mercury reduction
purposes. Such substrates may be monolithic, rotating, or sxposed to the gas stream in
any number of ways known to those skilled in the art.

{0083} In some embodiments, a method is provided whereby a mercury stabilizing
reagent is added to a promoted sorbent to produce a bifunctional sorbent. Such
stabilizing reagent(s) may be sequentially added, either before or after the addition and
reaction of the haloger/halide. In sorse preferred embodiments, the halogen/balide
preferably comprises Br or HBr, and the mercury-stabilizing reagent may comprise S,
Se, HS8, 8C, HySe, Se(y, €Sy, P55, and combinations thereof.

Halogens in Mercury Capture

p084] Mathodologies for using halogens for the treatment of flue gas have been
problematic, owing 10 thelr veactivity with other gases and metals, resulting in corrosion
and health issues. A “halogen” is defined as a member of the very active elements
compﬂsing Group VIIA {CAS nomenclature is used throughout; Group VIIA (CAS)
corresponds to Group VIIB (IUPAC)) of the periodic table. In the molecular elemental
form é_ﬁf the halogens, including F, Clz, Bry, and I, the reaction with bot flue gas
contponents leaves little 1o react with elemental mercury. The atomic elemental halogen
form, which includes the flueorine, chlorine, bromine, and lodine atoms, is about a
million tires more reactive to mercary, but the concentration of the atomic forms is
typically extremely fow. In a large portion of electric wility coal combustion facilities,
the concentrations are generally not sufficient 1o oxidize a significant amount of

mercy.
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[6688] The term “halide” as used herein is defined as a compound formed from the
reactiont of a halogen with another clement or radical, In genersd, halide compouads are
much less reactive than the molecular halogens, having 2 low chemical potential.
Hatides are considered reduced forme that do not, alone, oxidize other compounds, In
the conventional view, therefore, a halide salt-treated sorbent will not effectively

oxidize elemental mercury and capture elemenial mercury.

Halogen-Promoted Sovbent Characteristics

10086] The promoted sorbent described here has a very bigh initial reactivity for
wxidizing mercury and therefore, can be used in very small amounts (o achieve very
high caplure efficienciss, thus lowering operstion costs and lessening waste disposal
problems, In addition, further disposal reductions are obiainable by regencrating and
reusing the promoted sorbents produced using the inventive technology, The time
interval required for the mercury and the promoted sorbents of the present invention to
successfully interact fn a flue gas duct, with subsequent collection of the mercury on the
promoted sorbent and ash, is very short — less than seconds. Clearly, such collection
times require the prometed sorbent to have both high capacity and high reactivity
toward meroury. The promoted sorbent can be uiilized in a very finely powdered form
1o minimize mass-transfer Hmitations. However, again, the reactivity should be very
high to capture all of the mercury encountered by the fine particles. Additionally, use of
these enhancement tochuologics allows capture to be offective for larger sorbent
particles which also allows separation of the promoted sorbent from the ash to enable
subsequent regeneration as well as ash wiilization, One feature of this invention is the
process to prepare g promoted sorbent containing s halide component formed on and/or
within the base sorbent structure that provides a sorbent that is highty active on initial
contact with the mercary-contaminated gas strearn, which allows for very sfieciive
capiure of the mercury.

15087] The inventive sorbents chemically combine bromine species with Lewis
acid/basic sites on the base sorbent For example, x-ray photoclectron spectroscopy has
established that the addition of bromine, chlorine, HBr, or HC! formed a chemical
compound in the carbon stracture. Thus the promoted sorbent produced from halogen
and base sorbent does not represent a molecular halogen form, but rather a new
chemically modified structure. This phenomenon may not ocour with the less reactive
todine, where an I molecular complex can exist oo the carbon basal plane. In the case

of bromine, modified cationic carbon hag a high chemical potential for oxidation of
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mercury. Thus an entirely new modeld is presented for the reactivity of the bromine-
treated carbon with mercury shown in Figure 2. The reactive carbon form can preferably
be generated by the addition of bromine, hydrogen bromide, or combinations of bromine
and other elements, as described herein. Halogen treatment regulted in higher-activity
carbons because the halide anions (especially bromide and iodide) were effective in
promoting oxidation by stabilizing the developing positive chargs on the mercury in the
transition viaie for oxidation. Based on this model, several innovative, mexpensive,

activity-enhancing features have been developed.

Optienal Second Component

[0088] It has been demonstrated that addition of an optional second componernt, in
addition to the bromine, results in Improved reactivity and capacity for the promoted
sorbent, fypically exceeding that of both the unfreated base sorbent and the brominated
carbon. The second compound comprises either a second halogen or 2 conmpound
derived from a second halogen, such as HE Thus in addition to having a reactive carbon
form present, the second component gencrates a Lewis base with greater ability (o
stabilize the developing positive charge on the mercury. Thus the second component is

an element with more polarized electrons (dp and 3p).

Opiionel Alkoli Component

i0089] It has been demonstrated that addition of an optional alkali component with a
base or promoted activated carbon resulis in improved mercury capture, {ypically
exceseding that of both the untrested carbon and the promoted carbon. Test data indicate
that flue gas contaminants, flue gas constituents (80, NO,, HCI, etc), operating
temperange, mercury form, and mercury concentyation may impact the effectivencss of
the alkali addition. This suggesis the need to be able to adjust and tailor the alkali-to.
activated-carbon ratio on-site in order io overcome and optimize for 4 given set of site
conditions,

{0080] The synergy that can be gained when coinjecting the two materials can be
explained as follows, First, testing shows that binding sites on activated carbon
(hereinafter “AC”) can be consumed by chlorine species, subfir species (1., sulfates),
znd other flue gas contarninants {arsenates, selenates, etc). The addition of optional
alkali material will interact and react with these species/Contamninants, thus mmimizing
their consumption of AC mercury binding sites. Second, testing also shows that

standard AC will continue to oxidize mercury, even though the binding sites are fully
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consumed. This oxidized mercury can then react with alkali material and subsequently
be captured by particulate control devices. Consequently, the addition of the optional
alkali component acls to protect mercury-binding sites and capture oxidized mercury,
thereby resulting in improved mercury reduction & lower cost, Alkali 15 generally much
lower in cost {~ an order of magnitude less) than AC; thus more of it can be used, siill

resulting in overall lower costs,

In-Flight Sorbent Preparation

10091} As stated previously, the halogen promoted sorbent can be readily produced in-
flight. This is accomplished by, for cxample, contacting the vapors of any combination
of halogens and, optionally, a second component, in-flight, with base sorbent particles.
The particles may be dispersed in 2 stream of transport air (or other gas, such as the flue
gas itself), which alse conveys the halogen/halide-promoted sorbent particles to the flue
gas duct, or other contaminated gas stream, from which mercury is to then be removed,
There is no particular temperature requirement for this contact. This technology is
shvicusly very simple to implement, and results in a great cost savings to facilities using
this technology for mercury capiure,

10092] Reforring to Figures SA and 5B, process flow diagrams are shown as examples
of the process for mescury removal from « mercary containing gas, such as a flue gas.
In an ernbodiment shown at Figure SA, gas inlet stream 501 passes through chamber
301 and enters air heater 302 as strearn 502; then it exits air heater 302 as stream 503
and passes through particulate control device 303 and enters scrubber 304 as stream
504; finally it exits scrubber 304 as stream 505, As shown, chamber 301 is & botler,
howaver, one skilled in the art will appreciate that chamber 301 can also be the
combustion chamber of a coal fired boiler, a stand alone combustion chamber or any
other chamber in which mercury containing gas is sither generated or passed through,
Injection streams 401, 402, 403 and 404, in addition to stream 501, are mudtiple
locations wherein promoter, base sorbest, of a combination of promoter and base
sorbent may be introduced.

{00931 Figure 5B shows an embodiment similar to thal of FIG. A, but with the position
of the serubber and particulate control device switched. Specifically, gas iniet stream
301° passes through chamber 3017 and enters air heater 302° as stream 3027 then 1 exits
air heater 3027 as stream 503° and passes through scrubber 304° and enters particuiate
control device 3037 as stream 504°; finally it exits particulate control device 303” as

stream 5087, As shown, chamber 301 is a boiler, however, one skilled in the art will
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appreciate that chamber 301 can also be the combustion chamber of a coal fired boiler, a
stand alome combustion chamber or any other chamber in which mercury containing gas
is either generated or passed through,  Injection stream localions 4077, 402°, 403° and
404, in addition to stream 5017, represent multiple locations wherein promoter, base
sorbeﬁt, or g combination of promoter and base sorbent may be introduced.

100841 At cach of the aforementioned injection stream locations 401, 4017, 402, 402,
403, 4037, 404 and 404°, 501, 501 multiple injection poinats are contenyplated so that
promoier and base sorbent may be injected as a single injection stream or as separate
injection streams, as further iHustraled n the following exemplary embodiments.

{00951 In an embodiment, a promoter is introduced to chamber 301 ai location 401, A
base sorbent {carbon, non-cacbon, or their combination) is introduced at location 402
upstream of air heater 302. In & further embodiment, a promoter is introduced to at
Jocation 402 upstream of air heater 302. A base sorbent {carbon, non-carbon, or their
conthination) is alse introduced af location 402 either as a separate stream o7 a8 a mixed
single siream with the promoter, In another embodiment, a promoter is introduced at
focations 401 and 402. A base sorbent {carbon, non-carbon, or thelr combination) is
introduced at location 402 either a5 a separate siream o as a mixed single stream with
ihe promoter.

[0998] With the aid of this disclosute, one of ordinary skill in the art will be sble fo
configure the process in many different fashions for mercury removal using the
pmméted sorhent. All these configurations are considered equivalents of the disclosed

process and therefore are within the scope of the claimed invention.

Advantages of On-Site Prepavation
$00971 In-flight preparation of the halogen/halide-promoted sorbend on location
produces certain advantages. For example, the treatment system ¢an be combined with
the base sorbent injection system at the end-use site. With this technique, the
halogen/halide is ntroduced to the base sotbent air {or other gas, tncluding to the flue
oas or other mercury containing gas) mixture in a transport line (or flue gas duct part of
the base sorbent storage and injection system). This provides the following benefits
aver current conventiopal concepts for treating sorbents off-site:

»  (apital equipment costs at a2 troatmaent facility are chinated.

. Coststo operaie the treatiment facility are elinminated.

»  There are no costs for transporting carbon and additive to a treatment facility.
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s The inventive process uses existing hardware and operation procedures.

» The inventive technology ensures that the sorbent is abways fresh and, thus,
more yeaciive.

s No pew handling concemns are infroduced.

+  There are no costs for removing carhon from treatment svstem.

o The inventivse process allowe rapid onestie tailoring of additive-sorbent ratios in
order to match the requirements of flue gas changes, such as may be needed
when fuels are changed or lnads are reduced, thus further optimizing the
SCONORTCE.

« The inventive technology reduces the arnount of spent sorbents that are
disposed.

[0088] With the foregoing and other features in view, there is provided, in accordance
with the present invention, embodiments inchuding a process for preparing and
regenerating halogen‘halide-promoted sorbents, whose activity for mercary capture is

erthanced by the addition of halogen {e.g., bromine} 1o the base sorbent structure.

Sorbent Injection Location

100981 Some of the preferred embodiments contemplate fhe use of a halogen-promoted
sorbent in a powdered form that has been injected indo a flue gas stream before or after
ash particudates have been removed, Other embodiments of the inventive composition
of the halogen-promoted sorbent comprise a powdered modified AC prepared by adding
Br, or HBr plus a scoond optional component. Other smibodiments alfow the addition of
the optional alkali component in conjonction with a base AC andior with the use of a
halogen-based sorbent and any other combinatons of the sorbent technologies provided
in this patent, Other embodiments allow for in-flight preparation of promoted sorbents
by using and combining the promoters and base sorbents. Alternatively, embodimenis
include methods wherein the base sorbent is on a moving contactor consisting of

particles or fibers containing one or more of the compositions listed above,

Sorbent Regeneration

[001003 Any of the above embodiments of the halogen‘halide-promoted carbon and/or
non-carbon sorbent can be easily regenerated; the poisomng contaminants from the flue
gas are preferably removed, and an inexpensive promoting agent added, to restore
mercury sorption activity. This process of proraoting the activity of the carbon and/or

non-carbon itself contrasts with the earlier, more sxpensive, conventional methods of
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adding a reagent (such as peroxide, gold, trilodide, etc.) 1o 2 base sorhent. The
halogen/halide-promoted carbon sorbent of the present invention, treated with bromine
andfor optional components, is noncorrosive. Detailed examples of sorbent revencration
techniques are described in copending, commenly owned PCT Patent Application No.
PCT/UUS04/12828, titled “PROCESS FOR REGENERATING A SPENT S80RBENT,”

which is hereby fncorporated by reference in its entirety,

Sorbent fujection Control Schemes

{60101} Another advantage of the present invention relates to the use of a feedback
system to more efficiently utilize certain aspects of the invention. Where possible and
desirable, the mercury control technology of the present huvention roay preferably utilize
conlinuous measurement of mercury emissions as feedback to assist in control of the
sorbent injection rate, Tighter conirol on the sorbent and optional component(s) levels
can be achieved in this way, which will ensure mercury removal reguirements are met
with minimal material requirements, thus minimizing the associated costa. Inan
embodiment, the mercury amissions are continuously measured Jownstream of the

injection location, preferably in the exhaust gas at the siack.

EXAMPLES

[00462] To more clearly illustrate the present invention, an example is presented below.
This example is intended 10 be ilhostrative, and no limitations to the present invention
showld be drawn or inferred from the exampie presented hersin,

Example § - Non-carbon-Promoted Sorbent Tests ot Fuil-Scale Plants

001033 Fuil-scale commercial tests were conducted at several coal-buwning facilities
equipped with ESPs wherein three types of pre-cursers were injected upsitean of an
ESP a1 325°F. In all, more than thirty tests were performed with veriations in base
sorbent material, base sorbent material injection rates and promoter injection rates,
Promoters were halogen-based maiderials. Base sorbents were clay-based materials such
as perlite and pumacite, which are vesicular forms of tectosilicates comprising silicates
and afuminate tefrahedra with atkall metals in the interstitugd spaces. Each base sorbent
was injected upstream from the ESP,

{00104} The flue gas fow rate for the test was approximately 23 million dsft’/tr with a

comresponding mercury flow rate of 0.0097 Ths Hg/hr. Initial mercury concentration in
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the flne gas prior (o the introduction of the base sorbent or promoted sorbent was
approximately 0,000417 Ibs Hg/million dsf.

[00108] As shown in Table 1, each base sorbent was injected at three different test rates:
about 100 ib/hr (“Low™), sbout 130 Ib/r (“Ave.”) and about 200 b/hr (“High', At
each test rate, the mercary removal rate was measured both with and without the use of
a promoter to show the relative benefit of introducing the promoter into the flue gas
stream.  For the tests whete promoter was injected into the flue gas stream, promoter
was mjected at about 20 b/l for the “Low” tests, at shout 25 Ib/hr for the “Ave.” tesis
and frorn about 30 to about 50 Ib/hir for the “High” tests. The percent meroury remaoval
for each test was caleulated based on measurements taken from the inlet flue gas sud the
cutlel flue gus.  The resuits as shown in Table 1 clearly show a significant improvement
in mereury captare when a promoder and base sorbent are injected, as compared to the

injection of a base sorbent alone.

Tabié 1. Test Data for Non Carbon-Promofed Sorbents

Base Base Serbent Promoter Percent Removal
Borbent | Injection Bate Injection Rate of Mercury
Material | (Ib/hr) (1b/hr) %3
low | Ave | High | Low Ave. [ High | Low Ave. | High
1G4 150 200 Hi 4 4] 37 40 43
Perlite
186 i58 200 26 23 35 53 72 74
146 154 2060 4} Y f 25 25 25
Purnacite
100 156 200 24 25 50 52 &0 &5
Clay~ ; - " n
Fiaced 106 154 200 i ] 8 30 32 54
Mix of
Sifica 100|150 {200 |20 23 30 53 85 74
and
Ahunina

1501081 While the preferred embodiments of the invention have been shown and
deseribed, modifications thereof can be made by one skilled in the art without departing
from the spirit and teachings of the invention. The embodiments described herein are
exemplary only and are not intended to be Himiting. Many variations and modifications

of the invention disclosed hercin are possible and are within the scope of the invention,
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Accordingly, the scope of protection is not limited by the description set out above, but
is only limited by the claims which follow, that scope including all equivalents of the
subject matter of the claims.

[86107] The examples provided in the disclosure are presented for Hlustration and
explanation purposes oaly aod are not Intended to Hmit the claims or embodiment of this
invention, While the preferred embodiments of the mnvention bave been shown and
described, modifications thereof can be made by one skilled in the art withowt departing
Trom the spirit and teachings of the invention. Process criteria, equipment, and the like
for any given implemeniation of the invention will be readily ascertainable to one of
skill in the art based upon the disclosure herein. The embodiments described herein are
exemplary only and are not intended to be lopiting. Many variations and modifications
of the invention disclosed herein ave possible and are within the scope of the invention.
Use of the 1erm “optionally” with respect to any element of the invention is intended to
mean that the subject element is required, or alternatively, is not reguired. Both
altemnatives are intended 1o be within the scope of the invention.

100109] The discussion of a reference in the Background is nit an adiaission that it is
prior urt to the present inverdion, especially any reference that nay bave a publication
date afier the priority date of this application. The disclosures of all patents, patent
applicétiem, and publications cited herein are hereby incorporated herein by reference
in their entirety, to the exient that they provide exemplary, procedural, or other details
supplementary o those set forth herein,

100109] Although the invention is described hereln as a promoted sorbent material and
associated processes for its preparation and use, it is nevertheless not intended to be
Hmited to the details desceribed, since varicus modifications and stractural changes may
be made therein without departing from the spirit of the invention and within the scope

and range of equivalents of the claims.
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CLAIMS

What is ¢laimed is:

i, A method for separating mercury from a mercury conlaining gas comprising:

{a) providing a sorbent matsrial;

(b  providing a halogen or halide promoter;

{c)  promoting at least a portion of the sorbent material by chemically
reacting the sorbent material with the halogen or halide promaoter (0 form 2 promoted
halogenated sorbent;

& chemically reacting olementad mercury in the mercwry containing gas
with the promoted halogenated sorbent to form a mercury/sorbent chemical
composition; and

{2} separating parbiculates from the mercury containing gas to form a
cleaned gas, the particulates including ash and the first merewry/sorbent chemicsl

comprosition.

2. The method of claim 1, further comprising the step of injecting the sorbens

maierial and the halogen or halide promoter into the mercury containing gas.

-

3, The method of claim 2, wherein said balogen or halide promoter and the sorbent

material are injected info the mercury containing gas at the same location,

4, The method of ¢laim 2, wherein said halogen or halide promoter and the sorbent

material are injected into the mercury contaibing gas at separate locations,

3. The method of claim 4, wherein said halogen or halide promoter 1s injected nfo

the mercury-containing gas opstrears of the ingection of said sorbent.

. The method of claim 3, wherein said halogen or halide promoter is injected into
a combustion chamber that produces a mercury-containing gas, and the sorbent is

injected downstream of the combustion chamber,

7. The method of claim 6, wherein said halogen or halide promoter is additionally
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injected downsiream of the combustion chamber,

8. The method of claim 6, wherein said combustion chamber is a botler and the

mercury-containing gas is a flue gas.

9. The methed of clatm 3, wherein said balogen or halide promoter and sorbent are

injected downstream of a chamber that produces a mercury-containing gas.

16 The method of claim 9, wherein gaid chamber is a boiler and the mercury-

comtaining gas is a flue gas.

1i. The method of claim 2, wherein the rate at which said sorbent is ipjected or the
rate at which said promoter is injected or combination thereof is adjusted sccording to a
monitored mercury content in the cleaned gas so that the mercary content of the clecaned

gas I msintained at substantally a desired level.
12 The method of claim 1, wherein said sorbend comprises carbon based materials,
13, The method of claim 12, wherein said sorbent comprises activated carbon,

14, The method of claim 1, whersin said sorbent is selected from the group
consisting of non-carbon based materials, including porous felsic materials, vesicular
felsic materials, porous basaltic raaterials, vesicular basalfic materials, clay-based
compounds, alkaline compounds, calcium hydroxide compounds, sodium acetate

compounds, bicarbonate compounds, sad combinations thereof.

i5 The method of claim 13, wherein said sorbent is an activated carbon base
material that reacts with oxidized mercury in the mercury-containing gas to form a

second mercury/sorbont chemical composition.

i6. The method of claim 14, wherein said sorbent is 2 non-carbon base material dut
reacts with oxidized mercury in the mercurv-containing gas to form a second

mescury/sorbent chemical composition,
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i7. The method of claim 1, wherein said sorbent is a non-carbon materia! that

cornprises Lewis basic groups.

18, Themethod of claim 1, wherein satd sorbent is a carbon material that comprises

Lewis acid groups.

18, The methed of claim 1, wherein said sorbent includes both a carbon material

and a non-carbon material.

248, The method of claim 14, wherein said non-carbon material comprises
amorphous forms of tectositicates comprising nanoscale cavities lined with Lewis basic

oxygen associated with alkaline-earth metals.

21, The method of claim 20, wherein said alkaline-carth metals comprise Group {

and Group II alkaline-earth metals,

22, The method of claim 13 wherein sald non-carbon material comprises amorphous

forms of phyllosilicates comprising nanoscale cavities lined with Lewis basic oxygen.

23, The method of claim 1, wherein said promotad sorbent cornprises metastable
complexes forned between said prometer and inorganic species on 4 non-carbon

sorbent,

24.  The method of claim 23 wheteia said inorgasic species is selected froun the
group consisiing of sodivn compounds, calciom compounds, magnesium compounds,

aluminum compounds, iron compounds, and combinations thereof.

25, The method of clatm |, wherein said promoted sorbent comprises metastable
comploxes formed between said promoter and meial-oxygen-metal struciures on g nop-

carbon sorbent.

26, The method of claim 25, wherein said promoter after being complexed with the
metal-oxygen-metal structures i in the form selecied from the group consisting of g
dihalogen group, a halogen atomy, a hydrohalogen group, a Group 'V halide, a Group VI

lalide, and comdvinations thereof

1a3
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27.  The method of claim 1, wherein said promoted sorbent comprises activated

Lewis basic groups or activated Lewis acld groups or combination theresf

28, The method of elaim 1, wherein said interaction between promoted sorbent and
said mercury-contalning gas stream comprises:
mercury diffusing from the gas phase onto said promoted sorbent surfice; and
reacting with activated Lewis basic groups o1 activated Lewis acid groups or

combination thereof to cause chemisorption on the sorbent surface.

29. The method of claim 1 further comprising pretreating said sorbent (o increase
the number of Lewis basic groups or Lewis acid groups or combination thereof on said

sorbant.

36 The method of claim 20, wherein protreating said sorbent comprises cherateal

treatrment, thermal treatment, vacoum freatment, and combinations thereof.

3L The method of claim 30, wherein said chemieal freatment corapnises acid

reatment and alkaline trealment.

32, The method of claim 1 further comprising introducing an alkali component inlo

the mercury-containing zas.

33, The method of claim 1, wherein a carbon sorbent is reacted with said promoter

to produce a promoted carbon sorbent.

34,  The method of claim 33, wherein said carbon sorbent or said promoter or
combination thereof are introduced into the moercury-containing gas al one or more

locations.

35, The method of claim 34, wherein the rale at which said carbon sorbent is
introduced or the rate at which said promoter is introduced or combination thereof'is
adjusted aceording to a monitored mercury content in the cleaned gas so that the

mescury content of the cleaned gas is maintained 2t substantially a desired level.
33
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CARBON NANGCOMPOSITE SORBENT AND METHGDS OF USING
THE SAME FUR SEPARATION OF ONE OR MORE MATERIALS
FROM & GAR STREAM

CLAIM OF PRIORITY
{8001} This patent application claims the benefit of priority of U5,
Patent Application Serisl Number 13/433,274 filed on April 23, 2012, which is

hereby incorporated by reference n its entirety.

STATEMENT OF GOVERNMENT SUPPORT
{002 This invention was made with government support awarded by
the U5, Department of Eoergy (DOE) under DOE Cooperative Agreement
Number DE-FO26-08NT43291 entitled “EBRC-DOE Joiat Program on
Rescarch and Devolepment for Fossil Encrgy-Related Resourecs™; Subask 4.8
entitled “Fale and Condrol of Mercury and Trace Elements™; BERC Fund

Mumber {4990, The U.S. government has certain rights in this invention.

BACKGROUND OF THE INVENTION
{8063} Mercary {Hg emissions have become a health and environmental
concern because of their toxicity and ability to bioaccumulate. The 115,
Environmerdal Protection Agency (EPA) has issued reguiations for the control
of Hy ewissions from waste-to-energy, cement production, and coal-tired power
plants, Mercury in fhue gas from industrial sources (2.g., power plants) can be
caprured by injection of sorbonts such as activated carbon, which can then be
removed by particulate collection devices, The amount of standard sorbents
{¢.g., activaied carbon) needed to serve the market is large, Standard sorbents arg
not always effective and become more expensive as injection rates increase,
BOG4] A panocomposite 16 2 meltiphase solid material in which one of
the phases has at least one dimension of less than about 1000 nim or in which less
than an about 1000 nm repeat distance separates the phases that make up the
material, Nanocomposites th which one or more of the phases s a bulk matrix

i
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and one or more other materials is a nancdimensional phase can bave undgue
properties, with the mechanical, electrical, thermal, optical, chemucal, or
catalytic properties of the nanoccomposite material differing significantly from
that of the individoas] component materials.

jai0s] The first examples of carbou vanocomposites were prepared by
interealating monomers into interlamellar spages in clavs, polymerizing the
monomer, and carbonizing the polvmer. The minimum thickaess of the carbon
layer was 1.1 nm (Kyotani-198%). In the next two decades, a varety of
monorners were employed with several clayvs and other porous support raaderials.
n some cases, the inorganie part of the compoestte was removed o study the
graphite-like earbon structurcs. In 2004, Bakandritsas of sl produced carbon-
clay nanocomposites using sucrose as the carbon source (Bakandritsas-2004).
The thickness of cach layer was about | nm and (.4 i for the clay and
graphene fayers, respectively. Later, this group descoibed the use of these for
adsorption of gases {0y, CH,, Ny and organic solutes in agueous solutions
{Bakandritsas-2003), Because they can be easily shaped, have high surface-
areas, and conduet ¢lectricity, carbon-clay nanocomposites from sucrose wers
used 1o produce electrodes and sensors (Darder-2005, Gomez- Aviles-2007,
Femandez-Saavedra-2008, Gomez-Aviles-2010). The porous carbone-clay
napocomposiies from sucrose also have been utilized for catalyst supports
{Nguves-Thank-20066a, Nouven-Thanh-2006b, keue-2008).

FE006] Several apphications of composite materials for adsorption of
metal ions such as Hg®" have been described in the literature. These inchude the
foltowing materials: chitosan-coated ceramic (Boddwe-2002), potvpyrrele film on
elay {(Etazadeh-20073, mercapto-functionabized polvsiloxanc film on distoms
{Wang-2007), pobyaniline film on ash {Ghorbani-201 1}, and polyaniline
composite with humic agid {Zhang). None of these is a carbon panocomposite;
rather, they are typically a polymer i deposited on a support aond suffer
limitations from stability and difficulty of recycling and processing,

[68G7] Separation of elemental or oxidized mercary from a zas stream
heg been conducted with several types of nanocomposites made with non-carbon
raaterials. A Si0:-Ti(y, nanocomposite was used for Hg capiure uader UV
radiation (L1-2008). This technology suffers from the difficelty of having to

~
L
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effectively irmadiate combustion effluent containing fine particuiate, A

magnetite- and Ag-impregnated zeolite nanocomposite was deseribad {Dong-

2009, Ity suspected that the Ag nanocomposite represents a sigmificant

envirorment risk fn itself, as well as being a high-cost sorbent. Capture of Hg in
5 flue gas with a CeOy-WO/ Ty nanocomposite was repotied {Wan-201 1)

These non-carbon sorbenis have higher cost and slower kinetics thap desirable,

SUMMARY OF THE INVENTION

[B00E] In variows emdboduments, the present invention provides @ method

16 forseparating a material from a gas that inchudes the matenial. Tn some
cmbodimnents, the material can be a pollutant or an vawanted consiitucnt of the
gas. The method inclides providing or obtaining 3 carbon nanceomposiie
sorbent. The method also includes contacting at least some of the material with
the sotbent to form 2 material-sothent composition. The method also tocludes

I8  separating at least some of the material-sorbent comnposition from the material-
contaiming gas, The separation gives a separated or partially separated gas,
[5009] In varicus embodiments, the present invention provides a method
for reducing the poliutant content of a pollutani-containing gas. The method
includes providing or obtaining a carbon nanccomposite serbend, The method

28 includes providing or obiaimng a halogen or halide promoter. The method
inciudes promoting at least 3 portion of the sorbent material, The promoting of
the sorbent material inchudes chemically reacting the portion of the sorbend
material with the halogen or halide promoter. The promoting of the sorbent
material gives a promoted sorbent. The method inclades contacting at least part

25 of the promoted sorbent with the polhstant. {n some embodiments, the mothod
can also include contacting the pollutant with sorbent that is unpromoted.
Cuontacting the promoted sorbent with the pollutant forms @ polhutant-sorbent
composition. The method also includes separating at Teast some of the polhstant-
sorbent composilion. The separation zives a cleaned gas, having a lower

36 pollutant conteni than the starting material (e.g., uncleaned) polhuiant-containing
zas. In variows embodiments, the poliutant can be mercury,
{8018 Inn varicus embodimends, the present invention provides a method
of forrag a carbon nanocomposite material, The method eledes obtaining or

3
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nroviding a carbon precursor material. The method Includes providing or
oblatiung o substrate matertal, The method includes contacting the carbon
orecursor and the substrate material 1o provide 3 panocomposite starting
raaterial. The method aiso includes heating the nanocomposite starting material
to provide the cachon nanocoroposite sorbent. In various erbodiments, the
prosent invention provides the carbon nanocompoesite that is generated by the
method. In some examplaes, the present invention provides the nanocomposite in
combination with vanous materials the nanccomposite encountaers duning
performaace of the method, such as the nunocomposite in combination with
mercury, with oxidized mercury, or with a mercwry-containing gas. Tn some
cmbodiments, the method can inclode adding a halogen or halide promoter and
allowing the promoter to react with the sorbent to form a promoted carbon
nanocomposite sorbent.
jadi1} Surprisingly, despite activated carbous belog routinely used 1o
capture pollutants in flue gas streams, carbon nasocomposites have not been
used before for gas-phase mercury capture, Traditional thinking is that an excess
of inorganic sepport such as clay in the carbon nanocomposite hinders the
sorption of the pollutant on the carbon, However, surprisingly, in accord with
some embodiments of the present inverdion, the nen-carbon parts can cabaace
the sorption of poliutant on the proxirsate carbon graghene layer. The basal
manes of the carbon portions of the panccomposites are indeed largely hindered
within carbon penocomposile structures. However, the carbon edge structures
are very well expused in the structures, and these are the part of the carbon that
is active for poliutant caphire {e.g., mercury, seleniim, arsenic, and the Hke) As
deacribed herein, the grapbene cdge structures can be promoted by reaction with
a halogen, hydrogen halide, or ammonium halide w produce a carbocation edge
structute that is highly reactive for oxidation and capture of pollutants such as
TBETCUY.
HHYE 2] Since support materials such as clays are by themselves inerd, the
aromotion of oxidation of polistanis by the carbon laver caused by cerlain
support materials 1s alse unexpecied. However, in accord with some
embodiments of the present invention, a polyanionic slumincsilicate layer (2.g.,
\

fromm clayy

K

can stabalize the development of cationic sites on the proximate
4
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graphene carbon structures that are essential for oxidation of pollutants such as
mercury. The same stabilizing effect can ocour with g carbon-diatom (sthcate)
nznocomposite or other nanocomposites composed of graphane lavers and polar
jnorganic structures,
jadiy 1o embodimens that include a nanocomposite that is proroted
via hydrogen halide compound obtained from degradation or reaction of the
corresponding aramonium helide, another advantagecus rele for the morganic
asortion can be i providing a binding site for the ammoma that is relessed from
either the decompuosition or reacnion of the smmonivim saht. The bound spumonis
forms a complex with basic character that reacts with 50 in the flue gac and
provents their mterforence with the capture on the edge structure of poliutants
such as mercary.
LR EY In another advantage of inorganic support in embodiments that
inciude clay as the support, the clay is stabilized to dispersion in an agueocus
medium. Clays are usuaily difficult to filker or separate from an aqueous
medium, but in the form of 2 nanocomposite with carbon, the material can be
easily separated frorm an aquecus medium by filtration, Thus, the nanocomposite
can be conveniently utilized (0 capture mercury in an agueons envIORMent,
{8015 The present inventios advantageously cao separate a reaterial
{¢.z.. a pollutant} from a gas that includes that matenial more efficienily than
other methods. The present invendion provides certain advantages over other
methods and materials for the reroval of mercury from mercury-containing gas.
The method and materials of various erabodiments of the present Invention can
capture and remove mercury from a gas more efficiently than other methods of
mercury removal. The methed and matenals of vanious cmbodiments of the
prosent invention can operate more efficiently than other reethods of mercury
removal. For example, the method 2nd materials of various embodiments can
remove a given amnount of mercury for 2 smaller ammount of financial
expenditure, as compared to cther methods, For example, the method and
raaterials of varicus embodiments can rersove a larger amount of mercury fora
given mass of carbon, as compared to other methods of removing mercury,
inciuding as compared to other methods of removing mercury that include a
carbon sorbent. Thus, the method and materials of various erabodiments can

5
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resalt in the use of less sorbent material {e.g., less carbon overall), s well a8 the
disposal of less used sorbent material, than other methods of moercury removal,
LEHEY o varicus embodiments, the present invention provides a method
for reducing the mercury content of & mercury-coutaining gas. The method
ncludes providing or obstainiog a carhou nanocomposite sothent. The carbon
nanoeomposite sorbent is made by steps including providing or obtaining a
carbon precursor and providing or obiaining a substrate material, The steps also
inciude contacting the carbon precursor amd the substrate material, The
coptacting provides a manccompusite starting material. The stepy also include
heating the nanccomposite starting matertal. The heating provides the carbon
napocomposite sorbont. The mothod for redueing mercary conient of the
mercury-containing gas also includes providing or obtaining a halogen or halide
promoter. The method inclodes promoting at least 2 portion of the sorbent
material. The promoting of the sorbent material includes chemically reacting the
portion of the sorbent material with the halogen or halide promoter. The
promoting of the sorbent material gives a promoted sothent. The method
includes contacting at least part of the promoted sorbent with the meercury.
Contacting the promoted sorbent with the mercury forms a meroury-sorbent
composition, The method also includes separating at least some of the mercury-
sorbent composition from {he gas. The separation gives a cleaned gas, baving a
lower marcury content than the uncleaned gas.

D I varicus embodiments, the present invention provides 2 method
of making a carbon nanocomposite sorbent. The method includes providing or
obtaining a catbon precursor. The method includes providing or obaining a
subsirate maicrial, The mothod inchudes contacting the carbon procursor and the
substrate material, Contacting the carbon precursor and the substrate yosterial
provides a nanocomposite starting material. The method also includes heating
the nanocomposite starting material, Heating the nanccornposite starting material

provides the carbon nanccomposite sorbent,

BRIEF DESCRIPTION OF THE FIGURES
8018} Inn the drawings, which are not necessarily drawn {0 scale, like
mrperals describe substantially sinslar components throughoud the several
&
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vigws. Like numerais having different leter suffixes represent different instances
of substantiafly stmilar components. The dinwings iHhustrate generally, by way of
example, but not by way of linuation, varicus embodiments discussed o the
prosent docuwment.

jadiyy FIG. 1 schematically Ulustrates methods for preparation of
promoted carbon sorbents, 1n accordance with various embodiments.

SEDAH FIG. Z Hlustraies a proposed meechanistic model of the chemical
reacticns rasulting in the oxidation and capture of mercury, in accordance with
vurious embodiments,

8021} FIGS. 3A and 3B schematically iflustrate preparation of promoted
carbon sorbents and processes for flue gas morcury reduction i flue gascs {(e.g.
from combustion} and/or product gases from a gasification system, in
accordance with various erabodiments,

j022] F1G. 4 illustrates particulate test combustor (PTC} results for
NanoG-CM testing, in accordance with various embodiments.

FOU23) FIG, 5 iHustrates PTC results for Nano(G-CM testing, in
accordance with various smbodiments,

{8024} Fi3, 6 tllustrates model results for n-fHight mercury capture with
a composite sorbent i a high-sulfur flue gas, in accordance with various

embodiments.

DETAILED DESCRIPTION OF THE INVENTION
{8028} Reference will now be made in detail to cerain clains of the
disclosed subject matier, examples of which are illustrated in the sccompanying
drawings. While the discloscd subject matior will be desenibed in conjunction
with the enumerated claima, it will be understood that they are not intended to
limdt the disclosed subject matter 1o those claims. On the contrary, the disclosed
subvject smatter is intended to cover all altematives, modifications, and
equivalents, which can be included within the scope of the presently disclosed
subiect matiter as defined by the claims.

M g,

LA References in the specification 10 “one embodiment,” “an

LIy

embodiment,” “an example embodiment,” etc., indicate that the embodiment
described can nclude a parocular feature, structure, or characieristic, but every

7
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embodiment may not necessartly inchude the particular festure, structure, oF
characteniatic. Moreover, such phrases gre not necessanly referring to the same
einbodiment. Further, when a particular feature, atructure, or characteristic is
described in connection with ap embodimens, it 38 subnuitted that it is within the
knowdedge of one skilled in the art to effect such feature, structure, or
charactoristic in connection with other embodiments whaether or not explicitly
described,

188271 Vahlues expressed in a range format should be interpreted ina
flexible manner w inclode not ondy the mumerical values explicitly recited s the
fimits of the range, bt also {0 mclude alf the ndividual nomernscal values or sub-
ranges cacompassed within that range as if cach numoernical valuc and seb-range
is explicitly recited. For example, a concentration range of “abowt 8.1% to about
386" should be interpresed w0 include not only the explicitly recited concentration
ot about 3.1 wi% 10 about 3 wi¥e, but also the individual concerdrations {e.g.,
1%, 2%, 3%, and 4%%) and the sub-ranges (e, 0.1% 10 4.5%, 119 10 2.2%,
3.3% t0 4.4%) within the indicated range,

f0028] In this document, the terms “a.” *an.” or “the” are used 0 include
one or more than one unless the context clearly dictates otherwise, The term “or”
is ysed to refer 1o a nonexchusive “or” unless otherwise indicated. In addition, it
18 to be understood that the phraseology or terminology emploved herein, and
not otherwise defined, is for the purpose of description only and not of
limitation. Any use of section headings is intended 1o aid reading of the
document and is not to be interpreted as Hmidoy, information that is relevantw a
section heading may oocur within or outside of that particular section.
Furthormore, all publications, patents, and patent documents reforred to in this
document are incorporated by reference berein in their entirety, as though
individually incorporated by reference. In the event of inconsistent usages
between this document and those documents so incorporated by reforence, the
usage in the incorporated reference should be considered supplementary (o that
of this docwment; for irreconcilable inconsistencies, the usage i this document

controls.
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{8029 10 the methods of manvfacturing described herein, the steps can
be carried oud m any order withowt departing from the principles of the
invention, except when a temporal or opesational sequence ks explicitly recited.
IR Furthermore, specified steps can be carried out concurrently
uithess explicit claim language recites that they be carcied out separately. For
example, a ¢laimed step of doing X and a clavned siep of doing Y ¢an be
conducted umulianeously within a single operation, and the resulting process

vill fall within the literal scope of the claimed process,

Definitions
{31 The torm “aboat”™ ¢an allow for a degree of variability in a valac
or range, for example, within 10%, within 3%, or within [% of & stated valee or
of a stated Bt of a range. When a range or a list of sequential values is given,
uitfess otherwise specified, any value widon the range or any value between the
given sequential vahues is also disciosed.
F0032] The term “hydrocarbon™ as used herein refers 1o a functional
group or molecule that includes earbon and hiydrogen atoms, The term can also
refer to a functional group of molecule that normally includes both carbon and
hydrogen atoms but wherein all the hydrogen atoms are substituted with mber
tmctional zrougs.
HEIRES The term “pore™ as used herein refers to a depression, sht, or hole
of any size or shape in 4 solid object. A pore can run all the way through an
object or partially through the object. A pore can imtersect other pores.
{034 The term “solvent” as nzed herem refers to a Hguid that can
dizssolve a sofid, bauid, or gas, Nonfimiting oxamplos of solvents are sificones,
organic compounds, water, alcobols, tonic Hauids, and supercritical fluids.
[8835] The term “air™ a8 used herein refers to a mixwure of gases with 2
compuosition approximately identical to the native cooposition of gases taken
from the atmosphere, generaily at ground level. In some examples, air is {aken
from the ambient surroundings. Alr has a composition thad mehades
approximately 78% mitrogen, 21% oxvgen, (% argon, and 6.04% carbon
dioxida, as well as smali amounts of other gases.
FE34] The term “roos tempersture” as uwsed heren cefers 1o ambient

9
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temperabire, which can be, for example, between abowt §35°C and about 28°C,
{37 As used herein, “substardially” refers to a majority of, or mostly,
as in at least about 50%, 60%, 70%, 80%, S0%, 95%, 86%, ¥7%, 08%, 90%,
09.5%,, 99.9%, 99,999, or at ieast about 99,9999 or more.

{8038 As used heretn, “panocomposite” refers 1o a nwltiphase soiid
meaterial in which one of the phases bas at lcast one dimension of less than about
MG nm or in which less than an aboul {000 mm repeat distance aeparates at
least some of the phases that make up the materisl. In some embodiments, oneg of
the phases hus at least one dirpension in the range of about 1 nm - 1000 am oy ia
which an about | - 1000 nm repeat distance separates at least some of the phases
that make up the matenal) in other ombodiments, the lowor B of the range can
be less than about § nm.

{B4139] Asused herein, “phase” refers t0 a region of space throughout
which all physical properties of & material are essentially uniform, such as
physical state, structure, and chemistry. For exanmple, a liguid and a gaseous state
can be two different phases, For example, a carbon material distributed on a
substrate can be two differont phases. For example, a carbon material distributed
on a porous substrate ¢an be two different phases,

048 As used horein, “mineral” refors 10 2 nahwrally ocowrring schid
chemical subsiznce formed through biogeochemical processes, having, for
example, characieristic chermical composition, highly orderad atomiv strucivre,

and specific physical properties.

Degeription
jBB41} Yarious ombodiments of the present invention provide moethods

£y

and materials for the separation of 2 material from a gas. Tn some embodiments,
the material can be a pollutant ot an undesired constituent. In other
embodiments, the matetial can be any suitable material. The gas includes the
material; for example, the material can be dissolved or suspended in the gas, The
raaterial includes a carbon nanocomposite sorbent. The method includes
providing or oblaining the carbon nanocompaosite sorbend. The method includes
conlacting at least some of the material in the gas with the sorbent o firm a
materiab-sorhent composition. The methed alse inclades separating particuiates
H}
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frora the gas. The particulates include at Teast somie of the material-sorbent
composition. The separating gives o separated gas having a lower amount of the
material therain thay the starting material gas. Hereln roany specific examples of
embodiments are given wherein the material separated is mercury, wherein the
carbon nanoeomposite sorhent 8 treated {e.g., promoted) with halides or
halogens, or wherein the carbon nanoconmposite sorbent is treated with other
materials, However, one of ordinary skill in the art will extrapolate from the
exampies and appreciate that emnbodiments encompass separation of any suitable
material (such as, for exarnple, say suitable polhuant, ey, arsenic, seleniom, and
the ke from a gas using any sutable carbon nanccomposite material,

{42} 1n various cbodiments, the material separated from the gas s g
pollutant (e.g., an unwanted or undesirable constituent’, and the material is
desired 10 be removed from the gas 1o purify the gas. The polhutant can inchide
mercury. The pollutant can include elernental mercury. The pollutant can include
oxidized mercury. In various embodimenis, the roethod can include providing a
promaoter, The promoter can be allowed 1o chomically react with at least 2
portion of the sorbent material, forming a promoted sorbent, The sorbent that
contacts the pollutant can include the promoted sorbent, In varions

embodiments, the promoter can be a haloges or halide promoter,

043 In various embodiments, the present invention provides methods
and materials for reducing the mercury content of 2 mercury-containing gas, The
method includes providing or obtaining a carbon nanocomposite sorbent. The
method can include providing or obtaming e halogen or habide promoter. The
method can fnclude promocting at least a portion of the sorbent roaterial by
chemically reacting the portion of the sorbent material with the balogen or halide
proooter o form a promoted sorbent. The reethod jncludes comacting at Teast
part of the promoted sorbent with the mercury to form a mercury-sorbent
composition. In varicus emboedimenis, the sorbent contacted with the mercury
can ako inchude unpromoted sorbent. The method slso inchides separaling at
least some of the mercury-serbent comaposition from the mercurv-contaiming gas.
The separation gives 2 cleaned gas having o lower mercury content than the
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starting material gas. The mercary in the mercury-containing gas can be any
suitabie form of mercury, such as, for example, elementsi reercury. The mercury
can be suspended or dissolved in the gas. In some embodiments, the promoter
can be HBr or NH,Br, and in some examples, the HBr can be provided via
degradation or reaction of anwoaoniwm bromnide, NH.Br. in soroe embodiments,
the promoter {e.g., HBr) or promoter precursor {e.g., NH:Br) can be injected at
an injection rate in the flue gas separately fromy the carbon nanocomposite
sorbent or with the carbon nanocomposile sorbent (e.g., can be applied {0 the

sorbent pre-injection’.

Carbon Nanocomposie Sorboend

[844) The methods provided by embodiments of the present invantion
use 3 catbon nanocomposite sorbent to remove 4 material Gom 2 gas, for
example, 10 rerpove mercury from a mercury-containiog gas. Nanocomposites
are composed of two of more phases such that the phases are intimaiely
connected 1o each other at nanoscale dirnensions {e.g., 1000 nm or less), When
these panccomposites are highly porous, espeocially microporous or nanoporous,
the intimate connectivity of the two nanocomposites can result in high surface-
arcas as well as cotrespondingly high catalytic activitics, This can especially be
the case when a catalviically active material, such as certain {orms of carbon, s
dispersed on 3 bulk aubstrale having a high surface-area. Carbon nanocompasites
can include 2 thin laver of graphene sheet coated on or intercalated Intc an
inorganic support.

{045] In some embodiments, the carhon nanocomposite sorbent can be
about 30% or fcss carbon, or about 3 wi¥4 to about 30 wi% carbon, or about 3
wits 1o about 18 wi% carbon. In sume embodiments, the carbon nanccomposite
sorbent can be about 1 wi% 0 about 995 wi% bulk substrate, or abowt 50 wi%
1o about 87 wi% bulk substrate, or about 80 w124 to about 95 wi bulk substrate
{e.g.. dintomaccous carth, smectite clays, and the Like.

[6846] The nanocomposite of the present invention can be any suitable
carbon nanocorgposite. In some exaraples, the nenocomposite can be a suliable
form of carbon distributed on a suitably porous or suitably high surface-area
sebstrate. The panocomposite can be produced or can be commercially obtaiped.
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in some embadiments, the nanccomposite is commercially obtained, and further
processing steps may be required to suitably activate the carbon for separation of
the material, such as separation of the mercury. Further processing steps 6
suitably activate the nanocomposite can include treatment with heat (e.g.,
caleining), treatment with base, trearment with a halide or halogen {e.¢.,
promoting}, or ¢ombinations thereot, For exarople, in some embodinents,
treatmeni of the nanocomsposite with a halide or halogen can promaote the
nanocormposite 40 form active siles in the nanccomposite which can transform
mercury from elemental mercury into oxidized mercury (e, mercury oxide). In
some embodiments, ne promotion of the nanocorposie s used. For example, in
some crabodiments, treatmont of the nanocomposiic with an acid or base can
prepare the nanocomposite for promotion using a hahide or halogen or ean
prepare the nanocomposite sach that syitable reactivity ks obtained. In other
erobodirents, no treatmoent with acid or base 18 used prior 0 promootion using a
halide or halogen or prior to using the sorbent 1o remove mercury or other
materials from the gas,
{8047} The method can inchade contacting at least part of the
nanocomposite sorbent with the material in the gas, such as mercury, to forma
composition, such as a morcury-sorbent comgposition, The presemd invention is
nod dependent on any particular mechanism of action; so lonyg as the material is
removad from the gas using the carbon nanccomposite sorbent, the method is
encompassed as an embodiment of the present invention. In some embodiments,
the mercury ix absorbed in its elemental form by the sorbent; the mercury-
sorbent composition can inchide the sorbent and the elemental form of mercury.
i somie embodimonts, the morcwry is converted by the sorbont via a chemical
reaction. such as oxidation, such that the mercury from the gas is transformed
into an oxide of mercury {e.g., HgO); the mercury-sorbent composition can
jnctude the sorbent and a transforreed form of the roercury such as a merowry
oxide, In some embodiments, the mercury-sorhent composiion can inchide a
combination of elemental roercury and transformed mercury, such as mercury
oxide. In some examples, the absorbing of elemental mercury or the
transformation of mercury can modify the sorbent, such that the vorbent is at
least slightly different afier the composition is formed; e.g , affer ransformation
13
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of a particubar atom of mercury 0 mercury oxide, the active location of the
aorhent that caused the transformation can be unreactive or less reactive.
[3048] In some exanples, elemental mercury o transformed mercury
can rematn absorbed to the sorbent untii the mercury-sorhent composition has
been removed jo a later separation step. For example, slemental mercury or
transformed mercury can be absorbed, or eacted and absorbed, into or onto the
sorbent composidion, such that al least about [ wie, 3 wie, 5 wi, 10 wits, 20
1%, 30 wite, 40 with, 50 wih, 60 wi%, 70 wite, 80 wilh, 90 wide, 95 widd, 96
wi%h, 97 wi%h, 98 wis, 99 wids, 909 wils, 99.09 wif, or about 99,999 wis or
more of the mercury in the mercary-condaining gas stream 15 absorsbed, or
reactod and abrorhed, 1ato or onto the sorbent composition, In some
embodiments, elersental mercury or transformed mercury can be released from
the mercaery-sorbent composition; for example, less than about 1 wi%, Je%, 3
wits, 10 wi%, 20 wils, 30 witd, 40 wi%, 50 wits, 60 wi%, 70 wils, 80 wi%s, 90
wits, 95 Wi, or less than sbout 99 wis of the mercury can be released from the
mercury-sorbent composion prior 1o separation of the mercury-sorbent
composition from the gas. Insome examples, the malority of absorbed ¢lemental
or transformed mercury can remain part of the mercury -sorbent composition
until the mercury-sorbent composition is ramaved e a lator soparation step. {o
some examples, transformed mercury thal 1s released from the mercury-sorbent
composition can be later rerpoved from the gas via the separation siep. In some
examples, elemental or transformed mercury that has been released from the
mercury-sorbent composition can contact curbon nanocomposite sorbent o form
a mercury-sorbent composition, fo be removed later via the separation step.
849 o vartous emibodimends, the carbon nanocomposite sorbom
includes binding sites that bind with mercory in the mercury-containing gas. In
some examples, the sorbent material inchudes carbon that is reacted or
smpregonated with halogens or halides to forou merewry binding sites n the
promoded sorbend. In some examples, the sorbent material can inclade carbon
{hat is activaled at least in part by treaiment with 3 base, wherein the base-
activated carbon can react or becorme impregnaded with halogens, hydrogen
halides, and Group V or VI halides 10 form mercury-binding siles in the
propded sorbend. In some examples, the biding sites by the carbon react with
i4
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mercury in the mercury-contaimng gas 1o form the reercury-sorbent
composition. In seme examples, at least a portion of the binding sites of the
carbon react with oxidized mercury in the mercury-containing gas o forma
raereury-sorbent composition.

fash] 1o some embodiments, ai least some of the carbon in the carbon
nanceomposits is in the graphene form of carbon, The graphene form of carbon
can, in some embodiments, inchude higher concentralions of locations suliable as
the active sites of the nanocomposite. In some examples, certain parts of
graphiene carbon can have the highest concentrations of locations suitable as the
active sites of the nanocomposite: 10 some examples at the edges, 1w some
cxamples in non-cdge locations. Such [ocations suitable as active sites may be
activated via treatment with halide or halogen, 28 describad berein. In various
erabodiments, the carboun in the carbon nanocomposite ¢an be af least about §
wits, 2 wi%e, 3 with, 4 wite, 5 wite, 10 wits, 20 wils, 30 wids, 40 wi¥s, 530 wibs,
& wite, 70 wilh, 80 with, 90 wi¥s, 95 wils, 96 wih, 97 with, 98 with, 90 wi,
99.9 wit%, 99.99 wi%, or more than about 99,999 wi%, graphese form of carbon,
FBO81] In some embodiments, the carbon nanccomposite sorbent has a
mesn particle diameter greater than 40 micrometers, or greater than 60
micrometers, o a particle size distribndtion greater than that of fly ash or
entrained ash in a flue gas stream to be ireated, such that the carbon
nanocomposite sorbent and ash can be separated by physical means in the
separation step.

{8052} In one example. the nanocomposite can be a carbon
nanocomposite that is prometed for gas-phase Hg oxidation when a hahide salt
contained in the porous structure i3 decomposcd during injection mio a hoato
duct. In some examples, the halide salt can be ammonium bromide. In some
examples, the carhon panccomposite can include graphene. In some examples,
the noo-carbos part of the nanocomposite includes a high surtace-area, porous,

inorganic matrix.

[6083] The carbon nanocomposite sorbent can be obtained, # can be

synthesized, or any combinasion thereof. For example, an obmined catbon
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nanocomposite material may need further treatment before 1 i suitable for use
in an embodiment of the method of the present invention. Varoeus cnbodiments
arovide a method of forming the carbon nanccomposite sorbent, & carbon
nanocoroposite sorbent formed thereby, or a combination of the carbon
sepocomposite sorbent with a mercury-containing gas. For exarople, the rocthod
of making the carbon nasocomposite sorbent can include providing or obtaining
a carbon precursor, wherein the carbon precursor provides the carbon in the
carbon nanocomposiie sorbent. The method can include providing or obtaining 2
wubstrate matertul, whereln the substrate mstenial provides the bulk substrate in
the carbon nanocomposite sorbent. The method can inclede contacting the
carbon precursor and the substrate material to provide 2 nanocomposite stariing
material, The method can inchude heating the nanocomposiie starting material,
Heating the nanocomposite starting material provides the manocomposite
sorbeat. Before use, the nasscomposite sorhend can optionaily be subjected to
processing steps, such as treatment with base, or such as treatment with a
halogen or halide, which ¢an allow formation of active sites on the carbon
nanoeomposite that can react with elemental mercury to transform the mercury,
for example, into oxidized mercury {2.g., mercury oxide),
{8054 In some exaraples, vsing a substraie such as a clay (e g, the
substrate allowing for an open and porows substracture), 2 carbohydrate {e.g.,
carbon precursor can be contacted with the substrate. The resuiting mibxiyre can
be heated, which creates a carbon laver with a low carbon density that covers the
open porous structure of the sabstrate material. In some embodiments, as the
mixture is heated, the sabstrate can swell, The carbon layer can be created by
chomical reactions of the carbon precursor causcd by the beating step, inchuding
decomposition resctions, including for example pyrolvsis, dehwdration, or
decarboxylation reactions. In some embodirnents, the carbon layer created
juctudes the graphene form of carbon, for exaraple as graphene ribbons. The
grapiiene form of carbon, espectally at its edges, can, in some embodiments,
inciude higher concenirations of locations sutiable as the active sites of the
nanocomposile. The carbon coals the surfaces of the clay particles, which can be
randomly stacked in 3 highly porous matrix. In exareples, a halide or halogen
cant be introduced to the sorbent, promoting the carbon snd enbancing the
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reactivity of the sorbent to mercury. The balide or halogen can be introduced in
various forms.

[355] In some embodiments, a promoted sorbent can be produced “in-
flight.” This can be accomplished by, for example, contacting the vapors of any
combination of balogens, in-flight, with the carbon nanocomposite sorbent. To-
flight promotion of the carbon nanccomposite sorbent can be accomplished by
contaciing {he vapors of aay combination of halogens with the carbon
nanocomposite sorbent in 2 stream of transport air or 4 polluted gas stream
containing mercury from which mercury ix to be removed. The pasticles can be
dispersed 1 a stream of transport air {or other gas), which also conveys the
halogen-‘halide-promoted carbon sorbent partickes to the flae gas duct, or othor
polluted gas stream, from which mercury is 10 then be removed. In some
embodiments, the particies can be dispersed directly in a fhue gas stream,
IR The simplioity and resulting cost savings of in-flight promotion
can be advantagecus. Capital equipment costs, operation costs, and
transportation ¢osts of a treatment facility can be climinated, In-flight
preparation ¢an use existing hardware and operation procedures and can help 0
ensuee the promoted sotbent is abways fresh and, thus, more reactive, To-fight
preparation allows for rapid ou-site tailoring of the degree of promoting the
sorbent in order {0 ensure adequate reactivity (o match the requirements of fhue
gas changes, such as may be needed when changing fuels or reducing loads, thus

trther optimizing the economics and effeciiveness of mercury capuuse,

Carbon Precarsor

{8857 The method of making the carbon nanocompositc sorbent can
inciude providing or obtaiving a carbon precursor, wherein the carbon precursor
provides the carbon inthe carbon nanocomposite sothent. The carbon laver in
the nanocompuosite can be ereated by chemical reactions of the carbon precursor
caused by the heating siep, including decomposition reactions, including for
example pyrolyvsis, dehvdration, or decarboxylation reactions.
FEOSR] The carbon precursor can include any suitable carbon pracursor,
such that the heating step wransforms the carbon precursor and the subsirate into
a suitable carbon nanccomposite sorbent. For example, the carbon precursor can
17
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be any sugar sowrce such as 4 carbohydrate {saccharide), including, for example,
brown sugar, barley sugar, caramel, cane sugar, corn syrup, molasses, sugar or
sugar processing wastes such as beet sugar waste, cane sugar waste, and the like.
The carbon precursot cau be any sultable starch or source of starch.

sy 1o some examples, the cathon precursor can be preseat in from
about 1 wi% to about Y9 wit), about 20 wi% t0 about 30 wits, or about 40 wite
tor abowd 60 wi of the starting material for the carbon nanocompoatie sorbent.
In some examples, the carbon precursor can be present in from about 50% or less
carbon, or about 3 wi%s w abowt 30 wi%s carbon, or abowl 3 wit%s o swbowt [0
with carbon of the starting material for the carbon nanocomposite sorbent. W%
in this paragraph refers 10 the porcentage by weight based on the tolal woight of

the carbon precursor and the substrate material,

Substrate Matepial

EEAH The method of making the carbon nanocomposite sorhent can
include providing or obtaining 4 substrate material, wherein the substrate
meaterial provides the bulk substrate in the carbon nanocomposite sorhent,

{8061} The substrate material can include any suitable substrate material,
such that the heating step transforms the carbon precursor and the substrate
material into a suitable carbon nanccomposite sorbent. The substrate can include
any suitable porous material. For example, the subsirate material can be
diatomaceosus earth, zeolides, porous minersls (e.z., clays) inchuding, for
example, smectifes {e.g.. monimorillonite, bentonite, nontronite, saponite},
kaoling, 3ilites, chlorites, sepiohite, or attapulgites, Tn some examples, the
substrate can inchide polvmers, non-motals, mcetals, metallowds, coramics or
mixtures, and blends, as well as composites and alioys thereof. The materials can
be synthetic or aeturally ocourring or naturally derived materials, Examples of
synthetic polymers inelude any comunon thermoplastics and thermaosetting
materials, Examples of metals include aluminum, titanium, copper, steel, and
stainless steel. Examples of ceramics include any form of aluming, zirconia,
titania, and sijica. Examples of naturally cccurring or naturstly derived matenials
inciude wood, wood composites, paper, cellulose acetate, and geolugic
formetions such as granite or inestone, Examples of nom-metals inclode varioas
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forros of carbon such as graphite or carbon. Examples of metalloids include
silicon or germaniwm. The porous material can be a construction materral such as
conecrete of asphalt.

{062 In some exaraples, the substrute material caon be present in from
abyout | wi% 1o about 09 wili, about 20 wi% 10 about 8§ wi¥s, or abour 40 widd
10 abiont 6 wi¥ of the starting material for the carbon nanocomposite sorbent,
Wit in {his paragraph refers t¢ the percentags by weight based on the total

veight of the carbon precursoer and the subsirate material.

Contacting and Heating

{63 The method of making the carbon nanoeomposite sorbent can
inchde contacting the carbon precursor and the sabstrate material (o provide a
nanocomposite starting material, The method can inclade heating (e.g.,
providing energy to} the sanocomposite starting material. Heating {or other
mecans of providing enorgy to) the napocomposite starting material provides the
BABOCOMPOSiE sorbent,

[B064] The contacting can take place in any suitable fashion. The
contacting roixes the carhon precursor and the substrate material, such that when
the conglomeration is heated {0 subjected to any other suitable source of
energy), the carbon nanocomposite sorbent 3s formed. The contacting can be
serformed such that the carbolivdrate 13 approximately evenly distributed on the
substrate. In some examples, water or another solvent ¢an be added 1o help
distribute the carbon precursor on the substrate. In examples where water is
included in the mixture of the carbon precursor and the substrate, the
conglomeration can be dried prior w the heating. The drving cen oocur i gny
conventional manner {e.g., copvertive, conductive, microwave, and the ke,
inciuding by heating near or above the boiling point of the solvent, in the case of
water {e.g., S0°C-120°C or higher), at atmospheric pressure, undesr pressure, or
under a vacuum.

[8865] The contacted composition of the carbon precuraor and the
substrate can then be heated 1o form the carbon nanccomposite sorbend. The
hesung s sufficient {0 cause the chemical reactions that wansform the carbon
pracussor into the form of carbon present i the carbon nanocomposite (e.g.,
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decomposition ceactions  inchuding, for example, pyrolysis, dehvdration, or
decarboxvlation reactions. The beating can take place at any sustable
temperature, such that the carbon nanocomposite is sufficiently formed, for
example about 30°C, HO°C, 200°C, 300°C, 406°C, 500°C, 806°C, 700°C,
SO0°C, 90000, H00°C, 1100°C, or about 1200°C. The heating can take place for
any suitable time, such that the carbon navocomposite is sufficiently formed, for
example, greater than about | min, 2 min, 5 min, (O min, 30min, 1 h 1.8h 2 h,
3h,4h 3h, [0h, or greater than abowt 24 h. The heating can take place in any
suitable appuratus, for example, » unit that allows heated air o fow arvund the
mixaure being heated or ¢ furmace. The heating can be accelerated, or lengthenad,

depending on the apparatus and the nanocomposite material,

Halowen or Halide Promoter

Y A “halogen” is defived as a member of the elements nciuded in
Group VILA of the periodic table (Group VIIA [CAS] corresponds to Group
VHB [TUPACT The molecular elemental form of the halogens, including Fs,
Ch, Brz, and I, can be relatively uncreative with elemental mercury in a hot flus
gas. Any halogen 10n, gas, or compound can be a promuoter,

{B067} FEmbodiments of the method fwr reducing the mercury content of
@ mercury-containing gas inchude providing or obtaining a halogen or halide
aromoter. The method inchides promoting at least 2 portion of the sorhent
material. The promofing of the sorbent material includes chenically reacting or
impregnating the portion of the sorbent material with the halogen or halide
promaoder. The halogen or halide promoter can be derived from reaction or
degradation of ancther compound {o.g., & promoter precursor). The promoting of
the sorbent material gives 4 promoted sorbent. The promoting of the sorbent
material can oceur before injection ioto a gas strewn, during injection into a gas
stream, after njection o a gas stream, of a corabination thereof, wherein the
gas stream can be a mercury-containing 2as stream, a Wransport stream, or a
combination thereod. In some exampies, the promoter can be added 1o the
sorbent before the promoter and the sorbent reaci, such that the heat of the gas
stream into which the promoter is added causes the promoting of the sorbent. Fug
exaraple, the promoter can be added as 3 pas, a5 3 gas dissobved w2 ligpad, o5 88
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a sobid such as a salt, or other substance (2.8, acid) dissolved in lguid (e.g.,
water). In examples wherein the promoter s added m a bhauwid such a9 water, the
water can be allowed o dry, which can allow the promoter 10 adhere to,
jmpregnate, of react with the nanocomposite sorbert, or a combivation thereof.
In some exarnples, & pre-added promaoter can be an aramonium salt, such as an
ammonim chlonde, an ammonmim bromide, or an ammonium iodide.
including, for example, mono-, di-, tri-, or tetraallyl aramonium halides, or NH,
halide salts. In some examples, the promoder can be added to the sorbent near o
or at dhe tirne of promoting; for example, the promoter can be added 1o 2 gas
strearn with the sorbent or such that it contacts the sorbent within a heated gas
stream, such as a moercury-Containing gas stream or a food gas strearm. In somg
examides, the promoter can be NH By,

{0681 Inn some embodiments, the promoter can be HBr, and in some
examples, the HBr can be provided via degradation or reaction of 2 promooter
precursor such as ammonium bromide, sodium bromide, or calcium bromide.
The promoter can be HCL and o some examples, the HC can be provided via
degradation or reaction of a promaoter precursor such as ammonium chloride,
sodinm chlovide, or calcium chloride, The promoter can be HF, and in soime
examples, the HF can be provided via degradation or reaction of 2 promoter
precursor such as ammaoniym fhuoride, sodivm fhuoride, or calciom fuoride. In
soms examples, the promoter {e.g., HBr or HCIY or promoier precursor {e.g.,
NH, By, NaBr, CaBir,, NH,CY, NaCl, Call) can be injecied in the flue gas
separately from the carbon masocomposite sorbent or with the carbon
nanocomposite sorhent (e, can be applied to the sorbent pre-injection, injected
simultancousdy af the same location, or injected sumulancously at difforent
jocations).

{8069 Not intending to ot embodiments to any particular roechanism
of action, in various erobodiments, adding a balogen, ot a proton from a
hydrogen halide acid, to 2 basic carbene site on the carbon edge structure forms a
carbocation thal accepts electrons from ihe newtral roercury atom forming the
oxidized mercury species thad is bound to the sorbent surface. The reactive sile
can also generate reactive halogen radicals or carbon radicals at the active sites
on the carbon. Thus the carbon sencconposide sorbent provides a highly reactive
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haloszen-containing reagent that can oxidize the mercury and promote 18 capture
on the carbon nanocomposite sorbent. In some erabodiments, a sorbent that
eontaing bromive or that is promoted by bromine or # bromine reagent i3
expected 1o be more reactive thun the coresponding sorbent promotad by
chiorine or a chlorine reagent and loss axpansive than the sothent promoied by
10dine or an iodine reagent,

FEOT O Reactions of halogens and acidic species with the binding sifes on
the promotad carbon nanecomposite serbent can create active sites for oxidizing
mercury. Other metal jons, such as boron, tin, srsenie, gallivs, Sk, Pb, Bi, G4,
Ag, Cu, Zn, Se, or other polhutanis, can also react with the oxidaton sites on the
carbof,

{8071} In some embodiments, the halogen or halide promoter that is
added to, and reacts with, the carbon nanocomposite sorbent can include, by way
of Hustration and not Eimitation, a molecular halogen in vapor or gaseous form,
a molecular halogen in an organic solvent, a Group 'V or Group VI halide, such
as PBr; or 8Ch, respectively, in vapor, liguid, or solution form (e.g., i water or
a non-agueous solvent such as an aleohol or other organic sobvent),

{072} Embodiments are also provided in which the organic solvent can
inciude a chiorinated bydrocarbon, such as dichlorometbane, a hydiocathon
solvend, including for example, petroleurm ether, ligroin, pentane, hexane,
ioluene, and benzene, carbon disulfide, a waste solvent, an ather, a recyeied
solvend, 2 supercridical solvent, sach as supercrifical CO,, water (though nod in
the case of 2 Group ¥V or Group VT halide), and others as will be apparent o
those of skill in the art.

{BO73 in seme ombodimoents, the mothod can inchude zdding an
additional halogen or halide promoter to the promoted sorbent. The additional
halogen or halide can be any halogen or halide deseribed herein as suitable as the
first halogen or halide. For exampie, the additiona] balogen or balide promaoter
can include HI, HBy, HCI, a Group V element with halogen, or a Group Vi
element with halogen.

FEOT 4] I varicus embodirgents, the step of promoting at least a poriion
of the sorbent material can occur at least partiatly before the contacting of the
mercury-contaiang gas with the sorbent. In some examples, the step of
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nromoting at least a portion of the sorbent can occur at Jeast partially daring the
contacting of the mercury-corntaining gas with the sorbent. In some examples,
the carbon nanocomposite sorbent can be injected into o gas siream at sn
jnjection rate, in which at [east one promoter 18 injected separately at an Injection
5 rate inte a gas stream wherehy in-flight reaction produces the promoted sorbent,
in some examples, the promoter ¢an be reacted in the gas phase oras 3 vapor. In
some examples, the promoier is addad at from about 0.01 g to about 200 ¢, or
abouwt 6.1 g 10 about 100 g, or about 1 g te about 30 g per 104 grams of carbon
arRoComposite sorbent rauterisl. In some exampies, either one or both of the uas
16 streams into which the sorbent and the promoder are 1njected can be a wansport
gas, # fluc gas stream (2.g., @ morcury-containing gas}, or a combination thereof
In some examples, the promoter injection rate and the sorbent injection rate into
the gas are determined, at keast in part, from the monitored mercary content of

the cleaned gas.

Contacting the Sorbent and the Mercury in the Mearcury-Containing Gas

30751 In embodiments of the method for reducing the mergury condent
of a mercury-contatning gas, the method can include contacting at least part of
ihe promoted sochent with the mercury i the mercury-containing gas,

28 Coniscting the promoted sorbent with the mercury in the mercury-condaining gas
inciudes contacting the promoded sorbent with the mercury-containing gas.
Contacting the promoted sorbent with the marcury forms a mercury-sorbent
composition, The contacting can ocour in any suitable location. For example, the
contacting can occur in the gas. in another embodiment, the contacting can ocowr

25 inap agucous bawd. In another cxample, the contacting can oocur in the gas,
and subsequently contacting can alse ocour in an aguecys pbase such as a
sonibber,

FO75] In various embodiments, measurement of mercury smussions can
be used as feedback 1o assist in controlling the sorbent injection rate, Tighter

36 conirol on the sorbeni and optional coraponent(s} levels can be achieved in this
way, which can help 1o ensure meercury remove] reguirements are met with the
mainimum promoter and sorbent requirements, thus minimizing the associated

cosis. In an embodiment, the mercury endssions are contipususly measured
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downstream of the injection location, for exaraple, in the exhaust gas at the
stack. In various embodiments, contacting at least part of the promoted sorbent
with the mercury in the mercury-containing gav can ocour between particaiate

control devices.

Separating at Least Some of the Mercury-Sorbent Composition from the

188771 In embodiments of the method for reducing the mercury content
of 1 mercury-containing sas, the method includes separating 4t least some of the
mercury-sorhent composition from the gas. The separation gives 3 cleaned gas,
having a lowor mercory contont than sterting maicrial mercury-containing gas. In
some embodiments, separating at least some of the mercury-sorbent composition
from the mercury-containing gas comprises separating particulates from the gas,
wherein the particulates comprise at feast some of the mercury-sorbent
COMPOsIton.

{R07TE] in some examples, the step of separating particulates from the
merguiy-containing gas includes separating the particulates from the gas ina
particulate separator, The particulate separator ¢an be any suitable separator, The
particulate separaior can include one or more cyclones, electrostatic
precipiiaiors, fabric separators, scrubbers, or other particulate removal devices as
are known in the art. In some embodiments, an electrostatic precipitator can be
used, followed by 2 scrubber. In other embodiments, 2n elecirastatic precipitator
can be used without a scrubber, or snother particalate sepamitor can be used.
Some devices that can function as particulate separators can also have other
functions, for cxample a scrubboer can also remove 50, or SOy fromthe gas
streany, a8 described firther bedow. In embodiments that inchude contacting of
the mercury with a sorbent {n an aqueous phase, e.g. in a scrubber, the removal
of mercury from the gas that ocours withis the aqueous phase by reaction or
interaction of the mercury with the sorbent in the agueous phase can be
constdered separation of the mercurv-sorbent composition from the gas.

FEOTH I some examples, by separating the particulaies from the
raercury-containing gas, at least about 20 wite, 30 wide, 40 wi¥%, 50 wils, 60
wi%h, 70 wi%, B0 wi™s, 90 wis, 95 wifh, 96 wi%, 97 wi¥, 08 wis, U9 wis,
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99 9 wi%, 9999 wila, or about 99.99% wi or more mercwry can be removed
from the mercwry-contatrang gas stroam. As discussed herein, the mercury can
be removed in the form of elemental mercury, in the form of a transformed

raercury, such as 3 oxidized mmercury {e.g., mercury oxide).

sScrubber

FEO80] I varicus embodirsents of the methed {or reducing the poliviant
comtent of 2 pollutant-containing gas, an agueous scrubber can be used. An
agueons sorubber allowy an aqueous liquid or aqueons slurry to contact the gas
streamn. A scrubber can spray, nebudize, or otherwise disinbate aquecus material
in the space through which the gas stream fows thorein such that the sarface
arca of the Lgquid that contacts the gas in the scrubber is increased. The aqueous
selution can fall to the bottom of the scrubber, where it can be recycled back to
the top, or removed to be regenerated, cleaned, or replaced. The aqueous
scrubber can be any snitable aqueous serubber. In some examples, the aqueous
scrubber can remove one or more pollutants from the gas stream,

[B081] A scrubber can remove particulate from a gas stream, For
example, when a gas stream including particulates passes through the scrubber,
particulates that contact droplets or sther forms of aqueous schuiion can become
stuck or immersed in the agueons solution. As the aguecus solution falls 10 the
bottom of the scrubber, the particles can fall with it. The aqueous soluiion can be
recycled back 1o the top of the scrubber with a1 least some of the particies in it
The agueous solution can be uny suituble consistency, such as u free-fowing
clear Hauid, a Hquid having suspended solid, or shurry of any suitable viscosity.
Continwonsly of batchwisce the aqueous solution in the scrubber can be cleaned
or replaced, removing, for exaraple, particles, polhitant, or poliutant-byproduct.
n one example, sorbent o the aqueous solution can be separated and
regenerated, such as deseribed in US 200701067309

jai%2] In various embodiments, the method can inchide removing at
least some SO or 505 from the polluiant-containing gas {e.g. reducing the
concentration of 50, or SCh). The reracval can be done in any suitabie way. In
some examples, an agqueocus scrubber can remove S(y or SO; from the gas
strean, for example, by reaction with SG; or 50 with chemical compouads
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nresent in the water in the scrubber. Some examples of chermical compounds that
can be ncluded in the water n the scrubber that can react with 505 or 8O,
include sajis that form basic solutions in water, such as, for example, carbonate
{(',’(_);-,'3}, Bicarbonate (HCO), or carbamate {OGCUONHy) salts, having any
suitable cowderion, such as, for exaraple, ammonium (3HL Y, sodivm G4y,
potassium (K '), magnesiom (Mg'?), or calcium {Ca' ). For example, the basic
salt can be ammonium carbonate ((NHy»CO: ), ammoniir bicarbonate
({NHLHCO.), or amnmonium carbamate ((NHNOCONES).
8083 In various embodimments, 8 profaoter Or promoter precursor can be
1 the aguecus solution of the serubber. Tn some embodiments, 3 promoter (e.z.,
HBr} can be added dircetly 10 the water 1 the aquoous serubber. n somge
examples, a promoter precursor {e.g., NHBr) can be added directly 10 the water
in the aguecus scrubber, where it can decompose 1o form the promoter (e,
HBr). The promoter precursor can be injected tato hot gas (e.g., a hot camier gas,
or the flue gas stream) where it can be converted into the promoter, and
subsequently the gas stream ¢an enter the serubber, where the precursor ¢an be
absorbed or dissolved in the water in the scrubber, The promoter or promoter
precursor ¢an enter any suitable part of the scrubber in any suitable way, for
exatmpde, it can coter the flue gas stream prior t0 eotering the scrubber, it can be
separately mjected into the gas phase of the scrabber, or it can be injecied into
the aquaous phase of the scrubber.
FEO84] I some embodiments, the agueous solution in e scrubber can
inchide activated carbon nanocomposite sorbent. In such embodiments, the
scrubber can remove one o more polintants from the gay stream, such as
mercury, by allowing the activated sorbont in the agucous phasc to react with or
absorby one or more polhitants frorn the gas stream. The nanocomposite can enter
the scrubber in any suitable location jn any sujtable way, for example, jtcan
enter the flue gas stream prior to eotering the scrubber, it can be separately
injected into the gas phase of the scrubber, or it can be injocted into the agueous
ohase of the scrubber, Opticualiv, aguecus schitions thal inchude activated
carbon nanocoraposite sorbent can inciude other chemicals that can react with
poliutants in the gas siream. such that the scrubber can remove more than one
type of pollutant. For example, in addition o activated carbon nanocorposite
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sorbent, an aqueous scrabber solution can also include basic sahs that can react
with 8O,

[BO85] 1o some examples, the carbon nanocomposite can be activated in
the scrubber, such as in embodiments that fnclude the promoter in the water of
the scrubber. The carhon nanocomposite ean be added directly to the scrubber
{¢.g. 10 the gas phase or Bguid phase), or before the scrubber in the gas stream
flowing into the scrubber. The carbon nanocomposiie can be added ot any
suitable poingt between a particulate control device {e.z. BESP)Y and a scrubber. In
some examples, both the carbon nunocumposite and the promoter of promoter
precursor can be injected info a hot gas stream (e.g. hot camier gas, or the flue
gas stream) where promoted carbon nanocomposite sorbent can form prior to
entry into the serubber. In some embodiments, a carbon nanocomposite can be
coated with a promoter or promoter precursor, and the coated carbon
nanoCcomposite can be injected into a hot gas {e.g., a hot carrier gas, or the flue
2as strearn ) where # can convert inio the promoter, and subsequentdy be
absorbed i the water in the scrubber,

{3084 In embodimenis including an ESP and a scrubber, optionally
carbon nanocomposite can be used for pollutant removal prior to an ESP and
also i a wet scrubber, In such an ebodiment, the ESP can remove
napocomposile-pollutant. Aliernatively, the carbon nanocomposite can be used
in the scrubber and not prior to the ESP. Allernatively, the carbon
napocomposile can be used only prior 1o the ESP and not in the scrubber or not

predominantly in the ESP.

Alkaline Componcat

{87 Inn some examples, the method of removing mercury froma
mercury-containing gas stream can include injecting an afkaline fe.g, basic)
component joto the mercurv-containing gas. in same exaroples, the alkaline
component includes an oxide, hydroxide, carbonate, or phosphate of an alkali or
alksline-earth element.

FEOER] I various exaraples, the addition of an alkaline component
separately or with the carbon nzpocomposite sorbent can resul in improved

mercury capture, i some examples exceeding that of both the prowmoted and

>
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sapromoted carbon nanccomposite sorbent, Various factors can impact the
effectiveness of the alkabine addition, such as, for example, flue gas polhitants,
flue gas constituents {e.g., SOy, MO, HCL and the like), operating temporatire,
maercury form, and mercury concentration. In some examples, the alkaline-to-
activated-carbon ratio can be adjusted 1o optiroize for 2 given set of siie

conditions,

Stabilizing Azent

8089 I vome examples, 1 stabilizing agent can be wdded 1o the
promoted sorbent. The stabifizing agent can be 3 mercury stabilizing agent. In
some crubodiments, 3 mothod is provided whereby a morcury stabilizing agont is
added to a promoted carbon sorbent 10 prodoce a bifanctional sorbent. Such
stabilizing sgent(s) can be sequentially added, either before or after the additon
and reaction of the halogen/habide. Te some erpbodiments, the halogen/halide
inciudes Br or HBr, and the mercury-stabiiizing agent can include §, Se, HaS,

S0, HaSe, Se(y, O8:, 158, and combinations thereof,

Regeneration of Sorbent

F3080] In any of the ermbodiments of the roethod or the material for
separating mercury from a mercury-containing gas stream, the carbon sorbent
can be regenerated; sorbent-poisoning pothasnts from the flue gas can be
removed; and the sorbent can be re-promoted to restore mereary sorpiion
activity. The regenerated sorbent cun then be wsed again in the method. Detatled
examples of sorhent regeneration techniques are deseribed tn co-pending,
commonly owned POT patent apphication No. POT/USB4A/ 2828, wilc
“PROCESS FOR REGENERATING A SPENT SORBENT.” which is hereby

incorporated by reference in its entirety.

Examnic Process

(6891} In varicus embodimenis, the carbon nanocomposite sorbent,
method of mercury removal, and optional additives discussed hersin have
applicability to mercury control from the product or effluent gas or gases from
gasification systems, syngas generators, and other mercury-containing zas
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strearns, in addition o the flue gas fromy combustion systems, Thug, 1 should be
understcod that the terms combustion system and flue gas as vsed throughout
this description can apply equally to gasification systams and syngas or fuel gas,
as will be understood by those skilled in the an.

[092] Reforming now to FIG. 1, there 15 shown a block flow diagram
iHustrating methods for preparation of promoted carbon sorbents, in accordance
with various enabodirsents, Block 1) iHlustiaies providing carbon nanccomposite
sorbent and adding 4 halogen or halide promoter that reacts with the carbon,
iflustraded at biock 20, to produce a promoted carbun nanocormposiee sorbent. In
embodiments where g halogen or halide is added m, for example, a solvent,
solvent removal can be used as tustrated by block 204, Block 30 indicates
adding an optional secondary component lustrated st block 30 that reacts with
the result of block 20 or 204 10 prodoce 2 promoted carbon nasocomposite
sorbent. Tn erabodiraents where the halogen or balide promoter and/or secondary
component are added in, for example, a solvent, solvent removal can be wsed as
iustrated by block 104,

{80934 In FIG. 1, the steps Icading to step 30 produce promoted sorbent
prior to treatraent of the flue gas strears with the promoted sorbent, The addition
of one or more promoters, and the reactions or ioteractions with the promoters
that iead {0 promolion of the sorbeni, can occur in any suitable lecation. insome
examples, the sorbent can be promotad in a hot-gas stream, such as in a flue gas
streamn, of such as in 2 hot carrier gas stream. In some embodiments, the
promoter can be added to the sorbeat before the sorbent is injected into o hot-gay
stream, fn some embodiments, the promoter can be added to the hot-gas stream
with the sorbent, reforred to boroin as “in-flight” promotion of the sorbent. Thus,
in seme embodiments, prios 1 step 56, the promoter and the sorbent can be
injected together or separately into the flue gas strearo or another hot-gas strear.
{8094 Referving still o FIG. 1, path 1640 inchudes providing 2 carbon
nanocomposite sorbent as ilustrated at block 14 and adding 3 halogen or halide
aromoter and a secondary coraponent o the sorbent together, with which they
can veact as iflustrated by block 448, producing a promoted carbon nanccomposite
sorbent. In embodiments where one or more components are added in solvent,
solvent reraoval step can be provided as illustrated by block 404
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{8095 Referrmy soill to FIGL 1, also ilnstrated are embodiments in
which, as illustrated by block 50, a flue gas stream i trested with promoted
carbon nanocoopoite sorbent prepared as described herein,

{H005] Referving now to FIG. 2, there is illustrated a theory developed
fromo seientific evidence 1o explain the nature of the provwoting compounds,
which is not intended 0 boit embodiments of the present invention 10 any
specifie theory of operation. The method of the present invendion encompasses
any removal of marcury {rom a gas using a carbon naroOCOMposite in any
suitable way.

[6697] For example, as tthasteated 1a FIG. 2, hydrogen bromide can react
with the snsaturated structure of the carbon nanocomposite sorbent. The
hydrogen bromide can be provided by, for example, arsrmoniam bromide. The
reactive part of the carbon on the carbon nanocomposiie sorbent can be, by way
of dustration only, a carbene species on the edge of the graphene sheet
structires of the carbon. Molecular bromine or other bromine compounds can
react to form a similar structure, with a positive carbon that is active for
oxidizing the mercury with subsequent capture by the sorbant,

{098] The formation of the bromide compound with carbon increases
the reactivity of the carbon nanocomposite toward mercury and other polhuants.
Additionaliy, the resulling bromide compound is uniguely suited to facilitate
oxidation of the mercury. The effectiveness of the oxidation may resall from the
promodion effect of the halide exerted on the developing positive charge on the
mercury daring the oxidation, known in the chemical arts as a specific catalytic
effect. Thos, as the mercury electrons are drawn toward the positive carbon, the
balide anion clectrons can push in from the other side, stabilizing the positive
charge developing on the mercury and lowering the energy requirement for the
oxidation process. Bromide is especially reactive, owing to the highly
polarizabla electrons in the outer 4p odhitals of the jon. Thus, adding HBror Bey
1o the carbon nanocomposite can form a similar carbon bromide, in which the
nositive carbon can oxidize the mercury with the assistance of the bromide on.
FEH99] FIG. 3A shows a schematic flow diagram of mercury conirol
systern 100 inclading preparation of promoted carbon sorbents and flue gas
mercury reduction, i accordance with embodiments of the present imvention.
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There 1 provided carbon nanocomposite sorbent reserveir 118, an optional
halogen/habde promoder reservoir 120, an optional secondary component
reservoir 130, and an optional atkali component reservoir 180, each of which
with corresponding flow contro] device(s) 201, 202, 203, and 207/208/209,
respectively. Reserveoirs 110, 120, and 130 with corresponding flow controllers
H31, 202, and 203 can be used in conjunction with transport lings 113 and 1135
independenily, together, or not at all. For example, reserveoir 110 with controller
201 can be used with transport line 113 independently and separately 1o injeci
material at injection poind {14, while at the same time, optionad reservours 120
and/or 130 with corresponding flow controllers 202 and/or 203 can be used with
transport Bne 115 o independently and separately injoct material at injection
point 116, In conjunction with the optional alkali component reservoir 184,
optional flow control devices 207, 208, and 209 can be wed independently,
together, or not at all.

{01 06] Reservours 110, 120, 130, and 180 connect through their
respective flow control devices and via associated piping, to fransport fines 113
and 115, Optional atkali coraponent reservolr 180 can also connact, through
respective flow control devices and via associated piping, 1o transport line 118,
A source of alr, nitrogen, or other ransport gas{es) is provided by gas source 1069
to transport line 113 {0 enfrain maicrinis discharged from reserveirs 116, 120,
{30, and 180 and 10 inject such materials, via injection point | {4, into polluted
flue zas stream 15, A sowrce of air, nitrogen, oF other transport gas{es) is
provided by gas source 170 0 transport ling 115 for the purpose of entraining
materials discharged from reservoirs 110, 120, 130, and 180 and injecting such
materials, via mjection point 116, into polhited fluc gas sticarn 13, A sowrce of
air, vitregen, or other transport gas{es) can be provided by gas source 171 10
transport Hoe 118 for the purpose of entraining materials discharged from
reservoirs |20 and injecting such vaterials, via injection point 119, into tlue gas
strears 15, Gas sources 168, 170, and 171 can be the same or different, as
desired. Alternatively, transpor! gas{es) can be provided to transport dines (13,
113, and {18 by gas source [ 70 {connection from source 170 10 transport line
{13 and/or 118 not shown). Although gas sources 169, 170, and £71 are shown
in FIG. 34 as compressors or blowers, any source of transport energy ksown i
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the art can be acceptable, as will be appreciated by those of ordinary skili ip the
art. For examiple, 16% can be a purap in the case that 120 13 added 2s 2 hgud.
jB0iai] For clarity, single injection points 114, 116, and 119 are shown in
FiG. 34, although one of ordinary skill in the art will understand that multiple
ugection pobis are within the scope of the present nvention. Optical density
recasuring device(s) 204 is conuected to transport hine 113 or 115 (or 118, not
shown) to provide signals representative of the optical density inside transport
line 113, 115, or 118 as a function of time.

(801027 Drownstream from injection point 116 and £19 is provided
particulate separator 140, By way of illustration and not Timitation, particelate
separator 140 can inchude one or more fabrie flicrs, one or more clegtrostane
precipitators Chereinafier “ESP™), or other particalate removal devices as are
known in the art. It shoold be farther noted that more than one particulate
separator 140 can exist, sequentially or in paralie], and that injection poing 116
and 119 can be at 2 location upstrearn and/or downstream of 140 when paraiiel,
sequential, or combinations thereof exist, Particulate separator 146 can produce
at least a predominantly gaseous {"¢lean™) stream 42 and a stream 141 including
separated solid materials, A sorbent/ash separator 150 can separate stream 141
into a largely ash stream 152 and a largely sorbend stream 151, Altematively, not
shown, sirearn 141 can be disposed of as a waste sircam or sent directly to the
optional sorbent regenerator 1660 Siream {51 can then be passed to an optional
sorbent regenerator 164, whick vields a regenerated sorbent stream [61 and 2
waste strearn 162,

{0103 An optional aqoueons serhber 190 is provided after optional ESP
1440 The agueous scrubber 190 can be provided with ESP 148 or without ESP
1490, Scrubber 190 can remove particulates from the gas stream, can remove
polhutants such as SO; from the gas stream via choypical reaction with basic
agucous liquid, can remove poliutants such as meecury from the gas sircam via
reaction or absarption with activaled carbon nanocomposile sorbent in the
serubber, or any suitable combination thereof. In addition (¢, or a3 an alternative
to, the injection and promotion of carbon nanocomposite sorbent prior to unit
{40, promoter 120 or promoler precurscer can be provided to the aguecus
screbber 80, The promoter or promoter precusor can be gyacted into gas
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strearn 42, or can be provided directly into the scrubber (transport ines between
120/120 and 190 sot shown), The promoter or promoter precursor can be
arovided before or iote the scrubber 196 av 8 carbon nenocomposite sorbemt
couted or combined with the promoter or promoter precursor, Promotion of a
eoated or combined sothent/precursor can occw in the scrubber 194, in the gas
stream 42 prior 1o the scrubber, or in a heated carrier gas lne (not shown) that
brings the activated napocomposite (0 42 or 191 In addition to, orsg an
aliernative to, the injection and promotion of carbon nanocorposite sorbent
pricr to unit 140, carbon nanccomposite can be provided 1o the aqueocus scrubber
§90. The carbon nanocomposite can be injected into gas stream 42, or can be
provided directly Into the serubbor (transport lines botween LG and 199 ot
skown}. The aquecus solution in the scrubber can be regenerated or replaced in a
batchwise or continpous process, 1o remove absorbed particalate, absorbed
poftutant, or absorbed pollutant byproducts.
{104 An optfional condinuous emission monitor (hereinafter “CEM™)
203 for mercury is provided m exbaust gas strearn 35 {0 provide electrical
signals representative of the mercury concentration in exhaust swream 38 as a
function of time. The optional mercury CEM 243 and flow comteollers 201, 202,
203, 207, 208, and 209 are electrically coonected via eptional lines 227 (ur
wirclessty} (o an opticnal digital computer {or controlier) 206, which receives
and processes signals and can control the preparation and injection of promoted
carbon sorbent indo poliwted flue gas stream 13,
HETHEY In an example operuation, 2 carbon nanocomposite sorbent and/or
an optional promoter, andfor an optional alkali component, can be injected into
nofluted fluc gas strcam 15, Aftor contacting the mjocted material with the
potiuted flue gos stream 15, the Injected material reduces the mercwry
coneentration, transforming polluted flue gas into reduced mercury flue gas
stream 25, The injected material can be removed from the reduced mercury flue
gas stream 25, by separator 146, disposed of or further separated by optional
saparator 1580, and disposad of or regenerated by an optional regenerator 164,
respectively. Alternatively or in addition, serubber 190 can remove 30,
polfutants such a8 mercury via promoted carbon nanocomposite, remove
particulate, or any combination thereof The redured mercury “clean” flue gas
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strearn 42 and/or 15 3¢ then momtored for mercury content by an optional CEM
205, whoch provides corresponding stgnails to an optional computericontrotier
206, Logic and optimization stmnals from 206 then can adiust flow controllers
201, 202, 203, 207, 208, 209 10 maintain the mercury concentration in exhaust
strearn 35 within desired bauts, according to comtral algorithres well koown o
the art, Flow eontrotiers 201, 202, 203, 207, 208, 209 ¢an also be adjusted
manually or by some other avtomated means 10 mainiain the mercury
concentration in exhaust strears 35 within desired limits, according 10 controd
aleorithms well knowa o the wrt.
[68106] Refernng sl to FIG. 3A, there are iHlustrated several
cmbodirnents for proparation and injoction of carbon nanocomposite sorbonts,
promoted carbon sorbents, halogen and halide promoters, and/or allali
components, Stream [ L1 provides for introduction of carbon nanocomposite
sorbent fooreservolr 110, as metered by flow controller 201 manually or under
the direction of compuier 206, The halogenshalide can be combined and react
with the carbon nanocomposite sorbent according to any of several provided
methods, The halogen/halide (120 and/or 13() can be combined via transport
line 121 {and/or 131} directly into transport fine 115 (or 113}, within which it
condacts and reacts with the carbon nanocomposite sorbent (e.g., in reservoir
1187y priog to injection point 116 {or 114} This option is one form of what is
referred 10 herein as “in-flight” preparation of a promoled carbon sorbent in
accordance with the invention. Further, the halogen/halide (120 and/or {30) can
be combined via flue gus strear 15 by wansport Hoe 121 {and/or 131} into
fransport Hine 115 and injection point 116 which it contacts and reacts with the
carbon nanocomposite {o.g., from rescrvolr G} in fluc gas stream 15 affer the
carbon napocomposiie i@ transported in transport Bne 113 and injected at
injection point 14, This option is another form of what Is referred w herein as
“in-flight” preparation of a promoted carbon nanocomposite sorbent in
accordance with the invention. Further, the halogen/halide can be combined via
{ransport line 121b with carbon panccomposite serbant prior to antening
transport Boe 143 and/or 115, Sull further, the halogen/halide can be contacted
and react with the carbon nanccomposife sorbend by introduction via transport
e 12 1¢ mto reservotr 1160, This option can be emploved when, for example,
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reservoir 0 includes an ehulhated or fluidized bed of carbon sanocomposite
sorbent, through which balogen/balide flows in gaseous form or as a vapor. in
other embodiments, the halogen/halide can be contacted with the carbon
nanocoroposite sorbent in Hquid form orin g solvent, as discussed previously,
and scdvent reowoval (oot shown in FT1G. 3A) can then be provided if necessary as
maentioned with respeet 1o embodiments disenssed with reference to FIG. 1,
87 Similarly, the opticnsi secondary component can be contacted
and react directly in transport ine 115 {and/or 113} via wansport Hne 131, or
optionually ay described above with respect w the halogenvhalide, vis transport
fnes 13thand 13 ic.
L Simitarly, the optional alkali componcat from reservoir 158 can
either be added in transport line 113 and/or 115 dirgctly, or can be injectad
separately by teansport line 8, remaining separate and/or combining
downstream o flue gas stream 15 for synergistic offects with carbon
nanccomposite sorbent, promoted carbon, or optional secondary components.
On-site variation of the amount of the optional alkali component relative to
carbon nanocomposite sorbent, promoted carbon, or optional secondary
components can be optimized for site-specific operating and five gas conditions,
{80109 FIG. 3B shows a schematic flow diagram of mercury conteol
system 300 inchuding preparation of promoted carbon sorbents and Hue gas
raercury reduction in accordance with embodiments of the prasent invention.
Carbon sorbend 310 can be injected through line 395 10 location 396 or injected
through tine 390 o location 381, Promoted carbon surbent 320 can be injected
through line 393 {0 location 396 or injected through line 390 to location 391
Carbon sorbent 310 can be promoted m-flight., such as via injection of carbon
sorhent 210 through Jine 390 and/or 3935 1o location 391 and/or 396 with
halogen/balide promoter 340 through lne 380 to location 3835 or via ingection of
carbon sorbent 310 dwough lne 390 and/or 395 1o location 397 and/or 396 with
halogenshalide promoder 340 through line 330 to location 333 and/or
halogen/halide promoter 3440 through line 364 1o location 365 and/or
helogen'halide promoler 340 through line 370 to locaticn 375,
(60116 In addition 0 or a8 28 allernative o use of promotad carbon
BRRoComposite prior to the optional ESP unit, the vptional serubber unit can be
1%
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used for removal of pollistants such as moercury via use of promoted carbon m the
scrubber, rerooval of polhitanis such as 50, via vse of basic agquecus solution in
the scrubber, removal of particulates in the scrubber, or any combination thersof.
injection of materials such g8 promoter or carbon nanocomposite soshent to the
sorubber can occur i the sorubber or between the ESP and the seruhber,
Promoted sorbent 320 can be injected through line 397 into the scrubber, Carbon
sorbent 310 can be promoled in-flight, such as via injection of carbon sorbemt
316 through a heated carrier line {not shown} with promoter 346 40 the scnibber,
Halogewhalide promuoter 340 can be wdded 1o the scrubber trough line 381,
while carbon sorbent 316 15 added via lime 397, and the sorbent can be promoted
within the scrabber,

RS In some embodiments wherein ¢ontacting between Components
and reaction is performed in a Hgoid or solvent phase, stirring of sach liquid
and/or slurry middures can be provided. In some embodiments, the
halogen/halide promoter and optional secondary component{s} can be sprayed in
solution form into or on the carbon nanocompaosite sorbend, Ino sorae such
embodiments, drying, fiitering, centrifugation, settling, decantation, or other
selvent reraoval methods as are known in the ant can then be provided.

{012 In embediments wherein the balogen/hakide promoter is in
gaseous or vapor form, i can be dijuted in air, mtrogen, or other gas as
appropriate. The halide/halogen gas, for example, gaseous HBr or By, can be
passed through an ebulliated or fhuidized bed of gramdar or fibrops carbon
nanocomposite sorbent, with the promoted carbon sorbent so produced removed
from the top of the bed via gas entrainment for injection.

(0113 i some embodimonts, the secondary component(s) can include
jodine or other halogens, hydrohalides, including withowt Bmitation Hi, HBr,
HCL a Group V or Group VT element with 2 molecular halogen, such s 8C1;
and others, Tn some cmbodiments, the promoted carbon sorbent can include from
about | 2 to aboul 30 g halogen/halide per 130 g carbon nanocomposite sorbent,
in some embodiments, the promoted carbon sorbent can include a secondary
component in conceniration of from about | wi% to about 15 wi¥ of the

concentration of the halogenshalide component.
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(801 14] o still other embodiments, the promoted carbon nanocomposite
sorbent can be applied 1o a subsirate. In other embodiments, such prepared
substrate{s} can be cawed 1o contact a polhuted flue gas or gasification system
product gas stream for mercury reduction purposes. Such substrates can be

mounolithic, rofating, moving

on

of exposed fo the gas strean in any mmber of
ways known 10 those skilled in the art, Substrates can inchade, for oxample,

honeveomb simctures, fabrics, filters, plates, and the hike.

Examples
[80115] The present invendion can be better understood by reference to the
following cxamples which are offered by way of Hlustration. The prosent
;4 P ¥ way P

imvention Is not Hmited 40 the examples given hereln,

Examppie 1 Mesoporous Activated Carhon (AC) Nagecomposies ffom

Commercial Cane Molasses,

Exampie 1.1, NanoG-CM

[80116] High-surface-area moontmoniloniee (clayy obtaised from Aldrich

{200 gy was added rapidly 10 Brer Rabbit molasses (nonsulforated) diluted with a

{
smaller amount of water {200 /140 mL) and stirred to make 2 thick paste.
(60117] As soon as all the clay was wetted with the molasses, the paste
wag dried overnight at 1E0°C (0 remove excess water. Alternatively, a smaller
portion of the pasie was heated for 1 min in 4 microwave. A smalier batch was
dried more quickly {1 hour} in the oven at 110°C.
[B01 18] The dricd solid was toaded 1n two batches 1o a eylindrical stecl
tube and heated 1o 706°C in 2 tube furnace with a flow of nirogen through the
bed. The effluent gas was bubbled through a water trap. Heating was continued
for 1 hour. The fube was cooled stowly 1o ambient under nitrogen and smpticd.
The resuliing black chunks of composite carbon were weighed and ground in a
raoriar and pesile. The product nanocomposiie was separated inio two sieve
sizes, greater than 325 mesh and about 323 mesh. The about 325 mesh material
was wsed for the Heg caprure tests.
[B0119] Yield of nanccomposite was 217 g
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Example 1.2 Napo(3-CB,

[801 28 Preparation was simifar to NaneG-CM, except Mgh-sodium
bertonite was substituted for the monumoriflondie. Yield was 10.1 g from 100

grams of heotonite.

Exsmple 1.3 1, Ammonium bromide,

(68121 An agueous solution of ammonnes bromide (7.3 ¢/35 mL) was
added t0 54 ¢ of 325-mesh nanocomposte and stirred to form 2 paste. The pastc

was dried at 110°C and reground.

Exmopie 132 Hydrooen bromude.

{0122 Agueons HBr (0.1 N) was added ro NanoG-CM {14 g} and the

mixture stirred for § hr, The sturry was filtered and dried at 116°C.

Exampic 1.3.3. Bromine.

(801231 Bromine vapor (0.5 g) was transferred to a vial confaining the

powdered composite {10 g3, where i was adsorhed.

Exarople 1.3.4, Sulfur
{80124] Flemental sulfur (L ) way dissolved in carbon disulfide (20 mb),

and 10 g of NanoG-CM was added. After being stirred overnight, the carbon

disuifide was removed.

Exampie 2. Mesoporous Activated Carbon Nanocomposites from American

Crystal Sugar {ACS) Raffnate,

{1 25] The previous versions of the NanoG-CM carbon composiles were
arepared using cane sugar molasaes. Using the local ACS molasses would
provide a more convenient source; €.z, 2 low-value raffinate remnaining from

sugar and belaine extraction is available in large amounts (approximately 170

Lo
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tons) However, the amount of dissolved morganic salts is much Jugher & 109}
than commercial cane molasses, and the sugar content is lower.

[80126] Manocomposites were prepared using the ACS wffirate and two
types of clay: a ighly sweiling, hgh-sodium bentonite and 2 low-swelling

montmonillonite from Aldrich. Both were ground finely.

Lxample 2.1, Nanol3-ACSE.
(88127 The bentonite was swelied by adding 10 g of drv bentonite to 80

g of water und grinding with @ mortar and pesde. ACS raffinate (10 ¢) was added
10 the gelled ruxture and mixed by ganding. After standing overmight to farther
disperse the sugar in the raffinate imo the clay, the mixture was heated m a
microwave af fidl power for 1 minute to develop macroporosity in the gel. The
ged was dried overnight in 2 drving oven at 110°C.

[30128] The doied solid was fvaded in two batches 1o a cylindrieal steel
tube and heated to 700°C i a tube fumace with a flow of nivogen through the
bed, The effluent gas was bubbled through a water trap, Heating was continued
for 1 hr, The tube was cooled slowly to ambient under nitrogen and empitied. The
resulting black chunks of composite carbon were weighed and ground ina
racriar and pesile.

Y 29 Yield of nanocomposite was 102 &

Example 2.2 NanoG-ZACEB

{80138] Preparation was simifar t0 NanoG-ACSE except the weight of

raffinate added was doubled. Yield wag 0.5 &

Example 2.3, Nano(G-JACSM.

[80131] Preparation was simifar to NanoG-CM, using 10g of Aldrich
raonimorilloniie and 20 g of ACS raffinate was used and the amount doubled.

Yield was 10,5 g

Lad
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Exampie 2.4 Nano(-2AC5R-Washed.

{132 A sample of Nano-2ACS8 wag stirred with water ovemnight,

filtered, and then stirred with 6.1 N HBr for 2 hr. The shurry was filiered, and the

composite was dried at 110°C.

Example 2.5, Impresnation of Proimotion Agent,

Exampie 2.5.1, Ammonium bromide,

FBHE 33 An aquecus solution of armmoniam bromide (1.1 /5 mL) wag
added to 10 g of nanocomposite and stirred to form a paste. The paste was dried

at 116°C and reground.

Example 2.3 2. Bromine.

jB01 34 Bromine vapor (0.5 g) was transferred to a vial comtaining the

powdered composiie, where it was partially adsorbed {chemisorhad).

Example 3. Bench-Scale Ha Sorption Tests of NanoG Sorbenis,

[80135] Bench-scale Hy sorption tests were conducted 1o evaluate the
serformance of the sorbents o a bed configuration for scrption of elemental Hg
vapor in flue gas. These resulis are summarized 1n Table 1. While poi as accurate
at evaluating performance in an injection mode with very short conact tme, the
initial reactivity (as % He capture} and the initial slope gave a preliminary
determination of reactivity in g short time scale. When the initial slope is fat,
there are many active sites, and a higher reactivity has been found. A steep initial
slope refates 4o fast breakthrough and corresponding fower reactivity.
{01 30 The Nano( composite sorbenis prepared from the cane roclasses
(Nano(G-Ch) gave excellont reactivities (98%-99% capture} at the start of the
experiment and continued with high capture efficiency for 15 mirutes (flat
slope). On the other hand, the ACS raffinate gave lower reactivities and lower
capaciiies {shorter 30% breskthrough times) compared with the composites
prapared from cane sugar molasses. The amounts of carbon contained in the
ACS composiles were considerably less, swing to the lower sugar contant,
Ingher sabt content and, perchaps, different baneoff rate. The composites prepared
46
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with double the amount of molasses were less reactive than the lower dosage.
These results could be explained by salt blockage 1o the pores of the composites
frorm the ACS raffinate. The evolution of large amounts of H,S when water was
added to the sorbents 18 consistent with the formation of K5 in the pores
resulting from reduction of sulfate as well as the high potassiwe concentration.
When the ACS raffinate sorbent was washed to dissolve out the salts, the

reactivity and capacity improved consicderably.,

PCTAISIN13A36904

(88137 Table i, Suramary Results {or Fixed-Bed Screening of NanoG
Sorbenty

Initial

Reactivity, 0%

Promotion Yo Hg initial Breakthrough,

Sorbent Feagent Capture siope Time, hr
Nano(-CM Bre R Flat 0.45
MNanoG-CM WNH,Br a9 Flat .38
Manoli-CM HBr a7 Muoderate | .29
NagoeG-CM 3 92 Stoep .06
Nano(-2ACSM Brs a7 Steep .07
MNanoG-2ACSB Brs IS Steep 0.16
Mano(3-2AL58 MH Br 90 Steop (.29
NanolG-ACSB NH 8y 97 Moderate | 132
NanoG-2ACSE- | B a7 Modarate | 153
washed
{138 Aldthough sulfurization of ACs produces carbons with good

reactivitios for Hy, the addiion of sulfur to the MNanoG sorbent did notresult ina
zood capacity. Tt 15 likely that the sulfur blocked the pores in the limited amount
of earbon porosity available in these sorbents,

{80139 A comparison of HBr with Br, showed that Bre gave higher
reactivity and capacity. A reason for this may be that casbennon-bromide on
pairs in these composite sorbents are less hydrated and more reactive in the

sorbents produced by vapor deposition,
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reagtivities and capacities, conststent with decomposition of the ammonium
bromide in the pores on heating forming ammonia and gaseous HBr The HBr
combines with carbon deposited oo the proximate nanocarbon surfaces
decorating the clay layers (sheets). Also, the ammonia is frapped inside the
acidic ¢lay lavers of the composite where it is available for intercepting the 50,

in the fine gas before it can oxidize on the carbon surface.

Exusmple 4. Pilot-Scale Evaluation,

[B0141] WanoG-CM was evaluated at the pilot scale dering a Center for
Air Toxic Matals®™ {CATM -sponsored run of the particulate tost combusior
(PTCY. The coul for that evaluation was a subbitumivous Montana Powder River
Basin (PRB) (Absaloka), and comparisons were made 10 3 commercialiy
availeble untrested carbon,
{142 Results from the PTC tests are summarized in FIG. 4 for the
copwnergially available standard AC and two options with NanoG-CM. FIG. 4
shows PT{ results for NanoG-CM testing on a total-injected-sorbent basts. The
standard AL and the untreated NanoG-CM were tested with the moderate energy
dissociation echnology (MEDT) sorbent eabancemend additive (SEA) option,
As indicated in the Rgure, the results were beiter with the standard AL, however,
the NanoG-CM did show potential for in-flight capture. More promising resuits
were gbtained with a treated sample of NanoG-CM. It was determined through a
set of tests performed for MEDT SEA development that the pretrestment used
with Mano(G-CM wag most effective at pre-giv heater temperatres. Therefore,
during cvaluation of the freated NanoG-CM, # was miccted mto the duetwork st
a point where the flue gas emperature was epproximately 715°F.
[80143] FIG. 4 suggests that the ManoG-UM matarial shows potential as
an in-flight roercury sorbent, but the total injected sorbent rates are higher thas
those with the standard AC, However, an alternate comparison is to evaluale the
{est resulis on a carbon component basis, since the underlving economic
assumption for composite sorbents is that the AC componend is perhaps an order
of magnitude more expensive than the incrganic substrate. The results from FIG.
4 bave been rascaled in FIG. 5 to depict the eqpavalent carbon-only ijection rate
42
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for the three options, FIG. 5 shows PTC results for Napo(G-CM testing ona
carbon-component basis. The standard AC results remain unchanged because
they were considered 1H30% AC {mineral components of the carbon were not
deducted), but the NanoG-CM data reflect much lower carbon-only injection
rates singe the average carbon contont for NanoG-CM was ondy 8%.
{31441 The carbon-only results of FIG, § demonstrate at least one of the
beneficial aspects of the nanoeomposite sorbenis; increased carbon uithizalion.
Comparison of the standard AC and the NanoG-CM results in FIG. 5 suggests
that the bulk of the stundurd AC's curbon couterd {e.g, the Interior portion) gues
unused and 15 not a factor 10 overall mercury capture. This reinforces 3
mechanistic undorstanding that predominantly the sarface and near-serface sites
are important for in-flight ceptare of mercury, Improved carbon atilization can
have a heneficial effect on comnanable sorbent cost, for example, if the base
material cost advantage is not outweighed by added or mote complicaied
production steps. Furthermore, taproved carbon utilization can make it easier
for uttlities 1o meet carbon content restrictions 1n fly ash, for example, in fly ash
destined for use in concrete,
[B0145] Synergistic effects between the carbon layer and the interior
subsirate can be an advantage of the carbon sanccomposite sorhent. In ons
example, a synergistic effect could anise from a single particle including two
sorbents: a conventional AC and an inorgamc substrate that may be reactive
toward 2cid gas components in flue gas. To support the potential benefits of a3
nanocomposite sorbent, an applhied model for in-8ight capture was wsed with
resuidts presented in FIG. 6, for composite sorbents with varying activated carbon
surface coverage. FIG. 6 shows model results for in-flight mcreury cepture with
a composite sorbent in a high-sufar fue gas (3000 ppm SO;, 15 ppm 8Os The
modeled flue gas was representative of 2 high-suifur coal with significant
amounts of 80 that Hmit reercuey captne, as indicated by the 10084 AC
reference curve. An estimate of the synergistic benefit of the composite sorbent
is shown by the 50% and 10% AC curves, Given the conservative assumptions
that were used, bepefits can exceed those shown by the model.
[68146] The terms and expressiens which have been emploved are used as
terms of description and not of limitation, and there 1 no intention that in the oze
43
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of such terms and expressions of excluding any equivalents of the features
shown and descoribed or portions thereof, but i 18 recognized that various
modifications sre possible within the scope of the invention claimed. Thas, i
should be undersiond that although the present invention has been specifically
disclosed by preferced embodiments and optional features, modification and
variation of the concepts horein disclosed raay be resorted to by those skilled in
the ar{ and that such modifications aand variations are considerad 10 be within the

soope of thig invention as defined by the appended ¢laims,

Addinonal Fnbodimenis,

801471 The present invention provides for the foliowing exemplary
embodiments, the numbering of which is not to be constiied as designating
leveds of imporiance:

{B0148] Embodiment | provides a method for separating a material from a
gas that comprises the material, comprising providing or obtaining a carbon
nanocomposite sorbent; condacting ad least some of the material with the sorbent,
to form a matedal-sorbent composition: and separating at least some of the
materiaf-sorbent composition from the materiai-comtaining gas, fo give 8
separated gag,

[30149] Embodiment 2 provides the method of Embodirsent 1, wherein
the material is a poflusant.

U] Embodiment 3 provides the method of Embodiment 2, wherein
the poliutant is mercury.

(B85 Embodiment 4 provides the method of any one of Embodiments
2-3, further comgwising providing a promoter; and promoting al least a porion of
the sorbent material by chemically reacting the portion of the sorberd raaterial
with the promoter o form a promoted sorbent; whoercin the sorbent that contacts
at least some of the polhaant comprises the promoted sorbent.

{00152] Embodiment 5 provides the method of Embodimeni 4, wherein
the promwoter is a halogen or balide prossoter.

j80153] Embodiment 6 provides a method for reducing the poliutant
content of & pollutant-containing gas, comprising providing or obtaining a

carbon nangeomposite sorbent material; providing or obtaining a halogen or
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halide promoter: promoting at least a portion of the sorbent material by
chemically reacting the portion of the sorbent matenal with the halogen or halide
aromoter o form a promoted sorbent; contacting at least past of the promoted
sorbent with the pollutant in the poliutant-containing gas, o form a poliutant-
sorbeut composition; and separating particulates from the pollutast-contabung
zas, the particulates comprising at least some of the pollutant-sorbent
composition, {0 zive 8 cleaned gas,
(68154 Embodiment 7 provides the mathod of Embodiment 6, wherein
the poilutant is mercury.
[88155] Embodiment & provides the method of any one of Embodiments
6-7, wherein obtaining or providing the carbon nanocomposite sorbont
comprises providing or obtaining a carbon precarsor: providing or obtaining a
substrate material; contacting the carbon precursor and the substrate material, to
provide a sanocomposite starting material; heating the nanccomposite starting
maaterial, fo provide the carbon nanocomposite sorbent.
[0 56] Embodiment 9 provides the method of Embodiment 8, further
comprising allowing the heated nanocomposite starting material to react with an
acid o7 a base, to provide the carbon nanocomposite sorbent.
[BOEsT] Embodiment 10 provides the methed of any ove of Embodimante
84, wherein the carbon precursor comprises a carbohydrate.
[60158] Embodiment [ { provides the method of any one of Embodimants
8-10, wherein the carbon precursor comprises brown sugar, barley sugar,
caramel, cane sugar, com syrup, starch, modasses, or a sugar waste prodoct.
{B01 59 Embodiment 12 provides the method of any one of Embodiments
§-11, wheroin the substratc material comprises diatomaccous carth, clay, zeobits,
or mineral.
{80160 Embodiment 13 provides the method of 2oy one of Embodiments
2-12, wherein the heating comprises heating to groater thas about 100°C,
jadie] Embodiment 14 provides the method of any one of Embodimenis
6-13, wherein the scrbent material comprises binding sites that bind with the
pofliant in the polltant-containing gas.
[88162] Embodiment |5 provides the method of any one of Embodirents
6-14, wherein the sorbent matenial comprises carhon that bas been allowed to
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react of become impregnated with halogens, hvdrogen halides, and Group V and
Group VT halides to forrs pollutant binding sites in the proowied sorbent.
[80163] Embodiment 16 provides the method of Embodiment 13, wherein
the binding sites in the promoted AC bind 1o the polhstast in the pollutant-
contavmng gas 1o form the poliutant-sorbent composition.

{ai64] Embodiment 17 provides the method of any on¢ of Embodiments
15-16, wherein the binding sites in the promoted AC react with the pollutant in
the poliutant-containing gas to form the pollutant-sorbent composition.

801 65] Embodiment I8 provides the method of anv one of Embodiments
£5-17, wherein at least a portion of the binding sites of the AC react with
oxidized pollutant 1n the pollutant-containing gas to form another polhgant-
sorbent chemical composition,

{Bie] Ermbodiment 19 provides the method of any one of Embodiments
6-1%, wherein the step of separating particulates from the pollutast-contaming
288 COTRPrises separating in & particulate separator comprising one or more
ESPs,

{0167 Embodiment 20 provides the method of any one of Embodimente
7-19, wherein the mercury in the mercury-containing gas comprises elemental
TRCECULY,

L0 Embodiment 21 provades the method of any one of Embodimenis
7-240, wherein the mercury in the mercury-sorbend composition is oxidized
MEFCUry.

{80168] Embodiment 22 provides the method of any one of Embodiments
7-21, wherein the promoted sorbent combines with at least about 70wt of the
morcury prosent i the mercury-contaming gas.

L Embodiment 23 provides the method of any one of Embodiments
6-22, wherein the halogen or halide promoter 18 in a form comprising & vapor
foroy, a solid form, 1o a solvent, or 2 combination thereof

ja0 7] Embodiment 24 provides the method of any one of Embodimenis
6-23, wherein the halogen or halide promoter comprises ad least one of & Group

W halide and 2 Group VI halide.
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{80172 Fmbodiment 25 provides the method of any one of Embodiments
&-24, wherein & promoter precursor on the sorbent or ingected with the sorbent
transforms into the halogen or halide promoter that reacts with the sorbent.
{0173 Embodiment 26 provides the method of any one of Embodiments
625, wherein the halogen or halide proyecter is NHBr, NaBe, HBr, Na(l,
CaCls, or HCL
(874 Embodiment 27 provides the method of any one of Embodimenis
6-26, further comprising injecting an alkaline componen: into the poliutant-
COBtAInIng wax.
[88175] Embodiment 28 provides the methed of Embodiment 27, wherein
the atkaling component comprises an oxide, hydroxide, carbonate, or phosphaie
of an atkall or alkaline-carth element.
{01 76] Ermbodiment 29 provides the method of any one of Embodiments
6-2%, further coroprising adding an additional balogen or balide proaoter o the
promoted sorhent.
fOB177] Embodiment 30 provides the method of Embodiment 29, wherein
the additional halogen or halide promoter comprigses HE, HBr, HCL a Growp V
element with halogen, or a Group Vi element with halogen.
[BOE78] Embodiment 31 provides the methed of any ove of Embodimante
&-30, further comprising adding a stabilizing agent 10 the promoted containing
sorbent.
[0 T79 Embodiment 32 provides the method of Embodiment 31, wherein
the stubilizing agent comprises at least one of 8, Se, Ho8, SO, HoSe, Se(y, €85,
and P.S..
[BOTRG] Embodiment 33 provides the method of 2oy onc of Embodimends
6-32, wherein the step of promoting at lesst a portion of the scsbent material
ocours at Jeast partially before the contacting of the polhntant-containing gas with
the promoted sorbent.
IR Embodiment 34 provides the method of any one of Embodimenis
6-33, further comprising injecting the carbon nanocormposite sorbent al an
injection rate and injecting separately af least one promotar at an injection rate
into a gas strearn whereby in-flight reaction produces the promoted sorbent,
wherein the promoter is selectad from the gproup consisting of molecalar
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halozens, halides, and combinations thereof, wherein the promoter is reacted m
the gas phase or as a vapor, wherein the promoter 1s added at from about 1 to
about 30 grams per about §00 grams of carbon nanocomposite sorbent material,
(0182 Embodiment 358 provides the method of Bmbodiment 34, wherein
the gas stream s the poliutand-containing gas.
FHO183] Embodiment 36 provides the method according t0 Embodiment
35, wherein the gas stream is 3 {rapsport gas.
(60184 Embodiment 37 provides the method of any one of Embodiments
34.36, wherein the promoter injection rate and the sorbent Ijection rate into the
pas are determined, at least 1n part, from 2 moniored polhdant content of the
cloaned gas,
[B01R5] Embodiment 38 provides the method of any one of Endhodiments
6-37, further comprizing 8 step of regenerating the promoted sorbent from the
poftutant-sorbent chemical composition.
{EHEGY] Embodiment 39 provides the method of Embodiment 38, further
comprising using the regenerated promoted sorbent to remove the pollutant from
the pothutant-containing gas,
{B0187] Embodiment 40 provides the method of any one of Embodiments
639, wherein at loast ooe of the promaiing, the coutaciing, and the sepataling,
OLCUTS 1B an agquecus serubber.
(60158 Embodiment 4{ provides the method of Embodiment 40, wherein
the promoting occurs in the scrubber, wherein the scrubber comprises an
acueous slurry that comprises the promoter.
{0189 Embodiment 42 provides the method of any one of Embodiments
40-41, whercin the contacting occurs 1 the scrubber, whoren the scrubbor
comprises an aqueous sfurry that comprises that activated carbon nanccomposite
sorhent.
{0 E90) Embodiment 43 provides a method for reducing the roercury
comtent of 3 mcrcury-containing gas, comprising providing or obtaining a carbon
nanocomposite sorbent, the carbon nanocomposite sorbent made by steps
comprising providing or obtaining a carbon precursor; providing or obtaining a
subsirate material; contacting the carbon precursor and the subsirate material, io
provide a nanocomposite sarting material; and heating the nanccomposite

4%
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starting material, provide the carbon nanccomposite sorbent; providing or
obtatrung o halogen or halide promoder; promoting at least & portion of the
sorbent material by chemically rescting the poertion of the sorbent material with
the halogen or halide promoter to form a promoted sorbent; contacting at Jeast
part of the promoted sorbent with the mercwry, 0 form a mercury-sorbent
composition; and separating at least some of the mercury-sorbent composition
from the mercury-comaining gas.

(68191 Embodiment 44 provides a method of making a carbon
nrROCCmPposite sorbent, comprising providing or obtaiging s carbon precursor;
providing or obtaining 3 substrate material: contacting the carbon precursor and
the substrate matenal, to provide a nenocomposiic starting material; heating the
nanocomposite starting material, o provide the carbon nanceomposite sorbent,
{B0192] Embodiment 43 provides the carbon nasocomposite sorbent made
by the method of Embodioent 44

{01937 Embodiment 46 provides a promoted carbon nanocomposite
sorbent made by a method comprising promoting at least a portion of the sorbent
material of Embodiment 45 by chemically reacting the portion of the sorbent
material with 2 halogen or halide promoter to form the promoted sorbent.
[B0194) Embodiment 47 provides a mercupy-sorbeat composilion made
by contacfing the carbon nanocomposile sorbent of any one of Embodiments 45-
46 with 3 mercury-containing gas.

(B985 Embodiment 48 provides the carbon nanocomposiie sorbent of
ary one of Embodimenty 45-47 tn conlact with mercury or oxidized mercury,
{80194 Embodiment 49 provides a promoted carbor nanocomposite
sorbont made by a mothod comprising promoting af lcast a portion of carbon
nanocormposite sorbent material by chemically reacting the portion of the sotbent
material with g halogen or halide promoter to form the proraoted sorbent.
{097 Embodiment 50 provides the apparatus or method of any one or
any combination of Embodimenis 1-49 optionally configured such that all

elemenis or options reciled are available to use or select from,
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providing or obtaining a carbon nanccomposite sorbent;

comacting al least some of the material with the sorbent, to forma
raaterial-sorbent composition; and

separating st beust sore of the muterial-sorbent corpusition from the

materiab-containing gas, 10 give a separated gas.

2. The method of claim {, ehereln the material is a pollutans,
3. The method of clayn 2, wherein the pellutant is mercury.
4, The method of any one of claims 2-3, further comprising

providing a promoter; and

promoting at least a postion of the sorbent material by chemically
reacting the portion of the sorbent material with the promoter 10 form a promuoted
sorbent;

wheretn the sorbent that contacts at least some of the pollytant comprises

the proraoted sorbent,

A The method of claim 4, wherein the promoter 15 2 halogen or halide
prometer,
6. A method for redocing the polhutant content of a pollutant-comaining

248, COmMPrising:

providing or obtaining a carbon nanocomposiic sorbent material;
aroviding or obtaining 2 halogen or halide promoter,;

promoting at least a portion of the sorbent material by chemically
reacting the portion of the sorbent material with the halogen or halide promoter
tor forg a prowmoted sorbant;
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contacting at Jeast part of the promoted sorbent with the polhvant in the
poHutant-contaimng gag, o form 4 potlutant-sorbent composition: and
separating particulates from the pollutant-containing gas, the panticulates

comprising st least some of the pollutant-sorbent composition, © give 4 cleaned

gus.
7. The method of claim 6, wherein the poliuiant is mercury,
R. The method of any one of cluims 6-7, wherein obtaining wr providing the

earbon nanocomposiie sorbent comprises

providing or obtaining a carbon progursor;

providing or obtaining a substrate material;

contacting the carbon precamor and the substrate material, to provide a
BEROCOmPpOsiie starting material; and

heating the nasocomposife starting material, to provide the carbon

BABOCOMPOSiE sorbent,

9, The method of claim 8, further comprising allowing the heated
nanocomposite starting material to react with an acid or 2 base, 1o provide the

carbon nanocomaposite sorbent.

1%, The method of any one of claims 8-9, wherein the carbon pracursor

comprises a carbohydrate,

11, The method of any one of claims B-14, whoeretn the carbon precursor
comprises brown sugar, barley sugar, caramel, cane sugar, corn syrup, starch,

molasses, or & sugar waste product.

12, The method of any one of claims 811, wherein the substrate material

comprises dintorgacecus earth, clay, zeolite, or minersl

{3, The method of any one of claims §-12, wherein the heating compriges
heating 10 greatey than about 1006°C.
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14. The method of any one of claims 6-13, wherein the sorbent material
comprises binding sites that bind with the poliutant in the pollutant-containing

¢as.

15, The method of any one of claims 6-14, wherein the sorbent material
comprises carbon that kas been allowed o react or become impregnated with
halogens, hyvdrogen halides, and Group 'V and Group V1 halides w form

puilutant binding sites 1n the promoted sorbent.

16, The mothod of claim 15, wherein the binding sites in the promoted AC
bind to the pollotant in the pollatant-containing gas to form the pollutant-sorbent

COMPosition.

17, The method of any one of claims 15-16, wherein the binding sites inthe
promoted AC react with the polhstant in the pollntant-containing gas to form the

polhutant-sorbent composition,

18, The method of any ose of claims 13-17, wherein at leasi a portion of the
binding sites of the AC react with oxidized pollutant in the pollutani-containing

gas to form another polhuiant-sorbend chemical composition.

19, The method of any oneg of clairas 6-18, wherein the step of separating
particulates from the polhtant-containing gas compriscs separating in a2

narticnlate separator comprising onc oF more ESPa.

20, The method of any one of claims 7-19, whersio the mercury in the
yaereury-containing gas corprises sloroental mercury,
21, The method of any one of claims 7-20, whersin the mercury in the

mersury-sorbent composition is oxidized mercury,
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22, The method of any one of claims 7-21, wherein the promoted sorbent
combines with at least about 70 wi¥ of the mercury present in the mercury-

containing gas.

23, The method of any one of claims 6-22, wheragin the balogen ot halide
promoter i3 ina form comprisiag a vapor form, a solid form, in e solvent, ora

combination thereof.

24, The method of any one of cluims 6-23, whereln the halogen or halide

promoter comprises at least one of a Group 'V habide and a Group V1 halide.

25, The method of any one of claims 6-24, wherein a promoter precursor on
the sorbent or injected with the sorbent transforms into the halogen or halide

promoter that reacts with the sotbent.

26, The method of any one of claims 0-23, wherein the balogen or halide
promoter is NHBr, NaBr, HBr. NaCl, CaCl;, or HCL

27 The method of any one of claims 6-26, further comprising injecting an

alkaline component inte the polhulant-containing gas.

8. The method of claim 27, whersin the adkaline component comprises at
least one of an oxide, hydroxide, carbonate, and 2 phosphate of an alkali or

alkaline-earth element.

29, The method of any one of clatms 6-28, further comprising adding an

additional halogen or halide promoter 10 the promoted sorbent.

30, The method of claim 29, wherein the addiiional halozen or halide
aromoter comgprises al least one of HI, HEBr, HCL a Group V elemsent with

haiogen, and 2 Group VI element with halogan,
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31, The method of any one of claims 0-34, further comprising adding 8

stabilizing agend to the promoted containing sorbent,

32, The method of claim 3§, wherein the stabilizing ageny comprises at least

aite of 5, 8¢, HaS, 80, HaSe, Se(d,, €84, and P2 Ss.

-t

i3 The method of any one of claims #-32, wherein the step of promoting at
least 4 portion of the sorbent material cocurs at least partially befors the

contacting of the pollutant-containing gas with the promoted sorbent.

3. The mothod of any one of claims 6-33, further comprising injecting the
carbon nanocomposiie sorbend at an njection rate and injecting separately at
least one profmoder at an injoction rate inio a gas stream whereby in-flight
reaction produces the promoted sorbent, wherein the promoter is selected from
the group consisting of molecular halogens, halides, and combinations thereof,
wherein the promoter s reacted in the gas phase or as a vapor, whercio the
promoter is added at from about 1 to sbowt 30 grams per about 100 grams of

carbon nangeomposite sorbent material,

35, The method of claim 34, whersin the gas stream is the pollutant-

conlaining gas,

36.  The method according to claim 33, wherein the gas streum s o ransport
@as.
37, The method of any one of claims 34-36, wherein the promoter injection

rate and the sorbent injection rate into the gas are deterrained, at least in par,

froo a mondtored poliutant content of the cleaned gas.

38, The method of any one of claims 6-37, further comprising a step of
regenerating the promaoted sorbent from the pollutant-sorbent chemical

£omposition.
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39, The method of clatm 2R, further comprising wing the regensrated

promoted sorbent to remove the pollutant from the polhtant-contaming gas.

40, The method of any one of claims 6-39, wherein at least one of the
promoting, the confacting, and the separating, ocours in an agueous scrubber.
41, The method of claim 40, whersin the promoting occurs in the scrabber,

vherein the scrubber comprises an aqueous shurry that comprises the promoter.

43, The method of any one of claims 40-41, wherein the contacting ocows in
the serubber, whercin the serubber comprises an aqucous slurry that comprises

that activated carbon nanccomposite sorbent.

43, A method for reducing the mercury content of 2 mercury-containing gas,
the method comprising:
providing or obtaining a carbon nanocomposite sorbent, the carbon
nanogompesite sorbent mades by steps comprising
providing or chiaining a carbon precursor;
providing or obtaining a substrate materiad;
contacting the carbon precursor and the substrate maternial, to
arovide 8 nanocomposite starling material; and
heating the nanocomposite starting malerial, 1o provide the carbon
nanocomposite sorbent
providing or obtaining a halogen or halide promoter;
promoting at Jcast a portion of the sorbent matesiaf by chemucally
resgting the portion of the sorbent material with the halogen or halide promoter
1o form a promoted sorhent;
contacting at least part of the promoeted sorbent with the mercury, 10 forn
a mercury-sorbent composition; and
separating at least some of the mercury-sorbend composition from the

mersury-contaimng gas.
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44, A method of making a carbon nanocomposite sorbent, the method
COMPsInG:

providing or obtaining a carbon precursor;

providing or obtaining a substrate material;

contacting the carhon precorsor and the substrate material, to provide a
nanceomposite starting matenial;

heating the nanocomposite slarting material, to provide the carbon

nanocemposite sorbent,

45, The carbon nanocomposite sorbent made by the method of claim 44.

46, A promoted carbon nanocomposite sorbent made by @ method
comprising promoting at least a portion of the sorbent material of ¢laim 435 by
chemically reacting the portion of the sorbent material with a halogen or halide

promoter to torm the promoted sorbent.

47, A mereury-sorbent composition made by contacting the carbon
nanocomposite sorbent of any one of claims 45-46 with a mercury-containing

48.  The carbon nanocomposite sorbent of any one of ciaims 45-47 in contact

with mercury or oxidized roercury.

49, A promoted carbon nanocompaosite sorbent made by a method
comprising promoting at fcast a portion of carbon nanccomposite sorhoent
material by chemically reacting the portion of the sorbent material with a

halogen or halide promoter 10 forrm the promoted sothent.
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This International Searching Authority found multiple {groups of}
inventions in this international application, as follows:

1. claims: 1-5, 44, 45, 48

related to a method for separating a material from a gas
that comprises the material, the method comprising providing
or obtaining a carbon nanocomposite sorbent, contacting at
teast some of the material with the sorbent, to form g
material-sorbent composition, and separating at least some
of the material-sorbent composition from the
material-containing gas, to give a separated gas: further to
a method of making a such carbon nanocomposite sorbent;
further to a such carbon nanocomposite

2. claims: 6-42, 46, 4%

related to a method for reducing the pollutant content of a
poltiutant-containing gas, the method comprising providing or
obtaining & carbon nanocomposite sorbent material, providing
or obtaining a halogen or halide promotor, promoting at
least a portion of the sorbent material by chemically
reacting the portion of the sorbent material with the
halogen or halide promoter to form a promoted sorbent,
contacting at Ieast part of the promoied sorbent with the
poliutant in the pollutant-containing uas, to form &
poliutant-sorbent composition, and separating particulates
from the pollutant-containing gas, the particulates
comprising at least some of the pollutant-sorbent
composition, 10 give & cleaned gas: further to a promoted
corbon nanocomposite sorbent made by reacting a portion of
the sorbent material with a halogen or halide promoter to
form the promoted serbent

3. claims: 43, 47

related to a method for reducing the mercury content of a
mercury-containing gas, the method comprising providing or
chtaining a carbon nanccomposite sorbent, the carbon
nanocomposite sorbent made by steps comprising providing or
ohtaining a carbon precursor, providing or obtaining a
substrate material, contacting the carbon precursor and the
substrate material, to provide a nanocomposite starting
material, and heating the nanocomposiie starting material,
1o provide the carbon nanccomposite sorbent, providing or
obtaining & halogen or halide promoter, promoiing at Teast a
portion of the sorbent material by chemically reacting the
portion of the sorbent material with the halogen or halide
promoter 1o form a promoted sorbent, contacting at least
part of the promoted sorbent with the mercury, to form a
rercury-sorbent composition, and separating at least some of
the mercury-sorbent composition from the mercury-containing
gas; further to a mercury-sorbent composition made by
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contacting & carbon nanocomposite sorbent with a
mercury-containing gas
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{&7) Abstract: The present invention relates 1o activated carbon sorbents including nitrogen. In varicus embodinents, the present in-

veEniion provi
narticles including vitrogen in 5 swrface laver of the sorbent

activated carbon sorbent incinding 2 halogen

methad of reducing the poilutant coment in a polbtant-containing gas
the activared carbon sorbent con remove mercury from a wmerery-cotdnintng gas that ncludes sulfr{VT) such as 303 more effi-
ciently than orher sorhents

r hafide-promoe

& H

24 activaied carbon, the sctivaied carbon sorheny

. I various emtbodinents, the present wvention provides a
In var b t5, the present r I

ing the activated carbon sorhent. In various embodiments,
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ACTIVATED CARBON SORBENT INCLUDING NITROGEN AND
METIIODS OF USING THE SAME

CROSS-REFERENCE TO RELATED APPLICATION
U Y This application clairas the benefit of priority to LLS. Provisional

Patent Application Serial No, 61/773,549, filed March 6, 2013, the disclosure of

which is incorporated herein in its entivety by reference,

BACKGROUND OF THE INVENTION
[0062] Mercury (Hg) emissions have become a health and environmental
concern becaase of their toxicity and ability to bivaccummldate, The UG,
Environmental Protection Agency (EPA) has jsaued regulations tor the control
of mercury emissions from waste-to-energy, cement production, and coal-fired

power plants. Mereuwry in flue gas from indusirial sources {e.g

&, poawer plants)
can be captured by sorbents such as activated carbon, which can then be
removed by particulate separation devices. The amount of standard sorbenis
{c.g., activaled carbon) needed to serve the market is jarge. Standard sorbents
are not abways effactive and become more expensive as larger amounts are used.
{0863 Inhibition of mercury capture from gas streams by active carbon
sorbents can oocur when sulfur{ VI (e.g. 5Oy, HB00) 16 present i the 2as siream,
with increasing inbibiion ut bigher concentrations, Mewary cupture above
sudfur(V1) concentrations of 3 ppm by mole iz imited. Many utifities desire to
aperate 30 injection systeow at 2 smniowm of abou! 3-6 ppo fo Improve osh
collectability. Howover, o sulfur(VT) concentration of about 4 ppin oan dimiaish
elemental mercary capiure by abowd 25%-30% or more. With this reduction, it
becomes difficult, if not impossible, to economically achieve desired mercury
tevels. The scientific undeestanding of why a severe inhibidion of mercusy sorption

exists when sulfur(V1} concentrations increase by such a small amount 18 hrmted.
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SUMMARY OF THE INVENTION
[004) n various embodiments, the present invendion provides an
aclivated carbon sorbent. The activated sorbent includes a halogen- or halide-
promoted carbon. The activated carbon includes activated carhon sorbent
5 particles inchuding nitrogen. The concentration of pitrogen in 2 swrface layer of
the sorbent paricles is ot Jeast one of 1) higher than the concentration of nitrogen
in a core of the sorbent particles and 2) higher than the concentration of vitrogen
io the carbon material from which the sorbent particles are derived.
{0BUS| {n various embodiments, the present invention provides a method
10 of making an activated carbon sorbent, The method includes contacting 4
carbonaceous material and a nitrogenous material, to provide ap wapromoied
carbon sorbent comprising mitrogen. The method alsc includes promoting at
izast 3 portion of the unpromoted sorbent by contacting the portion of the

unpromoted sorbent with a promoter to form an activated carbon sorbent

—
Lt

comprising activated carbon sothont particles comprising mirogon, whoerein the
concentration of nitrogen in the sorbent particles is higher than the concentration
of nitrogen i the carbonacecus material.

UL in various cmbodiments, the prosent mvention provides an
activated carbon sorbent for use in mercury removal from a mercury-containing
20 pas. The activated carbon sorbent includes a halogen- or halide-promoted
norganic activated carbon particies including nilrogen in 3 surface layver of the
sorbent particles. The nitrogen atoms are at sufficient concentration in the
surface layer of the activated carbon sorbent particles 10 al least one of 4)

. . e I R T - . .
decraase neutralization by HSO: ™ or SOy of carbocations in the activated

25 carbon sorbent, as comparad 0 a corresponding activated carbon sorbent
comprsing less or substantially oo nitrogen in a corresponding particle surface
layer under substantially sailar conditions, and b} at east partially block
carbocations in the activated carbon from forming ionic bonds with HSO," or
SO%, as compared to 1 corresponding activated carbon sorbent ineluding less or

4

30 substantially no nitrogen in a corresponding particle surface layer under
substantially sinlar conditions,
{0007 In varioas embodiments, the present invention provides o method
of reducing the polivtant content in a polhitant-contaiming gas. The method

2
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mcludes obtaining or providing an activated carbon sorhent including activated
carbon sorhbent pasticles inchuding nitrogen in a surface layer of the sorbent
particles. The method inchides contacting & poilutant-coniaining gas with the
activated carbon sorbent. The coniacting forms 2 pollutant-sorbent composition.
The method alse inclades separating at least some of the pothdant-sorbent
composition from the polhdant-containing gas. The separating gives a separated
gas.

{OB04] I various embodinents, the present invention provides a method
for reducing the mercury content of a mercury-containing gas, The method
includes obtaining or providing a carbon precursor. The carbon precursor
includes nitrogen. The method inchides obtaining or providing a subsinate
maderial. The method includes contacting the carbon precursor and the subsirate
material. The contacting provides an inorganic matrix-supporied sorbent starding
maderial, The method includes heating the inorganic matrix-supported sorbent
starting muterisl, The heating provides an unpremeoted sorbent, The method
inchides promoting at least 2 potion of the unpromoted sorbent by contacting
{e.g., chemically reacting) the portion of the unpromoted sorbent with a
Profeoter to form a promoted morganic matrx-supporied activatad carbon
sorbent, The activated carbon sorbent includes activated carbon sorbent particles
including nitrogen in a surface layer of the sorbent particles, The method
wncludes condacting the morcury-condaining gas with the activated carbon
sorbent. The comtacting forms & mercury-sorbent composition. The method alsg
includes separating at least some of the mercury-sorbent composition from the
mercurv-containing gas. The separating gives a separated gas. The
concentration of suffur{ Vi) in the mercury-comtaining gas is about 3 — 1000 ppm
by maole. A first quantity of the activated carbon sorbent forms a mercury-
sorbent composition at a first mercury adsorption rate, The first adsorption rate
is higher than a mercury absorption rate of the first quantity of a corresponding
activaied curborn sorbent tncluding af Jeast one of a) less or substantally no
nifrogen in a corresponding particle surface layer, b loss or substantially no
halide- or halogen-promotion, and ¢) less or substantially 0o norganic matrix

SuPpOTE
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{0609] In various embodiments, the present invention provides a method
of making an activated carbon sorbent, The method inclades ebiainiog or
providing an unpromoeted carbon sorbent inchiding mitrogen. The method
includes promoting at least 2 portion of the unpromoted sorbent by comtacting
(e.g., chemically reacting) the portion of the unpromoted sorbent with
promoter to form an activated carbon sorbent including activated carbon sorbent
particles inchuding ritrogen in a surface layer of the sorbent particles.

R HH] Various embodiments of the present javention provide cortain
advantages over other activated carbon sorbents and methods of using the same,
at least some of which are unexpected. In some embodiments, the activated
carbon sorbent can sepataic a malerial {c.g., a pellutant) from a gas that includes
thai material more afficiently than other methods, in various embodiments,
mercury removal efficiencies of the activated carbon exceed or match that of
conventional methods with added benefits such 2 reduced costs, The method
and materials of various cmbodimends of the prosent mvendion can operaie more
efficienty than other motheds of mercury removal. To some embodiments, the
rocthod and materials of vatous embodiments can rapwove 2 given amount of
mercury for a smallor amount of financial expenditure, as comparsd to other
methods, For example, the method and materials of various embodiments can

remove & larger amount of mercury for 2 given mass of carbon, as compared i
ather methods of removing mercury, mcluding as comparcd {o other methods of
removing mercury that include a carbon sorbent.
{081 1) For example, In some crobodimenis, a given mass of the nitrogen-
containing activated carbon sorbent can absorb mercury from s mercury-
contatning gas stream including subfur{VE (e, 8Os, H380,, o the like), such
as greater thao about 3 ppm sulfur(VT), such as about 3-200 ppm saltur (V1 3-
1600 ppm sulfur( VY, or about 3-14 ppm sulfur{V1}, at a higher vate than the
same mass of 2 corresponding activated carbon sorbent inchuding less or 8o
nitrogen, such sy » lower conceniyanon of BITOEEN OF G BHrOEen I 8
corresponding particle surface layer. In some embodiments, carbocations in the
activated carbon sorhent are newtralized less by ions derived from SO, such as
SO or I-{SO_;L, than other activated carbon sorbents, such s other activated
carbon sorbents including less or substantially no nitrogen in & comresponding

4
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particle surface layer, Insome embodiments, carbocations in the activated
carbon sorbent are at icasd pariially blocked from ions denived from SOy, such as
SCh" or HSOs'. more than in other activated carbon sorbents, such as in other
activated carbon sorbents including lesg or suhstandially no nittogen in a
corresponding particle surface layer.

{061 2] s some embodiments. the sorbent can be regenerated and reused,
reducing disposal of spent sorbents and decressing the cost of mercury removal,
In sorae embodiments, preparation or promotion of the activated carbon sorbent
can advantagoously ocour on site, On site preparation and promotion can have
advantages including, for example: reduction or elimination of squipment costs
and operating costs of a separate preparation facility or location, reduction or
ehimination of transporiadion costs, fresher and more resctive sorbent, reduction
of handling, on-side tailoring of composition (such as when changing fuels or
reducing loads).

{iB1 3] In some embodiments, counter to traditional tcachings that
norganic components can hinder sorpuion of pollutants on activated carbon, an
inorganic matrix suppott in the sorbent can enhance the somption of pollutant in
the activated carbon, such as on a proximate and oxidatively reactive carbon
graphene layver, In various cmbodiments, an inorganic matrix support can
stabifize the development of cationic sites on the proximate graphene carbon
stroctures which can oxidize poihutants such as mercury. In cmbodimoents that
include an inorganic matnx-supportad panccomposite that is promoted via a
hydrogen halide compound obmined from degradation or reaction of the
corresponding anumonium halide, another advantageous role for the inorganic
postion can be tn providing a binding site for the sromonia that is refeased from
either the decomposition or reaction of the wramonivm sait. The bound anwoonia
¢an form a gomplex with basic character that can react with SO; or 8Os inthe
poliutant-containing gas and can prevent thelr interference with the sorption of
pothutants such ay mercury I oF pesr acuve sites on the actvaled carbon.

{0614} Clays are usually ditficult to filter or separate from an aqueous
mediam. In some embodiments that include clay 2% an norganic maitrix support,
the clay s advantageously stabilized to dispersion in an aqueous medivm, and
can be easily separated from an aqueous medium by fhmtion.

&
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DETAILED DESCRIPTION OF THE INVENTION
i0815] Reference wili now be made in delail to cerlain embodiments of
the disclosed subject matter. While the disclosed subject matter will be
described i conmpunction with the enamerated claims, it will be anderstood thar
the exemnphified sabiect matter is not intended to limit the claims o the disclosed
suhjoct matier.
L H] Values expressed in a range format should be nterpreted o a
flexible manner to include not only the numenical values explicitly recited as the
fimirs of the range, but also 1o inclade all the ndividual numerical values or sub-
ranges encompassed withio that range as if each mumserical value and sub-raoge
15 explicitly recited. For example, 2 range of “about 8.1% 10 about 5% or
“abowt 0. 1% w0 5% should be intarpretad to inciude not just abowt 6.1%5 to abowt
3% but also the individual valaes {e.g., 1%, 2%, 3%, and 4%0) and the sub-
ranges (o.g, G194 10 G.5%, 1 1% 1o 2296, 3.3% 10 4.496) within the indicated
range. The statement “zbout X 10 Y™ has the same meaving as “about X t0 about
Y, urdess vudicated otherwise. Likewise, the statement “abowt X, Y, or about
2.7 has the same mwaning as “about X, abhout Y, or about 2,7 undess indicated
otherwise.
{037 1a ihis document, the terms “2.” “an,” or “the” are weed to lochude
one or more than one unless the condext clearly diciaies otherwise, The torm
“or™ Is used (o refer w 2 nonexclusive “or” unless otherwise indicated. In
addition, it is 1o be understood that the phraseology or terminology craployed
herein, and not otherwise defined, 1s for the purpose of description ounly and not
of Hmwitation. Any use of section headings is intended to ald reading of the
decument and 1s aot to be interpreted as Tooiting: Wformation that & relevantto a
scetion heading may ocour within or outside of that particular section,
Furthermore, all publications, patents, and patent documents referred to in this
documend are incorporated by reference herein in their erdirery, as thouuh
mdividually incorporated by reference. In the event of inconsistent asages
between this docoment and those documents so ncorporated by reference, the

usage in the incorporated reference should be considered supplementary to that

POT/OS2014/419016

PAC ET AL. EXHIBIT 1023

Page 325



WO 2014137907

20

T

“B

Lt

of this document; for irreconcilable incomsistencies, the usage in this docwment
controls,

(081 8] In the methods of manufacturing described herein, the sieps can
be carried out in any order withowt departing from the principles of the
mvention, except when a temporal or operational sequence is explicitly recited.
Farthermore, specified steps can be camried ouwl concurrently uniess explicit claim
tanguage recites that they be carried out separately. For example, a claimad step
of doing X and a claimed step of doing Y can be conducted simultansously
within a single operation, and the resulting process will fall within the fiteral

scope of the claimed progess,

Pelinitions
{019 The term “about” as used herein can allow for a degree of
variability in a value or range, for exampde, within 18%, within 5%, or within
1% of a stated value or of & siaied lint of 2 range.
0824 The term “substantially™ as used herein refors to 2 majority of, or
roostly, as jo at least about 50%, 605, 70%, 80%, 90%, 953%, 96%, 97%, 98%,
BG%, V9,5%, Y9.9%, 99.99%, or at lcast about ¥9,999% or more,
{0028 The term “number-average molecular weight™ as used herein
refers to the ordinary arithmetic meas of the moclecular weight of individoal
moleoules ina sample. 1tis defined as the total weight of all molcculcaina
sample divided by the total number of molecules in the sample. Experimentally,
the number average molecular welgle (M) is determined by analyzing 2 sample
divided indo molecular weight Dactions of species 1 having v molecules of
motecular weight M; through the foomoula M, = ZMpy /S Zu;. The vwmber average
yooiecular weight can be measured by g variety of well-knowo methods
including gel permcation chromatography, spectroscopic end group analysis and
oErnomnciny,
[0622] The term “weight-averuge molecular weight™ as used herein
refers (M.}, which s equal to T / Mo . where n 1 the number of
molecules of molecudar weight M. In various examples, the weight average
molecular weight cun be determmaed using Byght seattering, small angle neutron
scattering, X-ray scattering, and sedimentation velocity.

7
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{08231 The term “solvent” as used berein refers 0 a liquid that can
dissolve a solid, Hquid, or gas. Nonlimiting exarmples of selvents are silicones,
organic compounds, waler, alcohols, lome liguds, and supercritical fluids,
0624] The term "ait”" as used herein refers 1o & mixtusre of gases with a
composifion approximately dentical 1o the native composition of gases taken
fro the atmosphere, generally at ground level. In some examples, air is taken
fror the ambient surroundings.  Adr has a composition that inclades
approxireately 78% nitrogen, 21% oxvgen, 1% argon, and 0.04% carbon
dioxide, as well as small amounts of other gases,

{0825] The term “room temperature” as used herein refers to 2
temperature of about 153 °C t0 28 °C.

10826 As used herein, “muneral” refers to s naluratly occurring solid
chemical subsiance formed through bicgeschemical processes, having, for
example, characteristic chemieal composition, highly ordered atomic structure,

and specific physical properties.

Deseription
{0927) in various cmbodiments, the prosent mvention provides an
activated carbon sorbent and associated method for reduction of mercury content
for use i combustion systerms {hat bave inherently high levels of sulfur{Vii (e g,
as S50, or related compounds that can be derived therefrom such as HaSOq or
other sulfates) in the floe gas and for use in plants that use SO;: injection for ash
conditioning for improved ash collection. The method can obtain high mercury
capture rates g ugh sulfudVikcontent flue gas by, in some examples,
gvercoming the kinetic and equilibrivm offects that can inhibit mercury capture
io high 80; or high-sulfate (e high sulfus(V1y) systems. The activated carbon
sorbent includes activated carbon sorbent particles. The concentration of
nitrogen in a surface layer of the sorbent particles can be higher than the
concentration of nitrogen in « core of the sorbent particles. In sume exarples,
the activated carbon sorbent can be promoded.
{O028] In various embodiments, the activated carbon sorbent and
associated method can be effective for removal of elemental mercury vapor in an
atr or flue gas stream at moderate temperatures {e.g., gbout 25-330°C, or about

8
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36-500°Ch In somge examples, the activated carbon is not impregnated with
sulfur or metal halides, which can be unstable ai higher temperatures.

10629] In some emsbodiments, the removal process does not invelve
adsorption of the elernental mercury like that cccurring at low temperatares, but
can involve the catalyzed reaction of mercary with an oxidant to forns an
organomercury compound that includes the mercury bound to the activated
carbon surface, wherein the mercuary can be released via, e.g., reaction with acid,
3 provide a meronry {11 species with low vapor pressures such as mercury
sulfate, mergury beomide, or mergury chioride. The 1onic mercury(li) form can
be an oxide or salt of an optional acid used in the process (such a5 sulfate from
sulfuric acid), which can bave lower volatility, The activaded carbon can oxhibit
a high rate of oxidative catalvtic activity due fo, for example, numerous aclive
catalytic sites and, at the sarge {ime, possess a large susface ares for generation
of the organemercary compound and s rapidly generate the converted

rocrourv(il} salt.

Activaled carbon sorbent including nitrooen,

{0038] In various embodiments, the present invention provides an
acttvated carbon sorbent. The activated carbon sorbent can inchide halogen- or
halide-promoded activated carbon paricles: in other embodimonts, the activated
carbon sorbent i not promoted. In some examples, the activated carbon can
have an inorganic maEIX-SEpPport.
{0031 The activatod carbon sorbent can inciude activated carbon sorbent
particles, The concentration of nitrogen in a surface layer of the sorbent
particles can be ad lcast one of 1} higher than the conceontration of nitrogen ina
core of the sorbeni particies and 2 higher than the concentration of witrogen in
the sotivated carbon material from which the activated carbon sorbeni particle
was derived. The surface layer of sach particle can independently be continuous
{e.g., unbroken, with nunimal or no gaps) or non-contimeous. The surface Jayver
can be at the outer surface of the particle. The surface layer of each particie can
independently have any suitable thickness., The sutface Jayer can have a variable
thickness, or can have a substantially consistent thickness, In some
embodiments, the surface layver can have a thickness of about 0,000,001 % 10
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about 09,99% of the radius of the parcticle, 0.001%6 1o 99%, 0.001% to about
S0°9%, 1% to about 509, 0,19 10 25%, or abowi 25% to 30% of the radius of the
particle, H ihe particle 15 non-sphericai the radius can be estimated as about cpe-
half of the largest dimension of the pariicie.

10832] Tn some embodiments, each activated carbon particle can
independently inclade about 1,001 times higher nitrogen concentration in the
surface Jayer than in the core or fess, or about L0, 1.1, 1.2, 1.4, 1.6, 1.8, 2,3, 4,
5,6,7,8, 9,10, 15, 20, 50, 104, or about 1000 times bigher nitrogen
eongentration in the surface laver than in the ¢ore. In some embodiments, the
concentration of mitrogen in the surface layer can be about 0,000,601 wi% or
Ioss, or about Q001 wi, .01 wi, 0.1 wi®, 1 wi®, 2 wits, 3 wi%, 4 wibe, 5

wits, 10 wids, 15 wits, 20 wite, 30 wite, 40 wi, 50 wits, 60 wibs, 70 wite, B0

witbs, or about 90 wi% or more nitrogen. In some examples, the concenwration of

nifrogen in the surface laver can be abouwt D.001 wi%s - 99 wi®4 nitrogen, 3 wi¥
{G wi¥s, or about 3-00 wi¥s, Tn various cmbodiments, the concentration of
vitregen in the core can be about § wt%, 0.000,001 wi¥s, or abont QL0061 wits,
.01 wi, 0.7 wi%, 1 wi%, 2 wi%, 3 wifs, 4 wi%, 5 wis, 10 wi¥h, 15 wi%, 20
witte, S0 wite, or 90 wil% or more, In somg cxamples, the concentration of
nitrogen in the ¢ore can be about 0,001 wifs - 99 wids nitrogen, 9.1 wi%% - 20
wi%or about 1 with - 6 wits,
10833 The activated carbon aorboni can be in apy suitable form. For
example, the activated carbon can be granular, or fine particles, The activated
carbon can have any suitable shape, such as spherical or irregular. The activated
carbon can bave an average diameter of shout (1 nm or less, or about | nm, {8
o, 100w, oy, 10 poy, 100 oy, 1 oo, or about 10 muo or more. In some
examples, the activated carbon has a diameter of about 0.01 ww or Jess, or about
O arm, §opon 2 g, 3 a4 poy, 5 opm, 10 o, 20 um, 30 um, 40 pim, 30 um,
60 pm, 70 um, 80 um, 90 pum, 100 i, 1000 pox ormors, 1o some examples,
the diameter of the particie s about 8. 1-1000 pm, or {-160 pm, or abowt 130
wm. Ifa particle is non-spherical, the diameter can be estimated as the longest
dimension of the particle. The abscrption capacily of the activated carbosn
sorbent including mercury can be aboat 0.000,1 my mercury per gram of sorbent
of less, or zbout 0000 me/e, 001, 0.1, 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 45,
i0
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36,55, 60, 68,703, 75, 80, 85,90, 05, 100, 110, 120, 130, 200, 304, 400, 500,
750, or about 1 g mercury per gram of sorbent or more,
10834] In some emsbodiments, at leasi some of the carbon in the activated
carbon is in the graphene {orm of carbon. The graphene form of carbon can, in
seme embodiments, mclude igher concentranons of locations suitable as active
sites. In some examples, certain paris of graphene carbon can have the highest
concentrations of jocations suitable as active sites: in some exampies at the
edges, i sorne exaroples i non-edge jocations. Such locations suitzble as active
sites may be activated via treatment with halide or halogen, as desenbed herein
In variouws embodiments, the carbon in the activated carbon sorhent can be at
Isast aboud 1 wis, 2 wi%s, 3 wih, 4 wih, 5w, 10 wih, 20 with, 30 wils, 40
wits, 50 wids, 60 wits, 70 wids, 30 wite, 90 witbh, 95 wils, 96 wits, U7 wite, BS
Wi, 99 with, 999 widh, $9.99 wits, or more than about 99.999 wts graphene
form of carbouw,
{iB35] In some cmbodiments, the mtrogen s substantially bomogenoualy
Jistributed throughout the activated carbon particles. In some embodiments, the
sutrogen is substaniially homogenously distributed in the core of the activated
carbon sorbont particles; i other cmbodiments, the nitrogon ean have any
suitable distribution in the core, In some embodiments, the nitrogen is
substantially homogenousiy distribuied in the surface laver of the activated
carbon sorbont particies. in some cmbodiments, the nitrogen in the sarface layer
iz not homogeneously distnibuted; 2.2, the nitrogen can have & gradient with the
highest concentration at the outside of the surfuce layer and a lower
concentration at an mside of the surface layer.
{0839] The nitrogen can be in any suitable form within the activated
carbon, In some examaples, the mtrogen can be a sitrogen atom bound 0 ove or
more hydrogen atoms or one or more other atoms that are, for example, carbon-
containing groups that are part of the activated carbon framework (2., the
activated carbon backbone or appendages thereof), or w up orgsnic group. In
some examples, for example, the nitrogen can be neutral or can bear a positive
charge (¢.g. ammonium} or a negative charge. The nitrogen can have any
suitable oxidation state, for example zero or one. The nitrogen can be bouad o
4 3,2, i, orzero hydrogen atoms. The nitrogen can be bound to one or more
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activated carbon frameworks at zero, 1, 2, 3, or 4 locations, In some
embodiments, the mitrogen can include one or two double bonds or one triple
bond to the carbon framework of the activated carbon or to other funciional
groups, such that the nitrogen is bound to 1. 2, or 3 carbon atoms.

10837] The mirogen 10 the activated carbon can be derived from any
nifrogen containing compound, such as a pitrogen-contaning Organic or
inorganic compound, such as by pyrolysis or carbonization. Tn some exampies,
the witrogen is denived from or part of any pifrogen-containing heterocyels, or
from any other nifrogen-containing compound, For example, the nitrogen can be
derived from indode, guinoxaling, carbazole, isoquinoling, piperazing, quinolong,
quinoxaling, diazabicyclooctane, polyactvioniirile, polyviavipyrolidone,
vinylpyrrolidone-vinyi acetate copolymer, vinyipyrrolidone-acrylic acid
copolymer, vinylpyrrolidone-maleic acid copolyreer, polyethylenimine, an
aming acid (e.z., alanine, arginine, asparaging, aspartic acid, cysteine, glutarnine,
glutamic acid, glveine, histiding, ssolcucine, Joncine, lvsine, methioning,
phenvialanine, proline, serine, theeonive, tryptophan, tyrosing, or valine),
analing, nitroboozene, hydroxylamine, wrea, hydrazine, sulfamic acid, nitriles,
carbamaigs, 1sogyanatos, urcthanes, or a combination thereof, In somge ¢xamples,
the nitrogen in the activated carbon can be derived from or part of a nitrogen-
contatning inorganic compotnd, such as amoonia, ammeninm bromide,
ammoniirn chlonide, nitnic acid, nitrous acid, mitrogen dioxide, cormpognds
incluading NGs, compouands inclading NO,, and the like,

{0835] In various embodiments, the nitrogen-containing activated carbon
sorbend can absorb polivtants such as mercury at a higher mafe 10 3 given
concentration of suffur{ Vi) than other sorbents. In some examples, a first
quantity of the activated carbon sorhent forms a mercury-sorhent composition at
a first mereury adsorption rate in a gas compoesition including meorcury wherein
the concentration of sulfur( VD) in the gas composition is about 3 - 2000 ppm by
mole, where the first adsorption rate iy higher than » mercury absorption rate of
the first quantity of a corresponding aciivated carbon sorbent inclading ar least
one of a) less (2.5, Jower concentration} or substantially no nifrogen in a
corresponding particle surface layer, b} less or substantially 5o hatide- or
halogen-promotion, and ¢} less or suhstantially no inorganic matrix support.
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§0839] The mechanism of operation of the agtivated carbon sorbent is not
iniended 1o be limited to any particular theory of operadion as advanged herein.
In some embodiments, the nitrogen i the surface layer ad least partially
decraasas neytralization by 50» (or 1ons or other materials derived from SO
such as HEO:Y o SO;E') of carbocations in the activated carhon sorbent, as
compared 1o a corresponding activated carbon sorbent inchiding ess or
substantially no nitrogen in a corresponding particla surface Yaver under
substantially similar conditions. Tn some examples, the nitrogen in the surface
laver at least partially blocks earbocations in the activated carbon from forming
1oni¢ bonds with SOs (or ions or other materials derived from 80; such as
HSOuT or 30,7, as compared (o a corresponding activated carbon sorbent
mehding less or substantially 1o nitrogen in a corresponding particle sueface
layer under substantially similar conditions.
{0848) In various active carbon sorbents, two issues can ocour during
pollutant capturc such as nwrcury capture: 1) geting ligh oxidation roactivity at
a carbon edge site (kinctic effects and 2) preventing/avoiding the loss of exidized
roereury from the carboo-bound states as a result of displacement by sulfate
{cquilibrivm offoct). Elomontal mercury in the gas phase ¢an be oxidized at the
carbon edge surface {cationic zigzag sites) and can be bound covalentdy as an
organoracicury halide, The cationic sites can be formed by addition of acids or
halogens {Xo) to the carbon edge structare, which can result in a carbenipm-
halide ton paie. The oxidation can be assisted by the negafive halide ion
stabilizing the developing positive charge on the mercury storn as i adds o the
carbarpum atom. The oxidabon can ocour more readily if the oxidation potential
{Charge} of the carbenium ion or stability thereof s higher, which can be
influenced or determined by the adjacent charges present in the carbon
framework structure and nearby surroundings,  Additional cationic funcuonality
in the structure can raise the oxidation potential {increases positive charge) at the
resciive site, or can increase the siubility of a positive charge at the reactive site,
Negative groups (such as 1ons derived from 50, e.g., SOs° and 30,%, can
stabilize and lower the overall charge and available carbeninm ions and thereby
reduce the renctivity for oxidation of the mercury and availability for capture of
moercury.
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[O04E] The longer-term equilibrivm offect can be less bmportant for
capture over a short contact time, such as inflight capture by electrostatic
precipitators (ESPs). However, in some sitealions the equilibrivm displacament
problem can be more importani, .g.. baghouse collection or S04 injection or
formation in a selective catalyvtic reduction (SCR amt. Since sulfate
concontrations can increase with dme of cxposure on the carbon surface, thew
effect in displacing mercury halides into the gas phase (desomption and
breakthrough) can be waportant i losg exposure tises. When SO; relate
componnds and ions sueh as subfuric acid, sulfate, or refated 1ons, are tutially
present or form quickly on a wet surface, ¢.g., with SO. mjection, the
equilibrivm displacerment effect can also becone mportant in sysiems with s
short contact lme.
[0642] Ia various embodiments, the nitrogen in the surface layer can
stabilize or increase positive charge in the carbon structure which can overcome
deplotion of charge by sulthte snd the carbon edge can be promoicd with a
bhalogen/balide. In somie erabodbments, the collection of cationic centers inthe
carbon edge structures (normally present in 2 halogenated (e g. brominated)
carbon and vacful for rapid mercury oxidation) can be impaired by inerforence
of bisulfaie ons and other related ons formed from 8Os reaction at the carbon
surface. These anions can nevtralize the positive charge of the carbenium iong
and lower the overall oxidation potential of the remaining reactive sites that have
a shared charge. Additional cationic ceniers can be generated within the carbon
structure by introducing nitrogen atoms during the activated carbon formation,
helping to counter this effect and offset some of the charge that can used by ionic
or other interactions with, .z, 830; or dons derived from 50 Atonw such as
ratrogen can be added in the polyevelio structure to form inereased cations or to
stabilize existing cations,
{0043 In some embodiments, the nitrogen in the swrface laver of the
activated carbon sorbent particley increnses the catlonic churge in the sorbent
because the nitrogen protects the cation centers from 50x and 1ons or compounds
derived from S0O:. The aitrogen atoms can form or be part of 3 charged cage or
other protective blocking stracture sround 4 carbon edge structure to prevent
access by 50: and iovs or compounds derved from 505 such as anjonie sulfate
14
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groups but allow diffusion of mercury atoms into the nanostructure 10 reach
active cenders for oxidation or sorhtion,

§0044] In some emsbodiments, an inorganic matriy support such as clay
can help to block active cationic centers from access by 30 and ions or
compounds derived from 30; or can help to stabilize or increase the cationic
charge in the active carbon sorbont.

j0845] In some embodiments, addition of acid or acidic materials 1o the
activated carbon improves the performance. In various embodiments, acid or
acidic materials can be added prior to the use of the carbon by impregnating an
acidic sohution into the carbon, or can be added as 3 solution or ggas 10 the sorbent
bed during use. The modified carbon can be impregoated with ao acidic
malerial, such as about 1 wi®s or less or about 2 wi%, 3,4, 5,6, 7, 8,9, 10, 15,
or about 20 wite or more or acidic material, such as HBr, HCL H.80,, and the

tike.

Method of reducine pollutant content 1n g polhtant-containing gag.

[iBd6) In various embodinents, the present invention provides a method
of using the activated carbon sorbent. The method can be any suitable mcthod,
For example, some embodiments provide a method of reducing the pollutant
content i a pollutant-containing gas. Io some examples, the pothylant-
comaining gas can include af foast some oxnvegen. The methoed can mchude
obtaining or providing an activatad carbon sorbent inchuding activated carbon
sorbent particles including nitrogen in 4 surface layer or the sorbet particles, In
some embodiments, the concentration of nitrogen in a surface layer of the
sothbent particles can be higher than the concentration of nitrogen in 3 core of the
sorbend particles. The activated carbon sorbeat can be any activated cachon
sorbent including nitrogen deseribed horein, [n some examples, the activated
carbon sorbent inchuding nitrogen can be a promoted activated carbon sorbent
incluading nhtrogen. In some examples, the activated curbon sorbent including
nitrogen can be an inorganic matrix-supporied or nanocomposite activated
carbon sorbent including nitrogen. In some examples, the activaied carbon
sorbent can be both promoted and an inorganic matrix-supported or
ranocomposite activated carbon sorbent including mitrogen. In some
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embodiments, the activated carbon sorbent can be promoted but include no
inorganic matrix seppori. In some emmbodiments, the activated carbon sorbent
can be peither proraoied nor inorganic mairix-supported. The activated carbon
sorbent can include binding sites that can bind with at least one of the poliutant
i the pollutant-containing gas and an oxidized species of the pollutant, to form
the pollutant-sorbent composition. At least a portion of the binding sites in the
activated carbon sorbent can react with at least one of the pollutant and an
oxidized species of the pollutant, to form the pollutant-sorbent coraposition.
{0347 The method of reducing the poliutant content i 2 poliutant-
cortaining gas can include contacting a polhntant-containing gas with the
activated carbon sorbent, The contacting forms a poHlutant-sorbent composition,
The comtacting can be any suilable contacting. In some embodiments, contacting
the pollutani-containing gas with the activated carbon sorbent can include adding
of injecting the activated carbon sorbent Into the pollutant containing gas. For
example, the contacting can ocour 1o the gas. In another cmmbodiment, the
contacting can occnr in an aqueous Hguid. o another example, the contacting
can ocenr in the gas, and subsequently contacting can also ocour ko an agueous
phass such as 2 scrubbor,
jOB48] In some embodiments, during the contacting of the pollutant-
contatning gas with the activated carbon sorbent, the activated carbon sorbent
can be i any suitable configuration such thal it contacis the pollutant-containing
gas. Forexample, during the contacting, the activaled carbon sorbent can be at
east one of in 4 fixed structure such #s 2 fixed bed, in 2 moving structure such as
a yaoving bed, in a scrubber, in 2 filer (e.g., 2 Axed filier or a travelling/moving
filter} or suspended in the pollutant-containing gas.
{iB49) The pollutant-sorbent composition can be any suitable
composition includiag the polivtant or an oxidized or otherwise chomically
transformed form of the pollutant and the activated carbon sorbent, Insome
erabodiments, mercury is sbsorbed in s elementad form by the sorbent; the
mercury-sorbent composition can inchide the sorbent and the elemental form of
mercary. In some embodiments, the mercury s converted by the sorbent via s
chemical reaction, such as oxidation, such that the mercary from the gas &
transformed into an organomercury compound inchuding the carbon framework
16
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of the activated carbon bound to mercury, which can be released a5 & mercury
{1} compound upon reaction with a suitable acid 10 generate the salt thereof, In
some embodiments, the mercury-sorbend composition can include ai least one of
elemental mercury, organomercury compound, and He(ID) compounds.
10850] Tn some examples, elemental mercury or transformed mercury
can remain absorbed to the sorbent uniil the mercury-sorbent composition bas
been removed in a later separation step. For exaraple, elemental mercury or
transformed mercury can be absorbed, or reacted and absorhed, ioto or onto the
sorbent composition, such that after separating the polhuant-sorbent composition
from the pollutant-containing gas, the separated gas has about 1% or less, 3%,
58, 10%, 200, 3004, 40%, 50%, (%%, 70%,, B0O%:, 9%, 9595, G0%%, 97%, 98%,
O, 00 0%, 99.90%, or abowt $9.999% or more of the mercury that was
originally present in the pollutani-containing gas. In some embodimenis,
elemental mercury or fransformed mercury can be released from the mercury-
sorbord composition; for cxample, loss than about 1w, 3 wild, 3w, 10
wite, 20 wids, 30 wil, 40 wids, 50 wi?s, 60 wibs, 70 wih, 80 wi¥s, 90 wi, 05
with, oF fess than about 99 wi% of the mereury can be released from the
mercury-sorbont composition prior to scparation of the morcury-sorbent
conmposition from the gas, In some examples, the majority of absorbed
clemental or transformed mercory can remain part of the mercury-sothent
composition until the mercurv-sorbent composition is removed in 8 oy
separation step. In some examplas, wansformed mercury that is released from
the mercury-sorbent composition can be later rersoved from the gay via the
separation step or another step. Ju some examples, elemental or iransformed
mercury that has been released from the mercury-sorbent composition can
comtact activated carbon sorbent to fore a mercuty-sorbent composition, to be
removed fater via the separation step,
jOBSEH The method of reducing the pollutant content in 2 poliutant-
containing gas can include separating at least some of the poliatant-sorbent
composition from the pollatant-containing gas, 10 give separated gas. In some
embodiments, separating ai least some of the pollutant-sorbent composition from
the pollptant containing yas includes separating in a particulate separator. The
particulate separator can be any sustable parbiculate separator, such as an
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clectrostatic precipitator {ESPY, a baghouse, a wet serubber, a filter, cvelone,
fabric separator, of any combination thereof. Tn some embodiments, an
electrostatic precipitator can be used, followed by a scrubber, In other
embodiments, an electrostatic precipitator can be used withouwt a scrubber, or
another particalate separator can be wsed. Some devices that can function as
particulate separators can also have other functions, for example a scrubber can
also remove 80; or 8Os, In embodiments that include contacting of the mercory
with a sorbent in an aqueous phase, ¢.g. 0 a serubber, the removal of vercury
from the gas that occurs within the aguecus phase by reaction or inferaction of
the mercury with the sorbent i the aqueous phase ¢an be considered sgparation
of the mercury-sorbend coraposition frorm the gas,
0852 in some examples, by separating the particuiates from the
mercary-comaining gas, at least about 20 with, 30 wi%, 40 wils, 30 wils, 60
wi%, 70 with, 80 wi¥s, 00 wibs, 95 wits, 90 wi, 97 with, 98 wis, 09 wils,
99,9 wils, 99,99 will, or about 99,999 w6 or more vwrcury can be removed
from the mercury-containing gas stream. As discussed herein, the mercury can
be rerooved n the form of eloraental mercury, ot in the forro of a transtormed
mercury, such as gun organomercwry compound including the mercury bound to
the carbon framework of the activated carbon or as Hg(H) complexed with a
suitable counterion,
{0853 in somc cisbodiments, at lcasi ong of the contacling and the
separating ocours in an aquecus scrubbar. The agueous scrubber ¢an be any
suitable aqueous scrubber. For example, the scrubber can include an agueous
shurry that includes the activated carbon sorbent.
[0834] In some embodiments, the method remooves abowt 1% or less, or
about 29, 3,4, 5, 18, 20, 34, 40, 30, 60, 70, 806, 85, 64, 91, 92, 93,94, 95, 45,
97, 9%, 49, 99,5, 999 90 9% 49 5499, or about Y9 9999%, or more of the mercury
present in the meorcwry-containing gas (e.g. the final concentration of mercury
divided by the initial concentration of mercury). In some embodimenty, the
activated carbon sorbent combines with about 56-100 wis of the mercury
present in the mercury-containing gas, or sbowt 60-90 wts, 60-30 wt%, 70-R80
wio, RO-90 wi%, 90-1003 wi, or abowt 85-180 wi%s or the mercary present in
the mercury-containing gas.
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{055 In some embodiments, the concentration of sulfur{ VI inthe
mercary-coniaining gas (¢.g. from 8Os, Ha8Cy, and the hike) is greater than
aboud 3 ppm (by mole) and a fisst guantity of the activated carbon sorbent forms
a mercury-sorbent compositien at a frst mercury adsorption rate, wherein the
first adsomption vate is higher than a merCury shsorption rate under sabstantially
simnilar conditions of the first quantity of a corresponding sctivated carbosn
sorbent including at least one of a} less or substantially so pitrogen ina
corresponding swiace layer, b} less or substantially oo halide- or halogen-
promotion, and ¢} kess or substantially no inorganic matrix support, b some
embodiments, the concentration of 805 in the pollutant-containing gas at or near
the ocation whercin the pollutast-containing gas cootacds the serbend is about |
ppin 0 aboui 100,000 ppm, 2- 160,000 ppm, 3 ppm- 1000 ppm, 3-160 ppm, 3-50
ppm, 3-10 ppm. or sbout 3-6 ppm or raore, or the conceniration of suifur{Vitin
the pollutant-coniaining gas (e.g. from SO, Hy80,, and the like) at or near the
focaiion whorcin the polintant-containing gas contacis the sorbont s shout | ppm
to sbout HM 000G ppm, 2-10,000 ppm, 3 ppo-10040 ppm, 3-100 ppm, 3-50 pom,
3-10 ppm, or about 3-6 ppm oF meore, wherein ppro designates parts per million
by nmwle, The concontration can be an mstantancous concendration, of an
average concentration over time. The nitrogen in the surface layer of the
activated carbon sorbent particles can decrease neuiralization of carbocations in
the activated carbon bry at least ong of SO and HSO ;1', as compared (0 &
corresponding activated carbon sorbont inchuding less or substantially no
nifrogen in a corresponding surface layer under substantially similar conditions.
The ratrogen in the surtace laver of the activated carbon sorbent pariicles can at
{zast partially block earbocations in the activated carbon from at least one of
SO and HSOSY, as compared to a corcespouding activated carbon sorbent
including less or substantially no nitrogen in a corresponding particle surface
layer under substantially similar conditions,
[0056] Is some embodimentx, the method of reducing the pollutant
contend in a pollutant-containing gas includes at least one of during and prior o
the contacting adding or injecting an alkaline component into the poilutant-
comtuining gus. The alkaline component can be any sultable alluline component,
such as an oxade, hydroxide, carbonate, or phosphate of an alkal element, an
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atkali or alkaline-carth clement, and 2 compound or material including the same.
e various examples, the addition of an alkaling component separately or with
the carbon sorbant can result in improved mercury caplure. Various factors can
impact the effectiveness of the alkaline addition, such as, for exaraple, flue gas
5 poltatants, flue gas constituents {2.g., 50, NG, Se, HO, and the tike}, operating
temperature, morcury form, and mercury concentration. I somce cxamples, the
alkaline-to-activated-carbon tatio can be adjusied to optimize for a given set of
site conditions.
{0057 o some embodiments, the activated carbon ingludes a stabilizing
10 agent. Insome examples, the stabilizieg agent can include at least one of §, B¢,
HyS, 8Ch, HaSe, 8e03;, C8;, PoSs, or mixiures thereof, The stabilizing agent can
be added before or atter promotion.
{0B5g] In various embodirnents, the rate of mercury removal can
radually with increasing termperature and with incressed loading of

decrease £

—
Lt

rocroury, at Jeast parbially duc 1o the inercase m the rate of a roverse reaction. In
some examiples, the bighest rates cun cocur at about 180 10 150 °C, 30-200 °C, or
about 53-250°C. In some examples, at 400°C, the reverse reaction can be
highly favored thormodynarnically, In some examples, the activated carbon can
be regenerated by washing with water to remove seifuric acid thereon, such as
20 described in U5, Patent Mo, 8,173,566

10859 in somc cisbodiments, the method of reducing the pollutant
content i a pollutant-containing gas can inchide recenerating the pollutant-
sorbent composition to give a regenerated activated carbon sorbent. The

regeneration can be any suitable regencration that allows the regenerated

25 activated carbon sorbent 1o be reused for removing pollutand from the pollutant-
comtatning gas. The method can include using the regenerated activated carbon
sorbent 10 remove the pollutant from the pofhitant-containing gas.

Method of makine activated carbon inciuding nigroven,
36 0068 In some embodiments, the activated carbon inchuding activated

carbon particles inchiding nitrogen Is commercially acquired. In other

cmbodiments, the activated carbon inclading nitrogen s synthesized. For
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example, the method of reducing the polhutant content in 2 pollutant-containing
gas van inclode making an activated carbon including nitrogen,
i0861] For example, in the method of reducing the polhstant content ina
pollulant-containing gas, obtaining or providing the activated carbon sorbent can
mchude obtaining or providing a carbon precursor incloding nitrogen. The
method can also mehude processing (o.g., heating) the carbon precursor, 0
provide the activated carbon sorbent. The processing can inchude aoy suitabie
processing. in methods that include heating the carbon precwsor, the method
can nelude any other suitable optional step in addition to the heating, such as
washing, chemical treatment, or vibration, In some embodivaents, the carbon
precursor includes a carbonaceous marterial including carbon and a mirogenous
maderial including nitrogen, The heating can inciuds heating to about 106 °Cto
18,0600 °C, 200 °C 10 10,000 °C, 300 °C 10 9000 °C, or abowt 400 °C 10 8000 °C.
{0862] The carbonaceous material can be any suifable carbonaceous
moaderial. For example, the carbonaccous material can be an organie compound.
In some exampley, the carbonaceous material includes at Jeast one of brown
sugar, barley sugar, cararae], cane sugar, comm syrup, starch, molasses, molasses
raffinate (sugar waste product), ghicans, galactans, xylans, and a sugar wasic
product. In some examples, the carbonaceous material includes powdered
activated carbon, granular activaied carbon, carbon black, carbon fiber, carbon
honcycomb or plate structure, acrogel carbon film, pyrolysis char, oran
activated carbon or regenerated activaied carbon with a mass mean particle size
greater than fly ash in a fue gas stream to be treated. The nitropen can be
derived from or part of can be any suitsble mitrogenous vaterial. For example,
the pitrogenocus material can be g nitrogon-containing organic componad, such as
a pitrogen-containing heterocycle. To some examples, the oitrogenous material
includes indole, quinoxaling, carbazole, isoquinoling, piperazine, quinolone,
quinoxaling, diazabicyclooctane, polyacrylonitrile, polyvinyipyrrolidoue,
vinyloyrrelidone-vinyl acetate copulymer, vinvipyrrolidone-acryiic scid
copolymer, vinylpyrrolidone-maleic acid copolymer, polyethylenimine, an
aming acid (e.g., alanine, argining, asparagine, aspartic acid, cysteine, ghuaming,
ghitamic acid, glycine, histidine, isoleucine, leucine, lysine, methionine,
phenylalavine, proline, serine, threonine, tryptophan, tyeosine, or valine),
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analing, niirobenzene, hydroxylamine, ures, hydrazine, sulfamic acid, niiriles,
carbamates, isocyanates, urethanes, or a combination thereof, The nitrogenous
maderial can be any suitable ammonium salt, such as an ammoninm salt denved
from an aliphatic nitrogen-containing compound, an aromatic amine-coniaining
compound, or 3 heteroevehic nmitrogen-containing compoand; in embodiments
whergin the nitrogenous material is 8 halide salt, the activated carbon including
nifrogen perform equivalently 10 an promoted material and a promotion step can
be skipped or reduced. In some examples, the nitrogeoous material can be at
ieast ong of ammonia, ammonium bromide, ammoninm chloride, nitric agid,
nitrous acid, nirogen dioxide, compounds including NGy, compounds including
N, and the like,

{0863] In one example, the activated carbon including activated carbon
sorbent particles incloding pitrogen can be prepared by surface modification of
any kind of sctivated carbon or char by applying a nitrogen-coutaining polymer
coating of impregoation {6 the exasting carbon or lower femperature char and

recarbonizing the bopregnated carbon. The coating or mpregnation can inchude

a polymer ot copolymer containiog a nitrogen heterocyele such as a polyvmerized

o0
vinyipyroliidone, In ong cxampic of this type of carbon, poly(vinyipyrrolidong),
poly{vinylpyrrolidone-co-maaleic acid)y or poly(vinvipyrrolidone-covinyl acetate)
is used to coat the carbon surface. Upon heating or cecarbonization, the
wnpregnaled mixture can form a nirogen-comtaining aciivated carbon surface
faver on the particles. The nitrogen-concentration in the surface laver of the
nifrogen-containing activated carbon can be higher than the uitrogen
concentration of the material prior 1o the surface modification or apregnation
with nitrogen.
{064 In one example, the activated carbon including sifrogen can be
prepared by surface modification of an oxidized char by treatmaent of the char
with a suitable nitrogencus compound, such as ammenia or urea, followed by
activanion of the nitrogen-impreygnated nuterial.
[0665] In one example. the activated carbon mncluding mirogen can be
prepared by impregnation of nitrogen containing compounds into a char
followed by curbonizaton and activation of the impregnated char by convention
moethods, One example carbon of this type 15 the combination of amines or

22

PAC ET AL

POT/OS2014/419016

. EXHIBIT 1023
Page 341



WO 2014137907

20

T

“B

Lt

amino acids with carbohydrates, which combination undergoes the Maillard
condensation reaction on heating 1o form carbon surface containing nitrogen
heterocyelics,

[0006] 1n one example, the activated carbon including nitrogen can be
preparad by impregnation of a niirogen containing compound into a coal, hgniie,

or leonardite, followed by carbonization and activation.

Promated achivated carbon sorbent includine niroges,

{0867| {n some embodiments, the activated carbon inchuding activated
carbon sorbent particles including nitrogen includes a promoted activared carbon
sorbent including niirogen. The activated carbon sorbent including nitroges
used in the method of reducing the pollutant content in a pollutani-containing
gas can be a promoted activated carbon sorbent, and can include nitrogen. The
method can include promoting an wapromoted activated carbon sorbent, or the
promoted sorbent can be commercially acquired.
[0808] For example, the method of reducing the pollutant content ina
pollutant-containing gas can include obtaining or providing an uospromoted
carbon sorbond, The unpromoted carbon sorbond oan be any suitable unpromoted
sorbent including nitrogen, and can be synthesized or comrnercially acquired.
The method can inchude obdaining or providiog a promaoder, The method can
wnclude promoting at least a portion of the unpromoted sorbent by contacting
{e.g., chemically reacting) the portion of the unpromotad sorbent with the
promuter to form the activated carbon sorbent.
{BoY| The promoter can be any sustable promoter, such that a promoted
sortbent 18 formed that i3 effective for the removal of pollutants such as mercury
from a pollutant-contairdog gas. For example, the promaoter can include 2
halogen or halide promotor. The halogen or halide can be fluorine or fhucride,
chlorine or chloride, broming or bromide, or todine or iodide, Tn some examples,
the promotor caa include ai least one of 1 halogen, @ Group V halide, a Group VI
halide, a hydrogen halide, an ammonium balide, an alkali carth metal halide, and
an atkaline ecarth metal halide. Thus, the aciivated carbog in some embodiments
can be at least one of halogen-promoted, Group V halide-promoted, Group VI
halide-promoted, hydrogen halide-promoted, ammonium halide-promoted, atkali
23

POT/OS2014/419016

PAC ET AL. EXHIBIT 1023

Page 342



WO 2014137907

20

T

“B

Lt

earth metal halide-promoted, and alkaline earth metal halide-promoted, The
proracter can include at least one of HE, TBr, IC NHBr, NaBr, CaBr,, HBr,
NaCl, CaCl, and HCL In some examples, the promoter is NF. By, and can be
injected inio 2 warm zone in a duet, for example separately or with the activated
carbon sorbent. Tn some examples, any switable halogen- or halide-containing
matenal, sach as NaCL CaCly, NaBr, or CaBbry can be injected with the coal
duging the combustion process, which can setivate the carbon. In various
embodiments, the halogen- or balide-containing material can transform into an
activate promotor such as active brovude or chloride compounds iike HCHL HBr,
xCL or xBr. In some examples, the promoter is in a form including at least ong
of a vapor form, in a solvend, as a figuid, as a solid, and a combination thersof,
In some embodiments, the promoting can occur in an agueous serubber, wherein
the scrubber includes an aqueous slurry that includes the promotor.
{0078 The promoeting of the sorbent matersal can occpr before addition
of Injechion mto 8 gas stream, during addivon of injcction into & gas sircam, afier
addition or injection nto a gas stream, or a combination thereof, wherein the gas
streant can be a marcury-containing gas strears, a fansport streant, or 4
¢omiHnation thereof, In some oxamples, the promoter can be added to the
sorbent betore the promoter and the sorbent react, such that the heat of the gas
strean o which the promoter 15 added causes the promoting of the sorbent,
For example, the promotor can be added as 5 gas, as a gas dissolved ina fapud,
or a5 4 solid such as a salt, or other substance {e.g., acid) dissolved in Hoguid {e.g.,
water), for example, hydrobromic acid. In examples wherein the promoter 1s
added 1n a bauid such as water, the water can be aflowed to dry, which can allow
the promoter to adhere 10, impregnate, or react with the activated carbon sorbent,
or 2 combination thereof. In some examples, a pre-added promoter can be an
arnmoniunm salt, such as an ammonium chloride, an ammenium bromide, or an
ammonium iodide, including, for example, mono-, di-, #ri-, or wetraalicoyd
arpmnosiom halidey, or NH, balide salis. In some examples, the promoter can
be added to the sorbend near {0 or at the thme of promoung; for example, the
promoter can be added to a gas stream with the sorbent or such that #t contacts
the sorbent within a heated gas stream, such as @ mercyry-containing gas sircam
or # feed gas strewm. In some examples, the promoter can be NH By
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{007 In some embodiroents, a promoter precursor transforms into the
halogen or halide promoter that reacis with the activated carbon sorbent to give
the activated carbon material. The promoter precursor can be any suitable
precusscr that can wansform inio the halogen or halide promoter. In sorme
embuodiments, the promoter precursor can be at least one of on the enpromoted
sorbent and added or injected with the ungrromoted sorbent. In some
embodiments, the promoter can be HBr, and in some examples, the HBrcan he
provided via degradation or reaction of a promoter precursor such as ansonium
bromide, sodium bromide, or calohum bromide, The promoter can be HCL, and
in some examples, the HCl can be provided via degradation or reaction of a
promofer precucsor such as ammonhun chloride, sodina chloride, or calcium
chioride. The promoter can be HF, and in some examples, the HF can be
provided via degradation or reaction of a promoter precursor such as ammoniumg
thuoride, sodium fluoride, or calcium fluoride. In some examples, the promoter
{c.g.. HBr or HCTY or promioter precursor (e.g., NHLBr, NaBr, CaBr, NHLCL,
Na(l, CaCly) can be added or injected in the flie gas separately fom the
activated carbon sorbent or with the activated carbon sorbent (e.g., can be
apphicd 10 the sorbont pre-injoction, added or injectod simultancousty at the same
focation, or added or injected simultancously at different locations}). In some
examples, Mall, CaCly, NaBr, or CaBr can be added with vacombusted

material such as uncombusied coal

Inors{ani{: matrix-support of I’!%il’!{?ﬂ(}ﬁlf)ﬂsitﬁ&

{72 In some embodupents, the activated carbon including activated
carbon particles including nitrogen includes an Inorganic matix-supportoris a
ranocomposite. The activated carboo including nitrogen used in the method of
reducing the poHutant content in a pollutant-containing gas can include an
INOTganic matrix-support or ¢an be g nanocompaosite, The method can include
adding an inorganic matrix-support 1o e activated carbon or making a
nanocorposite using unsupported activated carbon mnchuding nitrogen, or the
method can include commercially acquiring the metrix-supported or

nanocornposite activated carbon, s variouy embodiments, the inorganic matrix
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support inclides at Jeast one of diatomacecus earth, a clay, a zeolite, or a
mingral,
(0873 For example, the method of reducing the pollutant content in a
pollutant-containing gas can include ohiaining or providing a substrate matenal.
The subsirate material can be any suitable substrate. For exampde, the substrate
can be at least one of dimtomacecus earth, a clay, a zeolite, or a mineral. The
mathod can include contacting the carbon precursor and the substrate material, 10
provide a sorbent starting material. The contacting ¢z fake place in any suitable
fashion. The contacting mixes the carbon precursor and the substrate material,
such that when the conglomeration is heated (or subjected 10 any other suitable
source of epergy), the carbon nanocomposite of supported sorbent 8 formed.
The comtacting can be performed such that the carbon precursor is approximately
evenly distributed on the subsirate. In some examples, water or another solven:
can be added to help distribuic the carbon precursor on the substrate. In
cxamples where water 18 ncluded i the mixture of the carbon precursor and the
suthstrate, the conglomeration can be dried prior to the beating, The drving can
oecut it any conventional mansner (e.g., convective, conductive, mictowave, and
the like), mclading by heating ncar or above the boiling point of the solvent, in
the case of water (.., 50°C-120°C or higher), at atmospheric pressure, under
pressue, of woder a vacuus,
10874 The substratc can inciude any suitable porous matcrial, For
example, the substrale material can be distomaceous earth, zeolites, porous
mingrals {e.g., clays) including, for example, smectites (e g., montmoritlonite,
bentonite, nontronite, sapomie), kaoking, sldes, chlorites, sepiolite, or
attapuigites. In some exarnples, the substrate can include polymers, non-metals,
yoetals, metalloids, ceramics or mixtures, and bleads, as well as corpposites and
alloys thereof. The materials can be synthetic or naturally occurring or naturally
derived rpaterials, Bxamples of synthetic polymers inchude any cormon
thermoplastios and thermosetting muterialy. Examples of metals include
aluminum, fitaniam, copper, stesl, and stainfess steel. Examples of ceramics
include any form of aleming, zirconia, titania, and silica. Examples of natyrally
occurring or naburslly derived materials civde wood, wood composites, paper,
cellulose acetate, and geologic formations such as gramite or Himestone.
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Exampies of non-metals include various fonms of carbon such as graphite or
carbon, BExamples of metalioide include silicon or gormanium,. The porous
maderial can be a construction material such as concrete or asphalt
[0675] Ia some examples, the subsurate material can be present in from
about 1 wi®s 1o about 99 wi%e, abouat 20 wi¥ 1o ahouat 80 wi®s, or about 40 wi%
o about 60 wi%s of the starting maternal for the carbon nanocomposite sorhent.
With in this paragraph refers 10 the percentage by weight based on the total
weight of the carhon precorsor and the substrate moaterial.
76| The method can inchade progessing (2.4, heating, vibrating,
sonicating, microwaving, or otherwise adding energy o) the sorbent starting
material, to provide the activated carbon sorbent, The contacted composition of
the carbon precursor and the substrate can then be processed (e.z., heated,
vibrated, sonicated, microwaved, or other suitable addition of energy) to form
the carbon nanocomposite or inorganic matrix-supported sorbent. The
processing can take place at any suttable tomperature, such that the sorbent s
sufficiently formed, for example heating o sbout 30°C, 100°C, 200°C, 300°C,
40000, 500°C, 800°C, TO0°C, R00°C, 900°C, 100070, LI, or about 1200°C
or highor, The processing can take place for any suitable time, such that the
carbon napocomposite is sufficiently formed, for example, greater than abowut |
min, 2 min, 5 min, 10 min, 30 min, 1h, 150, 2h, 3 4 b, 5k, 10, or grealer
than about 24 h. The heating can take place in any suitable apparatus, for
example, 3 unit that substantially exciudes oxveen, e.g., that ailows heated men
gas air t0 flow around the mixture being heated. In one example, the healing
occurs in & furnace having an inert gas environment therein. The processing can
be sccelerated, or lengthoned, depending on the apparatus and the
ranocomposite or supported material,
0077 18 some embodiments, heating the sorbent starting material can
provide a second sorbent starting material, The method can further include
reacting the second sorbent starting material with an acidic or basic materisl, to
provide the activated carbon sorhent. The acidic or basic materia ¢an be any
suitable acidic or basic material, sach as HBr, HCL, H8C,, KOH, NaOH, and
the like. Insome embodiments, treatment with an seidic or basic material cun
prepare the sctivated carbon for freatment with a promotor or can prepare the
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material such that sufficient reactivity or absorption with mercury or another

pollutant is obtained

Method of making an active carbon sorbent including nitrozen,
[0878] Tn various embodiments, the present invention provides a method
of making an activated carbon sorbont including activated carbon sorbont
particles inchuding ritrogen. Erobodiments of the preseot invention can include
any activated carbon sorbent including wtrogen roade by the method. The
method inclides obtaining or providing uapromoted sorbent including nirogen.
The unpromoted serbent inchiding nitrogen can be any suitable activated carbon
sorbent includiog oitrogen, such as any activaled carbon sorbent including
nitrogen deseribed herein. The unpromoted sorbent including nitrogen can be
acquired commercially or can be synthesized. The method can include
promoting at least a portion of the sapromoted sorbent. The promoling can
wclude contacting {c.g., chevucally reacting) the portion of the unpromoted
sorbent with a promoter to form an activated carbon sorhent fnciuding activated
carbon sothent particles including nitrogen.
{0479 in some cxamples, the wnpromoted sorbent including nitrogon can
include an inorganic matrix support or can be 2 nanocorposite, For exanple,
the method of making an activated catbon sorbend inchuding nitrogen can inclade
abtaining or providing a carbon precursor inciuding nitrogen. The methoed can
include obtaining or providing a substrate material. The method can include
contacting the carbon precursor and the substrate material to provide a sorbent
starting moaterial. The owethod can also mclude heating the sorbent starting
material to provide the urpromoted carbon sorbent inchiding nitvogen, The
unpromnoted sorbent including wtrogen can juclude activated carbon sorhent
particles inchuding nitrogen,
[O08G] In some embodiroents, the rethod of making an activated carbon
sorbent mcludiag nitrogen can include synshesizing the carbon precursor
mchding nitrogen from carbonaceous and nitrogencus materials. For example,
the method can include obtaining or providing a carbonaccons material including
carbon and a nitrogenous material inchuding nifrogen. The method can include
suitably comtacting and processing the carbonaceous material and the

28

PAC ET AL

POT/OS2014/419016

. EXHIBIT 1023
Page 347



WO 2014137907

2

T

“B

Lt

20

nitrogenous material, wherein processing can including at least one of heating,
microwaving, sonication, vibration, and the like, to provide the carbon precorsor

wncluding nitrogen.

Examples
G081 The present invention can be better undersicod by reference to the
foilowing exampies which are offered by way of illustration. The present

joveotion s wot lioited 1o the exaoples given herein.

Example 1. Impresnation of nirogen precursors o a char followed by

carbonization and activabion of the impreonated char,

Example ta, Carbon precursor,

{0882 A carbon (20 X 6t mesh) prepared by sleam sctivation of a
fignate char was stirred with an aqueous solution of doxtrosc and cthanolamine in
ratio of 1 part of carhon to 0.016 pants of ethanclamine and 4.034 parts of
dextrose. The water solvent was removed by rotovaporation and the
impregnated carbon was ar-dricd, The dricd material was reactivaiod w 750°C

for 2 hours pader nitrogen stream.

{0B8R3 A char (20 X 60 mesh)prepared by heating a lignite at 400°C was
stirred with an aqueous solution of dextrose and ethanclamine in ratio of 1 pant
of carbon 10 0.016 parts of cthanolarsine and 0.034 parts of dextrose. The water
solvent was removed by rotovaporation and the imprognated carbon was air-
dried. The doed material was activated at 750°C for 2 hours under nitrogen

stream.

Exsmple 1o, Wood ehinrcoul precarsor,

[00R4] A carbon (20 X 60 mesh) preparad by stea activation of a wood

char was stiered with an aqueous solution of dextrose and ethanolaming in ratio

of 1 part of carbon 1o 0.016 parts of ethanolanine and 3.034 purts of dextrose.

The water solvent was removed by rotovaporation and the Unpregnaied carbon
28
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was air-gried. The dried material was reactivated at 750°C for 2 hours under

nirogen stream,

Exampie 1d. Wood chascoal — alanine,

[0883] A carbon {20 X 60 meshiprepared by steam activation of a wood
char wag stirrod with an agucows solution of doxtrose and alanine o ratio of |
part of cathbon t0 0.016 parts of ethanolamine and 0.034 paris of alanine. The
swater sofvent was removed by rotovaporation and the impregoated carbon was
air-dried. The dried material was reactivated at 750°C for 2 hours under

nitregen stream,

{0h8e] The molecular sieve carbons obtained as described in Examples
fa-d were impregnated with 3 wi% of sulforic scld. The impregpated carbon
was then dreied i an oven gt H10°C. The carbon (0,100 ¢ was packed into ¢ 3
v dameter pyrex tube and beld in place by glass wool plugs at both ends. A
constriction i the pyrex tube at exit end prevented the plug from blowing out.
The reactor tube was heated in a GC oven at 130°C + 3,50 a3 a constant
weroperature device., The mercury vapor was contained in an air flow of 100
cm’/min through the reactor tube at & concenteation of 429-447 micrograms/m’,
determined with a contimedus mercury vapor monitor,

{0087 The mercury source was a terperature-cahibrated permeation
tube. The permeation tube was heated in a double-facketed glass condenser with
a circulating hot sihcone ol system. The concentration in the effhient air stream
from the reactor tube was movitored with a continuous cold-vapor UV mercury
vapor mondtor (EPM). Blank runs were conducted betore each carbon test &0
deternune the mercury concendration, The instrumcnt was zered with an air
stream passed through a arge iodized carbon filter. This apparatus thus gave the
percent of mercury not remuved by the carbon bed (the concerdration of mercury
m the ootlet divided by the concentration of mercary in the inlet, fimes 160). For
the nitrogenous molecalar deve carbons {examples 14} only %4 of the mercury

vapor was not removed by the carbon bed over a period of several howrs,
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Example 3. Filter bed testing,

[0H88] The sorbent carhon prefreared as in Bxample 1o was ground 1o
aboud 200 mesk and introduced info a tube where it could be dravwa by reduced
pressure onic a tefion or quartz filler held in a stainless steel holder. The carbon-
wnpregnated filter and holder wers then placed in the oven under air flow and

tasted as deseribed i Example 2.

Examples 4. bnpresnaton of nifrogen-contaivne polvimers ydo an activaied

carbon or char followed by carbonization and activation of the imoreenatad

{0BRY] A carbon prepared by steam activation of a Hgnite was stirred
with ag aqueous solstion of poly{vinylpyrrolidoneco-acrylic acid) for 30 min.
The amount of the polymoer was sclected 0 provide loadimes of | %4 to 30% by
weight. The solvent was evaporated by rotovaping at 30°C and further dried in
an oven at 110°C, The impregnated carbon was seactivated by heating at 750°C
for 2 hours i a stream of nitrogen.  Approximately 40% of the polymer weight

was converted to surface coating and 609 was volatilized,

{0096 An activated carbon was impreguated with
poly{vinylpyrrolidone-co-vinyl acetatey dissoived in dichloromethane. The
sodvent was evaporated and the impregnated carbon died in an oven at HIG°C,
The uapregnated carbon was then activated by heating at 750°C for 2 hours ina

yitrogen stream.

Example 4o, Polvivinvipvrzolidone),

0001 An activated carbon was impregasied with one of
poly{vinylpyrrolidone) and the copolymers described in Examples 4a-b and

activated as deseribed in Example da.
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Example 4d, Pobvivinvipyrrolidone).

{0692] A KOH-activated lignite was impregnaled with one of
pobyvinyipyrrolidone and and the copolvmers described in Examples 4a-db and

activated as described in Example 4a.

o)

Exgmple de. Wood-derived chareonl
{0093 Wood-derived charcoal was impregnated with one of
poly{vinylpyreolidone) and the copolymers deseribed in Examples 4a-4b and
activated as described in Exarpie 4a,

10
Example 4f Carbonization of a lisnite. (hypothetical example)
[0884] Chars are produced by carbonization of 3 Hgnite, impregaated by
one of poly{vinyipyrrolidone) and the copolymers described in Examples 4a-4b,
aud activated as described in Example da. As an aliernative, steam activation

13 canbeused.

Example 40, Steam activation,

LR Examplcs 4a-4¢ weore carriod out using stoarn activation of the
carbon material impregnated with nitrogen-Ccontaining polymers to generate

23 effective sorbenis,

leonardite, followed by carbonization and activation of the impregnated material,

25 Example Sa. 14-DHazabiovelo[2.2. 21octane {DABCON,

{1696| Lignite {as received) was stivred with as aqueous solution of
DABCO in a mtio of 1 part of coal 10 §.02 parts of DABCO, The water solvent
was removed by filtration, and the impregnated coal was air-dricd. The dried
matertal was carbomzad at 400°C and activated at 7530°C fur 2 hours under

“B

30 nitrogen stream.
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Example 3b, Sulfamic acid,

{0997] Lignite {as received) was stirred with an aguecus solution of
sulfamic acid in & ratio of 1 part of coal 10 0.02 paris of sulfamic acid. The water
solvent was removad by {iltration, and the impregnated coal was air-dried. The
driad material was carbonized and activated at 750°C for 2 howrs under a

nifrogen stream.

Fxample 5¢. Carborgzed Benite.

LT {ignite was carbonized at 430°C for 30 minytes, and the resulting
char wag treated by stirring with sulfamic acid solution ag described in Example

Sh, The treated char was then activated as described in Example 5b.

Example 5d. Steass activation.

{0099 Steam activation of the DABCO or sulfamic acid-impregnated

chars was also offective in producing morcury sorbent carbons.

Example 6. Preparation of Nitrogen-Containioe Piiches,

{001 890] Nitrogen-containing pitches were prepared using a procodure
reported by Mochida et al, (Mochida, 1; An, K.H,; Koral, Y. Carhon 19858, 33,
1069), Preparations are sunwoarized in Table 1. As an example, a mixture of
soquinoline (26 g, 0.2 mole), anhydrous alaminuodID chlonde (13,3 g, 0.25
mole), and niwebenzene (7.68 g, 0.06 mole} was placed in a dwo-necked flask
equipped with a reflux condenser and a nifrogen infet wbe, The mixture was
rethuxed at 280°C for 4 hours. The residue was extracted with LI N
bydrochioric acid and filkered. The residue was washed with 4.1 N hydrochlosie
acid. The residue was further extracted with methamol 10 romove any monomer,
The methanol-insohuble pitch was dried in vacuo, The vield of the pikch was
49%, A portion of the nitrogen-containing pitches were carbonized using
Procedure A or B in » nitrogen stream, 4s desoribed in Example 7.

{08161} Table 1. Preparation of nitrogen-containing pitches. * indicates

reaciions carried out in 300-mb Parr reactor. ** indicates ethylenediamine,

POT/OS2014/419016

Substrate | Camlys | Cocatalyst | Temperatur | Tim | Yield | Solable
{g, moley % (o, mole) a {°C} e {1, (%%}

el
Lad

PAC ET AL. EXHIBIT 1023

Page 352



WO 2014137907

o

10

POT/OS2014/419016

(8. (hry | %)
maoded
Indole MNone MNone 253% 4 9.6 | Methano
(16,077 {965 l
3 (1068
Cuinoxaling | AICH | Mitrobenzen 223% 4 13,3 | EDA®
(26,02} {13.3, e {32%
6.1 {7.68,0.06) 3}
{arbazole AlCEH | Nitrobenzen 25 i2 50 Epats
{16.7,0.1) (277, | 2436,003 {92%
23 3
Toguinelin | AICHL | Nitrobenzen 280 4 6.5 EDIA*®
2 {133, | e{7.6% 0.06} {25%
{26, 0.2} 6.1 3

08102} several modiftications of the method were viilized for the
quincline polymernzanion. In addition o the fask method, 3 Parr reactor was
used for the reacuion, and temperamres and reaction firnes were varied. The
yields are reported 1o Table 2. In this procedure, 64,3 g of quinoline and 33.25 ¢
of abumivamd 111 ohioride were placed in 2 300-mi Parr aswiociave, The reacior
was sealed wnder niirggen and heated af 280°C for 4 howrs, The hard black mass
was exiragred with 0.1 N hydeochiorie acul followed by extragiion with
vacthanol and drying in vacoo, Tn order 10 determing the sodubility of the
nolvmer, 8 12-g portion of this bisck mass was extracted with 10 ml of
ethanel. Exsraction data showed thae 27 wi% of the product dissolved In ethanol,
06183 Table 2. Preparation of nitrogen-containing pitches. * indicates
reactions careied owt in 300-ml Parr reactor, ** indicates 10 g of pitch was

exiracted with ethanol.

CQuinoline | AICL Temp. Tirne Yield EthanolkS | Ethanol-I

2 {g) (°C) (br} (g. %) (g (&)
64.5 3325|280 12 §7.7 - -

(499}

64.5% 3325 i75 12 0
(%)

064.5% 3325 280 12 381
{92%}

64.5% 3325 280 4 56.8 7.3%% 2.7
(48%) (73%) £27%1

el
i
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Examplie 7. Preparation of Nitrogen-Tmpregnated Carbon,

{061 84 Tmpregnations and recarbonizations were performed to
wvastigate the effects of precursor concentration, activation procedure, and
sorbent particle size on mercury sorption. The precursor bage carbon, granular
activated carbon (Calgon F400 or Gascoyne AC, 20 1 60} was impregnated with
various mitrogen-containing polymers and pitches using an incipicnt wetness
method, described below. For the fine-particle sorbent tests in flue gas
compositions, the Calgon carbon was gronod to about a 400 mesh size prior to
wmpregnation. The nitrogen polymers such as vinvipymmolidone polymers and
copolymers are commercially available. The urea, alanine-dextrose, piperazine-
dextrose, and polyethylenimine-dextrose compositions were prepared similady.
081 65] in a typical procedure for the incipient wethess method, the
desired amount of polymer or pitch disgolved in an appropriate solvent was
added to the carbon slowly with thorough mixing. The paste was dried {0
remove sofvent. The dricd product was packed w2 stainless steel tube and
activated io & gentle flow of mitrogen using procedure A or procedure B,
RIS Procedure A mwluded: Heated from 25°C 10 46070 af 16°C/mun;
held at 400°C for 30 man; heated from 400° 1 750°C at 200 Crmnn; and hold at
TE0°C for 4 br.

[0B187] Proceduwre B included: Heat from 25707 10 225°C a8 15°Ci/min;
hcated fromy 225%C 270°C at 1 “Crmin; held at 270°C for 1 hyr cooled to room

temperature; heated ep 1o 780°C at 15°C/ min; and held at 730°C for 4 hr.

Exsmple 8. Preparstion of mitrogen-containing carbons from msoluble fractions,

HEHED Insoluble fractions of pltches described in Table | were converted
into rtrogen-contaiming carbons by heating in a gentle flow of nitrogeon using
Procedure B as described above, The resuiting carbons were porous glassy

materials, similar 10 cokes.

Example 9. Prelimingry sereening of sorbenis made using the nitrogen

containing materials of examiples 6-7 for mercury capture.

Exsmple 8a. Simualation of the Suifuric Acid Accumdation,

35

PAC ET AL

POT/OS2014/419016

. EXHIBIT 1023
Page 354



WO 2014137907

20

T

“B

Lt

D149} Capture of 8O; and subsequent sulfuric acid formation on the
surface of the nitrogen containing cathons in the hot flue gas stroam was
sitmudated by adding 5 wit%6 sulfuric acid by the incipiend wetness method. The

acid-impregnated carbons were dried at 113 °C.

Pramoie b Packed-Bed Tests,

[081 19 Packed-bed tesw in alrflow wers conducted on the granular
carbon products 10 ovaluate the offoors of surfece medBification. The mercury
sorprion was ewted in s How-throngh mbalar reacior systom aquipped with
sontinuous in-ding mereuty analvsis of the offfugnt from the bed 1o doterming
mercary removal rates as a function of ime. Integration of breakthrough
volumes allows determination of mercury sorption per unit mess carbon (mgfsh
Air with an elemental mercury coneentration of $6 or 81 pg/m’ was passed
throuudy the hearad (1530%0) reactor, Vo oftain this concentration, the mereury
source was placed g double-jackoted shss condegser and heated to the doswed
tomperatare by pumpmg bot oil through the condenser,

OBy A glass wwbe with gonstriction and glass wool pheg was used as
the reagior for the ncroury sorphion f0uts, A gas chiromatography (GO} oven was
used as & condant temperamre {150°C) chamber for the reactor. Before the
aghual 1est, & blank test was ran,. The glass twbe was sttached 10 the sovrce and
fhe mercwry analyzer by Teton wbes, Morcury vapors difused with aie (2000-

400G ooy /min or 4-8 sofh measured a3 the detector ead} were passed through the

tibe The meroyry anglveer (Envirosmendal snd Procese Montoring [EPM]
contimous vapor monior was interfhoed 1o a Bydes and personal computer
(PO o recond the data. Forthe packod-bed tosta, impregoated aotivated carbaons

{3 x obemesh stre) were used. To an sctual wese about 8.2-0.0 ¢ of sorbent was

packed o the glass fube and held by glavs wool plogs on bodh ouds, The fosts
were sonducted with a source tomporsture oF 150°C, an oven femparature of

3 (4000 o nln), Numerous tosts wers

130°C and an wirfiows 4 0% 8
performed at 4000 co’/min {8 soff with carbons prepared by Enpregnation of
varlows mitrogen compounds, pidvmens, and pifches mte 3 baxe Calgon carbun
{Tables 3 and 43, These conditivny gave partial breskthroughs for the sorbents
and alloewed comparizons of thetr kipetic activities,

6
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{08112} Table 3. Sorbeat testing of saeface-treated carbors for mercury
vemoval a1 B scfh, Avfow = 4000 o /man {5 sofly), over temperature = 130 0
meroury cocentration = 81 ug/me. ¥ indicaies that the sotivated carbon was
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Carbon source Recarboni H50 %% Hy removed (time,
zation Irapregnation i)
method Initial | 50% End of
iest
Blank - 0 <} -
{0}
Calgon 3% &7 Six 38
Oy | 375 {304)
Calgon/uren A 3% 85 il 49
{0} 1 {305 {306
EERC*/urea A 5% HEE 3¢ 3B
O | 875 1 (4221
Calgon/2% sulfamic acid A 3% 92 56 39
(0 | {226y + (1303
Calgon/5% PVP A 3% 24 il 42
(0 [ (22871 (2374}
Calgon/10% PVP A 5% &8 56 55
) | {15 (253}
Calgon/10% PVP A 3% o0 i 63
) 1 0300y | (109%)
Calgon/58% PVE A %% o8 Ll 43
(0} 1 (33151 (401
Calgon/2% PVP A 3% 79 56 44
M | {320
Calgon/10% PVP A 0% &5 i 30
O | 424 1 (1
Calgon/5% vinvipyrrolidone-vinyl A 5% 90 50 39
acetate copolymer {1 (%4} {180y
Calgon/S% vinyipyrrohidone-aceylic A 5% 9 0 29
acid copolymer {h) {0} {362)
Calgon/5% vinvipyrrolidone-acevlic A 5% 9% 50 50
acid copolymer {h {2233 (223)
Calzon/polyethyleninune A 5% 25 50 22
@ ] G7h F En
Calgon/dexiresetpolyethyieninune A 334 Bt 50 35
@) | (St} ¢ (350
Calgon/dexirosetalanine A 5% 3 50 33
{0 (78} 216
Calgon/dextrosetpiperezine A 5% 63 50 25
{1 {35} (#4423

[06113]

carbons for mercury capture. Recarbonization procedure B was used for afl

Table 4. Sorbent testing of nitrogenong pirch-impregnated

samples, Sorboat =0.20 g, particle size = 20 X 50 mesh, airflow = 8 sefh (4000
5 mLAming, sowrce tomperature = 150°C, oven temperature = 150 °C. * indicates

pitch obtained from heating quinoions and aluminun T} chloride in Parr reactor
38
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was dissolved in sthanol and impregnated on Calgon carbon, ** indicates pitch
obtained from refluxing of guinolone with alominum( 1T} chloride was dissobved

11 EDA and impregnated on Calgon carbon.

POT/OS2014/419016

File Sorbent {g) H50, Mercury % Heg rermpoved (tme, mind
name {wit%) | Concentration | Initial 6% Final
(ug/m’)
RES32 i None “ %1 - 30 -
< 1
RES3S | Calgon/s e - 89 AL 44
W% {0} (306 {308
gquinolone *
RKS23 § Calgon/3 e - g1 30 46
wi?s {h {704} {282)

quinolone *

RES537 | Calgon/s 5% - 90 50 25
wit% (1) {632y | {1300
quinoxaline

RES2L i Calgonw's 586 - 8¢ S4 34
W% {0} {584y | (12id)
isoquineline

RKS7S | Calgon/3 3% - 9¢ 30 49
wits mdole {0 (1403} | (1473)

Examaois 9o Test Resulls,
61141

the Caloon base carbon and reearbonization gave initial captare vaes oF 93% or
5 # i

Carbons prepared by smpregnstion of wres o sulfamic acid info

Q2% respoctively, These remulis are sipnaficanily beder than hose observed
with the unmodifed Calpon carbon, Testing the urea catbon at lowey
temperature {7350 guve 130%, intal capture, Carbons prepared by
anpregaation of a nibrogon-conmiuog polymer were highly active i these s
The sorbend prepared by dmpregnation of § wi% PV and aciivated using
procedore A (fost beating rate} demonstrated supenor aotivity, The initial
repnoval was B4%4, and e decronse o 50% removal roguired 2217 min. Thus
this sorbent retains its high scuvity far longer thus the yrea carbon, The sorbent
prepared uaing 0% PYP {also Procedure A was less active (nitiadly 38%
removal, decreasing to 30% ut 130 moin

{00115}

at the 10% PVP concentration jevel, Another set of carbons was prepared with

LUsing procedurs B {slower heating rat} gave more active sorbent

ditferent concentrations nsing Procedure B, Again, the impregnation with 5%

30
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concentration of PVP resulted in high activity (initially 98% removal, decreasing
to 80% at 3315 mra), The 108 PVP was again less active, and the 2%, PVP
conceniration was the least active.
[0its] The carbons prepared from the copolymers of PVP were also
prepared and evaluated. The copolymer with vinyd acetate (PVPeoVA)
unpreguated at $% concentration {Procedure A} gave a sorbent with relatively
tow sctivity. The poly(vinylipyrrolidone-co-acrylic acid) (FVPCOAA Y at 5% also
gave a low activity sothent. Using Procedure B for activation roproved the
activity shightly,
{00187} Angther type of N-polvmer-impregnated carbon was prepared
using polycthylenimine, This polvmer precurser contains nitrogen in the
polymer backbone, in consirast {0 the PVP where the nitrogen is attached (o the
carbon chain backbone, The activity was simailar 1o that of the 10%: PVP
polymers.
Y3 Scveral carbons wore propared by impregnating mixiures of
dextrose and amines. None of these exhibited hugh sctivities in these tests.
Previous fests showed that the dexirose + alanine-impregoated carbon
{Procodure B was fairly active, Since Procedurg A was usod in the present
study, decreases in activity might be related to the fast heating rate used, It may
be quite beneficial to perform the reaction slowly in preparing sotbents from
these precursods.
061191 The sorbents prepared by impregnation of the nitrogenous pitches
prepared by polymerization of various hewerocyclics were sll fairly active (Table
43, but significant differences in activity were observed. The N-carbon prepared
from impregoation of quinoxalive pitch was 2-3 dmes more active than the
quincline-derived N-carhon. The activity of the tsoquinoline-detived carbou
was alse very high, The high activity of the indole-derived carbon was also of
great interest, It is an important lead sisee indoles are more readily available
than the quinoxaline precusors.
{08128} Testing was also conducted on the carbonized pitches prepared
fror the insclable fractions of the nitrogenous pitches. The activities of the
carbonized pitches were very poor. Initial breakthrough was substantial, with
percent remnovals of 21% to 54%, possibly related o the the glassy nature of the
40

POT/OS2014/419016

PAC ET AL. EXHIBIT 1023

Page 359



WO 2014137907

20

T

“B

Lt

carbonized pitches. Although the surface areas were not determioed, they may
be very low, since the materials did aot resemble activated carbons bud, rather,

cokes,

[0B321} The terms and expressions which have been employed are used as
termns of description and not of limitation, and there s no intention that i the vse
of such terms and expressions of excluding any equivalents of the features
shown and deseribed or portions thereot, but it is recogiuzed that vatious
modifications arg possible within the scope of the invention claimed, Thus, it
should be understood that although the present invention has been speciiically
disclosed by preferted embodiments and optional features, modification and
variation of the concepts herein disciosed may be resoried 1o by those of
ordinary skill in the art, and that such modifications and variations are
cosidered to be within the scope of this invention as defincd by the appended

claims,

Additional Embodiments,

[0e122] The present ipvention provides for the foowing oxomplary
cmbodiments, the numbering of which is not to be construed as designating
levels of importance:

{00123} Embodiment 1 provides a method of reducing the polhutant
content in a pollutani-containing gas, the method comprising: obiaining or
providing an activated carbon sorbent comprising activated carbon sorbent
particles comprising vitrozen in 2 surface laver of the sorbent particles;
pollutant-sorbent composition; and separating at least some of the pollutant-
sorbent composition from the pollutant-containing gas, fo give a scparated gas,
{08124} Embodiment 2 provides the method of Embodiment 1, wherein
the pollutand comprises mercury, and the pollutunecordaining gas is 4 mercury-
containing gas,

{09{25] Embediment 3 provides the method of any one of Embodiments

-2, wherein the concentration of nitrogen in the surface layer of the sorbent

41
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particles iy higher than the concentration of nitrogen in a core of the sorbent
particles.

08126} Embodimsent 4 provides {he method of any one of Embodimenis
2-3, wherein the activated carbon sorbent combines with at least about 70 wi%s
of the mercury present in the mercury-comaining gas.

{01271 Embediment 3 provides the method of any one of Embodiments
2-4, wherein the mercary-containing gas further comprises s concontration of
sulfar{ V1) and the concentration of sulfwr{VT) in the mercory-condaining gas is
greater than about 3 ppm by mole and the activated carbon sorbent forms 2
rercury-sorbent composition at a higher absorption rate relative 1o a
covresponding activated carbon sorbont comprising al least one of a) less oy
subsiantially no nitrogen 1 a corresponding particle surface laver, by fess or
substantially no halide- or halogen-promotion, wherein the activated carbon
sorbent comprising the activated carbion sorbeni particles is halide- or balogen-
promoted, and ¢} loss or substantially no inorganic matrix suppord, wherein the
activated carbon sorbent comprising the activated sorbent particles 18 inorganic
yoatrix-supported.

[0 28] Embodiment 6 provides the method of any one of Embodiments
1-5, wherein the pollutans-containing gas further comprises a concentration of
sulfur{ V1) and the concentration of sulfur(VIY in the pollutant-containing gas i
aboud 3 ppm - 2000 ppo,

061291 Embodiment 7 provides the methed of any one of Embodinsents
1-6, wherein the nilrogen iy substantially bomogenously distributed in the core
of the setivated carbon sorbent particles.

j06: 39 Embodiment 8 provides the method of any one of Embodiments
1-7, wherein the vitrogen in the surface laver decreases neutralization of
carbocations in the activated carbon by at least one of 8057 and HSO:, as
compared to a corresponding activated carbon sorbent comprising less or
substagtinlly no nitrogen i corresponding particle surface luyer.

08131} Embodiment 9 provides the method of any one of Embodinenis
1-8, wherein the nitrogen in the surface laver at least partially blocks

carbocations in the activated carbon from at least one of SO+ and HSCG:", as
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compared t0 a corresponding activated carbon sorbent comprising less or
substantially no nitrogen in a comesponding particle surface laver.
08131} Embodimsent 18 provides the method of any one of Embodiments
1-9, further comprising: obialning or providing 2a unpromoted carbon sorbent;
obtatning or providing a promoter; and promoting st keast g portion of the
unpromotad sorbent by contacting the portion of the impromoted sorbent with
the promoter to form the activated carbon sorbent,
{6133 Embodiment 11 provides the method of Embodiment 10, wherein
the promoter comprises a halogen or halide promoter.
{00134] Embodiment 12 provides the method of any one of Embodiments
18-11, wherein the promoter comprises at feast one of 1 halogen, 2 Group V
halide, a Group V1 halide, 3 hydrogen halide, an asmmonium halide, an alkali
earth metal halide, and an alksline earth metal halide.
{00135} Embodiment 13 provides the method of any one of Embodimenis
18-12, wherein the promoter comprises at feast one of HE 1B, 1O NHBre, NaBy,
CaBr,, HBr, Nall, CaCl, and HCL
{0B13s] Embodiment 14 provides the method of any one of Ernbodiments
16-13, whercin the promotor is in 8 form comprising at least one of & vapor form,
in a solvent, as 4 liquid, as a solid, and a combination thereof,
[06137] Embodiment 15 provides the method of any one of Embodiments
16-14, wherein the promeoting occurs in an agquccus scrubboer, wherein the
scrubber comprises an agueous slurry that comprises the promotor,
{00138} Embodiment 16 provides the method of any one of Embodimenss
1-13, wherein contacting the pollutant-containing gas with the activated carbon
sorbent comprises adding the activated carbon sorbent into the poflutant-
contalying gas.
{00139} Embodiment 17 provides the method of any one of Embodiments
1-16, wherein the activated carbon sorbent is at least one of in a fixed bed, ina
moving bed, in g scrabber, in a4 filter, or suspended in the pollumpt-containing
gas.
{00148 Embodiment 18 provides the method of any one of Embodiments
1-17. wherein the core of the activated curbon sorbent particles comprive abont 0
with - abowt 99 wite mirogen.

43
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[0} Embodiment 19 provides the method of any one of Embodiments
1-18, wherein the core of the activated carbon sorbent particles comprise abowt 1
wi% - about &6 WSt nitrogen,
[06i42] Embodiment 20 provides the method of any one of Embodiments
F-19, wherein the surface faver of the activated carbon sorbent particles
comprises about 0001 wi¥s - about 99 wit% nitrogzen.
{03143 Embodiment 21 provides the method of any one of Embodiments
1-20, wherein the surface layer of the activated carhon sorbent particles
comprises about 3 wi¥i - about 80 wid nitrogen,
[0f14d4] Embodiment 22 provides the method of any one of Embodiments
1-21, wherein the surface laver of the activated carbon sotbent comprises a layer
at the surface of the particie having a thackness of about 0.0G1% to about 9095 of
the radius of the particles.
{00145} Embodiment 23 provides the method of any one of Embodimenis
1-22, wherein the surface laver of the activated carbon sorbent particles
comprises a laver at the surface of the particles having & thickness of about
(.001% to about 50% of the radius of the particles.
{00146} Embodiment 24 provides the method of any one of Embodiments
1-23, wherein the activated carbon sorbent particles have an average diameter of
about {1 ym to aboud 1080 pm
08147} Embodinsent 25 provides the method of any onc of Embodimeants
1-24, wherein the surface iayer of the sorbent particles i2 a continucus surface
laver,
HEHE T Embodiment 26 provides the method of any one of Embodiments
1-23, wherein obtaining or providing the activated carbon sorbent comprises:
obtaining or providing 2 carboo precursor comprising sutrogen; and processing
the carbon precursor with at least one of hieating, microwaving, and irradiating,
10 provide the activated carbon sorbent.
061491 Embuodiment 27 provides the method of Embodiment 26, whereln
the carbon precursor comprises a carbonaceous material comprizing carbon and
a nitrogenous material comprising nitrogen,
{00158} Embodiment 28 provides the method of Embodiment 27, wherein
the carbonaceous material comprises at least one of brown sugar, barley sugar,
44
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caramel, cane sugar, corn syrup, starch, molasses, a ghican, a galactan, 3 xvlan,
and a sugar waste product,

08151} Embodimsent 29 provides the method of any one of Embodiments
27-28. wherein the aitrogenous maderial comaprises a nitrogen-contalning organic
of morganic compound.

{00152} Embodiment 30 provides the method of any one of Embodiments
27-29, wherein the nitrogenous material comprises a nittogen heterccycle, 8
sitrogen-containing polyroer or copodymer, a nitrile, a carbarpate, an aminoe acid,
nifrobenzeng, hydroxylamineg, urea, hvdrazine, sulfamic acid, or a combination
thereot,

{00183} Embodiment 31 provides the method of any one of Embodiments
2634, further comprising: obtaining or providing a subsirate maderinl;
contacting the carbon precursor and the substrate material, to provide a sorbent
starting material, and processing the sorbent starting material with at least one of
heating, microwaving, and wradiating, to provide the activated carbon sorbent.
[0 54] Embodiment 32 provides the method of Embodiment 31, wherein
heating the sorhent starting material provides a seeond sorbemt starting reaterial,
further comprising reacting the sccond sorbent starting material with an acidic or
basic material, to provide the activated carbon sorbent,

{001 55] Embodiment 33 provides the method of any one of Embodiments
31-32, wherein the subsirate comprises at lcast onc of diatomaccous carth, a
clay, a zeclite, or a mineral.

{00156} Embodiment 34 provides the methed of any one of Embodimenss
31-33, wherein heating the sorbent starting material comprises heating to about
160 °C — about 1200 °C.

{0187 Embodiment 35 provides the method of any one of Ermnbodiments
31-34 wherein the activated carbon sorbent comprises a carbon nanocomposite
sorbend.

{0061 58] Embudiment 36 provides the method of any one of Embodiments
[-35, wherein the activated carbon sorbent comprises one or more binding sues.
{09159 Embediment 37 provides the method of Embodiment 36, whereln

at least a portion of the binding sites in the activated carbon sorbent react with at
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fcast one of the pollutant and the oxidized species of the pollutant, to form the
potlutant-sorbent composition,

081 68} Embodimsent 38 provides the method of any one of Embodiments
1-37, wherein the separating at least some of the poilutant-sorbent composition
from the pollutant containing gas comprises separating in a particudate separator,
[0hiei} Embediment 39 provides the method of Embodiment 38, whereln
the particulate separator comprises an electrostatic precipitator (ESP), a
baghouse, a wet scrubber, a filter, cyclone, fabric separator, or any combination
thereof,

j0Bie2] Embodiment 40 provides the method of any one of Embodiments
10-39, wherein a promoder precurscr transforms into the halogen or halide
promoeter which then reacis with the sctivated carbon sorbeni (o give the
activated carbon material,

{00163} Embodiment 4¢ provides the method of Embodimend 40, wherein
the promoter procursor 19 gt least one of on the unpromoted sorbent and addoed
with the uwnpromoted sorbent.

[iBi64] Embodiment 42 provides the method of any one of Ernbodiments
1-41, further coraprising at least onc of during and prior 10 the contacting adding
an alkaline component info the pollutant-containing gas.

[0Bi6s] Bmbodimeni 43 provides the method of Embodunent 42, whereia
the alkaline componcnt compriscs af least onc of an oxide, hydroxide, carbonate,
or phosphate of an alkali clernent, an alkali or alkaline-earth element, and a
compound or marerial including the same,

HEHETY Embodiment 44 provides the method of any one of Embodiments
1-43, wherein the activated carhon sorbent comprises # stabilizing azent
comprsing at least one of 8, Se, or mixtures thereof.

{00167} Embodiment 45 provides the method of any one of Embodiments
1-44, wherein the activated carbon sorbent comprises a stabilizing agest
comiprising of least one of H35, SOn, HiSe, Se(h;, TS;, PiSs, or mixtures thereol
{081 68] Embodiment 46 provides the method of any one of Embodiments
1-435, further comprising regenerating the polhuant-sorbent composition to give a

regenersied activated carbon sorbend,
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{08169 Embodiment 47 provides the method of any one of Embodiments
1-46, wherein the activated carbon sotbent is a generated activated carbon
scrbend
[06176] Embodiment 48 provides the method of any one of Embodiments
[-47, wherein at least one of the contacting and the separating ocours bt an
agqueous scrabber,
08371} Embodiment 49 provides the method of Embodiment 48, wherein
the scrobber coraprises an aqueous shurry that comprnises the activated carbon
sorbent,
{00172} Embodiment 30 provides a method for reducing the mercwry
content of & mercury-containing gas, the method comprising: obiaining or
providing a carbon precussor compising nitrogen: obiaining of providing a
substrate material; contacting the carbon precursor and the subsirate matensl, w
provide an inorganic matrix-supported sorbent starting material; heating the
worganic matri-supported sorbent starting madenial, 1o provide an unpromoted
sorbent; promoting at least 4 portion of the vapromoted sorbent by chemically
reacting the portion of the unpromoted sorbent with a promoter to form a
promoted inorganic matrix-supported activated carbon sorbont comprising
activated carbon sorbent parvticles comprising nitrogen in 3 surface layer of the
sorbent particles; confacting a mercury-containing zas with the activated carbon
serbend, to form a mercury-sorbont composition; and scparating at fcast some of
the mercury-sorbend coraposition from the percury-containing oas, 1o give a
separated gas; wherein the mercury-containing gas has 4 concentration of
sulfur{ VI of about 3 - 2000 ppro by mole and a first quantity the actvated
carbon sorbent forme a mercury-sorhent composition at a first mercury
adsorpiion rate, wherein the first adsorpoion rate is higher than a mercury
absorption rate of the first quantity of 2 corresponding activated carbon sorbent
comprising at feast one of a} fess or substantially no nitrogen i a corresponding
particle surface layer, b} less or substantially no hulide- or halogen-promotion,
and ¢} less or substantially no norgarc matrix support
§i T3 Embediment 31 provides a method of making an activated carbon
sorbend, comprising: obteining or providing an sapromoied carbon sorbent
comprising nifrogen; promoting af least 2 portion of the unpromoted sorbent by
47
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contacting the portion of the unpromoted sorbent with a promoter to form an
activated carbon sorbent comprising activated carbon sorbent particles
comprising pitrogen, wherein the concentration of niircgen in a surface laver of
the sorbent particles is higher than the concentration of nitrogen in a core of the
sorbent parficles.
61 741 Embediment 32 provides the method of Embodiment 51, farther
comprising: obtaining or providing a carbon precursor comprising nitrogen;
obtrining or providing 2 substrate material; contacting the carbon precursor and
the substrate material, €0 provide a sorbent starting material; and processing the
sorbent starting material, t0 provide the unprometed carbon sorbent comprising
arogen,
08175] Embodinsent 33 provides the method of Embodimend 52, whersin
obtaining of providing the carbon precursor comprising nitrogen comprises:
obtatning or providing a carbonaceous material comprising carbon and a
ratrogenous material comprising nitrogorg and contacting and heating the
carbonaceous material and the nitrogenous material, to provide the carbon
PrOCUTSor Comprising nirogen.
{06176} Embodiment 54 provides a method of making an activated carbon
sorbent, comprising: contacting a carbonaceous material and a nitrogenous
material, to provide an unprameted carbron sorbent comprising aitrogen;
promoting al least a portion of the uapromoted sorbent by contacting the portion
of the unpromoted sorbent with a promoter to form an activaled carbon sorbant
comprising activated carbon sorberd particles comprising nirogen, wherein the
concentration of nitrogen in the sorbent particles is higher than the concentration
of nitrozen in the carhovsceous material.
{0177 Embodiment 55 provides an activated carbon sorberd made by the
method of any cue of Embodiments 51-54,
{08178 Embodiment 36 provides an activated carhon sorbend,
comiprising: 4 halogen- or halide-promoted activated carbon, the sctivaiad
carbon comprising activated carbon sorbent particles comprising nitrogen ina
surface layer of the sorbent particles.
{00179] Embodiment 37 provides the activated carbon sorbent of
Embodiment 56, wherem the concentration of nitsogen in the surface laver of the
48
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sorberit particies i3 higher than the congentration of nitrogen in 2 ¢ore of the
sorbent particies.
(001 84} Embodinsent 3§ provides the activated carbon sorbent of any cue
of Ernhodiments 56-37, wherein the activated carbon sorbent particles have an
average diameter of about 8.1 g to abeut 1000 pm.
081} Embediment 39 provides the activated ¢arbon sorbent of any one
of Embodbments 56-38, whereln the activated carbou is at feast one of halogen-
promoted, Group V halide-promoted, Group VI halide-prorcted, byvdrogen
halide-promoted, amenonium halide-promoted, alkali garth retal halide-
promoted, and alkaline carth metal halide-promoted,
[0G182] Embediment 60 provides the activated carbon sorbend of any one
of Embodiments 56-5Y, wherein the sctivated carbon sorbent is imorganic
matrix-supported, the inorganic matrix suppord comprising at least one of
diatomaceous earth, a4 clay, 2 zeolite, or a mineral.
{0183 Embodiment 61 provides the activated carbon sorbent of any ooe
of Embodiments 56-60, wherein the nitrogen 18 substantially homogenously
distributed in the cors of the activated carbon sorbent particies.
{014} Embodiment 62 provides the activated carbon sorbent of any ong
of Embodiments 56-61, wherein the nifrogen in the surface layer of the particles
at least partially decreases newiralization by HSO:Y or 80,7 of carbocations in
the activated carbon sorbent, as compared 1o a corresponding activated carbon
sorbent comprising less or substantially no aifrogen in a corresponding particle
surface layer under substantially similar conditions.
{01 85] Embodiment 63 provides the activated carbon sorbent of any ooe
of Embodiments 56-62, wherein the nitrogen in the surface Jayer of the particles
at least partiatly blocks carbocations in the activated carbon from forming 1ome
bonds with HSO:" or 8057, a5 compared to a commesponding activated carbon
serbend comprising less or substantially no nitrogen in a corresponding particle
surface layer under substardially similar condations.
{08186} Embodiment 64 provides the activated carbon sorbent of agy one
of Embodiments 36-63, wherein a first quantity of the activated carbon sorbent
formy 4 mercury-sorbent composition at a firdt mercary adsorption rate ina gas
composition comprising mercury wherein the concentration of sulfr{VT) 1 the
44
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Las composition s about 3 - 2000 ppm by mole, and whercin the first adsorption
raic is higher than a mercury absorption rate of the first quantity of a
corresponding activated carbon sorbent coraprizing at least one of a) less or
substantially no nitrogen in 4 corresponding particle surface Iayer, by less or
substantially no halide- or halogen-promation, and ¢} less or substantiaily no
inorganic matrix support, wherein the activated carbon sorbent 15 inorgamc-
matrix supported.
[OBi47] Embodiment 65 provides the activated carbon sothent of any one
of Embodiments 56-64, wherein the nitrogen is derived from a nitrogen-
cortaining organic of inorganic compound,
[0G188] Embediment 66 provides the activated carbon sorbend of any one
of Embodiments 56-65, wherein the nitrogen 18 denived from indole,
quinoxaline, carbazole, isoguinoline, nitrobenzene, ures. suifamic acid,
polyvinylpyrrolidone, vinylpyrrolidone-viny] acetate copolymer,
vinylpyrrolidonc-aorylic acid copolymer, vinylpyrrolidonc-maleic acid
copolymer, polvethvienimive, alanine, piperazine, quinolone, quinoxaline,
diazabicvelooctana, an amino acid, an ammonium salt, ot a combination thereof,
061 89] Embodiment 67 provides an activargd carbon sorthent for use in
mereury removal from a mercurv-containing gas, the sorbent comprising: &
halogen- or halide-promoted activated carbon comprising activated carbon
particles, the particics comprising nitrogen i & surface layer, the nitrozen in the
surface laver at sufficient concentration o at least one of a) decrease
neutralization by HSO or 3057 of carbocations in the activated carbon
sorberd, zs compared to & corresponding activated carbovn sorbent comprising
tess or substantially no vitrogen in 2 corresponding particle surface laver under
substantially similar conditions, and b) at east pactially block carbocations in the
activated carbon from forming ionic bonds with HSO:Y or SO.7, as compared o
a corresponding activated carbon sorbent comprising less or substantially no
nitrogen in s corresponding particle surfuce layer under subswantally siratiar
conditions,
{00190} Embodiment 68 provides the apparatos or method of any one or
any combination of Embodiments 1-67 optionally configured such that all
clements or options recited are available to use or select fom.
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CLAIMS

What is claimed is;
I. A method of reducing the poliutant content m a pollutant-condaining gas,
the method comprising:

obtaning or providing an activated carbon sorbent comprising activated
carbon sorbent particles coraprising nitrogen in 4 surface layer of the sorbent
particles;

confacting & pollutant-containing gas with the activated carbon sorbent,
o form a pollutant-sorbent composition; and

separating at least some of the pollutant-sorbent composition from the

pollutant-containing gas, 1o give a separated gas.

2. The method of claimn 1. wherein the pollutand comprises mercury, and the

ollutant-containing ©as 18 3 mercurv-coniaining sas.
EE 3 58

2. The method of any one of claims 1-2, wherein the conceatration of
sutrogen jo the surface layer of the sorbent particles is higher than the

coneentiation of nitrogen in 2 ¢ore of the sorbont particles,

4, The method of aay one of claimes 2-3, wherein the activated carbon
sarbend combines with at fcast about 70wt of the mercury present in the

mersury-coniaining gas.

5. The method of any one of claims 2-4, wherein the mercury-containing
gas further comprises a concentration of sulfur{V1) and the concentration of
sulfur{ V1) io the mercury-comtaining gas is greater than about 3 ppm by miole
and the activated carbon sorbent forres a mercury-sorbent compaosition at a
higher absorption mate refative 10 a corrgsponding activated carbon sorbent
comiprising of lenvt one of 2} leys or xubstantinily no nhrogen in 4 corresponding
particle surface layer, b) less or substantially no halide- or halogen-promotion,
wherein the activated carbon sorbent comprising the activated carbon sorbent

particles s halide- or halogen-promoted, and ©) less or substantially no morganic
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matrix support, wherein the activated carbon sorbent comprising the activated

sorhent particles is inorganic matrix-supported.

6. The methaod of any one of claims 1-5, wherein the polivaat-containing
gas farther comprises 3 concentration of salfur{VT) and the concentration of
suelfur(V T} in the poliutant-contairing gas is about 3 ppm - 2000 ppm

7. The method of any one of claims 1-6, wherein the nitrogen is
substantially homogenously distributed in the core of the activated carbon

sorbent parficies,

#. The method of any one of claims 1-7, wherein the nitrogen n the surface
fayer decreases neuwralization of carhocations in the activated carbon by at least
ane of 30,7 and HSO:, as compared to a corresponding activated carbon
sorbord comprising fess or substantially no mtrogen in a correaponding particle

surface Javer.

9. The method of any one of ¢laims 1-8, wherein the nitrogen in the surface
fayer at least partiafly blocks carbocations in the activated carbon from at least
one of 30,7 and HSO:, as compared W oa corresponding activated carsbon
sorbend comprising less or substantially no nitrogen in a corresponding pariicle

surface layer.

15, The method of any one of claims 1-9, further comprising: obaining or
providing an unpromoted carbon sorbent; obtalming or providing a promoter,; and
provoting at Jeast a portion of the unpromoted sorbent by contacting the portion
of the napromoted sorbent with the promoter to form the activated cartbon

sorhent,

[L. The method of claim 163, wherein the promoter comprises a halogen or

halide promoter.

a
f ]
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12, The method of any one of ¢laims 10-11, wherein the promoter comprises
at least one of a halogen, a Group V halide, a Group V1 halide, a hydrogen
halide, an amumonivm halide, an alksli earth metal halide, and an alkaline earth

metal halide.

13 The method of any one of clamms 10-12, wherein the promoter comprises

at least one of Hi, 18y, 1CI WH,Br, MNaBr, CaBry, HBr, Nali, Calls, and HOL

14, The method of any one of claims 10-13, wherein the promoter s ina
form comprising at least one of a vapor form, e a solvent, as a liquid, as a solid,

and a combinalion thereof

15,  The method of any one of claimms 10-14, wherein the promoting occurs in
an aqueous scrubber, wherein the scrubber comprises an agueous shurry that

compriscs the promodor,

16, The method of any one of elajms 1-15, wherein contacting the pollutant-
containing gas with the activated carbon sorbent comprises adding the activated

carbom sorbent into the pollutant-containing gas.

17, The method of any one of claims 1-16, whorein the activaied carbon
sorbent is af least one of in a fixed bed, in a moving bed, in 3 scrubber, in a filter,

or susperded in the pollutant-containing gas.

153 The method of any one of claims 1-17, wherein the core of the activated

carbomn sothest particles comprise about {0 wi% - about 99 wi¥ nitroges.

19, The method of any one of claims 1-18, wherein the core of the activated

carbon sorbent particles comprise about I wi% - sbowt 6 wis nidrogen.

26, The method of any one of claims 1-19, whereln the surface layer of the
activated carbon sorbent particles comprises sbout .00 wi% - about 99 1%
ritrogen.

33
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21, The method of any one of claims 120, wherein the surface layer of the
aclivated carbon sorbent particles comprises about 5 wi% - abowt 80 wite

niirogen.

22, The method of any one of claims 1-21, wherein the surface layer of the
activated carbon sorbent comprises a layer at the surface of the particle having a

thickness of about 0.001% to abhout 99% of the radius of the particles.

23, The method of any one of claims 1-22, wherein the surface layer of the
activated carbon sorbent particles comprises a layer af the surface of the particles

having a thickness of about 0.001% to abowd 50% of the radius of the particies.

24, The method of any one of claims 1-23 wherein the activaled carbon

sorbord parficles have an average dismcter of about 0.1 wm to sbout 1080 um.

25 The method of any one of claims 1-24, wherein the surface Jayer of the

sorbont particles is a continuons surface layer,

26, The method of any one of claims 125, wherein obtaining or providing
the activated carbon sorbont compriscs:
obtalning or providing 4 carbon precursor comprising nitrogen; and
processing the carbon precursor with at feast one of heating,
microwaving, and radiating, to provide the activated carbon sorhent.
27, The method of claim 26, wherein the carbon procursor coroprises a
carbonaccous reaterial comprising carbon and a nitrogenous aterial comprising

nitrogen.
28  The method of claim 27, wherein the carbonaceous material comprises at
feast one of brown sugar, barley sugar, caramel, cane sugar, corn syrup, starch,

molasses, ¢ glucan, 3 galactan, 4 xvlas, and o sagsr waste product.
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29, The method of any one of claims 27-28, wherein the nirogenous material

COMPISes a nitrogen-containing organic or inorganic compognd,

36, The methoed of any one of claims 27-2%, wherein the nitrogenous material
compnses a nitrogen heterocycle, a pitrogen-contaming polymer or copolyimer, 3
mifrile, a corbamate, an arming sold, nitrobenzene, hydroxyiamine, urea,

bydrazine, sulfamic acid, or a combination thercof.

31, The method of any one of claims 206-34, further comprising:

obtaining or providing a substrate meaterial;

contactiog the carbon precursor and the subsirate malerial, 10 provide a
sorbend starhing material; and

processing the sorbent starting material with at feasd one of heating,

microwaving, and irradiating, to provide the activated casbon sorbent.

32, The method of claim 31, whercin heating the sorbent starting material
provides a second sorbent starting material, further comprising reacting the
sceond sorbont starting matcrial with an acidic or basic material, to provide the

activated carbon sorbent,

33, The method of any onc of claims 31-32, wherein the substrate comprizes

at least one of distomaceous earth, a clay, 4 zeolite, or a mineral.

34, The method of any one of claims 31-23, wherein heating the sorbant

starting material comprises heating to about 100 °C — gbont 1200 °C.

35, The method of any one of claims 31-34 wherein the activated carbon

sorbend comprises  carbon nanocomposite sorbent,

6. The method of any one of ¢claims 1-35, wherein the activated carbon

sorbent comprises one or more binding sites.

a
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37, The method of claim 36, wherein at least a portion of the binding sites in
the activaled carbon sorbent react with at least one of the pollutant and the

axidized species of the pellutant, to form the polhutant-sorbend composition.

38 The method of any one of claims 1237, wherein the separating at least
some of the pollutant-sorbent composition from the pollutant containing gas

comprises separating in a particulate separator.

39, The method of claim 38, wherein the particulato separator comprises an
electrostatic precipitator {ESP), a baghouse, a wet scrubber, a filter, cyciong,

fabric sepataior, of any combination thereof.

46, The method of any one of claims 10-39, wherein a promater precursor
transforms into the halogen or halide promoter which then reacts with the

activated carbon sorbent to give tho activated carbon matonal,

41, The method of claim 4}, wherein the promwoter precursor is at feast one of

on the sapromoted sorbent and added with the wupromoted sorbent,

42, The method of aoy one of claims 1-41, fartber comprising af least one of
during and prior 1o the contacting adding an alkaline componcent into the

polbitant-containing gas.

43, The method of claim 42, wherein the alkaline component comprises at
teast one of an oxide, hvdroxide, carbonate, or phosphate of an aikall element, ap

alkall or alkaline-carth elerpent, and a compound or roaterial including the same.

44, The method of any one of ¢laims 1-43, wherein the activated carbon
sorbent comprises ¢ stubilizing agent comprising ot least one of' 5, Se, oy

mixtueres thereof
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4%, The method of any one of ¢laims 1-44, wherein the activated carbon
sorhent comprises a stabilizing agent comprising at least one of HoS, 50;, HuSe,

5e0;, U8,, PS8+, or mbudures thereof

46, The method of any one of clamms 1-45, further comprising regeneeating

the pollutant-sorbent composition 1o give a regencrated activated carbon sorbent.

47, The method of any one of claims 1-46, wherein the activated carhon

sorbent s 2 regencrated activated carbon sorbent,

48, The method of asy one of claims 1-47, wherelo at igast one of the

comacting and the separating cocurs in an agueous scrubber,

4%, The method of claim 48, eherein the scrubber comprises an agqueous

slurry that compriscs the activated carbon sorbent.

36, A roethod for reducing the mercury content of a mercury-containing gas,
the method comprising:

obrtaining or providing a carbon procursor comprising nitrogen;

oixtaining or providing a substraie material;

contacting the carben precursor and the substrate material, to provide an
inorganic mawi-supporied sorbent starting material;

heating the inorganic matix-supported sorbent starting material,
provide an unpromoted sorbent;

promoeting at least 3 portion of the unpromoted sorbent by chemically
reacting the portion of the unpromoted sorbent with a promoter to form a
promoted imorganic matrix-supported activated carbon sorbent comprising
activated carbon sorbent parviicles comprising nitrogen in 8 surface layer of the
sorbent particles;

contacting a mercury-containing gas with the activated carbon sorbent, to
form a mercary-sorhent composition; and separating al least some of the
mercury-sorbent composition from the merury-containing gas, 10 give 4
separated gas;
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wherein the mercury-containing gas has a concentration of sulfur(V1) of
about 3 - 2000 ppm by mole and a first quantity the activated carhon sorbent
forms a mercury-sorbant composition at a first mercury adsorption rate, wherein
the first adsorpdion rate is higher than a mercury absorption rate of the first
guantity of a corresponding activated carbon sorbent comprising at least one of
a} Tess or substantially no nitrogen in a correspoading particle surface laver, b)
tess or substantially no halide- or halogen-promeotion, and ©) less or substantially

10 Jnorganic matrix support.

31, A method of making an activated carbon sorbent, comprising;

obtainiog or providing an vepromcied carbon sorbent comprising
nitrogen;

promoting at keast a postion of the unpromoted sorbent by contacting the
portion of the anpromoted sorhent with a promoder to form an activated carbon
sorbord comprising activated carbon sorbont particles comprising rutroges,
wherein the concentration of witrogen in a surface layer of the sorbent particles is

higher than the concentration of nitrogen in a core of the sodhent particles.

(¥
[

The method of claim 51, further comprising:

obtainiog or providing a carbon preqursor comprising nitrogen
obtaining or providing a substratc material; contacting the carbon
precursor and the substrate material, to provide a sorbent starting rmatarial; and
processing the sorbent starting material, 1o provide the unpromeoted

carbon sorbent comprising pitrogen.

33, The method of claim 52, wherein obtaining or providing the carbon
DICCUISOT COIMPTISIRG nitrogen comprises;

obtaining or providing a carbonaceons material comprising carbon and a
nifrugenous material comprising nitrogen; and

contacting and heating the carbonaceous material and the nitrogenous

material, to provide the carbon precarsor comprising nitrogen,
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34, A method of making an activated carbon sorbent, comprising;
contacting a carhonaceous material and a nitrogencns material, to
provide an unproraoted carbon sorbent comprising alirogen; and
promoting at keast a postion of the unpromoted sorbent by contacting the
portion of the anpromotad sosbent with a promader to form an activated carbon
sorbent comprising activated carbon sorbent particles comprising mitrogen,
wherein the concentration of nitrogen in the sorbent particles s higher than the

concentration of nitrogen n the carbonaceous matarial,

35 An activated carbon sorbent made by the method of any one of clabms
C'

36, Anactivated carbon sorbend, comprising: a halogen- or halide-promoted
agtivated carbon, the activated carbon comprising activaied carbon sorbent

particlcs comprising vifrozen in 2 surface laver of the sorbont particles.

57. The activated carbon sorbent of claim 50, wherein the concentration of
nifrogoen in the surface layer of the sorbent particles is higher than the

concentration of nitrogen in 2 core of the sorbent particles,

38, The activaicd carbon sorbent of any one of claims 36-57, whercin the
activated carbon sorbent particies have an average diameter of about 0.1 um {0

aboud 1000 pm.

59, The setivated carbon sorbent of any one of claims 36-58, wherein the
activated carbon is at least ope of halogen-promoted, Group Vo balide-promoted,
Group VI halide-promoted, Bydrogen halide-promoted, ammonium halide-
promoted, atkali earth metal halide-promoted, snd atkaline earth metal bakide-

provavied.
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66, The activated carbon sorbent of any one of claims 36-39, wherein the
activated carbon sorbent is inorganic matrix-supporicd, the inorganic matrix
support comprising at ieast one of diatomaceous earth, 3 clay, 2 zeolite, or a

mineral.

G¢l. The activated carbon sorbent of any one of claims 56-60, wherein the
vitrogen s substantially homogenously distributed in the core of the activated

carbon sotbent particies.

62, The activated carbon sorbent of any one of claims 56-61, wherein the
nlirogen in the surface layer of the particles af least partially decreases
neutralization by HSO:' or 8057 of carbocations in the activated carbon
sorbent, as compared to & corresponding activaied carbon sorbent comprising
less or substantially no nitrogen in 2 corresponding particle sarface layer under

substantially similar conditions.

63, The activated carbon sorbent of any one of clabias 536-62, whersio the
nifrogoen in the surface layer of the particles at Icast partially blocks carbocations
in the activated carbon from forming ionic bonds with HSO:" or 8047, as
comparad (0 a corresponding activated carbon sorbemt comprising less of
substantiaily no nitrogen o a corresponding particle surface layer under

substantially sinlar conditions,

64, The activated carbon sorbent of any one of claims 36-63, wherain a first
quantity of the activated carbon sorbent forms a reercury-sorbent composition at
a first mercuwry adsorption 13t n 4 gas coroposition comprising mercury wherein
the concentration of sulfur(VI) in the gas composition 15 about 3 - 2000 ppm by
mole, and whergin the first adsorption rate is higher than a mercury absorption
rate of the Gast quantity of 4 corresponding activated carbon sorbent corprising
at least one of ) keas or substantially no nitrogen in a corresponding particie
surface layer, by dess or substantislly no halide- or halogen-promotion, and ¢)
less or substantially no inorganic mateix support, wherein the activated carbon
sorbend is inorgamc-matnx supported,
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65, The activated carbon sorbeni of any one of claims $6-04, wherein the

nitrogen is derived from a nitrogen-containing organic or inorgamic compound,

5 4b The activated carbon sorbent of any one of claims 56-68, whergin the
nitrogen 15 derived from indole, quinoxaline, carbazole, isoquinoline,
nifrohenzens, urea, sulfamic acid, polyvinyipyrohidove, vinylpyrrolidone-vinyt
acetate copolymer, vinylpyrrohidone-acrylic acid copolymer, vinylpyrrolidone-
maleic acid copelymer, polyethylenimine, alanine, piperazine, guinolone,

1 quinoxaline, diazabicyciooctane, an aming acid, an ammonium salt, ofr a

combination thereof

67, Ag activated carbon sorbent for use i mercury removal from a mercary-
containing gas, the sorbent comprizing

13 a balogen- or halide-promoted activated carbon comprising activated
carbon particles, the particles comprising nitrogen in a surface Jayer, the nitrogen
in the surface laver at sufficient conceniration {0 at least one of a) decrease
neutralization by HSO," or $O;% of carbocations in the activated carbon
sorbend, a5 compared 1o a correspending activated carbon sorbent comprising

20 less or substandally no nlirogen in 2 corresponding particle surface laver under
substantiaily similar conditons, and b) at least partially block carbocations m the
activated carbon from forming ionic bonds with HSO:' or 807, as compared
a corresponding activated carbon sorbent comprizsing less or substantiaily o
mitrogen in @ corresponding particle sucface Jayer ender substantially stoular

25 condifions,
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This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similarto a
Post Card, as described in MPEP 503.

New Applications Under 35 U.5.C. 111

If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR
1.53(b}-{d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.5.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.5.C, 371 and other applicable requirements a Form PCT/DO/EQ/903 indicating acceptance of the application as a
national stage submission under 35 U.5.C, 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105} will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application,
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PATENT APPLICATION FEE DETERMINATION RECORD Application or Docket Number
Substitute for Form PTO-875 15/951,970
APPLICATION AS FILED - PART | OTHER THAN
(Golumn 1) (Golumn 2) SMALL ENTITY OR SMALL ENTITY
FOR NUMBER FILED NUMBER EXTRA RATE($) FEE{$) RATE($) FEE($)
BASIC FEE
7 CFRL 1. 1802} {5}, ot (e} N/A N/A N/A N/A 300
SEARGCH FEE
panac L N N/A N/A N/A N/A 660
EXAMINATION FEE
7 GFR 1.1810) {p). ot (q) N/A N/A N/A N/A 760
TOTAL CLAIMS .
(37 CFR 1.1601) 20 minus 20= OR |x 100 0.00
INDEFPENDENT CLAIMS . *
{27 CFR 1.18(h}y 2 minug 3 = % 460 0.00
If the specification and drawings exceed 100
APPLICATION SIZE | sheets of paper, the application size fee due is
FEE $310 ($155 for small antity) lor each additional 0.00
{37 CFR 1.16(s)) 50 sheets or fraction thereof, See 35 U.5.C.
41(a){1 G}y and 37 CFR 1.16({s}.
MULTIPLE DEFPENDENT CLAIM PRESENT (37 CFR 1.16(j)) 0.00
* It the diffstence in column 1 is less than zero, emsr "0" in column 2. TOTAL TOTAL 1720
APPLICATION AS AMENDED - PART I
OTHER THAN
(Column 1) (Column 2) {Golurmn 3) SMALL ENTITY OR SMALL ENTITY
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL ADDITIONAL
< AFTER PREVIOUSLY |  EXTRA RATE(S) FEE(S) RATE(S) FEE(®)
E AMENDMENT PAID FOR
w Tetal - - -
= {37 CFg 11801 Minus % - OR M
(=] : m =
5 (;Tceﬂee?.?a:tu Munus x = OR |«
<§t Application Size Fee (37 CFR 1.16(s))
FIRST FRESENTATION OF MULTIFLE DEPENDENT CLAIM (37 CFR 1 16{j) OR
TOTAL OR TOTAL
ADD'L FEE ADD'L FEE
{Column 1) {Column 2§ {Column 3
CLAIMS HIGHEST
REMAINING NUMEER PRESENT ADDITIONAL ADDITIONAL
oM AFTER PREVIOUSLY EXTRA RATE(S) FEE($) RATE(S] FEE($)
E AMENDMENT FAID FOR
w Total . hénirs = % -
g {37 OFR 1.16(h) OR Ix
Irdepandent Minus - -
5 (37 GFR 116} X - OR |«
3 Application Size Fes (27 CFR 1.18(s))
OR
FIRST FRESENTATION OF MULTIFLE DEPENDENT CLAIM (37 CFR 1 16{j)
TOTAL OR TOTAL
ADD'L FEE ADDrL FEE
* If the entry in column 1 is less than the entry in column 2, write "0” in column 3,
“* |f the "Highest Number Praviously Paid For® IN THIS SPACE is less than 20, amer "20".
*** |f the "Highest Number Previausly Paid For" IN THIS SPACE is less than 3, enter "3",
The "Highest Number Previously Paid For (Total or Independent) is the highest found in the appropriate box in column 1.
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UNITED STATES PATENT AND TRADEMARK OFFIGE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark (Hfice
Address COMMISSIONER FOR FATENTS

P Box 1450

Alexandyia, Vuguia 22313-1450

WWW.LEpto. 2o

[ APPLICATION NUMBER | FILING OR 371+C) DATE | FIRST NAMED APPLICANT | ATTY. DOCKET NO/TITLE |
15/951,970 04/12/2018 Edwin S. Olson 4820.001U88
CONFIRMATION NO. 6410
21188 INFORMAL NOTICE

SCHWEGMAN LUNDBERG & WOESSNER, P.A.

P, B 2008 D

MINNEAPOLIS, MN 55402
Date Mailed: 05/10/2018

INFORMATIONAL NOTICE TO APPLICANT

Applicant is notified that the above-identified application contains the deficiencies noted below. No period for
reply is set forth in this notice for correction of these deficiencies. However, if a deficiency relates to the inventor's
oath or declaration, the applicant must file an oath or declaration in compliance with 37 CFR 1.63, or a substitute
statement in compliance with 37 CFR 1.64, executed by or with respect to each actual inventor no later than the
expiration of the time period set in the "Notice of Allowability” to avoid abandonment. See 37 CFR 1.53(f).

The item({s) indicated below are also required and should be submitted with any reply to this notice to avoid
further processing delays.

+ A properly executed inventor's oath or declaration has not been received for the following inventor(s):
Edwin S. Olson
Michael J. Holmes
John H. Pavlish

Questions about the contents of this notice and the
requirements it sets forth should be directed to the Office
of Data Management, Application Assistance Unit, at
(571) 272-4000 or (571) 272-4200 or 1-888-786-0101.

fsabubeker/
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UNITED STATES PATENT AND TRADEMARK OFFIGE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark (Hfice

Address COMMISSIONER FOR PATENTS
P Box 1450

Ql;&ﬁg$i£ﬂg\;:guua 223131450
APPLICAT-ION FILING or GRP ART
NUMBER 3 lic) DATE TINIT FIL FEE REC'D ATTY.DOCKET.NO TOT CLAIMSQ IND CLAIMS
15/951,970 04/12/2018 1736 1880 4820.001US88 20 2
CONFIRMATION NO. 6410

21186 FILING RECEIPT
SCHWEGMAN LUNDBERG & WOESSNER, P.A.
B BOX 2933 O

MINNEAPOQLIS, MN 55402
Date Mailed: 05/10/2018

Receipt is acknowledged of this non-provisional patent application. The application will be taken up for examination
in due course. Applicant will be notified as to the results of the examination. Any correspondence concerning the
application must include the following identification information; the U.S. APPLICATION NUMBER, FILING DATE,
NAME OF APPLICANT, and TITLE OF INVENTION. Fees transmitted by check or draft are subject to collection.
Please verify the accuracy of the data presented on this receipt. If an error is noted on this Filing Receipt, please
submit a written request for a Filing Receipt Correction. Please provide a copy of this Filing Receipt with the
changes noted thereon. If you received a "Notice to File Missing Parts” for this application, please submit
any corrections to this Filing Receipt with your reply to the Notice. When the USPTO processes the reply
to the Notice, the USPTO will generate another Filing Receipt incorporating the requested corrections

Inventor(s)
Edwin S. Olson, Grand Forks, ND;
Michael J. Holmes, Thompson, ND;
John H. Pavlish, East Grand Forks, MN;
Applicant(s)
Midwest Energy Emissions Corp, Residence Not Provided,;

Power of Attorney: None

Domestic Priority data as claimed by applicant
This application is a CON of 14/712,558 05/14/2015
which is a CON of 14/318,270 06/27/2014 PAT 9757689
which is a CON of 13/966,768 08/14/2013 PAT 8821819
which is a CON of 13/427,665 03/22/2012 PAT 8512655
which is a CON of 12/419,219 04/06/2009 PAT 8168147
which is a CON of 12/201,595 08/29/2008 ABN
which is a DIV of 11/209,163 08/22/2005 PAT 7435286
which claims benefit of 60/605,640 08/30/2004

Forelgn Applications for which priority is claimed (You may be eligible to benefit from the Patent Prosecution
Highway program at the USPTO. Please see http://www.uspto.gov for more information.) - None.

Foreign application information must be provided in an Application Data Sheet in order to constitute a claim to
foreign priority. See 37 CFR 1.55 and 1.76.

Permisslon to Access Application via Priority Document Exchange: Yes
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Permission to Access Search Results: Yes

Applicant may provide or rescind an authorization for access using Form PTO/SB/39 or Form PTO/SB/69 as
appropriate.

If Required, Foreign Filing License Granted: 05/09/2018

The country code and number of your priority application, to be used for filing abroad under the Paris Convention,
is US 15/951,970

Projected Publication Date: 08/16/2018

Non-Publication Request: No

Early Publication Request: No

Title

SORBENTS FOR THE OXIDATION AND REMOVAL OF MERCURY
Preliminary Class
423
Statement under 37 CFR 1.55 or 1.78 for AlA (First Inventor to File) Transition Applications: No

PROTECTING YOUR INVENTION OUTSIDE THE UNITED STATES

Since the rights granted by a U.S. patent extend only throughout the territory of the United States and have no
effect in a foreign country, an inventor who wishes patent protection in another country must apply for a patent
in a specific country or in regional patent offices. Applicants may wish to consider the filing of an international
application under the Patent Cooperation Treaty (PCT). An international (PCT) application generally has the same
effect as a regular national patent application in each PCT-member country. The PCT process simplifles the filing
of patent applications on the same invention in member countries, but does not result in a grant of "an international
patent” and does not eliminate the need of applicants to file additional documents and fees in countries where patent
protection is desired.

Almost every country has its own patent law, and a person desiring a patent in a particular country must make an
application for patent in that country in accordance with its particular laws. Since the laws of many countries differ
in various respects from the patent law of the United States, applicants are advised to seek guidance from specific
foreign countries to ensure that patent rights are not lost prematurely.

Applicants also are advised that in the case of inventions made in the United States, the Director of the USPTO must
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application
serves as a request for a foreign filing license. The application's filing receipt contains further information and
guidance as to the status of applicant’s license for foreign filing.

Applicants may wish to consult the USPTO booklet, "General Information Concerning Patents” (specifically, the
section entitled "Treaties and Foreign Patents") for more information on timeframes and deadlines for filing foreign
patent applications. The guide is available either by contacting the USPTO Contact Center at 800-786-9189, or it
can be viewed on the USPTO website at hitp://www.uspto .gov/web/cffices/pac/doc/general/index.html.

For information on preventing theft of your intellectual property (patents, trademarks and copyrights), you may wish
to consult the U.S. Government website, http//www stopfakes.gov. Part of a Department of Commerce initiative,

this website includes self-help "toolkits™ giving innovators guidance on how to protect intellectual property in specific
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countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may
call the U.S. Government hotline at 1-866-999-HALT (1-866-999-4258).

LICENSE FOR FOREIGN FILING UNDER
Title 35, United States Code, Section 184

Title 37, Code of Federal Regulations, 5.11 & 5.15
GRANTED

The applicant has been granted a license under 35 U.S.C. 184, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" followed by a date appears on this form. Such licenses are issued in all applications where
the conditions for issuance of a license have been met, regardless of whether or not a license may be required as
set forth in 37 CFR 5.15. The scope and limitations of this license are set forth in 37 CFR 5.15(a) unless an earlier
license has been issued under 37 CFR 5.15(b}. The license is subject to revocation upon written netification. The
date indicated is the effective date of the license, unless an earlier license of similar scope has been granted under
37 CFR 5.13 or 5.14.

This license is to be retained by the licensee and may be used at any time on or after the effective date thereof unless
it is revoked. This license is automatically transferred to any related applications(s) filed under 37 CFR 1.53(d). This
license is not retroactive.

The grant of a license does not in any way lessen the responsibility of a licensee for the security of the subject matter
as imposed by any Government contract or the provisions of existing laws relating to espionage and the national
security or the export of technical data. Licensees should apprise themselves of current regulations especially with
respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of
Treasury (31 CFR Parts 500+) and the Department of Energy.

NOT GRANTED

No license under 35 U.5.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12,
if a license is desired before the expiration of 6 months from the filing date of the application. If 6 months has lapsed
from the filing date of this application and the licensee has not received any indication of a secrecy order under 35
U.8.C. 181, the licensee may foreign file the application pursuant to 37 CFR 5.15(b).

SelectUSA

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location for
husiness investment, innovation, and commercialization of new technologies. The U.S. offers tremendous resources
and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation works to
promote and facilitate business investment. SelectUSA provides information assistance to the international investor
community; serves as an ombudsman for existing and potential investors; advocates on behalf of U.S. cities, states,
and regions competing for global investment; and counsels U.S. economic development organizations on investment
attraction best practices. To learn more about why the United States is the best country in the world to develop
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technology, manufacture products, deliver services, and grow your business, visit http:/www.SelectUSA .gov or call
+1-202-482-6800.
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

Inventor(s). Edwin S. Qlson et al.

Title. SORBENTS FOR THE OXIDATION AND REMOVAL OF MERCURY
Attorney Docket No.: 4820.001US8

Customer Nog.. 21186

PATENT APPLICATION TRANSMITTAL

Commissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-1450

We are transmitting herewith the following attached items and information (as indicated with an "X"):

X CONTINUATION under 37 CFR 1.53(b) of prior Patent Application No, 11/209,163 comprising;

X  Application Data Sheet (8 pgs).
X  Specification (61 pgs, including claims numbered 1 through 20 and a 1 page Abstract).
X  Formal Drawing(s) (11 sheets).
X  Authorization to charge Deposit Account 19-0743 in the amount of $1,880.00
The filing fee has been calculated below as follows:
No, Filed No, Extra Rate Fee
TOTAL CLAIMS 2020y 1] x $100.00 = 30.00
INDEPENDENT CLAIMS 2-3 1] x $460.00 = 30.00
[IMULTIPLE DEPENDENT CLAIMS PRESENTED 30.00
BASIC FEE 3300.00
SEARCH FEE 3660.00
EXAMINATION FEE $760.00
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SORBENTS FOR THE OXIDATION AND REMOVAL OF MERCURY

CROSS-REFERENCE TO RELATED APPLICATIONS

This application is a continuation of U.S. Patent Application Serial No.
14/318,270, filed June 27, 2014, which is a continuation of U.S. Patent Application
Serial No. 13/966,768, filed August 14, 2013, issued as U.S. Patent No. 8,821,819,
which 1s a continuation of U.S. Patent Application Serial No. 13/427,665, filed
March 22, 2012, 1ssued as U.S. Patent No. 8,512,655, which 1s a continuation of
U.S. Patent Application Serial No. 12/419,219, filed April 06, 2009, issued as U.S.
Patent No. 8,168,147, which is a continuation of U.S. Patent Application Serial No.
12/201,595, filed August 29, 2008, which is a division of U.S. Patent Application
Serial No. 11/209,163, filed August 22, 2005, issued as U.S. Patent No. 7,435,286,
which application claims the benefit under 35 U.S.C. § 119 {(e) of U S. Provisional
Patent Application No. 60/605,640 filed Aug. 30, 2004, the disclosure of which is

hereby incorporated by reference in its entirety.

STATEMENT REGARDING FEDERALLY SPONSCRED
RESEARCH OR DEVELOPMENT

This tnvention was made with United States Government support under
Grant Numbers R 827649.01 and CR 830929.01 awarded by the United States
Environmental Protecion Agency and under Contract Number DE-F(C26-
ORFT40320 awarded by the United Siates Depattment of Energy. The United Stales

Governmment has certain rights in this invention.

BACKGROUND OF THE INVENTION
1. Technical Field of the Invention
The present invention relates to methods and materials for the removal of
pollutants from flue gas or product gas from a gasification svstern. In particular,
mercury is removed from gas streams generated during the burning or gasification
of tossil fuels by highly reactive regenerable sorbents,

2. Background of the Invention
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The combustion and gasification of fossil fisel such as coal generates thue gas
that comains mercury and other trace clements that orignate from the fuel. The
release of the mercury {and other pollutants) 10 the envircoment must be controlled
by use of sorbents, scrubbers, filters, precipitators, and other removal technologies.
Mercury 1s tnitially present in the elemental forra during combustion and
gasification. In downstream process sections, such as in the ducts and stack of a
combustion system, some of the elemental mercury 16 oxidized. The armount that s
oxidized depends on the amourt of acid gases present in the flue gas and other
factors. Amounts of mercury vary with the fuel, but concentrations of mercury in
the streany of tlue gas from coal combustion are typically less than 5 parts per
billion (ppb). Large coal combustion facilities such as electric utilities may emit a
pand of mercury, of more, per day. Mercury removal applications include, without
linnitation, flue gas from coal (or other fossif fuel) combustion, waste incineration,
product gas from gasification, as well as off gases from mineral processing, metal
refining, retorting, cement manutactunng, chioratkali plants, dental facilities, and
cremoatones.

Mercury Sorbent Technologies

Several types of mercury control methods for flue gas have been
iovestigaied, including injection of fine sorbent particles into a flue gas duct and
passing the flue gas through a sorbent bed. Fine-particle mnjection sorbents include
activated carbon, metal oxide sorbent, sodium sulfide particles, and basic silicate or
oxide sorbents, When particle injection is emploved, the mercury captured on the
sorbent particles 1s removed trom the gas stream 1o a bag house or electrostatic
precipitator {ESP) and collected along with ash particulate The sulfide and basic
slicate and oxide particles are effective only for the ovidized mercury, and the
metal oxide sorbents exhibit slower capture kingtics than the carbon particies,
Addinonally, injection of fine carbon particles ingo the flue gas stream has been only
partially successtil in remvoving mercury, especially elemental mercury, where
effective removal of only about 60% is attamed for some applications with a FF

{fabric filtery to collect catbon and ash. Even lower removal rates have been
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observed when using an ESP to collect the carbon because the contact time of the
carbon with the gas is very short.

A major problem with existing carbon injection systems s that the sorbent s
intially unreactive, and only after extended exposure to the flue gas does the
sorbent become effectively seasouned and provide increased reactivity with the
mercury in the gas. Consequently, these sorbents must be used in large amounts, at
high sothent-to~-mercury ratios, to effectively capiure the mercury. These sorbents
tend to be refatively expensive and cannot be easily separated from the ash for
regeneration and reuse. The collection of carbon in the ash also creates solid waste
disposal problenys, and the spent sorbent may contaminate the collectied ash,
preventing its use in various applications,

Accordingly, there remains a need for more economical and effective
mercury removal technology. This invention provides for cost-effective removal of
poltutanis including mercury, using sorbent enhancement additives and/or highly
reactive sorbents, with contact times of seconds {or less), and that may be

regenerated and reused,

SUMMARY OF THE INVENTION

It 13 thus an object of the present invention t¢ overcome the deficiencies of
the prior art and thereby 1o provide new and economical methods for the removal of
mercury trom the gases produced in the utilization of fossit fuels.

A halogen‘halide promoted activated carbon sorbent is described that is
highly effective tor the removal of mercury from flue gas streams. The sorbent
comprises a new halide-modified carbon form containing & reactive compound
produced by the reaction of bromine {or halide or other halogen) with the carbon.
(pticnal secondary components and alkali may be added to further tncrease
reactivity and mercury capacity. Mercury removal efficiencies obtained exceed or
maich conventional methods with added benefits such as reduced costs. Optionally,
the sorbent can be regenerated and reused. Sorbent treatment and/or preparation

methods are also described. New methods for m-fhight preparation, introduction,
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and control of the active sorbent into the mercury contaminated gas siream are
described,

In some embodiments, a promoted carbon sorbent is provided comprising a
base activated carbon that has reacted with a promoter selected from the group
consisting of halides, halogens, and combinations thereof, such that the reaction
product 15 effective for the removal of mercury from a gas stream.

In au embodiment, a promoted carbon sorbent 15 provided wheretn the base
activated carbon 15 selected from the group consisting of powdered activated carbon,
granular activated carbon. carbon black, carbon fiber, aerogel carbon, pyrolysis
char, activated carbon with an average particle size greater than that of flvash
produced such that it is physically separable therefrom, and combinations thereof,
and the promoter is selected from the group consisting of molecular halogens,
Group V {CAS nomenclature s used throughout) halides, Group V1 halides,
hydrohalides, and combinations thereot, In an embodirnent, the base activated
carbon may have an mass mean particle diameter such that it can be substantially
separated by physical means from entrained ash in the gas strear from which
mercury ig o be removed. In an embodiment, the base activated carbon may have a
mass mean particle diameter greater than about 40 micrometers.

In another embodiment, the sorbent comprises from about 1 10 about 30
grams promoter per 100 grams of base activated carbon. Another embodiment
further compnses an opiional secondary component comprising a halogen or a
hiydrohalide such that the reactivity and mercury capacity of the sorbent are
enhanced.

In another embediment, the concentration of the optional secondary
component on the finished sorbent is within the range of from about 1 to about 15
wt-%5 of the concentration of the promoter o the finished sorbent.

In another embodiment, an optional alkali component may preferably be
added to provide a synergistic effect through combination of this alkali with the
primary sorbent.

In another evabodivaent, the optional secondary component 15 selected from

the group consisting of Group V halides, Group VI halides, HI, HBr, HCI, and
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combinations thereof. In another embodiment, the promoter 15 substantially m vapor
form when combined with the base activated carbon. In another embodiment, the
promoter 18 combined with an organic solvent prior to reaction with the base
activated carbon. In another embodiment, the promoter and optional secondary
component are combined with the base activated carbon substantially
simultanecusly. Ancther embodiment further comprises adding & mercury-
stabilizing reagent selecied from the group cousisting of S, Se, HnS, SOG;, HiSe,
Se(;, US:, P2Ss, and combinations thereof. Another embodiment further comprises
adding an optional atkali component.

In an embodiment, a method is provided comprising providing a granudar
activated carbon, reacting the activated carbon with a promoter selected from the
group consisting of halogens, habides, and combinations thereof, such that the
reaction product comprises a promoted carbon sorbent effective for removal of
mercury from a gas strears. In a further embodiment, the reaction product comprises
from about | to about 30 grams prometer per 100 grams activated carbon. In
another embodiment the reaction product has an average particle size distribution
greater than the average size of entrained ash particles in the gas stream from which
mercury is 1o be removed, such that the reaction product can be substantially
removed [rom the entrained ash particles by physical means. In another embodiment
the reaction product has a mass mean particle duameter greater than about 40
mcroreters.

In another embodiment, the promoter is selected from the group consisting
of molecular halogens, hydrohalides, Group V balides, Group VI halides, and
combinations thereof. In another embodiment the promoter is in the gas phase when
comacting the activated carbon. In another embodiment, the promoter isin an
organic solvent when contacting the activated carbon.

In another embodument, the promoter 18 selected from the group consisting
of Bry, a Group V bromide, a Group VI bromide, and combinations thereof.

In another embodiment, the method finther comprises reacting the granular
activated carbon with an optional secondary component comprising 4 halogen or a

hiydrohalide such that the reactivity and mercury capacity of the sorbent are
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enhanced. In another embodiment, the promoter and optional secondary component
are contacted simultancously with the activated carbon In another embodiment the
method further comprises adding a mercury-siabiiizing reagent selected from the
group consisting of 8, Se, H:S, 8Os, HaSe, SeQ;, €83, P:Ss, and combmnations
thereof. {n an embodiment, 8 method 15 provided for comtrol of mercury in 4 Hue gas
with substantially lower sorbent requirements. Through enhanced sorbent reactivity,
mereury removal per gram of sorbent 16 increase, thereby decreasing the capital and
operating costs by decreasing sorbent requurements.

In an embodiment, a method 1s provided for reducing mercury 1 Hue gas
comprising providing a sorbent, injecting the sortbent inte a mercury-containing flue
gas stream, collecting greater than 70 wi-% of the mercury in the Hlue gas on the
sorbent Lo produce a cleaned flue gas, and substantially recovering the sorbent from
the cleaned flue gas. In embodiments where less than 70 wi-% mercury removal 15
desived, the required removal may preferably be attained using less than half ag
mruch carbon as would be required with standard (non-enhanced) carbon. Ina
further embodiment, the method further comprises monuoring the mercury coment
of the clean flue gas, regenerating the recovered sotbent, and using the momnitored
mercury comtent of the cleaned tlue gas to control the rate of injection of the
sorbent. In another embodiment the injected sorbent is prepared 1o-flight by reacting
an activated carbon and a promoter within a preumatic transport line from which
the reaction product 1s injected to the mercury~-containing flue gas stream,

In another embodiment, the promoter is selected from the group consisting
of molecular halogens, halides, and combinations thereof. In another embodiruent,
the promoter 15 reacted in the gas phase or as a vapor. In another embodiment, the
promoter 1s added at from about 1 to about 30 grams per 1060 grams of activated
carbon.

In another embodiment, the injecied sorbent is prepared m-flight by reacting
an activated carbon, a promoter, and an optional secondary component to enhance
the reactivity and capacity of the sorbent within a pneumatic transport line from

which the reaction product 1¢ injected to the mercury-contaimng flue gas stream.
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In another embodiment, the optional secondary component is selected from
the group consisting of iodine, hydrohalides. Group V halides, Group VI halides.
and combinations thereof. In another embodiment, the optional secondary
component i3 added at from about 1 1o about 15 wtSs of the promoter content. In
another embodiment, the method further comprises adding to the sorbent a mercury-
stabifizing reagent selected from the group consisting of §, Se, Ha8, $(), H:le,
SeOh, TS, P25s, and combinations thereof,

In an embodiment, the method further comprises co-injecting an optional
alkaline material, mchuding without limitation alkaline and alkaline earth
components, (o improve the efficiency of mercury capture by caplusing oxidized
capacily. In another embodiment, the optional alkaline material may preferably
comprise calcium oxide, sodium carbonate, and the like, as are known in the art.

lu another embodimeny, the method further comprises using the monutored
mercury content of the cleaned flue gas to control the composition of the sorbent. In
another embodiment, the injected sorbent is prepared n-flight by reacting an
activated carbon and a promoter within a poeumatic transport Hine from which the
reaction product 13 injected to the mercury-containing tlue gas stream, wherein the
promoter is selecied from the group consisting of molecular halogens, habides, and
combinations thereof, wherein the promoter 18 reacted in the gas phase or as a vapor,
wherein the promoter s added at from about 1 to about 30 grams per 100 grams of
activated carbon, wherein the rate at which the promoter 15 added and the rate of
sorhent injection are determined by & digital computer based at least in part on the
monitored mercury comtent of the cleaned flue gas.

In an embodiment, a method for reducing the mercury content of a mercury
and ash containing gas stream s provided wherein particulate activated carbon
sorbent with 2 mass mean size greater than 40 pm 15 injected into the gas stream,
mercady is remwoved from the gas by the sorbent particles, the sorbent pasticles are
separated from the ash particles on the basts of size, and the sorbent particles are re-
injecied to the gas streara. In another embodiment, the mercury-contaimug sorbent

particles are regenerated to remove some or substantially all of the mercury. In
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another embodiment, an alkaline component is co-injected into the gas stream. In
another embodiment, the sorbent may further comprise a promoter. The promoter
may preferably comprise a halide, a halogen, or both.

As will be described in more detail below, the present invention thus
provides several advantages over previousty known technigues, including
significantty more effective and economical mercury sorbents for effluent gases,
advantageously applicable to treating gas streams from fired equipment and
gasification systems.

The foregoing has outlined rather broadly the teatures and technical
advantages of the present invention yn order that the detailed description of the
invention that follows may be better understood. Additional features and advantages
of the invention will be described hereinafter that form the subject of the claims of
the invention. It should be appreciated by those skilled in the art that the conception
and specific embodunents disclosed may be readily utilized as 4 basis for modifying
or designing other structures for carrying out the same purposes of the present
invention. It should also be realized by those skilled 1n the art that such equavalent
constructions do not depart from the apint and acope of the invention as set forth in

the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more detailed description of the preferred enmnbodiments of the present
invention, reference will now be made to the accompanying drawings.

FIG. 1 schematically illustrates methods for preparation of promoted carbon
sorbrents in accordance with the present invention.

FIG. 2 illustrates a proposed mechanistic model of the chemical reactions
resufting 1o the oxidation and capture of mercury.

FIG. 3 schematically illustrates preparation of promoted carbon sorbents and
processes for flue gas mercury reduction in {lue gases apd/or product gases from a
gasification system in accordance with the present invention, including m-thight

preparation of promoted carbon sorbent,
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FIG. 4 s a diagram illustrating breakthrougl curves for § wt/wt %
brominated NORIT Darco FGD sorbent (37 mg+113 myg sand) in low-HCI {1 ppm)
synthetic flue gas.

FIG. 51s a diagram iHustrating breakthrough curves for non-halogenated
NORIT Darco FGD sorbent (37 mgt 113 myg sand) in fow-HCH{] ppm) synihetic
flue gas.

FIG. 613 a bar chant iHlustrating pilot-scate mercory removal resulis,
including large-size sorbent results.

FIG. 715 a diagram iHustrating the effects of sorbent size and injection rate
on mercuyy vemoval for BSPs and {abyic filters,

FIG. R1s a diagram iHustrating the breakthrough curves for a brominated
NORIT Darco FGI sorbent with inert sand.

FIG. ©is a diagram illustrating the breakthrough curves for brominated
NORIT Darco FGD sorbent with & co-injected alkalt material.

FIG. 1015 a plot of mercury removal vs, carbon injection rate with and
without co-injection of alkali matenal.

FIG. 11 y3 a block diagram illustrating the use of the invention in a coal

fueled facility.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Herein will be described 1n detal specific preferred emabodiments of the
present invention, with the understanding that the present discloswre is to be
considered an exemplification of the pnuciples of the tovention, and is not intended
to limit the mvention to that Hlustrated and described herein. The present invention
is susceptible to preferred embodiments of different forms or order and should not
be interpreted {o be bited to the specifically expressed methods or compositions
contained herein. In particular, various preferred embodiments of the present
iavention provide a number of different configurations and applications of the
inventive method, compositions, and their uses.

The present invention provides a cost-effective way to capture poliutants by

utilizing exceptionally reactive halogen/halide promoted carbon sorbents using a
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bromide {or other halogen/halide) treatment of the carbon, that caphwe mercury via
mercury-sorbent surface reactions. at very short contact fimes of seconds or less.
The sorbent does not require in situ activaiion {no induction periad) in the gas
stream to achieve high reactivity. as do conventional activated carbon sorbents. The
reactivity of the sorbent toward the pollutanis is greatly enhanced and the sorption
capacity can be regenerated, the promoted sorbent may be regenerated, recycled
andior reused.

The treated carbons, treatment techniques, and optional additives discussed
herein have apphicability to mercury control from the product or effluent gas or
gases from gasification sysiemis, syngas generators, and other mercury-containing
gas streams, in addition to the flue gas from combustion systems. Thus, it should be
upderstood thal the terms combustion system and flue gas as used throughont this
description may apply equally to gasification systems and syngas or fuel gas, as will
be understood by those skilled in the art,

Refernng now to FIG. |, there is shown a block flow diagram illustrating
some preferred embodiments of the process of the present invention to prepare
promoted sotbents useful for mercury capture from flue gas and/or product gas form
a gasification system streams. In a preferred embodiment iHustrated by path 10-20,
biock 10 iHustrates providing a base activated carbon, and adding a halogen or
halide promoter that reacts with the carbon, illustrated at block 20, to produce a
product promoted carbon sorbent. n embodiments where the halogen or halide ig
added, for example, as a vapor, no further steps may be necessary. In embodiments
where the halogen or halide 1s added 1, for example, a solvent, i may be desirable
to employ solvent removal as ifustrated by block 20A.

Referning still to FIG. 1, another preterred embodiment of the process of the
present invention is tHlustrated by path 10-20-30, compristog providing a base
activated carbon as shown by block 10, adding a halogen or halide promoter that
reacts with the carbon, ilustrated at block 20, and adding a secondary component
illustrated at block 3¢ that reacts with the result of block 20 to produce a product
promoted carbon sorbent. In embodiments where both the halogen or halide

promoter and the secondary component are added, for example, as a vapor, no
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further steps may be necessary. In embodiments where the halogen or halide
promoter and/or secondary component are added in, for example, a solvent, it may
be desirable to employ solvent removal as iHustrated by block 304,

Referring still to FIG 1, another preferred embodiment of the process of the
present invention is lusirated by path 1040, comprising providing a base activated
carbon as iHustrated at block 10, and adding & halogen or halide promoter and a
secondary component to the activated carbon together, with which they react 45
Hlustrated by block 40, producing a product promated carbon sorbent. As above, in
embodiments where vapor additions are made to the activated carbon no further
steps mray be desyred. In embodiments where one of more components are added in
selvent, a solvent removal step may be provided as iHustrated by block 40A.

Refernng still to FI0G. 7, also iHustrated are preferred evnbodiments in which,
as iHustrated by block 50, a flue gas stream 15 treated with product promoted carbon
sorbent prepared as described above,

In some preferred embodiments the activated carbon provided may
preferably be any of several types, as understood by those skilled 1o the ant. For
example, the activated carbon may tnclude powdered activated carbon, granular
activated carbon, carbon black, carbon fiber, carbon honeycomb or plate structure,
aerogel carbon fibm, pyrolysis char, regenerated activated catbon from product
promoted carbon sorbent, or other types as known in the art.

In some preferred ewbodiments the activated carbou provided may
preferably be any of several types, as understood by those skilted in the art. For
example, the activated carbon may include powdered activated carbon, granular
activated carbon, carbon black, carbon fiber, carbon honeycomb or plate structure,
aerogel carbon film. pyrolysis char, an activated carbon or regencrated activated
carbon with a mass ywean particle size greater than fiy ash in a flue gas stream to be
treated.

In some preferved embodiments the activated carbon provided may
preferably be any of several types, as understood by those skilled in the art. For
example, the activated carbon may wclude powdered activated carbon, granular

activated carbon, carbon black, carbon fiber, carbon honeycomb or plate structure,
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agrogel carbon film, pyrolvsis char, an activated carbon or regenerated activated
carbon with a mass mean particle diameter preferably greater than 40 micrometers.
more preferably greater than 00 mycrometers, or a patticle size distribation greater
than that of the fly ash or entramed ash 1n a tlue gas stream to be treated, such that
the activated carbon and ash can be separated by phyvsical means,

In some preferred embodiments, the halogen or halide promoter that 15 added
to, and reacts with, the base activated carbon may preferably comprise, by way of
Hlustration and not imitation, a molecular halogen in vapor or gaseous form, g
molecular halogen 1o an organic solvent, a Group 'V or Group VI halide, such as
P8y or SCly, respectively, in vapor, Bawd, or solution form (though nol in an
agueous solvent)

Embodiments are alse provided n which the organic solvent may preferably
comprise a chioriated hydrocarbon, such as dichloromethane, a hydrocarbon
solvent, including for example, petroleurn ether, ligroin, pentane, hexane, tolusne,
and benzene, carbon disulfide, a waste solvent, an ether, a recycled solvent, a
supercritical solvent, such as supercritical COh, water (though not in the case of a
Group V or Group VI habide), and others as will be apparent to those of skill in the
art.

Referring now to V(3. 2, there is iHustrated a theory developed from
scientitic evidence to explain the nature of the promoting compounds, For example.
as iHustrated i FIG. 2, hydrogen bromide reacts with the unsaturated structure of
the activated carbon. This may be, by way of tHhustration only, a carbene species on
the edge of the grapbene sheet structures of the carbon. Molecular bromine or a
bromine compound reacts to form g similar struchwe, with a positive carbon that is
active for oxidizing the mercury with subsequent capture by the sorbent,

It bas now been found that the formation of the new bromide compound with
carbon increases their reactivity toward mercury and other pollutants. Additionally,
the resudting bromide compound 18 umiquely suited to facibtate oxidation of the
mercury. The effectiveness of the oxidation apparently resulis from the promotion
effect of the halide, exerted ou the developing positive charge on the mercury during

the oxidation, known in the chemical art as a specific catalyic effect. Thus, as the
12
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mercury electrons are drawn toward the positive carbon, the halide anion electrons
are pushing in from the other side, stabilizing the positive charge developing on the
mercury and lowering the energy requurement for the oxydation process. Bromide i
especiatly reactive, owing to the highly polarizable electrons 1 the outer 4p orbitals
of the ton. Thus, adding HBr or Br: to the carbon forms a similar carbon bromade, 1o
which the positive carbon oxidizes the mercury with the assistance of the bromide
ion

Referring now to FIG. 3. a schematic flow diagram is provided of mercury
control system 100 comprising preparation of promoted carbon sorbents, and flue
gas mercury reduction, 1o accordance with preferred embodiments of the presem
invention, There i3 provided base activated carbon reservoir 1180, an optional
halogen‘halide proyuoter reservoir 120, an optional secondary component reservolr
130, and an optional akali component reservoir 180, each of which with
corresponding flow control device(s) 201, 202, 203, and 2087209, respectively, In
conjunction with the optional alkali component reservoir 180, optional flow control
devices 208 and 209 can be used independently, together, or not at all.

Reserveirs 116, 120, 136, and 180 conpect through their respective flow
control devices and via associated piping. to transport Hine 115, Optional alkal
component reservolr 180 may also connect, through respeciive flow conirol devices
and via associated piping. to transport Hine 118 A source of air. nitrogen. or other
transport gas(esy is provided by gas source 170 to transport tine 115 for the purpose
of entraining materials discharged from reservoirs 110, 120, 130, and 180 and
wgecting such materials, via injection point 116, nto contaminated flue gas stream
13, A sonrce of air, nitrogen, or other transport gas{es) may be provided by gas
scurce 171 to transport line 118 for the purpose of entraining materials discharged
from reservoirs 180 and injecting such materials, via injection point 119, inte flue
gas stream 15 Gas sources 170 and 171 may be the same or different, as desired.
Alternatively, trapaport gas{es) may be provided to both transport lines 115 and 118
by gas source 170 {connection frony source 170 to line 118 not shown). Although

gas sources 170 and 171 are shown 1 FIG. 3 as compressors or blowers, any source

ey
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of transport energy known in the art may be acceptable, as will be appreciated by
those of skill in the art.

For clarity, single injection points 116 or 119 are shown in FIG. 3, although
one skilled n the art will undersiand that multiple injection points are within the
scope of the present invention. Optical density measuring device(s) 204 1¢ connected
to transport line 13 and/or 118 to provide signals representative of the optical
density mnside ransport line 113 and/or 113 as a funetion of time.

Downstream from injection pomnt 116 and 119 1s provided particulate
separator 140, By way of iHustration and not limitation, particulate separator 140
may comprise one of yeove {abric filters, one or more electrostatic precipitators
thereinafter “ESP”}, or other particulate removal devices as are known in the art, It
should be further soted that wore than one particulate separator 140 may exist,
sequentially or in paraliel, and that injection point 116 and 119 may be at a location
upsirearn and/or downstreans of 140 when parallel, sequengial, or combinations
thereof exist. Particulate separator 140 produces at least a predominantly gasecus
{‘clean”) stream 142, and 4 stream 141 comprising separated solid materials. A
sorbentfash separaior 150 separates streams 141 into a largely ash stream 152, and a
largely sorbent stream 151 Stream 151 may then preferably be passed to an optional
sorbent regeperator 166, which vields a regenerated sorbent stream 167 and a wasle
stream {02,

An optional Continuous Emission Monttor theremnafter “CEM™) 205 for
mercury is provided in exhaust gas stream 335, to provide electrical signals
representative of the mercury concentration in exhaust stream 35 as a function of
time. The optional mercury CEM 205 and flow controllers 201, 202, 203, 208, and
209 are clectrically connected via optional Iines 207 (or wirclessly) to an optional
digital computer (or controllery 206, which receives and processes signals and
preferably controls the preparation and injection of promoted carbon sorbent into
contaminated {lue gas stream 15

In operation, promoted carbon sorbent and/or an optional alkali component
is irgected o contaminated flue gas strearn 15 After contacting the injected

material with the contaminated flue gas strean 13, the injected matenial reduces the
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mercury concentration, transforming contaminated flue gas into reduced mercury
Hue gas, 25 The mjected material 1s removed from the flue gas 25, by separator
146, disposed of or further separated by optional separator 1506, and disposed of or
regenerated by an optional regenerator 160, respectively. The reduced mercury
“clean” flue gas stream 142 1s then mounttored for mercury content by an optional
CEM 2035, which provides corresponding signals to an optional computer/controlier
236, Logie and optinvization signals from 206 then adiust flow controllers 201, 202,
203, 208, 209 to maintain the mercury concentration in exhaust stream 35 within
desired limits, according to control algorithms well known in the art. Flow
controllers 201, 202, 203, 208, 209 can also be adjnsted wanually or be some other
automated means to maintain the mercury concentration in exhaust stream 35 within
desired Jimits, according to control algorithms well known in the art,

Referring still to FIG. 3, there are illustrated several preferred embodiments
for preparation and injection of promoted carbon sorbents and/or alkali components
in accordance with the present invention. Stream 111 provides for introduction of
hase activated carbon from reservoir 110, as metered by flow controller 201
manually oy under the direction of computer 206, The halogen/halide may be
combined and react with the base activated carbon according to any of several
provided methods. The halogen/halide may preferably be combined via fine 121
directly into transport line 115, within which 1t contacts and reacts with the base
activated carbon prior to injection poitnt 116, This option ¢ oue form of what is
referred to herein as “in-flight” preparation of a promotad carbon sorbent in
accordance with the invention. Further, the halogensalide may be combined via
e 1215 with base activated carbon prior to entering transport Hne 115, St
further. the halogen/halide may be contacted and react with the base activated
carbon by tntroduction via ling 121¢ toto reservolr 110, This option is preferabiy
employed when, tor example, reservoir 110 comprises an ebullated or fluidized bed
of base activated carbon, through which halogen‘halide flows in gaseous form or as
a vapor. Of corse, the halogenshalide may also preferably be contacted with the

base activated carbon in liquid form or i g solvent, as discussed previously, and
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solvent removal {not shown in FIG. 3) may then be provided if necessary as
mentioned with respect to embodiments discussed with reference to FIG. 1.

Similarly, the optional secondary component yway be contacted and react
directly in transport Hine 115 via line 131, or opticnally as described above with
respect to the halogen/halide. wia lines 1315 and 131c

Similarly, the optional alkali component from 180 may either be added in
transport line 115 divectly, or roay be injected separately by transport line 113,
combining downstream in flue gas 15 for synergistic effects with base activated
carbon, promoted carbon, or optional secondary components. Being able to vary
onsite the amount of the optional alkall component relative 10 base activated carbon,
promoted carbon, or optional secondary components is 8 key feature to overcome
and optimize for site-specific operating and flue gas conditions,

In some preferred embodiments wherein contacting between components
and reaction is performed in a hguid ot solvent phase, stirring of such liguid and/or
sturry mixtures may be provided. In other embodiments, the halogen/halide
promuoter and optional secoudary component{s) may preferably be spraved in
sohution form inte or on the base activaied carbon. In some such eybodiments,
drving, filtering. centrifugation, settling, decantation, or other sclvent removal
methods as are knowp in the art may then be provided,

In embodiments wherein the halogenthalide promoter 1s in gaseous or vapor
form, it may be diluted in air, nitrogen, or other gas as appropriate. The
halide/halogen gas, for example, gaseous HBr or Brz, may be passed through an
cbullated or fluidized bed of granular or fibrous activated carbon, with the promoted
carbon sorbent so produced removed from the top of the bed via gas entrainment for
injection,

In some embodiments, the secondary component{s} may preferably comprise
iodine or other halogens. hvdrohalides, mcluding without limitation HI, HBr, HCL a
Group Y or Group VI element with a molecular halogen, such as 8Cly and others. In
some preferred embodiments, the promoted carbon sorbent may comprise from
about 1 {0 about 30 g halogen/halide per 100 g base activated carbon. In some

preferred embodiments, the promoted carbon sorbent may comprise an secondary
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component in concentration of from about 1 to about 15 wt.%; of the concentration
of the halogen/halide component.

In stifl other embodiments, the product promoted carbon sorbent may be
applied to a substrate. In other embodiments, such prepared substrate(s) may be
caused (o contact a contaminated flue gas or gasification system product gas stream
for mercury reduction purposes. Such substrates may be monolithic, rotating, or
exposed to the gas stream in any number of ways known 1o those skilled 1 the art.

In some embodiments, a method is provided whereby & mercury stabiizing
reagent 18 added to a promoted carbon sorbent to produce a bifunctional sorbent
Nuch siabilizing reagent{s) may be sequentially added, either before or after the
addition and reaction of the halogen/halide. In some preferred embodiments, the
halogen/halide preferably comprises By or HBy, and the mercury-stabilizing reagent
may comprise 8, Se, Hh§, 8O, Ha8e, Se(h, C8:, P:8s, and combinations thereof.
Halogens i Mercury Capture

Methodologies for using halogens for the treatment of flue gas have been
problematic, owing fo theilr reactivity with other gases and metals, resuliing in
cosrosion and health issues. A “halogen” v defined as a member of the very active
elements comprising Group VIIA (CAS nomenclature 15 used throughout. Group
VHA (CAS) corresponds to Group VIIB (JUPAC)) of the penodic table. o the
molecular elemental form of the halogens, mcluding Fz, Cly, B, and I, the reaction
with a hot flue gas coraponents leave little to react with elemental mercury. The
atomic elementa halogen form, which includes the fluorine, chlonne, bromine, and
wedhng atoms, 15 about 3 million mes more reactive to mercury but the
concentration of the atomic torms is typically extremely low. Iy a large portion of
electric utility coal combustion facilities, the concentrations are generally not
sufficient to oxidize a significant amount of mercury.

The term “halide” as used herein is defined as a compound formed from the
reaction of a halogen with another element or radical. In general, habide compounds
are much less reactive than the molecular halogens, having a low chemical potential.

Halides are considered reduced forms that do not, alone, oxidize other compounds.
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In the conventional view therefore, a halide-salt-treared activated carbon will not
effectively oxidize elemental mercury and capture ¢lemental mercury.
Halogen Promoted Sorbent Characteristics

The sorbent described here has a very high initial reactivity for oxidizing
mercury and therefore can be used in very simall amounts to achieve very high
capiure efficiencies, thus lowering operation costs and lessening waste disposal
problems. In addition, further disposal reductions are obtainable by regenerating and
reusing the sorbents produced using the mventive technology. The time interval
required for the mercury and the promoted carbon sorbents of the present invention
to successtully intevact tn a Hue gas duct, with the subsequent collection of the

mercury on the sorbent and ash is very shori—Iless than seconds. Clearly, such

coliection times require the sorbent 10 have both higl capacity and high reactivity
toward mercury. The promoted carbon sorbent can be utilized iy a very finely
powdered form o mimimize mass transter imitations. However, again, the reactivity
should be very high to capture all of the mercury encouniered by the fine particles.
Additionally, use of these enhancement technologies allows capture to be effective
for larger sorbent particles which also aliows separation of the sorbent from the ash
to enable subsequent regeneration as well as ash utilization One feature of this
invention is the process (o prepare a sorbent contatning a balide compound formed
on the carbon structure that provides a sorbent that is highly active on utial contact
with the mercury contaminated gas stream, which allows for very effective capture
of the mercury.

It appears that the inventive sorbents chemically combiue molecuiar
bromine, for example, from solution, wath activated carbon {edge sites) Xeray
photoelectron spectroscopy has established that the addition of bromine, chiorine,
HBy, or HC formed a chemical compound in the carbon struciore. Thas, the sorbent
produced from halogen and activated carbon does not represent a molecular halogen
form, but rather a new chemically modified carbon {or halocarbon) structure. This
phenomenon may not oceur with the less reactive iodine, where an > molecular
complex can exist on the carbon basal plane. In the case of broviue, modified

cationic carbon has a high chemical potential for oxidation of mercury. Thus, an
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entirely new model is presented for the reactivity of the bromine-treated carbon with
mercury. The reactive carbon form can preferably be generated by the addition of
bromine, bydrogen bromide, or combinations of bromine and other elements, as
described herein. Halogen treatment resulted in higher-activity carbons because the
halide anions {especially bromide and jodide) were effective in promoting the
oxidation by stabilizing the developing positive charge on the mercury in the
transition state for oaidation. Based on this model, several innovative, tuexpensive,
activity-enhancing features have been developed.

Optional Second Component

It has been demonstrated that addition of an opticnal second component, in
addition to the bromine, results in improved reactivity and capacity for the sorbent.
typically exceeding that of both the uniyeated carbon and the brominated carbon
The second compound comprises either a second halogen or a compound derived
from a second hatogen, such as HI Thus, 1o addition to having a reactive catbon
form present, the second component generates a Lewis base with greater ability to
stabilize the developing positive charge on the mercury. Thus, the second
component is an element with ywore polarized electrons (4p and Sp).

Optional Alkali Component

It has been demonstrated that addition of an opticnal alkalt component with
a base or promoted activated carbon results in improved mercury capture, typically
excesding that of both the untreated carbon and the promoted carbon. Test data
indicate that flue gas contaminants, flue gas constituents (80, NOy, HCI, etc),
operating temperature, mercury form, and mercury concentration may impact the
effectivensss of the alkali additon. This suggests the need to be able to adjust and
tatlor the alkali~to-activated-carbon ratie onsite in order to overcome and optimize
for a given set of site conditions,

The synergy that can be gained when co-injecting the two materials can be
explained as follows. First, testing shows that binding sites on activaied carbon
{hereinafter “AC”) can be consumed by chiorine species, sulfur species (ie
sutfates), and other flue gas contaminants {arsenates, selenates, eic). The addition of

optional atkali material wall interact and react with these species/contaminants thus
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minimizing their consumption of AU mercury binding sites. Second, testing also
shows that standard AC will continue to oxidize mercury, even though the binding
sttes are fully consumed. This oxidized mercury can then react with alkali material
and subsequently be captured by particulate control devices. Consequently, the
addition of the optional atkali component acts to protect mercury binding sies and
capiure oxidized mercury, thereby resulting in mmproved mercury reduction at lower
cost, Alkali is generally much lower in cost (~an order of magnitude less) than
activated carbon, thus more of it can be used still resulting in overall tower cogts,
“In-Flight” Sorbent Preparation
Furthermore. we have demonstrated that the halogen promoted carbon
sorbent can be readily produced “in-flight”. This is accomplished by, for example,
contacting the vapors of any combination of halogens and optionally a second
component, in-flight, with very fine carbon particles. The particles may be dispersed
inn a stream of transport air {or other gas), which also conveys the halogen/hadide
promuoted carbon sorbent particles to the flue gas duct, or other contaminated gas
stream, from which mercury 15 to then be removed. There is no particniar
temperature requirersent for this contact. This technology is obviously very simple
to implentent, and results iy a great cost savings to facilities using this technology
for mercury capiure.
Advantages of On-Site Preparation
In-fhight preparation of the halogenthalide promoted carbon sorbent on

focation produces cerfatn advantages. For example, the tréatment system can be
combined with the carbon injection systerm at the end-use site. Witls this technigque,
the halogen/halide is infroduced to the carbon-air {or sther gas) rabxture in a
transport line (or other part of the sorbent storage and injection system}. This
provides the following benefits over current conventional concepts for treating
sorbents off-site:

Capital equipment costs at a treatment facility are eliminated.

Costs to operate the treatment faciity are eliminated.

There are no costs for transporting carbon and additive to a treatment

facility.
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‘The inventive process uses existing hardware and operation procedures.
The mventive technology ensures that the sorbent 1s always fresh, and
thus, more reactive.

No new handling concerns are introduced.

There are no costs for rernoving carbon from treatroent systeny,

‘The inventive process allows rapid on-site tatloning of additive-sorbent
ratios in order to match the requirements of flue gas changes, such as
may be needed when changing fuels or reducing loads, thus further
optimizing the economics.

The inventive techoology reduces the amount of spent sorbents that are
disposed.

With the foregoing and other features in view, there is provided, in
accordance with the present invention, embodiments including a process for
preparing and regenerating halogen/halide promoted carbon sorbents, whose activity
for mercury capture is enhanced by the addinon of halogen {e.g bromine) to the
carbon structure,

Sorbent Injection Location

Some of the preforred embodiments contemplate the use of a halogen
promoted sorbent in a powdered form that has begn injecied into a flue gas stream
before or after ash particulates have been removed. Other embodiments of the
invenive composition of the balogen promoted carbon sorbent comprise a
powdered modified activated carbon prepared by adding Br2 or HBr plus a second
optional component. Other embodiments allow the addition of the optional alkah
component in conjunction with a base activated carbon and/or with theuse of a
halogen based sorbent and any other combinations of the sorbent technologies
provided in this patent. Alternatively, embodiments include methods wherein the
sorbent 1s on a moving comactor consisting of particles or fibers containing one or
more of the compositions listed above.

Sorbrent Regeneration
Any of the sbove embodiments of the halogen/balide promoted carbon

sorbent can be easily regenerated; the poisoning contaminants from the flue gas are
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preferably removed and an inexpensive promoting agent added. to restore mercury
sorption activity. This process of promoting the activity of the carbon itself contrasts
with the earlier, more expensive, conventional methods of adding a reagent (such as
peroxide, gold, tniodide, ¢ty to a sorbent. The halogen/halide promoted carbon
sorbent of the present invention, treated with bromine and/or optional components,
is noncorrosive. Detailed examples of sorbent regeneration techniques are described
in co-pending, commonty owned PCT patent application No. PCT/USO4/12828,
titled “PROCESS FOR REGENERATING A SPENT SORBENT”, which is hereby
incorporated by reference in its entirety.

Norbent Injection Control Schemes

Ancther advantage of the present invention relates to the use of a feedback
system {0 more efficiently wiiiize certainy aspects of the tnvention. Wheye possible
and desirable, the mercury control technology of the present invention may
preferably utilize continuous measurement of mercury emissions as feedback o
assist in conirol of the sorbent imjection rate. Tighter conirol on the sorbent and
optional component{s) levels can be achieved 1n this way, which wall ensure
mercury removal requirements are met with minimal material requirements, thus
mmnimizing the associated costs. In an embodiment, the mercury emissions are
continucusly measured downstream of the injection {ocation, preferably in the
exhaust gas at the stack,

Promoted Carbon Sorbents

Reactions of halogens and acidic species with the basic binding sites on the
activated carbon sorbent create sites for ondizing mercury. Other metal 1ons, such
as boron, tin, arsenic, galliom, Sk, Pb, Bi, Cd, Ag, Cu, Zn, or other contaminants,
will also react with the oxidation sites generated on the carbon.

According to cur model, adding the bromine from the bromine reagent or a
proton trom 2 hydrogen halide acid to g basic carbene site on the carbon edge
stracture forms a carbocation that accepts elecirons from the neutral mercury atom
forming the oxidized mercury species that s bound to the sorbent surface. The
reactive site way also generate reactive bromine radicals or carbon radicals at the

active sites on the carbon. Thus, the activated carbon serves to stabilize the bromine,
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yet provides a highly reactive bromine-containing reagent that can oxidize the
mercury and promote s capture on the activated carbon. The sorbent that contains
bromine is expected (o be more reactive than the corresponding sosbent containing

chionne and much less expensive than the sorbent containing 1odine.

EXAMPLES
To more clearly illustrate the present tuvention, several examples are
presented below. These examples are intended to be illustrative and no Hmitations to
the present invention should be drawn or inferred from the examples presented

herein.

Example 1
Preparation and Testing of Halogenated Carbon (& Comparative Example) Gas
Phase Halogenation
Finely powdered activated carbon (such as NORIT Darco FGD, NORIT

Americas, log, Marshall, Tex. (USA), although others are suitable, as will be
recognized by those skilled in the art}, was placed o 3 rotating plastic barrel with
side blades {a > ft* (0.14 m’) cermnent mixer) fitted with a tight plastic lid to prevemt
foss of the fine powder during the preparation. In a separate vessel, gas phase
bromine was generated by passing a nitrogen stream over a weighed amount of
Hauid bromine that 18 warmned 10 about 40°-50° € The vapor pressure of the
bromine was such that a dark red gas Is generated and passed out of the generator.
The outlet from the gaseous bromine generator is connected via a V4 inch (0.64 ¢m}
plastic hose to a stationary metal tube inserted through a flange in the center of the
plastic Iid and passing into the center of the barrel. The flange 18 not ar tight so that
the excess of nitrogen is released after the bromine vs transferred to the tumwbling
carbon. Thus, the bromine gas stream continuously passed into the rotating barrel
where it contacted the lnmbling carbon. The unit is then operated untll the desired
amamt of bromine has combined with the carbon. Typically, thisis04to 1 kgof
hromine 1o 20 kg of carbon (2-5 wt. %%). When the reaction is completed, the carbon

is weighed. The treated carbon is cdorless and does not cause skin irritation since
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the bromine has completely reacted with the carbon to produce the brominated
carbon.

XPS spectra demonstrate that the brominated carbon contatos both covalent
carbon-bound {organic) bromide as well as amonic bromide. The product contains
the same moisture origimally present in the activated carbon {5-17 wi %6}, but does
not require further dryving for use. The moisture is driven out at higher femperatures
(>150° C), and the bromine was not released unti] very high temperatures

Bench-Scale Testing of Mercury Oxidation and Capture Efficiency

A bench-scale apparatus and procedure based on the above description was
used to test the tnival activities and capacities of several promoted activated carbon
sorbents using powdered carbon, including bromine-containing activated carbons
prepared from a variety of carbons, including commercially avatlable sorbents,
aerogel film sorbents, and the original precursor carbons for comparison.

& detaited description of the apparatus and its operation i3 provided in
Dupham, G.E; Miller, 8§ Chang, R Bergman, P. Emvirommental Progress 1998,
17, 203, which is 1ncorporated herein by reference 1o ifs entirety, The bench scale
mercury sosbent tests in the flue gas compositions were performed with {inely
{--400 meshy powdered sorbents (37 mg} mixed with 113 mg sand and loaded on a
guartz filter (2.5 inch {6.35 cnu}). The loaded filter and holder were heated in an
oven (123° €y in the simulated flue gas stream (30 SCFH {(standard cubic fect/hry or
(.79 NCMH (normal cubic meters per hour)) containing the following: U2 (674,
CO2{12%3, SOz (600 ppm), NO (120 ppm) NG (6 ppm), HCL (1 ppm), He" (11
pern®), a0 (15%), and N (balance). Flemental mercury was provided by a
standard permeation tube source placed in & double jacketed glass condenser, and
heated to the desired temperature. Mercury concentrations in the gas streams were
determined with a continuous mercury emission monitor {Siy Galabad mercury
CEM mir P.S. Analviical Deertield Beach Fla. USA} and a SnCl; cell was used to
convert oxidized species 1o elemental, so that both elemental and oxidized mercury
concentration data could be obtained for both the influent and the effluent

concendrations from the sorbent bed. Mercury concentrations were calibrated for the
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flow rates used. Spent sorbents were analvzed for mercury to determine the mass
balance.

Refernng now to FIG. 4, the effluent mercury concentration data are plotted
as a percent of the intluent mercury versus time. The resulting curve {(breakihrough
curve} for the halogenated sorbents typically showed (%-1% Hg in the efffuent
{99+%% capture} at the beginning, and increasing only after 30-60 minutes
(breakthrough point), depending on the sortbent. FIG. 4 illustrates the breakilwough
curves for 5 wt/wt %6 brominated NORIT Darco FGD sorbent {37 mg+113 mg sand}
with svathetic flue gas containing | ppm HCL Total He (solid circles) and elemental
He (solid squares) in the effiuent are presenied as a per cent of the inlet Hg “EOT
indicates the end of test {the later data points shown are for calibration checks).

FIG. 5 presents the comparative breakthrough curves for the corresponding
nonhalogenated sorbents tvpically initiated at 53%6-30% of inlet mercury, depending
on the HC concentration in the syuthetic flue gas, thus mdicating considerably
tower reactivity for oxidation and capture of the mercury for the nonhalogenated
sorbents. After breakthrough of either halogenated or nonhalogenated sorbent, most

of the mercury in the efffuent was oxidized mercury.

Hxample 2
(Gas Phase Halogenation of Fluidized Carbon

A bed of activated carbon supported in a vertical tube by a plug of glass
wool was fluidized by a nitrogen streams. The top of the fluidized bed tibe was
connected 1o a catching trap for carbon fines that blow out the top of the wbe, The
bromine gas generator as described in Example | was aitached to the fluidized
carbon bed and the desired amount of gaseous bromine was passed into the bed. The
coftients of the trap were then mixed with the matesial in the bed and weighed. The
resulting brominated carbon exhibited properties similar to the brominated carbon of

Example 1.

Example 3

Liquid Phase (Water) Halogenation
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A 5% solution of bromine in water was prepared by carefully adding 506 g of
broming to 1 liter of cold water One kg of activated carbon was added to the
bromine sololion in a large metal can. The resulting slurry was stivred with a large
paddic during the addition and for a short time afterwards untid all the bromine had
reacted with the carbon, as indicated by the disappearance of the red color. The
sturry was then filtered using a Buchner funnel under vacoum. The moist carbon
that was collected on the filier was dred in an oven at 1106° € for several hours to
constant weight. As in Example 1, some moishwe remains in the carhon, however,
The dried carbon was then tumbled in the rotating barrel with metal pieces to break

up and fInff the carbon.

Example 4
Addition of the Optional Second Halide Component
Brominated carbon was produced by solution phase bromivation sivatlar to
that described with reference to Example 3. However, before filtration. a sclution of
hydriodic acid (HI) was added to the slurry 1o an amount equal 10 10% of the
bromine amount. The shurry was stisred to complete the reaction and then filtered

and dried as described in Example 3

Example 3
Liguid Phase Phosphohalogenation
A solution of phosphoms tribromide (500 2) in bigrom {10 liters) was stirred
1 3 large metat can and 10 kg of activated carbon was added. The resulting shury
was stirred with a large paddle at ambient temperature to complete the reaction. The
slurry was filtered under vacuum on a large Buchner funnel 1n several batches. The
wet fitter cake was dried at 1107 C. in an oven to constant weight. The dried product

was fluffed in the rotating barrel as described i Example 3.
Example 6

Preparation and Sorption ou Larger-Particle Carbon
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Tests were conducted on a pilot-scale combustor while firing a
subbituminous coal, to evaluate mercury control by injecting larger-than-normal
stzed treated activated carbon. Standard AC sorbents generally are of five size with

a mean particle diameter of less than 20 micrometers, which is also typical of the

flyash that is generated from pulvenzed coal combustion. Consequently, because the

sizes of standard AC and flyash are similar, separation of the two is difficult.
Injection of larger sized AC 1w generally not cousidered because the sorbent
effectiveness decreases with size. In a scheme to recycle the injected carbon, the
carbon is separated from the flvash A separation based on size fractionation
requiires a treated larger particle sorbent. To test this concept, a treated larger sized
{>60 pm sorbent was developed, prepared, and tested.

Treatment—Gas Phase Halogenation

Granular activated carbon (Calgon F400) was ground and sieved through
conventional mesh screens. The mesh size fraction —170 to +240 {corresponding to
about 60 1o about 88 micrometers) was collected and placed in a rofating vessel as
described 1n Example 1 above. In a separate vessel, gas phase bromine was
generated by passing a sitrogen siyeany over a weighed amount of liquid bromine
that was warmed to about 407-50° €| and the outlet from this gaseous bromine
generator was connected via a Yo nch {6.35 mmy) plastic hose to a siatiopary metal
tube mserted through a Hange in the center of the id and passing into the center of
the rotating vessel, also as described 1o Exarople 1. The umt was operated until the
destred amount of bromine had combined with the carbon, in this case .05 kg of
bromine to 1 kg of carbon (5 wt. %6). When the reaction was completed, the carbon
was weighed. The weated carbon was odorless as has been described above.

PTC Apparatus

The pilot-scale combusior, known as the “Particudate Test Combustor™
{hereinafier “PTC), 18 a 556,000-Buw/hr {about 161 KW pulvenized coal ("PC7)-
fired unit, designed to generate combustion flue gas properties and fly ash that are
representative of those produced in a fsll-scale utility boiler. The combustor is
oriented vertically 1o ratnimize wall deposits. A refractory lining helps 1o ensure

adequate flame temperature for complete combustion and prevents rapid quenching
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of the coalescing or condensing fly ash. Based on the superficial gas velocity, the
mean resrdence time of a particle m the combustor is approximately 3 seconds. The
coal nozzle of the PTC fires axially upward from the bottom of the combusior, and
secondary air 1s introduced concentrically to the primary air with turbulent mixing.
Coal is introduced 1o the primary aiv stream via a serew feeder and eductor. An
electric air preheater is used for precise contrel of the combustion air temperature.
Unginally, the PTC ased cold-water annular heat exchangers to provide tlue gas
temperature controf to the baghouse (also referred to as a “fabric filter ™) or
electrostatic precipitator {ESP). However, analysis of ash deposits collected from
the heat exchangers indicated that some mercury was collected on the duct walls. To
minimize this effect. the heat exchangers were modified to provide for higher duct
wall temperatures,

The PTC instrumeniation permits sysiem femperatures, pressures, flow rates,
flue gas constituent concentrations, and particulate control device {baghouse,
Advanced Hybnd Particle Collector/ AHPU™, and/or electrostatic precipitator/ESP)
operating data {0 be monitored continuously and recorded ou a data logger.

PTC Procedure

Flue gas samples were taken at combinations of two of the three available
system sample points: the furnace exit, the particolate control device tnlet, and the
particulate control device outlet. Afier passing through sample conditioners to
remove moisture, the flue gas was tvpically analyzed for Oy, CO, COy, 50y, and
NQ. Each constituent was normally analyzed at both the furnace exit and the outlet
of the particulate control device simultaneously, using two analyzers, The
concentration values from all of the instniments were recorded continuousty. In
addition, data were manually recorded at set ime intervals, NO, was determined
using a pair of Rosemount Apalytical NGg chemiluminescent analyzers. SO» was
measured using a pair of Ametek Instruments photometric gas analyzers. The
remaining gases were measured by a pair of Rosenount Analytical multi-gas
continyous emissions monitors. Bach of these analvzers was regularty calibrated and

maintained to provide accurate flue gas concentration rueasuremenis.
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The baghouse vessel was a 20 inch (30.2 ¢m) (1) chamber that is heat
traced and msulated. with the Hue gas introduced near the bottom. The combustor
produced about 200 ACFM (actual cubic feet per minute; about 5.7 actual w*/min)
of flue gas at 300° F. {about 150° C.), therefore three 13-H by S-inch (396 m by
12.7 cm) bags provided an ar-to-cloth ratio of 4 fi/min (1.22 m/min). Bach bag was
cleaned separately in operation with 115 own diaphragm pulse valve. In order to
quaniify differences in pressure drop for different test conditions, the bags were
cleaned on a time basis, rather than with the cleaning cycle initiated by pressure
drop. Once bag cleaning was mitiated, all three bags were pulsed n rapid succession
on-line,

Tests were also conducted with a single-wire, tubular BSP replacing the
fabric filter. The BXP unil was designed to provide a specific collection area of 125
at 300° F_{150° C.y. Since the flue gas flow rate for the PTC 15 130 SCYM (standard
cubic feet per minute; about 3.7 NCMM {normal m¥/min)), the gas velocity through
the ESP 15 5 fi/inin (about 1.52 ny/min). The plate spacing for the ESP umtis 11 in
{27 9 ¢m) The ESP was designed o facilitate thorough cleaning between tests so
that all tests can begin on the same basis.

PTC Results

Results are tllustrated in FIG 6. As can be observed in FIG. 6, even though
the tested sorbent particle size is significantly larger than normal sorbent particles,
the treated larger-than-normal sized {that is, >60 micrometers) activated carbon
sorbent was quite effective at capturing mercury. Approximately 75% of the
mercury was captured when the larger-sized treated AC was injected ahead of the
pitot-scale ESP, while approximately 3% of the mercury was captured when
injected ahead of the pilot-scale fabric filter (“FF”). Note that in FIG. 6 {and
throughout) “"Maefl™ {and "MACF”) indicates myilion actual cubic feet {1 MACF i3
about 0.02R million actual cubic meters or “MACM™Y.

Referring now to VI3 7, it can be observed that the larger-sized treated AC
when injected ahead of the pilot-scale ESP {diamond symboi{s)} performed better
than the finer standard AC {inangles) vuder the same arrangement. In comparison,

when injected alead of the fabric filter (FF}, the larger-sized treated AC {square)
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performed stmilarly to slightly worse. However, for this application, the larger-sized
treated AC can be phyvsically separated from the smaller flvash particies, and the
sorbent can then be regenerated, recycled, and reused. This will substantially
improve overall vtilization and economics. These data thus show that a larger-than-
normal sized sorbent can provide effective mercury control and ease flyash and AC
separation, thereby also preserving the characteristics of the tlyash for sale and
beneficial use. Accordingly, because 60 pm sotbent particles have besn
successtully demonstrated, superior mercury contiol can be obtained with »40 pm
particles, which may be preterred in some applications, depending on the sorbent
particle/ash separation systeyn used. Note that in FIG. 7 {and throughout) “Mact”

{and “"MACF”) indicates million actual cubic feet.

Example 7
Liguid Phase {Crganic Solvent) Halogenation

A 395 solution of bromine in Hgroin was prepared by caretully adding 50 g
of bromine {o 1 liter of cold Higroin, Oue kg of activated carboun was added 10 the
bromine solotion in a large metal can. The shurry was stirred with a arge paddie
during the addition and for a short time afierwards until all the bromine had reacted
with the carbon as yndicated by the disappearance of the red color. The shurry was
filtered using a Buchner funnel under vacuum. The carbon cake that was collected
on the filter was dried 1o an oven at 110 C. for several hours until # appeared dry
and a constant weight was obtained. As i Example 1, some moisture was left in the
carbon, however, The dried carbon was then tumbled in the rotating barrel with

metal preces to break up and fluff the carbon.

Example 8
Promoted Activated Carbon Sorbents
A bench-scale procedure based on the above description was used {o test the
inntial activities and capacities of several promoted activated carbon sorbents using
powdered carbon, including the bromine-containing activated carbons prepared

from a commercially available sorbent and an aerogel carbon film sorbent, as weil
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as the ongina precursor carbons for comparison. Bromine-treated carbons wers
prepared by impregnation of the powdered activated carbon precursors 1o a stirred
solution of bromine in carbow tetrachloride or methviene chloride, or altematively,
it an aqueous solution of HBr, followed by drving in air at ambient temperature and
drying in an oven at 1007 C. in air or nitrogen. Bromine-treated carbons were also
prepared by impregnating bromine from the gas phase by passing the gas through a
rotating dry bed of the activated carbon precursor. The results indicated that adding
a second component to the solution improved the capacity of the sorbent,

The carbons were initially tested mn a heated bed. where a svnthetie flue gas
strean containing elemental mercury {11 ug/m’) was passed through the bed.
Concentrations of total and elemental Hg 1n the effluent gas were determined using
a Siy Galabad mercory CEM (“continuons emission monitor y{mfy. P 8 Analytical,
Deerfield Beach, Fla., USA} The powdered sorbent was supported on a guartz filter
during the test, and the other sorbents were tested as a triple layer. A comparison of
the original commercial-grade powdered carbon sorbent with the sorbent after it was
treated with 0.1 N HBr, and the powder was collected by centrifugation and drying,
revealed that the mercury capture activity increased {rom awp initial capture
efficiency of about 50% of the Hg 1n the inlet to 100% capture. A comparison of the
sorbent after subsequent regeneration with HBr indicated that it not only capinred
mercury at the same level as before (100% capture) but its capacity was prolonged
by several minutes, and thus enhanced. Similar results were obigined with the
carbon filin and carbon fiber sorbents by treatment with molecular bromine in

solution or in dry beds as deseribed above.

Example ¥
Fludized/Bbullaied Bed Preparation
An activated carbon sorbent was prepared by treating the carbon by
impregoating molecular bromine from a gas composition contatning molecudar
bromine by Howing the gas through a liquid bromine reservoir in senes with a

fluidized bed or ebullated bed of the carbon. The amount of bromine taken up by the
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carbon ranges {in one example} from <1 to abowut 30 g per (00 g of activated carbon,

depending on the proportions used.

Example 10
Full-Scale Testing

In this example, a baghouse (fabric filter) or ESP was used to coilect
particulates in the exhaust of a full-scale commercial pulvenized coal-burning
facibity. A scrubber and sorbent bed were also used to remove undesired
constituents from the flue gas stream, before being fed to the stack. In this example,
the halogen/halide promoted carbon sorbent was injected into the flue gas after the
boiler. In general however, the inventive sorbent can be injected where desired (e g,
beflore, afier, or within the botler).

In one exemplary test conducted at a facility fired with lignite coal, the fhue
gas phase mercury {elemental) concentration was between 10 and 11 pg/m” The ash
and injected carbon were collected in the baghouse at 350° F 0 373° F_ {abowt 173-
1907 C.}. Injection of comunercial-grade activated carbon powder (ontreated) at a
rate of 1.0 Ib/MACE ("MACY” and "“Mact” represent one mllion aciual cubic feet,
1.0 I/MACE 15 about 16 kg/MACM (million actual cubic meters)) resulted in
mercury effluent concentrations of 3.8-4.2 ug/m’ (representing 62%-58% removal
of the mercury trom the gas, respectivelvy. and at 2.0 Ib/MACF (about 32
kg/MACM), gave 74%-71% rerooval. Ingection of the bromiue-treated carbon at 1.0
Ib/MACF resulted iny 73%-69%% removal and at 2.0 Ib/MACE gave 86%-84%
removal. Thus, a sigmficant increase in the moercury capture was exhibited dunug

use of the bromine promaoted carbon sorbent of the present invention.

Bxample 11TA
Addition of Optional Alkaline Component—Bench-Scale
The efficiency of the activaied carbons for mercury capingre can be improved
considerably by employing a basic matenal co-injected with the activated carbon, in

order to capture any oxidized mercury that may be released from the sorbent, or (o
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capture some of the sulfr or selenium oxides in the flue gas that can have a
detrimental effect on the sorbent capacity.

Bench-scale testing was conducted by prepariog a filter composed of 37 mg
of brominated activated carbon mixed with 113 mg of calcium oxide. The test was
conducted as described in Example § and compared with the same carbon sorbent
but with an inert difuent. The breakthrough curve for the mixture of brominated
{2%3 NORIT Darco FGD sorbent with inert sand s shown in FIG, 3, and the
breakthrough curve for the mixture with Cal} 15 shown in FIG. 9. It can be seen that
the point of 30% breakthrough improves to 65 minutes with the mixture with Ca0

from only 48 min with the sand mixture,

Exampie 11B
Addition of Optional Alkaline Component-Pilot-Scale

Tests were conducted on the pilot-scale PTC combusior desceribed above
with reference to Example 6 while firing a Texas hignite to evaluate mercury control
by co-iigecting a standard activated carhbou (also referred to herein as “ACT ) and an
alkali matenial upsireany of a fabric filter. Typical results are flusirated in FIGL 10,
As shown in FIG. 10, co-injecting lime with activated carbon vastly improved
mercady removal, Mercury removals of approximately 90% were achieved with the
co-ijected sorbents, whereas less than 60% removal was achieved with the use of
standard AC alone, even at much hagher injection rates. Data from sivatlar tests
show that injecting similar quantities of sodium carbonate and AC, and lime and
AL, resulted 1 mercury removals of approximately 80%, and 837%, respectively.
These data suggest that other alkali can also be co-injected with AC © improve
mercury removal, Other data show that flue gas temperature may impact the
effectiveness of the alkal addition. Further test data tndicate that fhue gas
contaminants, flue gas constrtuents {SG;, NOy. HCL, efc.), operating temperature,
mercury form, and mercury concentration may impact the effectiveness of the alkali
addition. This indicates that it may be desirable to be able to adjust and tailor,
onsite, the alkali-to-AC ratio o order to optimize removal for a given get of site

conditions.
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Without wishing t0 be bound by any particular theory, the synergy observed
in the improved performance when co-injecting the two materials can be explained
as folows. First, tests indicate that binding siles on AL can be consumed by sulfur
species and other contaminants. The alkali material interacts and reacts with these
species thus miniroizing thewr consumption of AC mercury binding sites. Second,
other work has shown that standard AC wiil continue to oxadize mercwry even
though the binding sites are fully consumed. This oxidized mercury can then react
withy alkali material and subsequently be captured by the particulate control device.
Thus. combining alkali with treated and/or non-treated AC svnergstically takes
advantage of these two mechanisms, resalting in improved mercury capiuse at

reduced costs.

Example 12
Brominated Carbon Sorbent for Gasification Fuel Gas

Preparation of 3% Br2W.AC

Using a procedure similar {0 Example 3, a 2.5 wt/vol 2% solution of bromine
in water was prepared. Oranular Calgon F400 was added 0 the broming sclution to
give 8 5 wi/wt Y% brominated carbon product. The bromine solution was stirred with
a large paddle during and after the addition untii the red color in the water
dizappeared. The suspension was filtered by vacuum on 2 large Buchner funnel. The
filter cake was dried 1w air, and then i an oven at 1107 C unti] a stable weight was
obtained The moishwe was reduced to 15%.

Preparation of 3% Br2D-4C

A brominated sorbent was prepared from Br addiion in solvent as descnibed
in Example 7, except that dichloromethane was used as the solvent msiead of
Hgroin, and gramydar Calgon F400 was used.

Preparation of 5% PBr3-AC

A phosphohalogenated sorbent was prepared [rom PBrausing the method
described in Example 5, except granular Calgon F400 was used.

Testing in Hydrogen Atmosphere—Procedure
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To simulate the capture of mercury from a heated fuel gas or syngas from
coal gasification, tests were conducted emploving a stream comprising 10% volfval
hydrogen in nittogen passing through the sorbent at 506 co/myn. The stream
contained 26.9 micrograms/m’ of elemental mercury from a commercial mercury
PErMEeaion Source.

In the tests, the sorbent (0.5 ¢) was placed in 2 0.39 inch ([ cm, inside
diameter) glags tube fitted with a medium {11t sintered glass hier dise to hold the
sorbent in the gas stream. The tube containing the sorbent bed was connected to g
gas inlet tube tor introducing the gas stream containing the mercury vapor and at the
outlel to a tube connection to the detector. The detector was a Semiech 2000
comtinuous mercury enussion monitor. The tube was equilibrated 10 a nitrogen flow
{450 cc/min) for S minutes at ambient temperature to stabilize the system. The
detector showed O concentration of mercury in the effluent from the sorbent bed,
{The blank run with no sotbent read 26 9 micrograms/my™). The tube was then placed
in an oven at the selected temperature for the test (from 2507 10 4007 €} Effluent
mereury concentration data from the detector were collected unti the detector
showed a constant reading Tor 5 minutes Hydrogen (50 co/min) was then added to
the gas stream and detector readings were taken every 3 min. Tests were conducted
at several oven temperatures for various periods of e up 1o 3 hours, depending on
the temperature and sorbent. The elemental mercury concentration data were plotted
as 4 percent of indet wercury concentrasion versus tiwe as 1o Examnple 1. All the
mercury in the effluent was elemental| so a single detector was sufficient, and no
SnCl trap was needed 1o couvert to elemental mercury (ag in Example 1), The tiwe
for 30%; breakthrough (time to reach $0% capture) was then determined from the
breakthrough curves

Resulis

The results are shown in Table 1 (below) tor the unbrominated sorbent
{Calgon F-400), the brominated sorbents (3% Br2W-ACU and 5%6 BrD-AC), and the
phosphobrominated sorbent (5% PBr3-AC) The maximum mercury concentration
obtained in the effluent in each run is also reported in Table 1 for the time peniod

indicated in the last column.
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Under the reducing bydrogen conditions, the unbrominated sorhent broke
through immediately and was exhausted afier only 6.5 min. This complete failure
oceuryed because the hydrogen reduces the captured mercury 1oy the unbroyinated
sorbent at any temperature above 100° C. Both of the brominated sorbents exhibited
excellent reactivity and good capacity at all temperatures, up 1o af least 400° € The
phosphobrominated sorbent exhibited superior reactivity and capacity at all

ternperatures, up 1o at least 400°

Times for $0% Breakthrough Maximum
Observed Hg Concentrations for Sorbents
{10% Hydrogen Streams)

0% Maximum  Time
Sorbent Temp (* C 3  breakthrough 3 -

(min) {Hgl (pg/m™y (i)
F-400 250 6 20,3 6.5
590 Br2W-AC 250 =156 4 150
590 Br2W-AC 300 =130 43 180
590 Br2W-AC 350 160 151 180
594 B2 W-AC 400 60 139 &5
594 PRr3-AC 250 =140 (.4 140
594 PRr3-AC 300 =18G 0.5 150
594 PRr3-AC 350 =18G 14 150
%% B2 3-AC 350 =186 2.1 180
%% B2 3-AC 400 =186 10.9 186

While the preferred embodiments of the 1ovention have been shown and
described, modifications thereot can be made by one skilled in the art without
departing from the spisit and teachings of the invention. The embodiments described
herein are exenyplary only, and are not intended to be tyniting Many variations and
modifications of the invention disclosed herein are possible and are within the scope
of the invention. Accordingly, the scope of protection is not limited by the
description set cut above, but 1s only limited by the claims which follow, that scope
wcluding all equivalents of the subject matter of the claims.

The examples provided in the disclosure are presented for illustration and
explanation purposes only and are not tntended to limit the clairas or embodiment of
this invention. While the preferred embodiments of the invention have been shown
and described. modifications thereof can be made by one skilled in the art without
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departing from the spirit and teachings of the invention. Process criteria, equipment,
and the like for any given implementation of the mvention will be readily
ascertatnable to one of skill o the ant based upon the disclosure berein. The
embodiments described herein are exemplary only, and are not intended to be
fimiting, Many vanations and modifications of the invention disclosed berein are
possible and are within the scope of the invention. Use of the term “optionally” with
respect to any elerment of the invention 1s wtended to mean that the subject element
is required, or alternatively, is not required. Both alternatives are intended to be
within the scope of the invention,

The discussyion of a reference in the Background is not an admission that it is
prior art to the present invention, especially any reference that may have a
publication date after the priority date of this application. The disclosures of all
patents, patent applications, and publications cited herein are hereby incorporated
herein by reference in their entirety, to the extent that they provide exemplary,
procedural, or other details supplementary to those set forth herein.

Although the invention (s described herein as a sorbent material and
associaled processes for ite preparation and use, i is nevertheless not intended o be
limited to the details described, since various modifications and structural changes
may be made therein without departing from the spirit of the 1ovention and withip

the scope and range of equivalents of the claims.

PROVISIONAL APPLICATION

A reactive sorbent material is described for capture of mercury in a vapor
stream. The vapor stream includes flue gas from coal combustion or incineration,
synthesis gas from gasification, as well as offgases from mineral processing, metal
refining, retorting, cement manufacturing, chloralkali plants, dental facilities, and
crematories. The sorbent is especially suited to, but not limited to, use in low-
chlorine flue or exhaust gases where the mercury is mainly elemental. The sorbent
comprises a bromide-modified carbon form containing a reactive compound
produced by the reaction of bromine with the carbon. Other additional promoting

substances can be added in smaller amounts to increase the reactivity with and
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sorption of elemental mercury. This combination results in a carbon bromide
structure in the carbon lattice that can oxidize the mercury to a species that is
strongly bonded to the carbon structure and, therefore, easily retained on the sorbent
at higher temperatures in the presence of flue gas constituents. In some examples,
the sorbent consists of a fine or coarse powdered material for injection into the gas
stream or a granular or fibrous material for use in a fixed or moving bed. In some
examples, the sorbent does not require in situ activation (an induction period) in a
flue gas stream as do conventional activated carbon sorbents. Other additives of
base chemistry (Ca, Na, and others) may be added to flue gas as a sorbent mixture,
or co-injected to selectively sorb acid gases or other flue gas constituents to keep
available reactive sites for mercury oxidation and subsequent capture. The sorbent
can be regenerated by washing off contaminating components derived from flue gas
that poison the spent sorbent. Novel methods for introduction of the sorbent
dispersion into the mercury contaminated gas stream are described.

Following is an outline of examples of the invention. The invention may also
take on various other examples or embodiments, as a person skilled in the art would
understand.

1 A modified carbon sorbent was prepared by reacting the carbon with
molecular bromine by applying a solution of molecular bromine in an organic
solvent to the carbon, followed by removal of the modified carbon from the bulk of
solvent and further removal of solvent from the pores by drying the carbon in air or
nitrogen. The solution may also contain an additional promoting substance in small
amounts. In one example, the amount of bromine taken up by the carbon ranges
from <1 to about 30g per 100g of activated carbon, depending on the proportions

used.

1A (Dependent)
Same as 1, carbon is powdered activated carbon.
Carbon is granular activated carbon.
Carbon is very fine carbon black.

Carbon is very fine carbon fiber.
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Carbon is aerogel carbon film.

Carbon is char recovered from pyrolysis process.

Carbon is powdered activated carbon of size distribution larger than fly ash
size distribution, so that it can be physically separated from the ash and regenerated
for reuse.

Carbon is regenerated from previous usage cycle and recycled.

Other desired types of carbon may also be used.

1B. (Dependent)

Same as 1, Solvent is chlorinated hydrocarbon such as dichloromethane.

Same as |, Solvent is hydrocarbon solvent such as petroleum ether or ligroin
or pentane or hexane or toluene or benzene.

Same as 1, Solvent 1s water.

Same as 1, Solvent is carbon disulfide.

Same as 1, Solvent 15 a waste solvent.

Same as 1, Solvent is an ether.

Same as 1, Solvent is recycled from previous batch.

Same as 1, Solvent is supercritical solvent such as CO;.

Other desired types of Solvents may also be used.

1C. (Dependent)

Same as 1, solution of bromine is applied by stirring the carbon in the
bromine solution.

Same as 1, solution of bromine is applied by spraying a solution of molecular
bromine in an organic solvent, followed by removal of solvent from the pores by
drying the carbon in air or nitrogen.

The bromine may also be applied using other desired techniques.

1D. (Dependent)
Same as 1, removal of solvent 1s by filtration, centrifugation, settling, and

decantation and drying in vacuum, air, or other gas.
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Same as 1, when sprayed or minimal volume, removal of solvent is by
drying in air, vacuum, or other gas.

The solvent may also be removed using other desired techniques.

1E. (Dependent)

Same as 1, additional substance is 1odine, at 1%-10% of the bromine
concentration added.

Same as 1, additional substance 1s hydrohalide (HI, HBr, HCI), etc:, 1%-10
% of bromine.

Same as 1, additional substance is a compound comprised of a Group V or
VI element or combination of Group V or VI with Group VII element, such as SCl3,

1-10 wt %5 of bromine.

2. A modified carbon sorbent was prepared by reacting the carbon with
molecular bromine by contacting the carbon with a gas containing molecular
bromine. In one example, the amount of bromine taken up by the carbon ranges
from <1 to about 30 g per 100g of activated carbon, depending on the proportions
used.

Contacting is by passing the Br; gas through a bed of the carbon.

Bed is ebullated or fluidized.
Bed 1s moving bed of granules or fibers.

Contacting is by admitting Brz gas to a duct through which the carbon is
transported from a reservoir to the flue gas duct via an air-driven entrainment
method, thus promoting the activity of the carbon in-flight.

Same additives as 1E, except these are added in the gas phase, and added in-
flight as in 2 above.

3. A modified activated carbon sorbent was prepared by reacting the carbon
with hydrogen bromide (HBr) by stirring the carbon in a solution of HBr in an
organic solvent or in water, followed by removal of the modified carbon from the

bulk of solvent and further removal of solvent from the pores by drying the carbon
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in air or nitrogen. In one example, the amount of bromine taken up by the carbon
ranges from <1 to about 30 g per 100g of activated carbon, depending on the
proportions used.

Same dependent clauses as in 1A with regard to carbon forms. Same
solutions and treatment as 1B,1C, 1D.

Same additives as 1E, added into the solution phase or later in the gas phase,
and added in-flight as in 2 above,

4, An activated carbon sorbent was prepared by impregnating hydrogen
bromide by passing a gas composition containing hydrogen bromide diluted with
nitrogen or air through a fluidized bed or ebullated bed of the carbon. In one
example, the amount of bromine taken up by the carbon ranges from <1 to about 30
g per 100g of activated carbon, depending on the proportions used.

Same dependent clauses as in 1A with regard to carbon forms.

Contacting options are similar to 2.

5. Sequential treatment of activated carbon with bromine or HBr, followed by
another mercury stabilizing reagent to generate a highly reactive bifunctional
sorbent, the reagent to include sulfur and selenium species, such as H2S, SO, H2Se,

Se, Se(s, CS2, P2Ss.

6. Sequential treatment of activated carbon with mercury stabilizing reagent,
followed by bromine or HBr to generate a highly reactive bifunctional sorbent, the
reagent to include sulfur and selenium species, such as H2S, SOz, HaSe, Se, SeOa,
CSz, P2Ss.

7. Treatment of a carbon with a Group V or VI element combined with Group
VII element, such as PBr; or SCl2. In one example, the amount of Group V or VI
halide is 1-30 wt % of the carbon. The compound 1s added in vapor phase or in
solution (solvent is hydrocarbon, chlorinated hydrocarbon, or other solvent as

described in 1B, but not water, since the compound is destroyed in water solution).
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8. The process for preparing the bromine-containing activated carbon sorbent
as described in Examples 1-6 and coupled with the injection of the bromine-
containing fine-particle sorbent into the contaminated gas stream and subsequent
removal of the fine particles of sorbent from the gas stream in a collection device,

such as bag filtration of electrostatic precipitator (ESP).

9. The process of using additives (1-8) in conjunction with sorbents to capture
acid gases and other flue gas constituents that block oxidation reactions or consume
sorbent sites that would otherwise capture mercury. The additive is a compound
comprised of Group I or I elements, such as Ca, Na, and others. These additives of
base chemistry may be added to flue gas as a sorbent mixture or co-injected to
selectively sorb acid gases or other gas constituents that compete for mercury
reactive/sorption sites, thereby improving the effectiveness of activated carbon to
capture mercury. In addition, the base additives can augment the treated activated
carbon by helping to capture oxidized mercury forms in the flue gas, such as
mercuric chloride, or that are produced on the carbon sorbent, such as mercuric
bromide, but are released to the gas phase as the sorbent becomes saturated or

capacity limited.

10.  The process of preparing a larger-than-normal (>40 pum) sorbent particle
size, promoting with the halogen treatment as described in 1-8, using the treated
sorbent for capture of mercury by injecting in the flue gas, and finally separating
and recovering the sorbent from the ash particles. The larger sorbent size thus will
allow easy mechanical/physical separation so that sorbent can be regenerated,
recycled, and reused, and the ash can be sold as a low-carbon cementatious
byproduct for concrete. The separation can be effected by various methods, such as

density (gravity), floatation, or sieving methods.

11.  The process for preparing the bromine-containing activated carbon sorbent

as described in Example 1-10, coupled with the direct injection of the slurry of the
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prepared fine-particle sorbent in the solvent or aqueous phase, so that the aerosol
particles of the slurry achieve a high degree of dispersion in the gas stream and
evaporation of the solvent in the hot gas occurs rapidly. The amount of slurry added
is flow-controlled, and the concentration of particles in the slurry is monitored by

optical density measurements prior to injection. Collection of particles is performed.

12.  The process for preparing the bromine-containing activated carbon sorbent,
as described in Examples 2 and 4, coupled where the fine-particle dispersion of
brominated sorbent in the gas stream at the top of the ebullated bed is led to the flue
gas or offgas duct where the said dispersion is contacted with mercury-contaminated
flue gas or offgas stream. The amount of aerosol dispersion added is controlled by
the gas flow to the ebullated bed, and the concentration of particles in the dispersion
can be monitored by optical density measurements prior to injection. Collection of

particles is performed by the existing particulate-collection equipment.

13.  The process for preparing the bromine-containing activated carbon sorbent
bed, coupled with contacting the bed with the mercury-contaminated flue gas or

offgas.

14. The process for preparing the bromine-containing activated carbonBsorbent,
as described in Examples 2 and 4, or untreated activated carbon, coated on a
substrate or as activated carbon material. This material is placed in a moving system
that geometrically allows for control of rate of exposure, sorption, and exchange of

material in a continuous or semicontinuous manner.,

15. In the sorbent and mercury removal process outlined in paragraphs above,
the bromine reagents promote metal oxidation activity by creating cationic or
radical character on the carbon edge structure that attracts mercury atoms and
extracts electrons from said mercury atoms, resulting in oxidized mercury, which 1s
more easily captured on a sorbent. A similar mechanism applies to oxidation and

capture of reduced arsenic and other pollutant species.
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The invention relates to the process for the removal of mercury and other
pollutant species from gas streams generated during the burning of fossil fuels, such
as in a coal-fired utility or synthesis gas from gasification facilities. This removal
process would utilize a sorbent and/or a combination of additives to remove
pollutants from the gas stream, which are at the same time interacting with other gas
components that result in poisoning or deactivating the sorbent and reducing its
capacity or reaction rates with the targeted pollutant species. The present invention
provides a cost-effective way to capture the pollutants by utilizing exceptionally
active carbon sorbents and promoting mercury sorbent surface reactions, containing
a bromide form of the carbon, that capture mercury with high kinetic chemisorption
(oxidation) activity, so that capture can occur during contact times of seconds or
less. The sorbent does not require in situ activation (induction period) in the gas
stream to achieve high activity as do conventional activated carbon sorbents. The
reactivity of the sorbent toward the pollutants and the sorption capacity can be
regenerated, recycled, and reused.

Burning fossil fuels generates a flue gas that contains mercury (and other
trace elements) that was in the coal, plus oxides of sulfur and nitrogen (acid gas
emissions) and particulates whose release to the environment must be controlled by
use of sorbents, scrubbers, filters, precipitators, and other removal technologies.
While control of other elements and/or flue gas pollutants may apply, the discussion
provided is focused on mercury. Initially, mercury is released in the elemental form
during combustion/gasification, but downstream of the boiler, in the ducts and stack
of the combustion system, part of the elemental mercury 1s oxidized. The amount
oxidized depends on the amount of acid gases present in the flue gas and other
factors. Amounts of mercury vary with the coal, but a typical concentration of
mercury in the stream of combustion gas is about 5 parts per billion (ppb). A pound

of mercury or more per day may be emitted in some utilities.

Discussion of Sorbent Technologies
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Several types of mercury control methods for flue gas have been
investigated, including injection of fine sorbent particles into a flue gas duct and
passing the flue gas through a sorbent bed. Fine-particle injection sorbents include
activated carbon, metal oxide sorbent, sodium sulfide particles (for example, see
U S. Patent 6,214,304), and basic silicate or oxide sorbents (for example, see the
Ghorishi reference (Ghorishi,B ; Gullet, B K. Waste Manage Res. 1993, 16, 582).
and Lancia references). When particle injection is employed, the mercury
chemisorbed to the sorbent particle is removed from the gas stream in a bag house
or ESP and collected along with ash particulates (for example, see U.S. Patents
4,889,698, 4,956,162, 5,672,323, 5,827,352, 6,027,551, and 5,505,766). The sulfide
and basic silicate and oxide particles are effective only for the oxidized mercury,
and the metal oxide sorbents exhibit slower capture kinetics than the carbon
particles. Additionally, injection of fine carbon particles into the flue gas stream has
been only partially successful in removing mercury, especially elemental mercury,
where effective removal of approximately 60% was attained with a baghouse to
collect carbon and ash. Even lower removal rates have been observed when using an
ESP to collect the carbon, since the contact time of the carbon with the gas is very
short.

A major problem with existing carbon injection systems is that the sorbent is
initially unreactive, and only after exposure to the flue gas for about 20 minutes
does the seasoned sorbent become effective and provide capture of 60% of the
mercury in the gas. Consequently, these sorbents must be used in large amounts
(high sorbent-to-mercury ratios) to effectively capture the mercury. These sorbents
can be relatively expensive and cannot be easily separated from the ash, regenerated
and reused. The collection of carbon in the ash also creates solid waste disposal
problems, and the spent sorbent may contaminate the collected ash for use in

various applications.

Use of Halogens in Mercury Capture
Methodologies for using halogens for the treatment of flue gas have not

previously been effective. Halogen is defined as a member of the very active
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elements comprising Group VII-A of the periodic table. In the molecular elemental
halogen form, including F», Cl,, Brz, and I, the reaction with elemental mercury is
not fast enough to result in the formation of oxidized mercury in a coal combustion
flue gas with conventional ash control technology. The atomic elemental halogen
form, which includes F atom, Cl atom, Br atom, and I atom, is about a million times
more reactive to mercury, but the concentrations of these forms are extremely low,
and also, therefore, cannot result in oxidation of mercury in a utility flue gas.

A halide 1s a compound formed from reaction of a halogen with another
element or radical. In general, the halide compounds are normally very much less
reactive than the molecular halogens, having expended their high chemical potential
in forming the low energy halide. The halide is considered a reduced form and
cannot therefore oxidize anything by itself. It is for this reason that it is not obvious
that a halide-halogen treated activated carbon would be effective at oxidizing
elemental mercury and provide effective capture of elemental mercury. In fact, for
tests with salts, analytical data show the addition of bromine to an activated carbon
or carbon black or soot does form a compound by reacting with the unsaturated
groups on the carbon. By applying x-ray photoelectron spectroscopy, it has been
determined that bromine or HBr added to carbon black forms chemical compounds
within a carbon structure.

A body of theory has been developed from scientific evidence to explain the
nature of the promotion effect of the bromine compounds. This principle is
illustrated in FIG. 2, which in step 1 shows the reaction of the hydrogen bromide
with the unsaturated structure of the activated carbon. This may be a carbene species
on the edge of the graphene sheets structures of the carbon. Molecular bromine or a
bromine compound reacts to form a similar structure, with a positive carbon that is
active for oxidizing the mercury.

We now teach that the formation of the new bromide compound with carbon
increases the reactivity of the carbon forms toward mercury and other pollutants.
The resulting bromide compound 1s uniquely suited to facilitate oxidation of the
mercury. The effectiveness of the oxidation results from the promotion effect of the

halide exerted on the developing positive charge on the mercury during the
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oxidation, known in the chemical art as a specific catalytic effect. Thus, as the
mercury electrons are drawn toward the positive carbon, the halide anion electrons
are pushing in from the other side, which stabilizes the positive charge developing
on the mercury and lowers the energy requirement for the oxidation process.
Bromide is especially reactive, owing to the highly polarizable electrons in the outer
4p orbitals of the 1on. Thus, adding HBr or Br: to the carbon forms a similar carbon
bromide, in which the positive carbon oxidizes the mercury with the assistance of

the bromide ion.

Prior Art Publications

The earliest patents that relate to mercury capture on a sorbent are actually
not for flue gas mercury control but for capture of mercury from air or other gas
mixtures on a carbon or other sorbent. These patents were based on a model that
recognized the affinity of halogens for mercury, rather than the formation of a
reactive carbon. These patents are discussed below according to the type of halogen
used for impregnation.

One patent that teaches a halogen impregnation (Stock, U.S. Patent
1,984,164, issued in 1934) describes the use of activated carbon or other solid
impregnated with a halogen for removing Hg from air. The impregnation method is
not specified. This seems to be the most general claim with respect to halogen
impregnation. All the statements and claims appear to refer to halogen or 10dine, but
the patent does not appear to address bromides or other halides or bromide
compounds or even specifically 1odide or an iodine compound. The only example in
the description is iodine impregnation. The patent also is restricted to air systems
and did not pertain to flue gas systems with reactive acid gases. The description did
not assume that the iodine formed a reactive carbon species.

Japanese Patent JP 49-43197 describes the treatment of Hg-contaminated
electrolysis cell gas using a metal 1odide salt on a support. A similar treatment using
a resin impregnated with a metal iodide is described in JP 50-6438. These patents do
not appear to represent a carbon bromide compound as specified in this patent

application.
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Another early patent (Hilgen, U.S. Patent 3,849,267, issued in 1974)
describes a method for Hg removal from a gas which claims mixing molecular
chlorine (Clz) with the gas to be cleaned and passing it through a nonporous sorbent
such as glass wool and NaCl (not carbon). This was evidently not an obvious
extension of the Stock patent, since a halogen was introduced as part of the gas
phase being cleaned.

A later patent (deJong, et al., U.S. Patent 4,196,173, issued in 1980)
describes a method for Hg removal in air which claims using a bed of activated
carbon impregnated with halogen-only Cl: is specified in the other claims and
examples, and it is prepared by flowing the Cl: stream through a carbon bed.

An improved sorbent for mercury in air was patented by Revoir and Jones
(U.S. Patent 3662523, issued in 1972), in which ICI and ICl; vapors were
impregnated into the activated carbon. No explanation of the increased activity was
provided. Since these compounds are interhalogen compounds, the patent did not
infringe Stock.

U S. Patent 5,891,324 describes an activated carbon containing an acid (HCI,
H:S04, or H;POy) for the removal of mercury contained in a liquid phase, such as
would occur in a process steam in the oil industry. In this case, the model presented
was that mercury is adsorbed from the liquid into the solid carbon phase at relatively
low temperatures.

In U.S. Patent Application 2004/0003716, a method is described for
removing mercury from a combustion gas. This method employs an exposure of a
finely powdered activated carbon to a molecular bromine gas at an elevated
temperature or to HBr to produce a sorbent with good mercury removal ability when
injected into the flue gas duct. The model for the efficacy of the Nelson sorbent is
not clearly stated, so it can be presumed that the reasoning for using bromine is the
simple premise that some bromine form will help capture the mercury, as does
iodine and chlorine. The methods for incorporation of the bromine in the Nelson
application are not the same as with the present invention, and the Nelson method
will not produce the identical carbon bromide species that are obtained in the art

described in this application. The Nelson method lacks many of the features
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described in this application that impart exceptional activity to the sorbent ina
convenient way, for example, the addition of smaller amount of a second more
powerful promoting agent, the use of facile solvent systems, including aqueous
bromine, and the use of in-flight bromine treatment. Additionally, the patent
application does not mention regeneration, recycling, or reuse, or the use of moving

contactors or larger particle size to facilitate sorbent-ash separation.

Embodiments of the Invention.

A sorbent that is initially very reactive in oxidizing mercury can be used in
very small amounts to achieve high capture efficiencies, thus lowering operation
costs and lessening the disposal problem. In addition, further disposal reduction is
made possible by recycling and reusing the sorbent that is produced using this
technology. The time interval for the mercury and sorbent to interact in a flue gas
duct and the subsequent collection of the mercury on the sorbent and ash may be
very short- only seconds. This requires the sorbent to have high capacity and be
very reactive toward mercury. A sorbent can be utilized in a very finely powdered
form (e.g., 1-10 um) to minimize mass transfer limitations. But, again, the reactivity
should be very high to capture all of the mercury encountered by the fine particles.
One feature of this invention is the process to prepare a sorbent containing a
bromide compound formed on the carbon structure that provides a sorbent that is
highly active on imitial contact with the mercury contaminated gas stream, which
allows for effective capture of the mercury.

One possible way to do this 1s to chemically combine molecular bromine
from solution with activated carbon (edge sites). X-ray photoelectron spectroscopy
established that the addition of bromine formed a chemical compound in the carbon
structure. Thus, the sorbent does not represent a molecular bromine halogen form
but a new chemically modified carbon structure. This may not occur with the less
reactive iodine, where an I,- molecular complex can exist on the carbon basal plane.
In the bromine case, it is actually the carbon that oxidizes the mercury. Thus, an
entirely new model is presented for the reactivity of the bromine-treated carbon with

mercury. The reactive carbon form can be generated by the addition of bromine,
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hydrogen bromide, or combinations of bromine and other elements as described
herein. Chlorine treatment resulted in lower-activity carbons because the chloride
anion was less effective in promoting the oxidation by stabilizing the developing
positive charge on the mercury in the transition state for oxidation. Based on this
model, several innovative, inexpensive, activity-enhancing features have been
developed.

It has been demonstrated that addition of an optional second component, in
addition to the bromine, results in improved reactivity and capacity for the sorbent,
exceeding that of both the untreated carbon and the brominated carbon. The second
compound comprises either a second halogen or a compound from a second
halogen, such as HBr. Thus, in addition to having a reactive carbon form present,
the second component generates a Lewis base with greater ability to stabilize the
developing positive charge on the mercury. Thus the second component is an
element with more polarized electrons (4p and 5p).

Furthermore, we demonstrated that the sorbent can be readily treated with
any combination of bromine and the second component in-flight using vapors of
these components contacting the very fine carbon particles dispersed in air or other
gas stream that conveys the particles to the flue gas duct. There is no particular
temperature requirement for this contact. This technology is very simple to
implement, so it will result in a great cost savings to the utility using this technology
for mercury capture,

A unique, nonobvious technique for preparation of the treated carbon is
through combining the treatment system with the carbon injection system at the end-
use site. With this technique, the halogen is introduced to the carbon-air mixture in
the transport line (or other part of the sorbent storage and injection system). Benefits
over current concepts to treat sorbents off-site include the following:

+ (Capital equipment costs at a treatment facility are eliminated.

o Costs to operate the treatment facility are eliminated.

e There are no costs for transporting carbon and additive to a treatment
facility.

o This process uses existing hardware and operation procedures.
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¢ This technology ensures that the sorbent 1s always fresh, and thus, more
reactive.

¢ No new handling concerns are introduced.

¢ There are no costs for removing carbon from treatment system.

o This process allows rapid on-site tailoring of additive-sorbent ratios in order
to match the requirements of flue gas changes, such as needed when
changing fuels or reducing loads, thus further optimizing the economics.

¢ This technology reduces the amount of spent sorbents that are disposed.
With the foregoing and other features in view, there is provided, in

accordance with the invention, a process for preparing and regenerating carbon
sorbents whose activity for mercury capture is promoted by the addition of bromine
to the carbon structure.

The invention applies to use of a sorbent in a powdered form that has been
injected into a flue gas stream before or after ash particulates have been removed.
Examples of the composition of the sorbent are a powdered modified activated
carbon prepared by adding Brx or HBr plus a second optional component.
Alternatively, the sorbent is on a moving contactor consisting of particles or fibers
containing the compositions listed in the previous sentence. Either type can be
regenerated, the poisoning contaminants from the flue gas are removed and an
inexpensive promoting agent added to restore mercury sorption activity. This
process of promoting the activity of the carbon itself contrasts with the earlier, more
expensive art of adding a reagent (such as peroxide, gold, triiodide, etc ) to the
sorbent. The activated carbon sorbent treated with bromine and/or the other
components 1S nonCoIrosive.

Detailed examples of sorbent regeneration techniques are described in co-
pending, commonly-owned PCT patent application No. PCT/US04/12828, titled
"PROCESS FOR REGENERATING A SPENT SORBENT", which is incorporated
by reference herein.

Although the invention is described herein as a sorbent material, it is
nevertheless not intended to be limited to the details described, since various

modifications and structural changes may be made therein without departing from
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the spirit of the invention and within the scope and range of equivalents of the
claims.

The construction and method of operation of the invention, however,
together with additional objects and advantages thereof will be best understood from
the following description of specific exemplary embodiments.

FIG. 11 1s a block diagram illustrating the use of the invention in a coal
fueled facility. Of course, the invention can also be used in any other desired type of
facility. FIG. 11 shows a boiler for burning pulverized coal. The facility utilizes
various devices to clean the exhaust of the boiler. In this example, a baghouse or
ESP is used to collect particulates in the exhaust. A scrubber and sorbent bed are
also used to remove undesired constituents from the flue gas stream, before being
fed to the stack. In the example shown, the sorbent is injected into the flue gas after
the boiler. The additive can be injected where desired {(e.g., before, after, or within
the boiler).

Another advantage of the present invention relates to the use of a feedback
system to more efficiently utilize the invention. Where possible, the mercury control
technology of the present invention will utilize measurement of mercury emissions
as feedback to assist in control of the sorbent injection rate. Tighter control on the
sorbent levels in this way will ensure mercury removal requirements are met with
the minimal sorbent requirements and therefore the associated costs will be

minimized. In one example, the emissions are measured at the stack.

Carbon Sorbent

Reactions of halogens and acidic species with the basic binding sites on the
activated carbon sorbent create sites for oxidizing mercury. Other metal ions, such
as boron, tin, arsenic, galium, Sb, Pb, Bi, Cd, Ag, Cu, Zn, or other contaminants,
will also react with the oxidation sites generated on the carbon.

According to our model, adding the bromine from the bromine reagent or a
proton from a hydrogen halide acid to a basic carbene site on the carbon edge
structure forms a carbocation that accept electrons from the neutral mercury atom

forming the oxidized mercury species that 1s bound to the sorbent surface. The
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reactive site may also generate reactive bromine radicals or carbon radicals at the
active sites on the carbon. Thus, the activated carbon serves to stabilize the bromine,
yet provides a highly reactive bromine- containing reagent that can oxidize the
mercury and promote its capture on the activated carbon. The sorbent that contains
bromine 1s expected to be more reactive than the corresponding sorbent containing
chlorine and much less expensive than the sorbent containing iodine.

A bench-scale procedure based on the above description was used to test the
initial activities and capacities of several powdered carbon sorbents, including the
bromine-containing activated carbons prepared from a commercially available
sorbent and an aerogel carbon film sorbent, as well as the original precursor carbons
for comparison. Bromine-treated carbons were prepared by impregnation of the
powdered activated carbon precursors in a stirred solution of bromine in carbon
tetrachloride or methylene chloride, or alternatively, in an aqueous solution of HBr,
followed by drying in air at ambient temperature and drying in an oven at 100°C in
air or nitrogen. Bromine-treated carbons were also prepared by impregnating
bromine from the gas phase by passing the gas through a rotating dry bed of the
activated carbon precursor. Adding a second component to the solution was
demonstrated to improve the capacity of the sorbent.

The carbons were initially tested in a heated bed, where a synthetic flue gas
stream containing elemental mercury (11 pg/m®) was passed through the bed.
Concentrations of total and elemental Hg in the effluent gas were determined using
a Sir Galahad mercury CEM. The powdered sorbent was supported on a quartz filter
during the test, and the other sorbents were tested as a triple layer.

A comparison of the original commercial-grade powdered carbon sorbent
with the sorbent after it has been treated with 0.1 N HBr, collecting the powder by
centrifugation and drying, revealed that the mercury capture activity is increased
from an initial capture efficiency of about 50% of the Hg in the inlet to 100%
capture. A comparison of the sorbent after subsequent regeneration with HBr
indicates that it not only captures mercury at the same level as before (100%

capture) but 1s enhanced such that its capacity is prolonged by several minutes.
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Similar results were obtained with the carbon film and carbon fiber sorbents by
treatment with molecular bromine in solution or in dry beds as described above.

An activated carbon sorbent was prepared by treating the carbon by
impregnating molecular bromine from a gas composition containing molecular
bromine by flowing the gas through a liquid bromine reservoir in series with a
fluidized bed of ebullated bed of the carbon. The amount of bromine taken up by the
carbon ranges (in one example) from <1 to about 30 g per 100 g of activated carbon,
depending on the proportions used.

In one exemplary test conducted at a facility fired with lignite coal, the flue
gas phase mercury (elemental) concentration was between 10 and 11 pg/m?. The ash
and injected carbons were collected in the baghouse at 350E to 375EF. Injection of
commercial-grade activated carbon powder (untreated) at a rate of 1.0 Ib/Macf
resulted in mercury effluent concentrations of 3 8-4.2 pg/m® (representing 62%-58%
removal of the mercury from the gas), and at 2.0 Ib/Macf, gave 74%-71% removal.
Injection of the bromine-treated carbon at 1.0 Ib/Macf resulted in 73%-69% removal
and at 2.0 Ib/Macf gave 86%-84% removal. Thus, a significant increase in the

mercury capture was exhibited during use of the bromine-treated carbon.

Addendum: Other References to Hg Sorption
Sorbent Beds with Particulate Removal

Carbon beds have also been utilized for mercury capture in flue gas. The
German Patent 34 26 059 describes the use of a very thick carbon bed for treatment
of flue gases containing polyhalogenated compounds. Although the system
employed at Dusseldorf would also have the potential for Hg removal (for example,
see the Streng reference), it is not very practical to use such a thick bed. Spent
sorbent is burned and not regenerated. The carbons are not pretreated.

The GE-Mitsui-BF system (Tsuji, K., Shiraishi, I.; Dague, R F. Proceedings,
Sixth International Symposium, Air & Water Management Assoc., New Orleans,
LA, March 10-12, 1993) employs a recirculating carbon bed, where mercury is
removed along with acid gases (as ammonium salts) and the carbon is regenerated at

high temperatures where ammonium sulfate is decomposed to SOz and Nz and
54

PAC ET AL. EXHIBIT 1023
Page 459



10

15

20

25

30

mercury is converted to the elemental form, which desorbs from the sorbent.
Attrition of the sorbent results in a significant sorbent cost. The carbons are not

pretreated.

Sorbent Injection After Particulate Removal
A process of injecting manganese oxide sorbent particles is described in U.S.
Patent Application 2002/0150516. Regeneration is claimed by removal of spent

oxide particles from the reaction zone and rinsing with dilute aqueous acid.

Sorbent Beds After Particulate Removal

Of particular interest in designing a mercury control process is to use the
sorbent downstream of a particulate control device so the sorbent is not highly
diluted with the ash particles. The sorbent could then be more easily regenerated and
recycled. The prior art teaches several examples of this type of configuration and
sorbent processing,

U S. Patent 5,607,496 teaches the oxidation of mercury on a metal oxide
sorbent bed and subsequent absorption to sorbent. The sorbent bed follows the
particulate-removal equipment and, thus, the gas still contains the SOx and NO,,
which react with the metal oxide sorbent to form the metal sulfates, which poison
the bed. High temperatures are proposed to regenerate the bed. However, Hg is only
partially removed from the sorbent at temperatures up to 500°C. The sorbents do not
work effectively after regeneration using this technique; the problem may be that
manganese sulfate formed during the sorption cycle does not completely decompose
back to an active manganese oxide form,

U.S. Patent 6,383,981 describes a fixed MnO: or Fe203 bed for removal of
Hg from a hydrocarbon stream. No regeneration method appears to be included.

A recent U S. Patent application (2001/0003116) describes the regeneration
of a plate or honeycomb material composed of transition metal oxides that was used
for sorption of mercury in flue gas. The claimed process involves heating the
sorbent in a reducing gas stream to remove poisons, followed by impregnation with

a polyfunctional complex-forming reagent containing the catalyst active component
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