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METHANOL

Fig. 76: ICI Quench Converter System — Warm Shot
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are mixed and passed to the cold
loop exchanger and then to the
cooler-condenser for the crude
methanol, which is removed and
collected in a separator vessel. After
withdrawal of a purge gas flow, the
remaining gas is supplemented by
the make-up gas and then fed to the
circulator, which may be a separate
machine or the last stage of the
make-up gas compressor.

Quench converters combine high
conversion per pass with reliable
performance at relatively low cost.
They can be designed for any ca-
pacity in the range 50-3,000 t/d. An
advantage of the ICI concept is that
the individual adiabatic catalyst sec-
tions are not separated by plates or
supports from each other, but just
by the lozenge system, which allows
free flowing of the catalyst for dis-

charging. The main disadvantage of
all quench converters is that it is
impossible to recover reaction heat
nearly as efficiently as in systems
with indirect cooling.

The gas mixing efficiency of the
quench distributors has been ques-
tioned on occasion*®, the contention
being that there is a risk of incom-
plete mixing, which would result in
reduced efficiency in the lower cata-
lyst sections. ICI has refuted that
argument on the basis of a compari-
son of the lozenge converter with an
alternative quench converter design
in which the catalyst is held in sepa-
rate beds and the quench gas mix-
ing is introduced in the void space
between the beds. Nevertheless, it is
true to say that to guard against the
possibility of non-uniform gas flow
and therefore uneven temperature
distribution, it is important to avoid
any unevenness in the loading of the
catalyst. This can be achieved by
using special loading techniques such
as “socking” and vibration.

Fig. 77: Casale Horizontal Methanol Converter
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MODERN PRODUCTION TECHNOLOGIES

t/d in a single reactor is possible
without encountering any fabrication
difficulties. At present there is one
converter with a capacity of 520
t/d, which has been in operation in
Japan since 1993.

Linde isothermal reactor

In the Linde isothermal reactori® 42
a bundle of helically-wound coils is
embedded in the catalyst bed. Boil-
ing water circulates by natural draft
through the tubes, which are welded
at their upper ends directly to an
integral steam drum in the top of
the reactor. A corresponding header
at the base of the reactor distributes
the incoming feed water to the tubes
of the coil.

As shown in the cutaway view
of Fig. 84, the individual tubes are
wound in a multilayer arrangement
over spacers running the length of

Fig. 84: Cutaway View of the
Linde Isothermal Reactor
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the unit. The total cooling surface
needed for a specific plant depends,
of course, on process conditions and
catalyst productivity and will be
adjusted accordingly by varying the
spacer width, the axial spacing of
adjacent tubes and the tube diam-
eter, with due consideration of the
catalyst particle size. The tube bun-
dle is supported by a coaxial man-
drel and is enclosed in a thin metal
sheath, which is fixed at its upper
end to the reactor pressure shell.
This prevents the synthesis gas,
which enters at the top of the reac-
tor, from by-passing the cooled cata-
lyst layer. Catalyst filling is uncom-
plicated: the catalyst is free-flowing
and the tubes act as baffles, smooth-
ing the free fall of the pellets and
preventing crushing and impact
damage. That the.catalyst packs
densely and evenly can be seen from
the operating results and process
calculations and has also been dem-
onstrated in a Plexiglas model. Un-
loading after three years and more
is no problem; the catalyst flows
easily out of the manhole at the
bottom of the reactor.

The Linde configuration has
nearly double the heat transfer effi-
ciency of reactor designs with
straight cooling tubes. This is mainly
because the tubes lie mostly athwart
the gas flow rather than in line with
it. As a result of the more efficient
contact between the gas and the tube
surface, there is a higher heat flux
through the tube walls* ¥ in fact,
about 60-75% less cooling area is
required. Consequently, fewer tubes
are needed than in an equivalent
straight-tube reactor, and their con-
nections can comfortably be accom-
modated on the compact, rigid hemi-
spherical “tube sheets” on the inlet
and outlet headers. The helical coils
are inherently flexible and can eas-
ily accommodate thermal expansion
stresses during start-up and shut-
down. Contrary to straight tube re-
actors, where the tube length is
rather limited for mechanical reasons,
no such constraints apply for the
helix type, which gives a consider-
able potential to realize very large
capacities in a single reactor.
Linde believes that 4,000 t/d is
feasible®>-#2,

Linde is a licensee for ICI's
methanol know-how, including dis-
tillation, and uses ICI's methanol
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catalyst. To date, five Linde metha-
nol reactors are in operation.

ICI tube-cooled converter
(TCC)*25427

The basic concept of controlling the
temperature by passing cold feed ga-
through tubes located within the
catalyst bed countercurrently to the
gas stream in the catalyst was
known for a long time in ammonia
synthesis and was used in the TVA
ammonia converter. Figure 85 shows
ICI's embodiment of this converter
type. The feed gas enters the bot-
tom of the vessel at 150°C and is
distributed by a header system to
the individual cooling tubes, where
it warms up to the reaction tempera-
ture. Emerging from the opposite
end of the tubes, it enters the cata-
lyst bed at 240°C and passes through
it in the reverse direction, leaving

Fig. 85: ICl Tube-Cooled
Converter (TCC)
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MODERN PRODUCTION TECHNOLOGIES

adiabatic converter

H, + CO,

Fig. 87: Lurgi Synthesis Loop for Methanol from CO, and H,
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of the second. The maximum tem-
perature rise across this converter
does not exceed approximately 35°C.

CO, + 3H, = CHOH + HO (26)
AH°, = -49.6 k] /mol

CO, + H, = CO + HO (27)
AH®,,, = +41.2 K]/ mol

In the second converter the
exothermic reaction clearly predomi-
nates and allows the generation of
steam with a pressure up to 70 bar.
This concept not only considerably
reduces the volume of the more
expensive steam-raising converter
but also lowers the recycle ratio.

Criteria for methanol
converter selection

Individual engineering contractors
usually promote their own or their
technology licensor’s converter con-
cepts but are usually open for dis-
cussion in case a potential client has
particular wishes or preferences for
the synthesis loop. It is the client
who knows best the specific eco-
nomic and site conditions for his

case, so he should probably look
most closely at how the synthesis
configuration meets his requirements,
because in most cases the synthesis
gas production sequence is more or
less defined by the feedstock and its
price.

The important criteria for evalu-
ating the suitability of a converter
concept for a specific case are the
following:

® Investment cost:

for the converter
for the loop
for the catalyst

@ Energy consumption (recycle rate)

® Heat recovery (kind, quantity and
temperature level)

@ Catalyst service life (may be dif-
ferent because of the different
temperature profiles in the vari-
ous reactors)

® Operational flexibility (change of
load, start-up velocity etc)

@ Mechanical stability of the design
(especially considering the thermal
stresses induced during start-up
and shut-down)

® Relative ease of repair and main-
tenance work

® Weight and dimensions (for truns.
port considerations)

® Integration in the whole metha-
nol plant including distillation anq
synthesis gas production

® Last but not least: to what extent
and on what production scale a
specific converter design is com-
mercially proven.

In principle it is possible to ai-
range the known characteristics for
the different converter types in the
form of a table; there are, indeed,
various examples in the literature??,
It is useful only to the limited extent
that some general inferences can be
drawn about relative merits and de-
merits on a rather low level; some-
times these may be coloured by the
author’s preferences as well. Notwith-
standing the vast amount of detailed
information examined in the prepa-
ration of this dissertation, no such.
crude tabular comparison is being
given here: conditions specific to site
and client are of such fundamental
importance to render unsafe any
general evaluation and ranking of
the individual aspects and features.
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Table XXVii

.Typical Gas Composition for Combined Reform‘ihg and

Steam Reforming with CO, Addition

METHANOL

Combined Steam reforming

reforming with CO,
Make-up gas
CO, vol-% 20.6 14.6
CO,, vol-% 8.5 12.7
H,, vol-% 68.5 70.6
CH,, vol-% 22 1.9
N, + A, vol-% 0.2 0.2
R-value 2.05 2.12
Reactor inlet
CO, vol-% 7.0 8.5
CO,, vol-% 5.8 10.4
H,. vol-% 68.4 70.9
CH,, vol-% 17.0 9.5
N, + A, vol-% 1.7 0.7

Partial oxidation of heavy
hydrocarbon feedstocks

The two successfully commercialized
partial oxidation routes to process
heavy hydrocarbon feedstocks are
the Shell Gasification Process (SGP)*
and the Texaco Synthesis Gas Gen-
eration Process (TSGP)*!. These have
already been discussed in some de-
tail in the ammonia section (see
pages 52-54), and it will be recalled
that the hydrocarbon is introduced
with an insufficient amount (0.5
mol/mol C) of oxygen for total com-
bustion through a burner into an
empty vessel lined with highly heat-

IPR2025-01173, -01174, Topsoe Ex. 1016
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resistant alumina brickwork. A syn-
thesis gas containing carbon monox-
ide and hydrogen in nearly equal
quantities is formed (Equation 2).

[CHJ+ %0, & CO + x/2 H,
AH <0 (2)

Reaction temperatures range from
1,350 to 1,600°C at pressures of up
to 150 bar. »

The special appeal of this tech-
nology is that it can handle hydro-
carbon feeds which cannot be treated
in other processes on account of their
low volatility and their content of
sulphur and metals like vanadium
and nickel. Its main disadvantages
are the higher investment costs (prin-
cipally due to the need for the air
separation unit and the sulphur re-
moval and recovery steps) and the
inevitable formation of soot as a re-
sult of insufficient mixing of the
reaction components and the
Boudouard reaction. Besides that,
fairly pure oxygen is needed. If a
shift conversion and a carbon diox-
ide removal step are included, it is
possible to obtain a methanol syn-
thesis gas with R = 2.

Throughout the world more than
2 million t/a of methanol are pro-
duced from heavy hydrocarbon
feedstocks via the Shell partial oxi-
dation process alone.
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costs. So in the present economic
situation, with generally abundant
supplies of relatively reasonably-
priced natural gas, coal gasification
is only justified under very special
circumstances.

Energy integration and
process configuration

The classical route

So far the individual process steps
which are involved in the methanol
production sequence have been
treated separately. Now it is time to
look at how these unit operations are
physically combined into an inte-
grated system with optimum mass
flow and energy management. The
object is to create a highly efficacious
plant concept at reasonable invest-
ment cost which, under a particular
set of circumstances, will attain the
greatest profitability. The decisive
circumstances are feedstock choice
and price, site conditions influenc-
ing investment cost, financing con-
ditions, and geographic location in
relation to consumers in the metha-
nol market.

The dominant factor affecting the
overall plant configuration is the
gasification section; differences in the
converter design and the arrange-
ment of the distillation section are
of lesser consequence.

A plant based on coal gasification
or on partial oxidation of heavy
hydrocarbon fractions usually cannot
be integrated to such a high degree
as one based on steam reforming of
natural gas. These plants need a
separate auxiliary boiler (normally
combined with power generation),
because the amount of waste heat
from the gasification, shift conver-
sion and synthesis loop does not
cover the demand for heat, steam
and mechanical energy of the whole
installation, which also includes an
air separation installation of consid-
erable size.

But in a steam reforming plant
processing natural gas, a huge sur-
plus of heat is available in the flue
gas stream leaving the radiant box
of the reformer, in which only 50%
of the heat supplied by the firing is
taken up in the endothermic reac-
tion between methane and water va-
pour. Thus steam reforming plants

are normally energetically self-suffi-
cient, needing no energy over and
above what is recovered as waste
heat. On the contrary: it is usually
necessary to export either steam or,
if the plant is equipped with a gen-
erator set, electricity. Purge gas from
the synthesis loop, along with light
ends from the distillation section, is
used as fuel in the reformer. The
amount of purge gas available for
this purpose is determined by the
ratio of carbon oxides to hydrogen
in the synthesis gas and the content
of inerts in the feed gas. The bal-
ance for the necessary total amount
of furnace fuel (about 15 GJ/t MeOH
for plain steam reforming) is pro-
vided by natural gas.

The heat of the flue gas is used
for preheating the natural gas/steam
mixture, superheating steam and
preheating boiler feed water and air.
The reformed gas is cooled from its
high temperature level down to the
suction temperature of the synthesis
gas compressor by raising high-pres-
sure steam, sometimes with subse-
quent superheating, often followed
by boiler feed water heating. The
remaining heat content may serve

IPR;32025—01 173, -01174, Topsoe Ex. 1016
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the needs of the distillation section.
Alternatively, some of the process
gas heat may be used in a saturator
to supply a proportion of the steam
needed in the reforming reaction.

is expanded in the synthesis gas
compressor turbine; a proportion of
this steam may be extracted at a
suitable intermediate pressure level
to provide steam for the gasification.

The superheated high-pressure steam

. Table XXX
Effects of the Steam Reforming Concept on Energy
f— -~ Consumption '
Reforming concept Single-stage CO, addition Combined
Feed + fuel, G)/t MeOH 32.99 30.86 29.3
Energy export, GJ/t MeOH 0.59 1.50 -
Net energy consumption, GJ/t MeOH 324 29.36 293
Oxygen demand, t O, / t MeOH - - 0.47

Methanol Plant (Lurgi)

waste heat start-up
steam generation boiler

HP steam G ¢ ¢

Fig. 99: Simplified Steam System of 3'Steam Reforming
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Fig. 100: Complete Steam Reforming-Based Methanol Plant
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The reaction heat from the acty g
methanol formation may be picked
up in the synthesis loop to heat
boiler feed water (the usual arrange-
ment with a quench converter), to
run a steam saturator or to raise
steam at an intermediate pressure,
The steam pressure is limited by the
outlet temperature of the reac: -,
which must be controlled to prevens:
overheating of the temperature-sen-
sitive catalyst. Whether this interme-
diate-pressure steam can be used
directly to supply process steam or
to drive other turbines (fans, BFW
pump) depends on the reformer
pressure, which is only about 20 bar
in single-stage reforming but may e

‘up to 40 bar in combined reform-

ing. The pressure of the intermedi-
ate steam will range between 30 and

40 bar, depending on converter de- , -

sign. The steam system of a metha- *
nol plant is thus fairly elaborate.
Figure 99 gives just one example of
the many possible arrangements for
a plant based on combined steam
reforming*™.

The strong influence of the steam
reforming concept on the overall
efficiency can be seen from Table
XXXJOZ, 413.

A typical flow sheet of a com-
plete integrated methanol plant with
standard steam reforming of natural
gas is presented in Fig. 100.
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Economics of methanol
production

For producers methanol has been in
recent years a rather volatile and
competitive business, with heavy ups
and downs in market prices. That is
likely to remain the case in the long
range, and recent more favourable
prices resulting from capacity short-

IPR2025-01173,
95

age might be only transient as in-
vestors once again succumb to the
temptation to build more new plants.
In all probability, sufficient compa-
nies will “jump on the bandwagon”
to create a new situation of over-
supply and a new round of the price
carousel will begin. Because more
than 85% of the world capacity is
based on steam reforming of natu-
ral gas and because investment and
energy consumption are lower for
that case than for any other combi-
nation of feedstock and gasification
route, the following discussion con-
centrates primarily on that feedstock.

The main components of the pro-
duction cost are the natural gas price
and the investment cost for the
plant. Owing to its abundance, natu-
ral gas will remain rather reasonably
priced in comparison with other fos-
sil feedstocks, even in the developed

countries. And in remote areas

where there are no alternative uses
for the natural gas, the price will
actually be very low. Because of the
competition between contractors and
technical progress, especially in the
detailed design and fabrication of
apparatus and machinery, invest-
ment costs are likely to rise only
relatively slowly — in the worst case
in direct proportion to the general
inflation rate. Because labour for
construction work in Developing
Countries is cheap, and in many
cases less efficient plant designs are
acceptable in view of the very low
natural gas prices, the investment
cost difference between Developing
Country and Industrial Country
projects has almost been ironed out.

Investment costs for steam re-
forming methanol plants have been
presented in a number of literature
sources’™40, For the example of a
US Gulf Coast plant with a capacity
of 2,270 t/d (currently the largest
single-stream capacity in operation)
a pre-tax internal rate of retumn (IRR)
of 24.2% has been calculated on the
basis of the following assumptions®:

Investment  $300 per t/a capacity
Natural gas price $2.0 per million
Btu

Methanol price $200 per tonne
100%

Equity

Of course, in some projects
smaller plant sizes are considered,
but — in general — there is always a
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price to be paid for the use of by nearly 50% to 13.6%, thus clearly Fig. 102*",

smaller capacities, and that holds demonstrating the economy of scale. In Table XXXI production costs
true just as much for methanol as The sensitivity of the IRR against for different locations are compared,
for any other product. For a capac- changes in methanol market price A nameplate capacity of 2,270 t/q

ity of only 750 t/d the IRR drops and feedstock price is shown in (750,000 t/a) and grass-roots con-
ditions are assumed for the site.

Fig. 102: Profitability versus Methanol and Natural Gas Price In assessing his proﬁ.tabxhty, a
producer on a remote site has to

20 consider that additional costs for

T 750,000 t/a longer shipping distances and most

55 likely for import taxes can easiiy

32 lower his factory gate price by US
P .
% 20 -] 200,000 tla $25. A look at Table XXXI tell§ this
] story: a producer geographically

55 closer to the consumer who does not

& 250,000 t/a have these additional costs can in-

5 10 cur a certain natural gas cost disad-

g vantage and still be competitive.

s | As mentioned previously, gasifi-

cation of heavy hydrocarbons is

0 : : — - never a cheap option from the point

150 175 200 225 of view of investment cost. On the

methanol price, $/tonne other hand, the partial oxidation

process provides the flexibility tof
E— operate with cheap feedstocks,
Table XXXI B which might be attractive under

Methanol Production Costs ih,Var.iou ‘ g favourable circumstances. On the
Geographical Locations =~

. ati basis of the assumptions set out in
Basis: 2,500 s.tons/d (= 2,268 t/d) x 330 d/a =750,0

Table XXXII, Figure 103 relates the

00 t/a. $i =DM 1.5,

) W . methanol production costs for par-
Location N US Gulf | Trinidad | Arab tial oxidation of heavy residue and
Europe Coast Gulf . X
combined reforming of natural gas
Natural gas price US $/million Bru 3.0 2.0 1.2 0.5 to the input price of the respective
Energy consumption . million Btu/t MeOH 28.0 28.0 30.0 31.0 feedstock*",
Feed & energy costs $/t MeOH 84.0 56.0 36.0 15.5 e .
Other cash costs $/t MeOH 300 300 350 | 450 Gasification of heavy feedstocks is
Total cash costs $/t MeOH 114.0 86.0 71.0 60.5 proven and reliable technology,
Tortal capital-refated costs' $/t MeOH 59.6 59.6 64.2 58.5 providing about 8.5% of world
Total costs $/t MeOH 173.6 145.6 135.2 119.0 B h
Investment, plant? $ million 240 240 255 225 methanol p,rOdUCtlor}' Alth'()}lg
Investment, off-sites® $ million 20 20 25 30 under today’s economic conditions
Total investment $ million 260 260 280 255 and with abundant cheap natural
gas in remote areas it is certainly
| Debt/equity ratio = 60:40; Depreciation = 6% of investment; Interest = 8% on debts; t ec mically attractive to build
ROI = |6% of equity; Total capital-related cost = 17.2% of investment. not € O.nO 1cally C
2 Includes contractor’s turn-key price, storage facility, owner’s costs for project execution, that kind of plant, it should be
limited spare parts. kept in mind that with falling resi-
3 Incremer:qtal investment costs necessary for a methanol plant one a developed chemical or due prices it might become a
refinery industry site. . . . . .
strategic option in some industrial-

ized countries.

Table XXXl R
Key Data for Comparison of Methanol Production from
: Natural Gas and Heavy Residue

Partial oxidation Combined reforming

of heavy residue of natural gas
Investment cost US $ million 380 250
Natural gas GJ/lt MeOH - 29.9
Heavy residue kg/t MeOH 800 -
Fuel oil kg/t MeOH 37 -
Electricity kWh/t MeOH 180 -
Maintenance $/t MeOH 14.3 9.4
Labour $/t MeOH 6.6 4.5
Overhead $/t MeOH 19.3 12.8
Plant capacity: 2,000 /d. (Annual production of 660,000 tonnes assumed). Capital charges: 13%.
Electricity: 0.5/kWh. Fuel oil: $80/t.
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methanol production cost, US $/t

Fig. 103: Methanol Production Cost from Natural Gas and
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MODERN PRODUCTION TECHNOLOGIES

Methanol from
alternative feedstocks

Plastic waste

A considerable amount of thought
and effort has been devoted to find-
ing ways of re-using plastic wastes
to dispose of them in an environ-
mentally friendly way. One possibil-
ity would be to produce synthesis
gas from this material for the pro-
duction of ammonia, methanol or
hydrogen. Texaco and Badger are
planning to build a demonstration
plant to process 25,000-50,000 t/d of
plastics wastes, scheduled for start
up at the end of 1996*° In
Schwarzheide, in Germany, a project
is in progress, producing 120,000
t/a methanol from 220,000 t/a of

plastic waste and clarifier sludge*.
The solid wastes are gasified in a
fixed-bed gasifier and liquid wastes
in an entrained system. The feed
consists of 65% lignite and 35%
waste material”'. Uhde was awarded
the contract for the methanol syn-
thesis and distillation. The plant is
due to go into operation in 1997.

Biomass

Waste material of biological origin,
such as wood residues, sugar cane
bagasse, rice hulls, sewage and simi-
lar agricultural and urban wastes
have also been considered as poten-
tial sources of methane and synthe-
sis gas. Apart from gasification proc-
esses using oxygen, a new technol-
ogy could revive interest in metha-
nol production from biomass.
Brightstar Group Ltd. postulates a
process which can convert highly
reactive biomass (sawdust and bark
from saw mills) into synthesis gas
using a novel non-catalytic steam
reforming process, originally devel-
oped by Pearson Technologies, Inc.
For commercialization John Brown
E & C and BrightStar have en-
tered into a co-operation, in which
John Brown will engineer and con-
struct the plants. Presently three
projects are in development and
evaluation*> 43,

The National Renewable Energy
Laboratory of the US DOE projects
that in the year 2000 it should be
possible to produce 0.45 tonne of
methanol from 1 tonne of dry wood
with a thermal efficiency of 51%.
BrightStar believes that it can already
match those figures with its process
today.

Direct oxidation of
methane to methanol

The idea of converting methane in a
one-step oxidation process to metha-
nol is still a fascinating challenge. It
would not need the capital- and
energy-intensive technology at
present used to produce synthesis
gas in a first step and transform it
to methanol in a second. But up to
now, all attempts to reach this goal
have resulted in quite disappointing
yields.

Catalytica, a company in Califor-
nia, proposes a liquid-phase oxida-
tion employing mercury (II) com-

pounds in concentrated sulphuric
acid, which acts as the oxj-
dant. #4475 According to the sug-
gested stoichiometric scheme shown
in equations (36)-(39), methane re-
acts with two molecules of sulphu-
ric acid, one of which will be re-
duced to sulphur dioxide, to form
methyl bisulphate. Mercury ions
catalyse that reaction through the
formation of an intermediate com-
pound. The methyl bisulphate is
then hydrolysed and the methanol
recovered by distillation. To close the
circle, sulphur dioxide has to be
conventionally reoxidized to sulphu-
ric acid. According to the company,
a methane conversion of 50% with
a selectivity for methanol of 85% can
be attained.

CH, + 2H,S0, —
CH,OSOH + 2H,0 + SO, (36)
CH,080,H +H,0 — ’
CH.OH + HSO, (37)

SO, + %0, + H,0 — H,50, (38)
CH, + 40, - CHOH  (39)

For the mechanism (see Fig. 107)
of the surprising first reaction, shown
in equation (36), it is postulated that
the activation of the methane occurs
by a net electrophilic displacement
reaction with mercuric bisulphate to
produce methyl mercuric bisulphate.
The electrophilic reaction of meth-
ane with mercury was a real scien-
tific novelty. According to Catalytica,
the reaction is carried out at 180°C
and is suitable for large-scale pro-
duction. Nothing so far is known of
the economics of this process route.

Another process for oxidizing
methane to methanol has been pro-

Fig. 107: Direct Oxidation of
Methane to Methanol

H,O
+

0.5 50, Hg(OSO,H), ,CH,

—_re-oxidacion __activation
»
1.5 H,80, H,50,
0.5 ng(OSOBH)2 CHzHgOSOBH
1.5 H,SO,
CH,OSOH T
.0
+0.550,

IPR2025-01173, -01174, Topsoe Ex. 1016

Page 102 of 138

TV



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 103 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 104 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 105 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 106 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 107 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 108 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 109 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 110 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 111 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 112 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 113 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 114 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 115 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 116 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 117 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 118 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 119 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 120 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 121 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 122 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 123 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 124 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 125 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 126 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 127 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 128 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 129 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 130 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 131 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 132 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 133 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 134 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 135 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 136 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 137 of 138



IPR2025-01173, -01174, Topsoe Ex. 1016
Page 138 of 138





