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ESTERS, ORGANIC 763 

111istrY· The ':action can be_ used to reduce the boiling point of es- Table I. Physical Properties of Some Common Esters 
clit' excha.ngmg a long-chain alcohol group with 8 s hort one 

rs bl' I • ff ·1 ' eg, Ii I in the a na ys1s o at.s, 01 s, and waxes. Mol Freezing 
thilllo . . I f "d i •. a,. industrial e~am~ e o ac1 o ys1s is the reaction of poly(vinyl Ester wt 10 Bp, •c- point, ·c "o 
fJl ) with butync acid to form poly(vinyl butyrate). Often a but • 

methyl formate 60.05 1.344 32 - 99 8 tale . . d ync 
::i-a!C(hanol mixture 1s use and methyl acet.alc is obtained as 0 ethyl formote 74 08 1.3598 54.3 - 80 
l.1lPf1)<1uct. butyl formate 102.13 1.3889 106 - 91.9 

methyl occlotc 74.08 1.3594 57 - 98.1 
MOIIA~tMAD AsLA.\I 

ethyl ocet.ate 88.l 1.3723 77.l - 83.G 
G. PAULL TORRENCE 
EDWARD G. ZEY vinyl ocelotc 86.1 1.3959 72.2 - 93.2 

Hoechst Celanese CorporaLJon propyl ucetate 102.13 1.3844 101.6 92.5 

isopropyl acet.ate 102.13 1.3773 90 - 73.4 

butyl acetate 116.16 1.3951 126 - 73.5 
E Rtid in P. Grotggirui, Unit Processes in Orgonrc Synthesl8, 6th ed .. isobutyl acetate 116.16 1.3902 I 17.2 - 98.6 

E. ~ic(iraw-llill Book Co., Inc., New York, 1958. Stt-bu1yl acct.ate 116.16 I.3877 112 
l'ol8l, Th• Chenustry of Corboxylrc Acids and Esters, Wiley-Litcrscience, I-butyl occtate 116.16 1.3855 97 
St" York, 1969. penLyl acelste 130.18 1.4023 149.3 - 70.8 

It S. ~lark.Icy in K. S. Markley, ed., Fatty Acids, part 2, Wiley-lnterscience, isoamyl acetate 130.18 1.4000 142 - 78 
:Se~• York, 1961, p. 757. sec-hexyl acetate 144.22 1.4014 167 0 

It C. I.,arOCk, Compre/wnswe Organic Tra~(ormations, VCH Publishers, Inc., 2-ethylbexyl ocetote 172.26 1.4204 199.3 - 93 

New York. 1989. ethylene glycol dincetate 146.14 1.415 191 31 

2-methoxycthyl acetate 118.13 1.4019 145 - 65.1 

2-ethoxyethyl acetate 132.16 1.4058 156.4 - 61.7 

2-butoxyelhyl acetate 160.12 1.42 187.8 - 32 
ESTERS, ORGANIC 2.(2--0thoxyethoxy)cthyl acetate 176.21 1.423 217.4 - 25 

2-(2-butoxyethoxy)ethyl acetate 204.27 1.4265 247 - 32.2 
Esters are compounds that, on hydrolysis, yield alcohols or phenols benzyl ocetatc 160.18 1.5232 215.5 - 51.5 
and acids according to the equation: RA + H2O ;:: ROH + HA, where glyccryl triacet.ale 218.23 1.4296 258 - 78 
Risa hydrocarbon fragment and A is the anion portion of an organic ethyl 3-ethoxypropionate 146.19 165-172 - 50 

ecid. glyceryl tripropionatc 260.3 1.4318 176 -58 

methyl acrylate 86.09 1.4040 80.5 <-75 

ethyl acrylate 100.11 1.4068 99.8 <-72 
Nomenclalure 

butyl acrylate 128.17 1.4185 69 - 64.6 
The names of esters consist of two words that reflect their formation 2--0thylhexyl ocrylate 184.28 130' -90 
from an alcohol and a carboxylic acid. According to the IUPAC rule, methyl methacrylatc 100.12 1.4119 100 - 48 
the alkyl or aryl g roup of the alcoh ol is cited first followed by the methyl butyrate 102.13 1.3878 102.3 - 84.8 
carbo:,;ylate group of the acid with the ending -ate replacing t he -ic of ethyl butyrate 116.16 1.4000 121.6 - 100.8 
the acid. For example, CH3CH2COOCH:i, the methyl ester of propanoic butyl butyrate 144.22 1.4075 166.6 - 91.5 
acid, is called methyl propanoate (or methyl propionate, if the trivial methyl isobutyrate 102.13 1.3840 92.6 - 84.7 
came, propionic acid, is used for the carboxylic acid). ethyl isobutyrate 116.16 I.3870 110 - 88 

isobutyl isobutyrate 144.22 1.3999 148.7 -80.7 

Ph)'!ical Properties methyl stearate 298.5 1.457 215 40 

etiiyl stearnte 312.52 1.429 213-215 33.7 
The pbysical properties of organic esters var y according to the molec- butyl stearate 340.58 343 27.5 
ular 'll'eight of each component. Lower molecular weight esters are col- dodecyl stearote 440.8 1.433 28 
orless, mobile, and highly volatile liquids that usually have pleasant hexndccyl stenrate 496.91 l.441 67 
odors. As the molecular weight increases, volatility decreases and the dimethyl maleate 144.13 l.4409 204 
consistency becomes waxy, then solid, and eventually even brittle, of- dimethyl oxalate 111.09 1.4096 185 - 41 
teo with formation of lustrous crystals. The melting point of an es- dimethyl adipate 174.2 1.4283 115 10.3 
!tr is generally lower than that of the corresponding carboxylic acid. diethyl adipete 202.25 1.4372 245 - 19.8 
However, the boiling point depends on the chain length of the alcohol di(2-ethylbexyl) adipate 370.58 l.4472 214 - 60 
component and eventually exceeds that of the acid. Lower molecular methyl benzoate 136.15 1.517 199.5 - 12.5 
ireigbt esters are relatively stable when dry and can be distilled with- ethyl benzoate 150.18 1.505 212.9 - 34.2 
out decomposition. Organic esters are generally insoluble in water, but methyl salicylate 152.15 1.536 223.3 - 8.6 
soluble in various organic liquids. Lower esters are themselves good ethyl salicylote 166.18 1.522 231.5 1.3 
iOh-ents for many organic compounds. The physical properties _of co~- dimethyl phthelate 194.19 1.515 282 - 2 
IDercially important aliphatic and aromatic organic esters are hsted in diethyl pbtholate 222.24 1.499 295 - 33 
Table l. dibutyl phthalote 278.35 1.4911 340 -35 

di(2-ethylbexyl) phthnlate 390.56 1.486 231 -50 

Chemical Properties dimethyl isophthalate 194.19 1.5168 124 67 

dimethyl terephtholate 194.19 288 140 
1'be reactions of esters have been reviewed. Because of the large num- methyl ontbranilate 151.17 1.584 132 24 
ber ofpossible acid and alcohol moieties, the chemical properties of es- benzyl cinnemote 238.29 244 39 
ters may differ considerably. Only typical reactions applicable to the dimethyl carbonate 90.08 1.3682 90 3 
majority of esters a re described in the following sections. diethyl carbonate 118.13 J.3854 127 - 43 

Hydrolysis. Esters are cleaved (hydrolyzed) into an acid and an 
alcohol through the action of water. This hydrolysis is catalyzed • At 101.3 kP• • 760 mm HJ unJe51 othe,.,_.;.., stairo. 
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764 ESTERS, O RGANIC 

by ~cids or b~ses. The mechanistic aspects of ester hydrolysis have 
received considerable altention and have been reviewed. 

Enzymatic Hydrolysis. Enzymatic hydrolysis has received enor• 
m~us atton_tion. The enzymes gene rally employed arc lipascs from 
microorganisms, plant;;, or mammalian liver. The great advantage of 
the enzymatic process is its high chemo- and stcrc-oselectivity. 

Transc-sterification. When esters are heated with alcohols, acids, or 
other esters in the presence of a cotalyst , the alcohol or acid groups 
are exchanged. This process is called transestcrification. Tt is acceler­
ated by the presence of a small amount of acid or alkali. Three types 
oftransestcrification arc known: (1 ) exchange of alcohol groups (alco­
holysis), (2) exchange of acid groups (acidolysisl. and (3) ester-ester 
interchange (sec EsTJ-:llfflCATION). 

Ammonolysis and Aminolysis. Esters and ammonia reacl to form 
amides and alcohols. 

If primar y or secondary amines are used, N-substituted amides arc 
formed. This reaction is called aminolysis. 

Reduction. Esters can be reduced to alcohols by catalytic hydro· 
gcoation us ing molecular hydrogen or by chemical reduction. 

Reaction of Eno/ate Anions. In the presence of certain bases, eg. 
sodium alkoxjde, an ester having a hydrogen on the a-carbon atom un· 
dcrgoes a wide variety of characteristic enolate reactions. Mechanisti• 
cally, the base removes a proton from the a-carbon, giving an enolate 
that then can react with an electrophile. 

Grignard and Related Reactions. Esters react with alkyl magnesium 
halides in a two-stage process to give alcohols. The reaction involves 
nucleoph.ilic substitution ofR3 or OR2 and addition ofR3MgX to the car• 
bony! group. With 1,4-dimagnesium compounds. esters are converted 
to cyclopentanols. Lactones react with Grignard reagents and give di• 
ols as products. Many other organometallic compounds also react with 
carbonyl. 

a-Halo esters react with aldehydes or ketones in the presence of 
zinc to form f:l-bydroxy esters. This is known as the Reformatsky 
reaction. 

Preparation of Acyloins. When aliphatic esters arc allowed to react 
with metallic sodium, potassium, or sodium- potassium alloy in inert 
solvents, acyloios (a-hydroxyketones) are formed. 

Pyrolysis. The pyrolysis of simple esters of the formula 
RCOOCR1R2CHR3

2 to form the free acid and an alkeoe is a gen­
er al reaction t hat is used for producing olefins. 

Carbonylation Reaction. The carbonylation of methyl acetate is an 
impor tant industrial reaction for producing acetic anhydri_de. 

Substitution, Alkylation, and Rearrangement. The reaction of alka­
line pheooxides with alkyl S-2-(chloro)· or S-2- (mesyloxy)propion_ate 
gives optically active R-2-ar ylox-yalkan~ic a_cid e~ters i_n good chemical 
and optical yields (> 97%ee). The reaction 1s ut1hzed ID the synthesis 
of several pbeooxy herbicides. 

Optically active 2-arylalkanoic acid esters have been prepared by 
Friedel-Crafts alkylation of arenes with optically active esters, such 
as methyl S-2-(cblorosulfoooxy)• or S-2-(mesloxy)propionate, in the 

presence of aluminum chloride. . . 
The Fries rearrangement of phenol esters gives a mixture of2- a_od 

4-acylphenols. Similarly, enol esters undergo rearrangement to give 
the corresponding 1,3-dil<etones. 

Occurrence and Preparation 

ti t fthe simple esters used commercially are of synthetic 
Curren y, mos o • • • f: ts ·1 
or i in, although esters occur naturally in large quantities m a , m s, 

g Mi · ms produce a complex array of compounds 
and waxes. croorgarus . 1• . . ter Jinka e ranging from simple esters to macrocyc 1c 
contammg the es h g ' in which are important because of their 
lactones, such as eryt romyc • 
antibacterial properties. . • h d b te 

f t ally occu rring esters is accomphs e Y s am 
Recover y o na ur . binatioo of these pro· 

distillation, extraction, pressmg, or by a com b reaction of an alco-
cesses Synthetic esters are generally prepared y h If • 
hol wi~h an organic acid in the presence of a ':8talrst sue as SU UrtC 

acid, p -toluenesulforuc acid, or methanesulfomc acid. 

Stability and Storage 

A 11 organic esters arc unstable in the presence of a . 
nuclcophiles such 1.1s water or alcohols. However •r Ctd Or ~ 

I b • 1 8Lored liaf they are stable. Storage vesse l' can c constructed f iltlhi'll~ • 
11• ·.' I b t I t • 0 sl(>cl al ~" or other meta_ 1c ma

1
_tc1 iah_s

1
_, u Pas 1c storage tanks a~ u, 

because the highly 1pop 1 1c esters can sometimes . un..'11,~ 
container bounda ry and sofl<'n or even dissolve it. perrnea~ Ultatf. 

'fhc propcrtieis of flash point, autoignition tc 
flammable _limit should be considered when an ester ~~~u.re, I:"( 
in any fashion. h~ 

Health and Safely Factors 

Toxicity. The degree of toxicity of organic esters CO\· 

range. These toxjcities arc usually described in terms ofth ell a "l!t 
iting values (TLV), or permissible exposure limits (PEL). Bore~hoJdlt_ 
and the TLV descr ibe the average c~ncentratioo over an B-~ t1'.eP!:J. 
wruch a worker may be exposed without adverse cffect.<i Thper~~ 

d . • e~ 
dosages for 50% of the expose animals, LDso5, are also sed 
indicator of the relative toxicity. The LDso5 of organic e le: f0r : '­
mammals range between 0.4 and 16 g/kg. The TLVs of organic ~ 
range between 5 and 400 ppm. 'lll 

When ingested or absorbed, organic esters arc likely to be 
drolyzcd to the corresponding alcohols and carboxylic acids n! 
fore the toxicities of the hydrolysis products should also be COl\51deret 
Some organic esters are highly volatile and can act as asp- 1 
narcotic. Also, skin absorption and (nhalation are among the ~ 
associated with esters that are volatile or have good solvent action.Be, 
cause of the high solubilit~ of fats and oils i_n organi_c esters, proloog!i 
or repeated exposure to skin can cause drying and irritation. 

Acetates generally do not cause any physiological effecta unei 
high exposure occurs s ince they are usually converted into or IIClt! 

naturally as metabolites. However, large enough exposure to a®!! 
esters can cause narcotic effects. 

Propionates and higher aliphatic esters generally become lesiim 
as the size of the alkyl carboxylate increases. 

The acrylate esters are more physiologically hazardous than lbar 
saturated homologues. They are usually lachrymators and irritaI:11. 
and their toxicities decrease with increasing molecular weight. 

Among adipates, oxalates, malonates, and succinates, tbeadipa!l! 
are the least toxic. 

Benzoate esters, like most organic esters, are not very tore Thi, 
are not absorbed through the skin as rapidly as alkyl esten b111 1:1 

more potent physiologically. They are also moderate skin irritants. 
The phthalate esters are one of the most widely used classesi 

orgaofo esters, and fortunately they exhibit low toxicity. . 
More information on the toxicities of a range of orga111c esters 1 

available in the literature. 0SH.l 
Exposure Limits. The Occupational Safety and Health Act l 

of 1990 lists a multitude of acetates, phthalates, formates.~~ ~ 
!ates along with the corresponding permissible exposure limi~ 
threshold limit values. Inhere is potential for exposure ID an eipo,"'lll 
ester for which PEL or TLV data has been identified, then an 
limit lower than that listed 

Regulation and Waste .JtJ 
. II t 8 proble111 " 

Waste from production of organic esters 1s usua Y no cid condet-."' 
the method of synthesis often involves a carboxyhc 

3 
Anl' argait 

. . d h l b od ct tS water. ,. hon with an alcohol an t e on Y y-pr u be biologicallY ';'" 
remn ants lost to the process water can usually . foS)-gesiot 
graded. The biochemical oxygen demand (BOD) or che~•: used 1t1ilt 
mand (COD) should be measured if biological treatmen""' ellllited ' 

. 0 • c ester var-­process waste from ester production. rgani 
processing usually can be burned. , • st thJI• t"-dl 

Extensive federal environmental regulations :ese regu!B~ 
organic esters as well as many other subStaDc75

• before using 1111' 
must always be consulted for complete inforroation 
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iJlOunts of organic esters. Stale and local regulations must also be 
B which in some cases arc more s tringent. than ficderal J ti' l!)('t, regu a ons. 

uses 
QrgMiC esters are use? as sol_vent.s, plasticizers, in resin;;, plastics, 
ond coatjngs, as l~bncants, m perfumes, flavors, co..;met.ics, and 

50
, p. as surfacc-nct.1ve agent • as medicinal;;, and as herbicides and 

pesticides. 

K\\OLIANC: D. '!'All 
VARAl)AHA.J ELANGO 
JOSEl'll A. M('l)o;-.;ouc:11 
Hoechst Celanese Corporation 

Pauu, e<I. The Chc,mstry of Acul Derwathe$, Suppl. B. Parts I and 2 John 
\\C,lry & Sons, Inc., :-lew York, 1979. ' 

R II' Johnson and E. Fritz eds . Folly Acids m l nd11stry, ~tarcel Dekker, Inc, 
~ew York.. 19S9. 

B M. Tros\ ond I. ,Fleming, eds , Comprclie11sne Or~an,r S,•nthesis: S,/ectiuity, 
Strottgy and E(f1cre11cy 1n Modern Organic Chemistry, Vol 1-9, Pergamon 
Pre5s, Inc., Elmsford. N.Y., 1991 

J. March, .-\rlwnced Organic Chen11stry, 4th ed., John Wiley & Sons Inc, 
i'<ew York.. 1992 ' 

ESTROGENS. See HoRMONF~. 

ETHA OIC ACID. See ACETIC Acrn AND DF.RIVATIVES, ACl"fIC ACID. 

ETHANOL 

Ethanol or ethyl alcohol, CH3CH20H, is one of the most versatile 
oxygen-containing organic chemicals because of its unique combina­
tion of properties as a solvent, a germicide, a beverage, an antifreeze, 
a fuel , a depressant, and especially as a chemical intermediate for 
other organic chemicals. The use of fermentation-derived ethanol as 
an automotive fuel additive to enhance octane and reduce emissions 
has seen explosive growth since about 1980 so that it now accounts 
for O\'er 80"'~ of the 6.0 x 109 L ethanol market in the United States. 

Physical Properties 

A summary of physical properties of ethyl alcohol is presented in 
Table 1. Detailed information on the vapor pressure, density, and 
l'iscosity of ethanol can be obtained from many references. Ethanol 
forms binary and ternary azeotropes with a wide variety of other 
organic chemicals. 

Chemical Properties 

Tbe chemistry of ethyl alcohol is largely that of the hydroxyl group, 
namely, reactions of dehydration, dehydrogenation, oxidation, and 
esterificatioo. 

Manufacture 

Industrial ethyl alcohol can be produced synthetically from ethylene, 
as 8 by-product of certain industrial operations, or by the fermentation 
of sugar, starch, or cellulose. The synthetic route supplies most of the 
llldustrial market in the United States. 

The synthetic process employing direct hydration bas since the 
ear!y 1970s completely supplanted the old sulfuric acid process in the 
Untted States. This process, the catalytic vapor-phase hydration of 
ethylene, is now practiced by only three U.S. companies: Union Car­
bide Corporation (UCC), Quantum Chemical Corporation, and East­
lllan Chemical Company UCC imports crude industrial ethanol, CIE, 

Table I. Physical P roperties or EthBnol 

Property 

frec~rng point, ·c 
normal boiling pomt. •c 
density, d ;0, g/mL 
r(•frochve mdex , n0

20 

.l111)'.l1, 20-30'(', per ' (' 

surfa~ tension. al 25'C, mN/m I - dyn/cm) 
IISCO"ll), ol 2o·c. mPa·s(- cPI 

solubtlily in waler, o\ 20'C 
heal or combustion, at 2G'C. J/lf' 
nammable hmits in nir, vol '< 

lower 
upper 

uuto1gnilion temperature, •C 
specific heat, at 2o•c , J / (g·' C) 
thermal conductivity, al 20'C, W/ (m·KJ 

• T o rom·c:,rI J to c.111, d1v1de by 4 184 

ETHANOL 765 

Value 

- 114 I 

78 32 
0.7893 
1.36143 

0.000404 
23.1 
1.17 

miscible 
29676.69 

4.3 
19.0 

423.0 
2.42 

0 170 

from SADAF (the joint venture ofSABIC and Pecten !Shell]) in Saudi 
Arabia, and refines it to industrial grade. 

Other Methods of Preparation. In addition to the direct hydration 
process, the sulfuric acid process, and fermentation rout.cs to manufac­
ture ct.banol, several other processes have been suggested. These in­
clude the hydration of ethylene by djlute acids, the hydrolysis of ethyl 
esters other than sulfates, the hydrogenation of acetaldehyde, and the 
use of synthesis gas. None of these methods has been successfully im­
plemented on a commercial scale, but the route from synthesis gas has 
received a great deal of attention since the 1974 oil embargo. 

Recovery and Purification 

Various distillation and equipment modifications are used to ensure a 
pure water azeotrope of ethanol (95% by volume ethanol). 

Purification schemes have generally emphasized t he following 
techniques: (/) extractive distillation using water reflux to dis till a 
large share of the impurities and concentrate the crude alcohol-water 
mixture; (2) efficient fractionation to produce approximately 190 proof 
alcohol; (3 ) hydrogenation to convert. aldehyde impurities to alcohols, 
together with the use of chemicals such as inorganic bases and 
sodium sulfite; and (4) ion-exchange resins or azeotropic distillation 
to dehydrate 190-proof to 200-proof or absolute alcohol. 

Manufacturing Costs 

The cost of producing industrial ethanol depends on the location of the 
manufacturing plant; the design, type, and degree of modernization of 
equipment; the kind of raw material used; the price paid for the raw 
material; the relative labor costs represented; the scale of production; 
and the total investment. On a raw material basis, each kilogram of 
ethanol requires 0.6 kg ethylene, 2 kg sugar, 3.3 kg com, or 4 kg mo­
lasses. If all other cost factors were equivalent, the economics of fer­
mentation ethanol derived from corn would compare favorably with 
synthetic ct.hru1ol if corn prices were 5.5 times less than ethylene on a 
weight basis. With ethylene at $0.44/kg, as it was in 1991, com would 
have to be about $0.08/kg (about $2/bushel). Corn by-products that arc 
produced by some fermentation plants offset the price of corn to a vary­
ingdegree depcndiog on their market value. it is expected that ethylene 
will continue to be the primary raw material for industrial ethanol, be­
cause during the early t.o mid-1990s most of the fermentation ethanol 
will go to fuel due to the impact ofthe Clean Air Act, and ethylene prices 
are not expected to sig nificant.ly increase because or additional ethylene 
capacity coming onstream (see ETllYLENE). 

Shipment , 

Commercial ethyl alcohol is shipped in railroad tank cars, tank trucks, 
208-L (55-gal) and 19-L (5-gal) drums, and in smaller glass or met.al 
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Economic evaluation, 673 
EggA, 674 
Elastomer fillers, 844 
Elastomeric fibers, 834 
Elastomcrs, 18, 693 

synthetic, 677 
Electrical connectors, 698 
Electrically conductive polymers, 700 
Electrounalytical techniques, 702 
Electroceramic processing, 33 
Electrochemical cells, 702 
Electrochemical machining, 1223 
Electrochemical processing, 703 
Electrochemical waste treatment, 706 
Electrodecuntation, 707 
Electrodeionization, 726 
Electrodcposition, 718, 1873 
Electrodes, 322 
Electrodialysis, 707, 726 
Electroencephalogram, 123 
Elcctroflotation, 707 
Electrofor ming, 725 
Elcctrohydrodimerization, 709 
Elcctroless copper, 712 
Electroless films, 711 
Electrolcss plating, 710 
Electrolytic cells, 704 
Electrolytic pickling, 722 
Electrolytic plating, 710 
Electromagnetic energy, 1307 
Electronic ceramics, 33 
Electronic materials, 712 

packaging, 1440 
Electronics, coatings, 714 
Electronic technology, 730 
Electroorganic syntheses, 707 
Electrophoresis, 728 
Electrophotography, 715 
Elcctroplaters, 722 
Electroplating, 718 
Electroseparations, 726 
Electrowinning, 706 
Elemental boron, 272 
Elemental carbon, 319 
Elfamycins, 139 
Embedding, 730 
Emission control system, 777 
Emulsions, 647, 731 
Enamel coatings, 734 
Enamels, porcelain or vitreous, 732 
Energy conservation, 734 
Energy management, 734 
Engineer ing, chemical data correlation, 737 
Engineering plastics, 743 
Enoxacin, 130 
Environmental impact, 748 
Enzyme amplification, 255 
Enzyme assay, 749 
Enzyme inhibitors, 753 
Enzymes, 751, 1261 

applications, 748 
in organic synthesis, 754 

Enzymology, 748 
Epichlorohydrin elastomers, 693 
Epinephrine, 756, 1902 
Epoxies, 715, 730 
Epoxy resins, 758, 1071, 1856 

Epsom salts, 822 
Esterification, 117, 760 
Ester interchange, 762 
Esters, organic, 763 
Estradiol, 1070 
Estrogens, 1068, 1070, 1896 
Ethane, 1084 
Ethanol, 626, 765 
Etherification, 117 
Ethers, 767 
Ethyl acetate, 5 
Ethyl a lcohol, 5, 765 
Ethylbenzene, 1904, 2173 
Ethyl bromide, 291 
Ethyl chloride, 424 
Ethylene, 768 
Ethylene-acrylic elastomers , 683 
Ethyleneamines, 614 
Ethylene dibromide, 291 
Ethylene glycol, 162 
Ethyleneimine, 1105 
Ethylene oxide, 770 
Ethylene-propylene-diene rubber, 684 
Ethyl ether, 768 
Ethyl formate, 763 
Eulerian coordina te system, 195 
Evaporation, 773 
Exhaust control: 

automotive, 776 
industrial, 779 

Expectorants, 782 
Experimental design, 604 
Expert systems, 784 
Explosives, 787 
Explosive substances, 788 
Extractive distillation, 635 
Extractive metallurgy, 1279 
Extraterrestrial materials, 799 

Fans and blowers, 801 
Fat replacers, 803 
Fats and fatty oils, 804 
Fat-sparing agents, 804 
Fatty acids, 805 

from tall oil, 346 
Fatty amines, 97 
Feather meal, 808 
Feeds and feed additives, 806 
Feedstocks, 810 
Fermentation, 232, 813 
Ferrites, 814 
Ferroboron, 274 
Ferroelectrics, 816 
Ferrosilicon, 1810 
Ferrovanadium, 2066 
Fertilizers, 818 
Fiber optic cables, 1148 
Fiber optics, 824 
Fibers, 827 
Fibrin, 270 
Fibrinolysis, 270 
Fibrous glass, 295 
Fillers, 844 
Film and sheeting materials , 845 
Filtration, 847 

Fine art examination and conservation 849 
Fine chemicals, 855 ' 

Fine chemicals standards, 857 
Finish removers, 1444 
Fixatives, 1017 
Flame agents, 389 
Flame resistance, 862 
Flame retardancy, 858 
Flame retardants, 858, 860 

for textiles, 862 
Flares, 788 
Flat glass, 295 
Flavorants, 863 
Flavor characterization, 863 
Flexible foam, 2058 
Floccula ting agents, 869 
Flotation, 871 
Flow measurement, 872 
Fluid catalytic cracking units, 361 
Fluidization, 873 
F luid mechanics, 876 
Fluorescent pigments (daylight), 1219 
Fluorescent whitening agents, 881 
Fluor ides, 600 
Fluorine, 706,881,884,892 
Fluorine cells, 706 
Fluorine compounds, inorganic, 884 
Fluorite, 881 
Fluoroaluminates, 885 
Fluoroanalogues, 138 
F luoroborates, 888 
Fluoroboric acid, 888 
Fluorocarbon elastomers, 685 
Fluorocarbons, 715 
Fluorogermanates, 891 
Foam, 592 
Folic acid, 2098 
Food Labeling and Education Act, 803 
Food starches, 318 
Forages, 809 
Fossil fuels, 1092 
Free-flow electrophoresis, 730 
Free•radical initiators, 1131 
Freundlich isotherm, 27 
Friction materials, 286 
Fumaric acid, 1242 

a-Galactosidase, 752 
,8-Galactosidase, 7 52 
Galena, 1186 
Gallium and gallium compounds, 977 
Gas, natural, 978 
Gaseous emissions, 47 
Gases, 1032 
Gasoline, 5, 2026 
Gasoline and other motor fuels, 980 
Gas separation adsorption, 30 
Gastrointestinal agents, 985 
Gaussian plume model, 195 
Gelatin, 986 
Gelatinization, 246 
Geldan amycin, 136 
Gellan, 1297 
Gemstone materials, 986 
Gemstones, 986 
Gemstone treatment, 987 
Gene alteration, 992 
Gene encoding, 748 
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