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The Reaction of Ethylene Oxide with Oleic Acid 
G. J. STOCKBURGER and J. D. BRANDNER, Atlas Chemical Industries, Inc., Wilmington, Delaware 

Abstract 

The base-catalyzed reaction of ethylene oxide 
with oleie acid can be divided into two stages. 
The first stage consists of a slow reaction of oleic 
acid with ethylene oxide to form principally 
ethylene glycol monooleate; other reactions such 
as esterification, transesterification and poly- 
glycol formation lag behind. In  the second stage, 
af ter  the addition of approximately one mole of 
ethylene oxide, the reaction accelerates and trans- 
esterifieation equilibrium is rapidly attained. The 
composition of products  containing several mole- 
cules or more of ethylene oxide can be calculated 
satisfactorily on the assumption of random ad- 
dition of ethylene oxide and random esterifiea- 
tion of the hydroxyl  groups. The uncatalyzed 
reaction is nlueh slower and transesterification 
equilibrium is at tained slowly, if at all. A reac- 
tion mechanism based on the difference in ba- 
sieities of the earboxylate and alkoxide ions (and 
the relative rates of the competitive ethylene 
oxide reactions) is presented for the base-cat- 
alyzed reaction. 

Introduction 

T HE ALKALI-CATALYZED reactions of ethylene oxide 
with long-chain fa t ty  acids are used for the pro- 

duction of a number of commercially important  emul- 
sifiers and nonionic detergents (1,2). A simplified 
representation of the reaction is 

R C 0 0 H  q- n C~I-I40 ~ RC00(C~H~0)nH (1) 

The reaction is customarily conducted with an alka- 
line catalyst and other reactions such as transesteri- 
fieation, 

2 RCO0(C~H~0)nH ~ -RC00(C2H40)n0CR q- H0(C2H~0)nH (2) 

and direct esterifieation, 
RC00I~  -~ R C 0 0  (C~H40)nH -~ R C 0 0  (0~H~0) n0Cl~ + H20 (3) 

have been observed ( 2 4 ) .  
Polyoxyethylene (8) stearate (MYRJ 45--Atlas  

Chemical Industries, Inc.),  which is the reaction 
product  of 8 moles of ethylene oxide per mole of 
stearie acid, is approximately a 1:2:1 molar mixture 
of free polyol, monoester and diester (3). This dis- 
tr ibution is the one expected (10) if ester interchange 
equilibrium (Equat ion 2) is reached rapidly. Larger  
mole ratios of mono- to diester have been reported 
for early stages of oxyethylation (4-7).  In view of 
the interest in polyoxyethylene glycol esters in foods, 
pharmaceuticals, etc., it seemed desirable to make a 
thorough s tudy of the effects of reaction conditions, 
including extent of oxyethylation on the composition 
of the products. Oleie acid was chosen for the study 
rather  than stearic acid because the oleate esters are 
liquids and easy to handle and to observe for 
homogeneity. 

Experimental 
Starting Materials 

Oleic acid was Emersol 233LL (Acid No., 202; 
average mole weight, 278), obtained from Emery  In- 
dustries, Inc. Commercial ethylene oxide and sodium 
hydroxide were used without purification. 

Procedure 

F a t ty  acid-catalyst mixtures were prepared by dis- 
solving powdered sodium hydroxide in oleic acid at 
elevated tenlperatures and decanting the m i x t u r e  
from the small quant i ty  of aqueous phase which 
settled out upon standing. The ethylene oxide reae- 
tions were conducted in a one-liter st irred autoclave 
under a nitrogen atmosphere. Ethylene oxide was 
added incrementally maintaining autoclave pressure 
eonstant to •  psig. Details of the equipment and 
procedure were given previously (11). In order to 
obtain samples representative of operating conditions, 
small quantities were removed rapidly from the auto- 
clave into a flask cooled in a solid carbon dioxide- 
isopropanol bath. 

Separation of Reaction Products and Analys is  

The products  are for the most par t  homogeneous. 
Those containing between 1.0 and 2.5 moles of ethy- 
lene oxide per mole acid yielded a small quanti ty of 
a second liquid phase, largely glycols, upon standing 
at room temperature.  Before sampling for analysis, 
the products  were mixed by shaking. The mole ratio 
of epoxide reacted with acid was estimated from the 
oxyethylene content of the product, determined by 
the method of Siggia et al. (8). The products were  
analyzed for acid value, hydroxyl  value and saponi- 
fication value by methods essentially those of the 
American Oil Chemists' Society. Free and total 
ethylene glycol were determined by periodate oxida- 
tion before and after  saponification of the oleate 
ester. Water  content was determined by Karl  Fischer 
reagent or by gas-liquid chromatography. 

Samples were processed to yield (a) free polyols, 
(b) combined mono- and diesters, and (c) total (free 
and combined) polyols. The procedure utilized to 
obtain the total polyols was similar to that  described 
by Birkmeier and Brandner  (3), except that  samples 
were concentrated under  controlled conditions to pre- 
vent loss of the lower glycols. The separation of free 
polyols f rom the combined esters was accomplished 
by extract ing a benzene solution with aqueous 10% 
sodium sulfate solution. In some of the extractions, 
emulsions were obtained, which were broken by the 
addition of small quantities of isopropanol. The free 
polyols (and the total polyols obtained af ter  saponi- 
fication) were recovered as aqueous solutions, concen- 
t ra ted and the chain length of the glycols estimated 
from the hydroxyl  number. Alternatively,  GLC was 
used to estimate free polyols directly using a column 
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of Carbowax 20M on Chromosorb W, and esterified 
polyols were t ransmethyla ted  be fo re  injection into 
the GLC. 

The following calculations were used to determine 
the product  composition: 
Mole F r a c t i o n  Acid  Reacted ,  X ~-- 1 - - [  (278  -~ 44,1 n )  Acid N o . ] / 5 6 , 1 0 0  

where n is moles of combined etbylene oxide per  mole 
of acid charged. 

Mole Ratio Mono-/Diester,  R = 2 / [  ( E / H )  -- 1] 
where E and H are ester number  and hydroxyl  num- 
ber of ester portion, respectively. 

Mole Fract ion  Diester, D = X / ( R  + 2) 
Mole Fract ion  Monoester, M = DR 
Mole Frac t ion  Free  Polyo], P = T -- (M + D) 

where T is moles total polyols found per  mole acid 
charged. 

Resu l t s  and D i s c u s s i o n  

A typical  rate  curve obtained upon addition of 
ethylene oxide to oleic acid using sodium hydroxide 
as catalyst  is shown in F igure  1. The reaction occurs 
in two distinct kinetic stages, as was reported previ- 
ously (5,9). Stage one is a slow reaction which lasts 
until  approximate ly  1.1 moles of epoxide per  mole 
of acid have reacted. Stage two is characterized by a 
much faster  reacton, which persists for the durat ion 
of the ethylene oxide addition. The uncatalyzed re- 
action at  a slightly higher pressure is shown to be 
much slower. No evidence was found in any  uncat- 
alyzed run  for an ab rup t  increase in reaction rate 
comparable with that  observed in base-catalyzed 
reactions. 

F igure  2 shows the rate of consumption of f a t ty  
acid both for the base-catalyzed and the uncatalyzed 

T A B L E  I 

Reac t ion  R a t e  vs .  Ca ta lys t  Concentrat ion  

T e m p e r a t u r e ,  120C 
A v e r a g e  E T O  pres. ,  52.5 psi 

N a O H  k l  �9 108. min .  -1 k~, rain.  -1 
(Wt. w/v ) (A lnXFA/At )  (k l /XNaOH) 

0 .069 2.80 0 .58 
0 .14 5.15 0 .54 
0.22 6.84 0.50 
0.28 8.41 0.44 
0.42 10.9 0.38 
0.61 12.3 0.30 
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FIG. 2. Rate of consumption of oleic acid by reaction with 
ethylene oxide. 

reaction of ethylene oxide with oleic acid. The loga- 
r i thm of the mole fract ion of acid plotted vs. t ime 
yields a s t ra ight  line for the first portions of the base- 
catalyzed reaction. The base-catalyzed reaction rate 
constant increases as the reaction of f a t t y  acid ap- 
proaches completion, presumably  due to direct esteri- 
fication as a competit ive route for  eonsmnption of 
oleic acid. The uncatalyzed reaction appears  to be 
linear throughout.  

Catalyst  concentration was varied in order to de- 
termine the effect on rate of reaction. T h e  reaction 
rate constant kl, defined as - d [ F a t t y  A c i d ] / d t =  
kt [Fa t ty  Acid],  is shown in Table I as a function of 
catalyst  concentration, k2, defined as k l / [ N a O H ] ,  
decreases somewhat with increasing catalyst  concen- 
tration, presumably  because of the decrease in the 
fract ion of catalyst  ionized. 

The effect of ethylene oxide pressure on the rate  
constant for  consumption of f a t ty  acid is presented 
in Table I I .  Wi th in  experimental  error, the rate con- 
s tant  k3, defined as k J [ E T O ] ,  is constant over a 
range of ethylene oxide pressures. 

Variat ion of product  composition with moles of 
ethyIene oxide reacted per  mole of oleie acid is shown 
in F igure  3. An abrup t  change in the product  dis- 
t r ibut ion occurs at the point where the kinetic change 
is observed. As had been reported previously (3), 
dur ing the initial  reaction, the mole fract ion of acid 
decreases l inearly to zero which shows that  the pre- 
ferred reaction is between ethylene oxide and f a t ty  
acid. Dur ing  this period, the mole fract ion of mono- 
ester increases to a max imum of about 0.7. Although 
in the initial stage monoester is the predominant  
product,  ester interchange or transesterification takes 
place slowly, result ing in small but  steadily increas- 
ing amounts of free polyol and diester. The slight 
excess of diester over poly01 is probably  due to direct 
esterification of monoester with free f a t t y  acid. 

Af te r  addit ion of slightly more than  one mole of 
ethylene oxide per  mole of acid, the monoester con- 
centration decreases suddenly and the concentrations 

TABLE II 

Reac t ion  R a t e  vs. E thy lene  Oxide  P r e s s u r e  

T e m p e r a t u r e ,  120(3 
Catalyst ,  0 . 4 2 %  N a O H  

Avg.  E T O  
pres . ,  P k l  . 10 a, rain. -a ks, rain. -a kz, rain.  -1 

(p s i )  (AlnXFA/At)  ( k l / X N , O ~ )  ( k z / X  ~TO) 

52.5 10.9 0.38 2.0 
37.5 8.6 0.30 2~5 
17.5 3.7 0 A 3  2.3 

w h e r e  X E ~ o - - - - P / P o ;  Po----31.0 psi  a t  120C 
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Fie. 3. Variation of product composition with moles of ethyl- 
ene oxide reacted. 

of diester and polyo] increase sharply.  Addit ion of 
several more moles of epoxide results in a slight in- 
crease in monoester and free polyol and a slight de- 
crease in diester. Af te r  eight moles of ethylene oxide 
have reacted, the product  contains a mole ratio of 
free polyol, monoester and diester of 1.16:2.00:1.00, 
in agreement with previous work on polyoxyethylene 
(8) stearate and oleate (3,6). 

Chain growth is at a min imum in the initial stage 
since the average chain length of the total  polyols 
recovered af ter  saponification is constant at about 
1.15. Figure  4 shows the chain length of the polyo] 
as a function of moles of ethylene oxide reacted per  
mole of o]eic acid. At  mole ratios of ethylene oxide 
to f a t ty  acid reacted greater  than  about 1, the aver- 
age ethylene oxide polymer  length is the same in that  
port ion of the polyol which is free as in the port ion 
esterified. 

F igu re  5 shows the var ia t ion of ethylene glycol con- 
tent  with the number  of moles of ethylene oxide re- 
acted per mole of oleic acid. The total ethylene glycol 
content (both free and esterified) rises to a max imum 
at approximate ly  one mole of ethylene oxide reacted 
per mole of oleic acid and then drops rap id ly  to zero 
by the time eight moles of ethylene oxide have reacted. 

Addit ional  evidence for  direct esterification in the 
initial stage is given in F igure  6 which shows the 
water  content of the base-catalyzed and uncatalyzed 
reaction product.  In  the case of the base-catalyzed 
reaction, water  content increases to a max imum at 
about 0.8 moles ethylene oxide reacted per  mole of 
f a t ty  acid, and by  the time about one mole of ethy- 
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lene oxide per mole of f a t ty  acid has reacted the water  
content has decreased to a low value by reaction to 
fo rm ethylene glycol. The uncata]yzed reaction shows 
an increase of water  dur ing the addition of the first 
mole of ethylene oxide and no precipitous reduction 
of water  content thereafter .  

Qualitatively, the observed change of the kinetics 
and product  composition when the f a t ty  acid content 
reaches zero can be explained by  (a) the almost ex- 
clusive reaction of ethylene oxide with f a t ty  acid, 
accompanied by slow transesterification and slow di- 
rect esterifieation in the initial stage, followed by 
(b) oxyethylene chain growth and rapid  transesteri-  
fication af ter  the f a t t y  acid has all reacted. In  the 
present  work and in earlier work (4,5), it was ob- 
served tha t  immediately following the kinetic change, 
the mole ratio of monoester to diester passes through 
a minimum. As more ethylene oxide is reacted the 
composition approaches the 1:2:1 mole ratio of free 
polyol to monoester to diester, corresponding with 
ester interchange equilibrium. 

Samples were separated and analyzed by  counter- 
current  extraction using a procedure described previ- 
ously (6). The data  which are given in Table I I I  
suppor t  the observation of a min imum in the ratio. 
A likely explanation for the min imum in the mole 
fract ion of monoester lies in the observation, men- 
tioned earlier, tha t  a small quant i ty  of a second liquid 
phase was observed in products  containing f rom about 
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FIG. 6. Variation of water content with moles of ethylene 
oxide reacted. 
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TABLE III 

C o u n t e r e a r r ~ n t  E x t r a c t i o n  Ana lys i s  
of PoIyoxye thy la ted  Oleic Acid 

Autoclave  reac t ion  condi t ions :  144C, 0 . 1 7 %  Na0g 

C~H~O 
Mole ratio reacted 0.81 1.40 

Ac id  
P r o d u c t  mole f r a c t i o n s  

F r e e  f a t t y  ac id  0 .202 0.002 
F r e e  polyol 0 .034 0.277 
~/[onoester 0 ,671 0.351 
I ) i e s te r  0 .079 0.356 

Mole ra t io  m o n o - / d i e s t e r  8.51 0.99 

~ T O C K B U R G E R  AND X=~RANDNER:  R E A C T I O N  O F  E T H Y L E N E  O X I D E  

T A B L E  I V  

T h e  R e a c t i o n  of E thy lene  Oxide  w i t h  
OIeie Acid  in  D i m e t h y l  Sul foxide  

Cata lys t  = 0 . 1 7 %  N a O H  
Solvent  = 5 0 %  of in i t i a l  c h a r g e  

8.45 T e m p e r a t u r e  = 1 4 4 0  

Mole r a t io  ( E T O / a c i d )  r eac t ed  0.61 0 .97 1.16 
0.006 P r o d u c t  mole f r ac t i ons  
0.259 F a t t y  ac id  0.14 0 .06 0.001 
0 .501 Monoes te r  0.79 0.84 0.63 
0.221 Dies t e r  0.038 0.10 0.19 
2 .27 Mole r a t io  m o n o - / d i e s t e r  21 8.4 3.3 

1.79 1.95 

0.002 0.002 
0,52 0.55 
0.24 0.23 
2.2 2.4 

1.0 to 2.5 moles of ethylene oxide reacted per mole of 
f a t ty  acid. This lower phase at room temperature  
constitutes 1% to 2% of the product,  and according 
to GLC, is a mixture  of ethylene glycol and poly- 
ethylene glycols. I f  the polyols are insoluble in the 
ester at reaction temperature,  transesterification equi- 
librium will be displaced resulting in an excess of 
diester and less monoester than otherwise predicted. 
Several experiments using dimethyl sulfoxide as a 
solvent are reported in Table IV. The mono- to di- 
ester ratio does not appear  to go through a minimum 
but  approaches the theoretical ratio of 2:1. 

The effect of NaOH catalyst on the ratio of mono- 
to diester is shown by the data in Table V. At  mole 
ratios of ethylene oxide to oleic acid reacted of less 
than 1 the mono- to di- ratio increases with catalyst 
concentration. 

Data on the uncatalyzed reaction of ethylene oxide 
with oleic acid at 144C are shown in F igure  7. The 
fa t ty  acid curves are similar for  the base catalyzed 
and uncatalyzed reactions. The monoester content in- 
creases and reaches a mole fraction of about 0.5 when 
all of the fa t ty  acid has reacted. The diester content 
increases simultaneously to a mole fraction of about 
0.25. The free polyol content increases slowly, pre- 
sumably as a result of the sluggish reaction between 
water and ethylene oxide already noted. Transesteri- 
fication equilibrium is not achieved rapidly in the 
uncatalyzed reaction even af ter  all of the fa t ty  acid 
has reacted. 

The effect of temperature  on the rate of the base- 
catalyzed and of the uncatalyzed reaction is shown 
in Table VI. 

The energy of activation of the base-catalyzed re- 
action, 17 kcal /g mole, is higher than that  for  the 
uncatalyzed reaction, 14 kcal /g mole, which indicates 
that  the two processes have different rate-controlling 
steps. 

Based upon all of the foregoing data, the follow- 
ing mechanism can be writ ten for the base-catalyzed 
reactions of ethylene oxide with fa t ty  acids. 

v e r y  f a s t  
ICCOOH q- H O -  > R C O 0 -  q- H O H  (6 )  

slow 
R C O 0 -  + CH20H~ > I~COOC2HdO- (7)  \ / 

o 
v e r y  f a s t  

R C O O H  + R ' O -  ) R ' O H  q- R C O 0 -  (8)  

fas t  
I~'0C~H~0- -}- CI~I~CH~ ~ l~'0C~l-I40CeII~0- (9) 

\ / 
0 

very fast 
H O H  -J- I ~ ' 0 -  .- ~ R ' O H  q- H O -  (10)  

f a s t  
R C O 0  + R 'OC~HdOt t  > R'OCeH~OOC]~ + H O -  (11)  

fas t  
H0- + CHeCHe ) H O C ~ H d 0 -  (12) 

\ / 
o 

w h e r e  R' is  H ( 0 C ~ H d ) ~  or ~ C 0 ( 0 O ~ H d ) n  

The initial reaction proceeds through the carboxylate 
ion which is formed rapidly from the base by reac- 
tion 6; the carboxylate ion then reacts slowly with 
ethylene oxide according to Equat ion 7. The strongly 
basic alcoholate ion which is formed reacts rapidly  
with more f a t ty  acid, regenerating the carboxylate 
ion (Equat ion 8). These are the predominant  reac- 
tions which occur in the first stage. As long as f a t ty  
acid is present, alcoholate ion concentration is low 
and there is limited oppor tuni ty  for  chain growth 
(Equat ion 9). Free  polyols and diester are formed 
to a limited extent, probably by  reactions represented 
by Equations 11, 12 and 8. The reaction represented 
by Equat ion 12 is competitive with reaction 7. As 
the concentration of unreacted f a t ty  acid becomes low 
the next  strongest acid, namely water, can compete 
successfully with the carboxyl group for the alkoxide 
ion. Thus, the water content increases initially, and 
then decreases near ly  to zero by the time all of the 
f a t ty  acid has reacted. 

Af ter  all of the fa t ty  acid has reacted and Equa- 
tion 8 is no longer operable, the concentration of 
strongly basic alcoholate ion increases. As has been 
reported (9,11), this is an excellent catalyst for poly- 
oxyethylation and chain growth (Equat ion 9) be- 
comes rapid. The strongly basic catalyst permits 
rapid transesterification. Thus, the product  compo- 
sition (free polyol, monoester and diester) approaches 
the equilibrium concentration and the oxyethylene 
chain length is equal in free polyol, mono- and diester. 

The uncatalyzed reaction is represented by the fol- 
lowing equations : 

slow 
R C O O H  + CH2CHe > RCO O C~ H dO H  (13)  \ / 

o 

slow 
R C 0 0 H  + R ' 0 C 2 H d 0 H  ) I~ '0C.~Hd00CR + H O H  (14)  

v e r y  slow 
H O H  + CH2OH2 > H O C 2 H * O H  (15)  \ / 

0 

v e r y  slow 
I~'OC,zH~OH + CH~CHe > R ' O C ~ H ~ O C e H t O H  (16)  \ / 

o 

F a t t y  acid reacts slowly with ethylene oxide to form 
monoester (Equat ion 13). Simultaneously, there is 
a slow reaction of f a t ty  acid with monoester to form 
diester (Equat ion 14). The uncatalyzed reactions of 
ethylene oxide with water (Equat ion 15) and with 
monoester (Equat ion 16) are even slower according 
to these data. 

A detailed picture of the mechanism of the base- 
catalyzed reaction of ethylene oxide with fa t ty  acid 
must take into account the fact that  the reaction rate 
is proportional  to the catalyst concentration, the 
ethylene oxide pressure and fa t ty  acid concentration. 
I t  is obviously an oversimplification of the process 
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Effect of Catalyst  Concentrat ion 
on Mono-/Diester  Rat io 

Temperature ,  1440  
Catalyst, N a 0 H  

Moles ethylene oxide 
per mole o]eic acid Catalyst  Mole ra t io  

reacted concen t r a t i on - -w t  % mono-/diester  

0.49 0.0 2.5 
0.17 8,1 
0.66 10 

0.81 0.0 2.4 
0.17 8.3 
0.66 19 

0.94 0.0 2.4 
0.17 7,0 
0.66 14 

1.5 0.0 2 
0.17 1.4 
0.66 i.I 

to indicate the reaction according to Equat ion 7, in 
which the rate depends only on ethylene oxide con- 
centration and catalyst concentration. The process 
may occur in the following manner:  

(a)  
ka 

CH~CH2 + H 0 0 C R ~  ~ CH2CH2 
\ /  k-~\ / 
0 0 

I 
l 
i 
HOOCR~ 

(h) 
](b 

Ctt:Ctt~_ -~- -OOCR2 ----> HOCH.zCH~OOCF~ + -OOCR~ \ / 
0 
t 
I 
f 

HOOCRx 

where the subscripts are used to denote that  the acid 
group which enters first (R1C00H)  makes a com- 
plex with ethylene oxide; this is attacked by the car- 
boxylate ion (R2CO0-) to form the product  and 
generate a earboxylate ion of the original fa t ty  acid 
molecule (RIC00- ) .  

TABLE u  
Reaction Rate  vs. Tempera ture  

VoL 43 

0.15 % N a O t t  Uncatalyzed 

Temp. ETO ETO 
C ores ores 

( P S I )  ks, rain. -x (PSI )  k~, rain. -~ 

164 37.5 27.8 27.5 0 .0537 
144 45.5 10.2 52.5 0.0229 
120 52.5 3.16 52.5 0.00846 

The rate of formation of product  determined by 
reaction (b) is as follows: 

d[R2COOC2H4OH]/dt ~ kb [ReCOO ] 

CH2CH2 3 / ! 

i O 0 0 R l !  

The concentration of complex is determined by equi- 
librium in reaction (a).  

CH'~CH:  
K---- k ~ \ 0  / [R~COOH] 

L_ HOOCR~ ! 

Rearranging and substituting the concentration of 
complex in the rate equation (b) one obtains 

VCHuCH~ _~ 
d lR,2COOC2H4OH]/dt  = ks[R~COO-] ~ 0  / [RJCOOH] 

The foregoing mechanism is similar to one proposed 
recently to explain the kinetics of the reaction of 
ethylene oxide with phenols (12,13). 

0 . 8  

0 . 6  

0 . 4  

0,2 

I O 2.0 

MOLES ETHYLENE OXIDE REACTED/MOLE OLEiC ACID 

FrG.  7. V a r i a t i o n  o f  p r o d u c t  c o m p o s i t i o n  f o r  u n c a t a ] y z e d  
r e a c t i o n .  
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