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neutra l  t r iglycerides f rom the acidic and hydrolysis  
products  of oxidation. By this procedure  both oxida- 
tion methods gave values higher than  the actual  for  
the t r i sa tura ted  glyceride content of the concentrates. 
This increase was shown to be due to the probable 
format ion of a-ketols front the unsa tura ted  acids in 
Hi ld i tch ' s  oxidation and the corresponding acetyl de- 
rivatives in K a r t h a ' s  oxidation. These incompletely 
oxidized glycerides were formed to a grea ter  extent in 
K a r t h a ' s  oxidation than  in Hi ld i tch ' s  oxidation. 

The sa tura ted  acid content was determined accu- 
ra te ly  by  K a r t h a ' s  oxidation and B e r t r a m  separat ion 
procedure whereas Hi ld i t eh ' s  oxidation gave slightly 
lower values. 

The GS2A were unaffected by the carbonate wash- 
ing procedure of t t i ld i teh  and Lea. However  the 
GS2U were found to hydrolyze considerably in Hil- 
di tch 's  oxidation. The GSU2 were hydrolyzed appre-  
ciably in K a r t h a ' s  oxidation procedure whereas the 
GS2U were very  slightly affected. As a result  of this, 
K a r t h a ' s  method, when applied to the GSU2 concen- 
trates, gave an increase in GS2U and GUn contents 
and a decrease in GSU2 content. 

The effects of incomplete oxidation and hydrolysis  
on the determinat ion of glyceride composition were 
demonstrated.  This investigation explains the differ- 
ences in the results obtained by Hi ld i tch ' s  crystalliza- 
tion method and K a r t h a ' s  oxidation method. As the 
experimental  basis of K a r t h a ' s  restricted random dis- 
t r ibut ion theory is unsound, this theory must  be re- 
examined. 
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[ R e c e i v e d  O c t o b e r  ~ 1958]  

Catalyzed Esterification of Oleic Acid 1 
L. H. DUNLAP and J. S. HECKLES, Armstrong Cork Company, Lancaster, Pennsylvania 

T 
HE PURPOSE 0'f this s tudy  was to determine quan- 
t i ta t ively the effects of type and concentration 
of catalyst  and t empera tu re  on the ra te  of 

esterification of oleic acid with ethylene glycol. The 
catalysts used were salts of divalent metals. In  ad- 
dition, a s tudy  was made of the rate  of the catalyzed 
esterifieation of oleic acid by a var ie ty  of roche.- and 
polyhydric  alcohols. Some comments are made on the 
mechanism of esterification. 

There have been m a n y  studies of catalysis of esteri- 
fication, and no a t t empt  will be lnade here to review 
them. Most of them are quali tat ive;  some measure 
the t ime to reach a given low acid l:mmber. F lo ry  
(1, 2) showed that  self-catalyzed esterification fol- 

�9 Presented at the spring meeting, American Oil (Jhemlsts' Society, 
New Or l~ns ,  La., April 20-22,  1959. 

lows, for the most part ,  th i rd-order  kinetics; esterifi- 
cation catalyzed with p-toluenesulfonic acid follows 
second-order kinetics. This was also found by  Othmcr  
and Rao (3) in the esterification of oleic acid with 
butanol, using sulfuric  acid catalyst.  Rubin (4) eal- 
culated rate  constants for  the esterification of f a t ty  
acid with polyhydr ic  epoxy resins, both self-cata- 
lyzed and catalyzed with acids or salts. He  found no 
difference in rate  between l i tharge and lead naphthen-  
ate;  p-tolueue sulfonie acid was abmlt 30% faster.  
Ca]cimn naphthena te  was about  50% slower and its 
rate only a little greater  than  that  of the self-catalyzed 
reaction. Feuge,  Kraemcr ,  and Bai ley (5) compared 
the effectiveness of a var ie ty  of catalysts for  the es- 
terification of f a t t y  acids with glycerol. They found 
zinc or t in chlorides the most  effective and  practical .  
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Blagonravova and Lazarev (6) showed tha t  the ra te  
of esterifieation of a mix ture  of Cls acids was the 
same as tha t  of the individual  ones. Sudborough and 
Gitt ins (7) had found earl ier  tha t  oleic and other 
long-chain sa tura ted  and unsa tura ted  acids had about 
the same esterifieation rate. Goldsmith (8) collected 
many  references to studies of catalyzed esterifications 
but  indicated tha t  no systematic investigation of the 
merits  of various catalysts had been recorded. 

Even fewer quant i ta t ive  studies have been made of 
lhe rates of cstcrification of the various alcohols. New- 
man (9) presents evidence showing that  the aeid-eata- 
lyzed rate of esterificati(m of ethanol is le~s than  tha t  
of methanol. Tommila  (10) studied the saponification 
rates of various esters of benzoic acid and found some 
(lifter(races among the pr in lary  monohydrie  alcohols. 
We hav(; found some significant differences in the es- 
h,rification rates of a mnnb(,r of alcohols both mono- 
and polyhydri( ' ;  the reasons for  these differences are 
not yet  clear. 

Experimental  

Materials. Oleic acid was E m e r y  Industr ies  Emersol  
I,.L 233 (low linoleic), A.N. 200, equiwtlent weight  
281, I.V. 89.7. Alcohols, gly~'ols, and polyols, with the 
exception of 1,3-prot)am,dM, were used as received. 
Each was analyzed for  hydroxyl  eontmlt and the 
equivalent weight was calclflated. The actual  hy- 
droxyl numbers  and theoretical (in parentheses) for 
(,ach ale(>hol, and the suppl ier  folh~w: 1,4-butanediol, 
1247 (1246), (Icneral Aniline amt Fi lm;  dodecanol, 
3(10 (3(}1), octadceanol, 212 (207), 1,10-decanediol, 
{;{):{ ({i:{0), Eastnla|l. Kodak ;  l , : l-propane diol, East-  
man ](odak pra(~ti(;a], re(listilh,(l an(t the middle frac- 
ti(m used, b.p. 21:1-215~ 1273 (1475);  neopenty] 
glycol, 1()8"1 (1077), Tc, m,,ssee Eas tman  ; 1,5-pentane- 
diol 1085 (1077), (tiethy]ene glycol, 107a (1058), tri- 
ethylene glycol, 754 (747), 2,2-diethyl 1,3-propanediol 
844 (84!)), Union Carbide Chemicals;  ethylene glycol, 
1762 (1808), Fisher  Scientific; monopcntaerythr i to l ,  
1614 (1648) Hercules  Powder ;  t r imethylol  ethane, 
1347 (1402), t r imethylol  propane,  1244 (1255) Tro jan  
Powder ;  glycerol, U.S.P. 99.5%, 1.798 (1828), Shell 
Chemical. 

Metal acetates used and the suppl ier  were as follows: 
Zn (CHsCO~) e" 2I{20, 
Mn ( CHiC 0~) ~. 4HeO, 
Pb (CHaCOe) ~" 3H20, 
Cd (CHaCOe) ~" 2H20, 
Mg(CHaC02)  2" 4H,.O, 
Ca (CHACO2) e" I t20,  
Cu (CHaC02).~" H oO, 
H g  (CI~a C O2) 2, 

F isher  Certified Reagents  ; C6H.~Hg(CHaCO2), East-  
man Kodak  practical.  Zinc s tearate  was obtained 
f rom Witeo Chemical, zinc chloride f rom Fisher,  
t i t an ium tetraehloride f rom Matheson, Coleman and 
Bell. The concentrat ions used were based on the 
metal  content given b y  the supplier.  

Metal salieylates were p repared  by double t ranspo-  
sition of bar ium salieylate and the metal  sulfates. The 
aqueous filtrates, a f te r  removal  of BaSOa, were con- 
cen t ra ted ;  the crystals  were removed by filtrutio~n, 
redissolved, and recrystal l ized f rom water. Copper  
salicylate decomposed on concentrat ion;  it was pre- 
pared  by  neutra l iz ing f reshly  precipi ta ted  Cu (OH)  2 
with salicylic acid in methanol  and  evaporat ing the 

methanol.  The concentrat ion used of each catalyst  was 
based on the metal  content, obtained by  analysis. The 
actual  and theoretical (in parentheses) metal  content 
for  each were as follows: 

Zn(t tOC6H4CO2)2-HeO, 17.5% (17.4%) ; 
Mg(HOC~H4COe)2"3HeO 6.73 (6.89) ; 
Cd ( t t ( )C6t t4COe)e '2H20 26.6 (26.6) ; 
Hg(HOC6t t4COe)e  47.3 (43.5) ; 
Cn(HOC6H4CO2)2 ' I t20  17.6 (17.9) ; 
Sn (O2CC~vtta~)~ 1.8.2 (17.4). 

StalllHltlS s tearate  was p repared  by adding an aque- 
ous solution of stannous chloride to one of sodium 
stearate. The stannous stearate precipi tated was re- 
moved by filtration, washed, and dried. The p-toluene- 
sulfonie acid was f rom Eas tman  Kodak, white label. 

Procedure. Esterifications were conducted in a 200- 
ml., a-necked flask, fitted with a 2.5-in. Teflon anchor 
type of s t i r rer  tu rn ing  at 200 r.p.m. To one side neck 
was connected a gas inlet tube, through which alkyd 
grade  Ct)., was passed over the surface of the reaction 
mixture  at the ra te  of 200 ml. /min,  t~)provide an iner t  
a tmosphere and to remove water.  Increasing this ra te  
had no effect on esterifieation rate, To the other side 
m,('k was fitted a 6-in. Vigreaux column ele(;trically 
heated to 120-140~ to re tu rn  alcohols. A water  t r ap  
with a water-cooled reflux condenser was connected 
to the top of the Vigreaux column. The t empera tu re  
was measured by an iron-eonstantan thernmcout)le and 
recorded and controlled by a Leeds and Nor th rup  
Type G Speedomax. 

The oleic acid was heated in the flask to abmlt  10~ 
above reaction tempera ture ,  the equivalent amount  of 
alcohol was added, and then the catalyst.  The temper-  
a tnre  had dropped to tha t  desired. Samples were 
wi thdrawn by  pipette,  weighed into tared flasks, and 
dissolved in 50 ml. of 0.25% solution of te t rasodium 
sal t  of ethylenediamine tetraeetie acid 2 : I  toluene: 
methanol  to complex the metal  so tha t  only uncsteri-  
fled oleie acid was t i t ra ted  by  the 0.2 N methanolic 
K O H  with phenolphthalein.  

Second-order rates of esterification were determined 
f rom the slopes of plots of the reciprocal of oleie 
acid concentrat ion ve~'sus t ime (hours) .  Oleie acid 
concentrat ion is expressed as weight percentage, de- 
termined f rom the acid number  and average equiva- 
lent weight, 281. A correction for  loss of water  was 
appl ied to. each sample weight. Reaction constant  is 
expressed as weight percentage -~ hour  ~. In  concen- 
t ra ted  solution, as in this ease, the densi ty changes 
dur ing  esterification so that  if  concentration in tools 
per  uni t  volume were used, it would be necessary to 
determine the densi ty of each sample. 

Discussion 

The divalent metal  salts evaluated as catalysts for 
the esterifieation of oleie acid and ethylene glyeol 
were used at the same molar (and so equivalent)  
concentration, at 180~ as acetates, salieylates, or 
stearates. The salieylates were used to see if co6.r- 
dinat ion with the metal  had any  effeets on the cata- 
lyt ic  act ivity as found by Langenbeck and Mahrwald 
(11) ,  but under these condit ions there appeared to be 
11o difference between the acetate and the salicylate 
salts. It  is possible that at a lower temperature a 
significant difference between coordinated and un- 
coordinated catalysts might  be observed. All  of the 
catalysts were soluble in the reaction medium. In 
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T A B L E  I 

S e c o n d - O r d e r  l ~ a t e  C o n s t a n t s  ( W e i g h t  P e r c e n t a g e  1 H o u r - l )  f o r  t h e  
E s t e r i f i e a t i o n  of  E t h y l e n e  G l y c o l - O l e i c  A c i d  a t  1 8 0 ~  w i t h  

. 0 0 5 M  M e t a l  S a l t s / 1 0 0  g.  O l e i e  A c i d  a s  C a t a l y s t  

A c e t a t e s  I 

Zn++ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 0 1 9 2  
Mn + +  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  / 0 . 0 1 3 3  ] 
Pb + +  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I 0 . 0 1 3 0  I 
C d  ++ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 0 1 2 1  
M g  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  / 0 . 0 0 9 6  I 
C a  ++ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 0 0 9 2  
C u  § . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 0 0 7 2  
t t g  ++ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 0 0 6 7  
T i C h  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

S a l i c y l a t e s  O t h e r s  

0 . 0 2 0 2  0 . 0 2 0 2  a 

0 . 0 1 1 9  . . . . . . . .  
0 . 0 0 8 9  . . . . . . . .  

0 . 0 0 7 6  . . . . . . . .  
0 . 0 0 7 4  

. . . . . . . .  0 . 0 0 9 3  

P h e n y l  m e r c u r i c  a c e t a t e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 0 0 7 6  
N o  a d d e d  c a t a l y s t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 0 0 6 0  

a Z i n c  s t e a r a t e .  

Table I are listed the reaction-rate constants for the 
various catalysts and for no added catalyst. The rate 
constant calculations were based on second order ki- 
netics. Since under  our conditions water is removed 
as rapidly as it reaches the surface and nearly as 
rapidly as it is formed, we believe the use of the 
Goldschmidt equation (12) and the calculation of r 
where r = (R'OH2) (I120) / ( I t30)  + is unnecessary. 

.I0 

.08 

.O6 

. 0 4  

. 02  

.OL;'O M 
,0125 M .0075 M 

o ,005 M 

.0025 M 

.00125 M 

o I ~, s 
TIME, HOURS 

l"l(l. 1. Rates of csterific'ltion, zinc acetate catalyst. 

Figure l shows the relation /)(d.w,~en the reciI)rocal 
of the concentration and time for various amonnts of 
zinc acetate catalyst and for no catalyst. The straight 
lines obtained show that these metal-catalyzed esteri- 
fications follow second-order kinetics throughout  as 
(to acid-catalyzed ones. The self-catalyzed reaction 
does so in the early stages of reaction. F lo ry  (1) and 
others have shown that  self-catalyzed esterifications 
become third order at later stages o.f reaction. Jus t  
recently Tang and Yao (13) in Chang Chun, China, 
have calculated that self-catalyzed esterification fol- 
lows two-and-a-half order kinetics throughout  and 
propose a mechanism. We avoided these complications 
by stopping the self-catalyzed reaction at the time the 
other esterifications were nearly complete. 

The reaction rate increases with the concentration 
of added catalyst but not entirely in direct proportion. 
Figure 2 shows the initial curvature in the plot of rate 
v s .  concentration. A linear relationship for acid catal- 
ysis has been observed by Rubin (4) and by Othmer 
(3) for esterifieation and by P lory  (14) for alcohol- 
ysis and ester interchange but in some cases over a 
smaller range of eoncentration. Our reactions were 
carried out in the absence of solvent, and the effective 
concentration of the catalyst may not have been 
uniform. 

0 5  

0 4  

0 5  

RATE, k c 

0 2  

OI 

.0 .oa~ .olo .oI~ .o~o .o2~ 
MOLES ZINC ACETATE/IOOG. OLEIC ACID 

Fro. 2. Change in esterification rate with catalyst  concentrat ion 

In  Figure  3 is shown the effect of change in tem- 
perature on the rate of esterification. F rom these 
data the energy of activation was calculated to. be 
14.8 kilocalories per mole. This is somewhat higher 
than some values, but there are other data which 
show an energy of 15 kiloealories; Tang and Yao 
found values of 14 kilo calories. 

In  order to provide some basis o.f comparison be- 
tween the catalysts listed in T~Lble I and acidic types, 
the rates of esterification were studied by using p-tol- 
uenesulfonic acid and zinc chloride. The results are 
shown in Figure  4. Also is shown the curve for stan- 
nous stearate and for zinc acetate. The behavior of 
the first three is not as simple as that of the zinc 
acetate because they (lid not follow second-order ki- 
netics smoothly throughout  the reaction. Tim acid 
is a much mo.re active ('atalyst than the metal salts. 
Stammus stearate is ILnUsually aetivc (the acetate 
could not be prepared in satisfactory puri ty)  and 
shows increased activity after the first half hour. 
After  1.5 hrs. the rate wifll stannous stearate is 
about four times and that wilh p-toluenesulfonic 
acid about six times that  with zinc acetate, at the 
same molar concentration. Zilm ehh)ride also gave 
anomalous results, showing a small upward trend. 
The over-all rate was not gr(,atly (lifferent from that 
for zinc acetate. Undcr  our (~on(litions it caused some 
discoloration, as did p-tohltmesulfoni(' acid, whereas 
stannous stearate did not. 

In  order to determine, if any of thesc catalysts were 
esterifying the glycol, the hydroxyl content was de- 
termined frequently during the estcrification. [n the 
case of p-toluenesulfoni(, at.ill, stannOllS stearate, alnl 
zinc acetate the dccr(,asc in hydroxyl  conttmt was 
exactly equivalent to 1he decrease in acid cont(mt. 

. 0 6  
200= 190= 1130" 170" 

�9 0 5  160" 

.04 

.0 TM . 

.02 

o I ~ ~ ~, ~ 6 
TIME, HOURS 

Fro. 3. Rates of csterifi~ation at various temperatures. 
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T A B L E  I I  
Catalyzed Es tor i f l ca t ion  of 01eic A c i d  . 0 0 5  ~cI C a t a l y s t / 1 0 0  g. A c i d  

T i m e  ( h o u r s )  

0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

] 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
3 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
4 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

150 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 S0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 1 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Z i n c  acetate  

A c i d  
N o . ( 1  ) 

1 7 9  " 

"f~ 

7 0  
55  
4 2  
3 6  
31  

A c i d  
N o . ( 2 )  

--TTT, 
1 3 2  

i~ii" 

53  
4 3  
3 7  
32  

H y d r o x y l  
N o . ( 1  ) 

1 2 5  

6 7  

Zinc  ch lor ide  

A c i d  }:fydroxyl 
No. No.  

1 7 8  ...... 
1 5 0  1 4 4  

109  ...... 
91 ...... 
6 4  ...... 
49 ...... 
38  ...... 
2 8  
2 2  1 0  

S t a n n o u s  s tcarate  

A c i d  
No.  

1 7 7  
9 6  

59  
3 9  
2 7  

- oO-1 

p - T o l u e n e  �9 su l fon ic  
:~('i(l 

A d d  I { y d r o x y l  
No. Na .  

1 7 7  1 7 5  
6 7  65  

4 9  ...... 
4 0  ...... 
3 4  ...... 
31  2 7  

:~ .0005  M c a t a l y s t  per 1 0 0  g. of oleic ac id .  

In  the case of zinc chloride there was a small  addi- 
t ional loss of hydroxyl.  Data for these catalysts  are 
shown in Table I I. 

()lcic acid was esterificd with cquiwdent  amounts  of 
alcohol at 180~ and 0.005 mole zinc acetate per 100 
g. of acid. In  Table I I I  are listed the aleohols used 

'I?A1),IA!~ I I1 

, ~ e c o n d 4 ) r d e r  R a t e  ( ) ans t . an t s ,  1 8 0 ~  0 . 0 0 5  M Z u  ( O A c ) ' ~ / 1 0 0  g. 
~)[ 0|,.i(~ Ac id  

R a t e  
A [('ohol cons tant  

% / h r .  

� 9  ~ - ~  u t a n e d i o [  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 5 0  
Dode . cano l  ( l aury l  alc.ohol)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 4 8  
O c t a d e c a n o l  ( s t e a r y l  a l c o h o l )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 4 7  
1 , 1 0 - D e c a n e d i o l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 4 1  
1 , 5 - 1 ' e n t a n e d i o l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 4 0  
1 , 3 - 1 ' r o p a n e d i o l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 3 8  
E t h y h , n e  g lyco l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 3 3  
P e n t a ~ r y l h r i t o l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 3 5  
Trimeth  yk~l p r o p a n e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 3 4  
Trim~thy lo l  e t h a n e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 3 3  
D i e t h y h ! n e  g lyco l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 3 2  
T r i e H l y l e n e  ~lvcol  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 2 5  
2 ,2  D i m e t h y l  J , 3 - p r o p n n , M i o l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 2 6  
2,2-1)i(.q;hyi 1 , 3 - p r o p a n e d i ( d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 2 6  
G l y e e r o l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 2 3  

,,.-d their rate constants.  At  thc top of the list the 
most rapidly csterifying alcohol under these condi- 
tions was the 1,4-diol. Al though no nlineral acid was 
present, we were fearful  lest the catalyst  and fatty  
acid might  cause etherifieation with the formation of 
tetrahydrofuran,  l Iowever  there was no loss of  hy- 
droxyl groups other than by esterifieation, as shown 
by deternlinatkm of both hydroxyl  number and acid 
number at frequent intervals.  The monohydrie  alco- 
hols octadecanol and dodecanol have the same esterifi- 
cation rate. There is no significant difference in the 
esterification rates of  1,10-diol, 1,5-diol and 1,3-diol, 
but the rates of these three are dist inctly less than 
that of  1,4-butanediol. The 1,2-diol ethylene glycol  is 

.25 

distinctly Iowcr. The polyols  come next, pentaeryth- 
ritol, tetramcthylol  propane, and tetramethy]ol  ethane. 
The,'e is no significant difference between these and 
ethylene glycol. Diethylene glycol is next aml csteri- 
ties at about the same rate as ethylene glycol itself. 
Its rate, on the other hand, may be contrasted with 
that of 1,5-pentanediol or 1,4-butanediol where the 
hydroxyl  gronps are a corresponding distance away. 
The effect of the ether oxygen in decreasing the reac- 
t ivity of the alcohol groups is distinctly noticeable. 
In the similar instance of the e sterification rate of 
tricthylene glycol  this decrease in reaction ratc by the 
introduction of ether oxygen is even more noticeable. 
Still  further interest ing behavior is shown by the 
alpha-substituted propane diols, 2,2-dimcthyl 1,3-pro- 
pauediol and 2,2-diethyl 1,3-propanediol. These are 
the slowest of  the primary alcohols which wcrc stud- 
led, and their behavior is in strong contrast to that of 
the nnsubstituted 1,3-propancdiol and of the methylol-  
substituted trimethylolethane.  Certainly this differ- 
cnc~c can scarcely be explained on the basis of simple 
stcric hindrance, which is not supposed to be particu- 
larly effective with primary alcohols in any event. 

An attempt was made to compare 2-nitro-2-ethyl  
] ,3-propanediol  with 2,2-diethyl 1,3-propanediol. This 
nitro glycol unfortunate ly  is not  stable at the tem- 
perature of 160 ~ and decomposed. We took precau- 
tions against  violent  decomposition, but rapid char- 
ring occurred. The rate of esterification did appear 
to be very slow, but the data are unreliable. Compar- 
isons would have to. be made at a lower temperature.  

A number of reaction mechanisms have been pro- 
posed for acid-catalyzed esterification. One offered by 
Roberts and Urey  (10) is shown in Figure  5. 

o•)-TOLUENE SULFONIC ACID 
.2C 
.l~ o / o / S T A N N O U S  STEARATE 

I / /  T 
.IC 

Zl 
.0~ 

_ 
~ -  NO CATALYST 

' I ' ~ ' 3 

TIME, HOURS 
:~0. 4. Rates of esterification, various catalysts. 

.~o [ o~]" 
R'OH + RG-OH+HA ~ A~+ RC~. 0 + R'OH 

F_o.,. .o. I G~2RH] + A - ~  HA+RC-OH.oR, ~ A-+ RG ,2 ~ "  

"r R C7.0H, +.'=== " -O A-+ H20 [ ] HA+ RC_OR, + H,O 
F r o .  5 .  P o s s i b l e  m e c h a n i s m  f o r  a c i d  c a t a l y z e d  e s t e r i f i c a t i o n .  

They deduced that the rate-controll ing complex must  
incorporate acid, alcohol, and catalyst  or ester, water, 
and catalyst.  The existence of an intermediate is con- 
sidered probable as the result  of the work of Bender 
(16) ,  who showed that hydrolys is  of an ester with 0 is 
carbonyl formed H20  is. H. A. Smith (12) suggests,  
using Goldschmidt's  concept, that the acid catalyst 
reacts with the alcohol. 

H++]~'OI=[+RG (O) OH~,.~-RC (O) OH+R'OH~+~ 
RC (O) OR'+H~O + 
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The I t20  formed competes with the alcohol for  the 
proton. 

I f  we combine this with the mechanism of Roberts  
and Urey, we may  write a simplified equil ibrium as 
follows: 

Re (O) O~+WOm~-[~C (OH)~O ( H ) ~ ] ~  
RC (O) OR'+tLO + 

Syrk in  and Moiseev (17) reviewed the mechanism 
of hydrolysis of esters and suggested the equil ibrium 
shown in F igure  6A. The reverse of this would be a 
mechanism for  estcrification, F igure  6B. 

This would agree with the idea tha t  a complex or 
intermediate  is invoh, ed between the alcohol, catalyst,  
and acid. In  the case of catalysis by  a salt, such as 
zinc acetate, the first reaction might  be the abstract ion 
of a proton f rom the alcohol, fo rming  an acid which 
could catalyze normally.  

l~'OIt+Zn (OAr) 2~.~R'OZn (OAe) +AcOH.~ 
(R'O) 2Zn+2AcOYt 

I t  is also possible to depict  s t ructures  analogous to 
F igure  6B which incorporate  the zinc complex, F igure  
6C. Recently Kapoor  and Mehrot ra  (18) found in the 
reaction of zirconium tetra-isopropoxide with stearic 
acid successive format ion of the mono-salt trialkoxide, 
di-salt dialkoxide and tri-salt  monoalkoxide, demon- 
s t ra t ing  the existence of a]koxide-salts. A cadmium 
methoxide-salt  was formed when cadmium acetate was 
used to catalyzc the transesterifieation of bornyl  ace- 
tate with methanol (19). The compound C H 3 0 - C d -  
O(O)CCI I3  was isolated and identified. These results 
are in ha rmony  with our in terpre ta t ion  of the funct ion 
of metal  salt catalysts in esterification. 

Zinc forms alkoxides fa i r ly  readily, cadmium less 
so, and mercury  hard ly  at all (20). This same order 
holds t rue for (,ffectiveness as a catalyst.  In  F igure  7 
rate is plotted against  the cube of the ionic radius, 
arid the s t ra ight  line shows clearly the direct  relation- 
ship between the two (21). 

T. L. Smith and Ell iot t  (22) used metal  salt cata- 
lysts for  esterifieation of rosin acids at 200~ They 
suggest that  zinc resinate acts as a comparat ive ly  
strong Lewis acid under  their  conditions and that  the 
catalyst  forms a complex with the alcohol. We con- 
sider it probable that  the mechanism for acid catalysis 

R'-.c~OR' + R-...-OR' 
.-? "o . - o %  R..OR' . 

i .r , ~ H _ 0 .C,.-.O H_o/O~o H "o'" %'" 
I 

H H t 

R.. j _ < 
HOflk.oH+RIO ~ R H+R'OH 

R. . . . .OH 

+HaO* I~"-n"J~'n -H"=O+ R'O ~R'C~OH'OH ~ RC~OR' + H=O . .  ,%.o +R,o. " 

I 
H,, 

R...c,OH 
R'-O'+*O 

r~ 2..o.~ 
& 

F ~ .  6. P o s s i b l e  i n t e r m e d i a t e s  f o r  c a t a l y z e d  h y d r o l y s i s  a n d  
es t e r i f i eaLion .  

7~ 

~g 
_o 
Z 
o_ 

IA 

1.2 

I.O 

.e 

.6 

.4 

.2 

.o's J'o .lg .~o 

o �9 HO 
x = Cd 
. = Z n  

RATE, Kr 
Fla. 7. Relation between rate eonstant and ionic volume for 

Group I I B  metal aeetates. 

and for  metal  salt  catalysis is s imilar  and that  the 
metal  salt acts as an acid in the general  sense in these 
conditions. 

Conclusions 

I t  has been shown that  the effectiveness of certain 
divalent  metal  salts as estcrification catalysts can be 
quant i ta t ively  compared and that  for  the Group I I B  
series their  effectiveness is inversely propor t ional  to 
thei r  ionia volume. Tile rates of estcrification llsing 
these metal  salts arc not as grea t  as for s trong acids, 
but  it is probable tha t  tile mcchauism is similar and 
tha t  the metal  salts act as acids in the general sense. 

The rates of estcrifieation differ apprec iably  for  
different p r i m a r y  polyols. I t  is also probable tha t  
these differences are related to the comparat ive  acid- 
i ty  or basieity of thc alcohols. 

I t  would be par t icu la r ly  desirable to invest igate 
the act ivi ty of the catalysts in different alcohols. I t  
is possible tha t  inf rared  studies nlight show forma-  
tion of a complex between the catalyst  and ei ther  the 
alcohol or the acid or both. A number  of possibilities 
may  be fo rmula ted ;  a t  present  we lack critical evi- 
dence to distinguish between them and this area pro- 
vides a f ru i t fu l  field for fu r the r  research. 
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