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Models for Polyesterification Kinetics. II. 
Esterification Kinetics in Nonpolar Medium 

ALAIN FRADET and ERNEST MARECHAL 

Laboratoire de SynthGse Macromolhculaire 
Universiti? P. et M. Curie 
75005 Paris, France 

A B S T R A C T  

In order to examine the influence of the polarity of the reaction 
medium on the polyesterification mechanism, the kinetics of the 
reaction of 1-octadecanol with octadecanoic acid in octadecanyl 
octadecanoate is studied with and without p-toluenesulfonic acid 
catalyst. Without added catalyst the overall order is 2.5 and the 
orders in acid and in alcohol are 1.5 and 1, respectively. The 
mechanism consists of an autocatalysis by the acid and involves 
a nonnegligible dissociation of ion pairs. This differs from the 
observation made in more polar media. With added p-toluene- 
sulfonic acid, the reaction is first order in alcohol, acid, and 
catalyst. Activation entropy is the same both for catalyzed and 
noncatalyzed reactions. The catalytic effect is due to a large 
decrease of activation enthalpy. 

I N T R O D U C T I O N  

In his classic work [ 2-61 Flory gave a 3rd overall order for the 
last steps of polyesterification. Since then many controversial inter- 
pretations have been published. The various interpretations of the 
results obtained for esterifications and polyesterifications in the bulk 
can be classified into two categories: 
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860 FRADET AND RlARECHAL 

Some authors take into consideration the results obtained during 
the whole course of the reaction. Most of them find a 2.5 overall order 
and assume that the order in acid is 1.5. The mechanism involves the 
existence of dissociated ion pairs. 

stages of the reaction when the polarity of the medium has stopped 
changing and when it can be assumed that the reactive groups form 
a diluted solution in the polyester. A 3rd overall order is found and 
the mechanism involves the existence of nondissociated ion pairs. 

In agreement with Flory, other authors consider only the ultimate 

In recent work [ 11 we studied esterifications carried out with low 
reactive end group concentrations in relatively polar media: Bulk 
reaction between monocarboxylic and monohydroxylic polyoxyethyl- 
enes (Rn 211 lOOO) ,  and reaction between 1-octadecanol and octa- 
decanoic acid in benzophenone. 

Both reactions are 3rd order which fits Flory [ 41 and Solomon [ 71. 
Moreover, the reaction between oligomers carried out with a non- 
stoichiometric ratio of reactants clearly shows that the orders in 
acid and in alcohol a re  2 and 1, respectively. This fits the existence 
of associated ion pairs and of an autocatalysis by the acid in poly- 
meric medium. 

From these results it was concluded that the whole cou:rse of 
polyesterification cannot fit a 2.5 order and that conclusioiis drawn 
from this value have no meaning, 

We previously studied the reaction of 1-octadecanol with octa- 
decanoic acid in the absence of solvent [ 81. The results were not 
univocal since we found the overall order increasing with increasing 
pressure. This was explained by modifications in dielectric proper- 
ties with a possible role of water in local modifications of the di- 
electric constant since the medium could not be regarded ;as diluted, 
a t  least in the early stages of the reaction. The aim of the present 
work is to examine the influence of the polarity of the reaction 
medium on the polyesterification mechanism. It consists [of the study 
of a model esterification in nonpolar medium, namely, the reaction 
of 1-octadecanol with octadecanoic acid in 1-octadecanyl actadecano- 
ate (C36 ester) solution, with or without added p-toluenesulfonic acid. 

Such reactions are models for the last steps of polyesterifications. 

E X P E R I M E N T A L  

A p p a r a t u s  

This was described in the first article of the present series [ 11. 

P r o c e d u r e  
This was described in the same article [ 11. 
Reactions under reduced pressure were carried out either in a 
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POLYESTERIFICATION KINETICS. I1 86 1 

50-cm3 vessel with-40 g of reaction mixture or under atmospheric 
pressure in a500-cm3 vessel with -400 g of reaction mixture. The 
initial concentration of acid was 0.25 eq/kg in the case of an excess 
of alcohol and 0.5 eq/kg in the other cases. 

R e a c t a n t s  

1-Octadecanol and octadecanoic acid (Fluka A.G. puriss grade) 

1-Octadecanyl octadecanoate is synthesized as follows: A mixture 
were used without further purification. 

of 1-octadecanol (2 mol, 541 g), octadecanoic acid (2.02 mol, 575 g) 
(both Fluka A.G. puriss grade), and toluene (120 cm3) is heated to 
reflux in a flask fitted with a reflux condenser and a Dean-Stark 
separator. Condensation water is removed by azeotropic distillation 
for a period of 24 h (temperature must be raised from 170 to 190°C). 
Toluene is stripped off in vacuo and the resulting ester  recrystal- 
lized once in absolute ethanol (90 g/L solution) and twice in absolute 
acetone (100 g/L solution) (both solvents are puriss grade from 
Prolabo). Tf = 60.3 C; (Ref. 16, 60.3"C). 

Carboxy content (octadecanoic acid) < 0.009%. 

C a t a l v s  t 

p-Toluenesulfonic acid (PTSA) is recrystallized from its solution 
in concentrated hydrochloric acid and then vacuum dried over NaOH 
pellets for a week [ 171. Predetermined amounts of concentrated 
water solution of catalyst are introduced through a calibrated micro- 
syringe into the reaction medium. 

T i  t r  a t i o n  

Samples (50 to 100 mg) are dissolved in a toluene/ethanol mixture 
(1/1 vol) at  35°C and titrated by alcoholic KOH to the potentiometric 
end point. The titration device is described in Ref. 1. 

T r e a t m e n t  of E x p e r i m e n t a l  D a t a  

As previously, these were performed on a Texas Instruments T.I. 
980 B computer with a FORTRAN IV program. 
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862 FRADET AND MARECHAL 

R E S U L T S  AND DISCUSSION 

T h e  P r o b l e m  of S i d e  R e a c t i o n s  

As previously mentioned [ 11, alcoholysis, ester interchange, and 
acidolysis do not interfere with the main reaction. Hydrolysis can be 
disregarded as shown in specific experiments. The evaporation of 
reactants, oxidation, and decarboxylation were found to be negligible 
under our experimental conditions. 

C a l c u l a t i o n  M e t h o d s  

The calculation methods relative to the reactions carried out 
without added catalyst were fully described in the first  part of this 
ser ies  [ 11. In consequence, in this art icle we report only the calcu- 
lation methods relative to the reactions carried out in the presence 
of added catalyst. 

The noncatalyzed side reaction must be taken into account in the 
study of the reaction with added catalyst in order to determine 
whether it can be disregarded or not. When in the present work the 
noncatalyzed reaction was not taken into consideration, the resulting 
e r ror  on kd was around 2 to 5%, which is very small. However, we 
took this side reaction into consideration in all  cases. 

The general rate equation is 

dx 
xml(x + b)nl + Q2xrns (x + bIn2 --% dt 

Subindexes 2 and 1 a r e  relative to the noncatalyzed and catalyzed 
reactions, respectively. 

Since kz, m2, and n2 are known from the noncatalyzed reaction 
study, Eq. (1) can be solved by the iterative integration method and 
the correct values of Ql obtained. 

Only integer or half integer orders  were tested in the studies on 
7 Pmay the catalyzed reaction since the maximum extent of reaction 

is at  least 0.8. The maxima of the cuwes  Id = f(d) a r e  therefore 
sharper than those relative to noncatalyzed reactions, and the step 
Ad = 0.5 is large enough to allow nonambiguous determinations of 
reaction orders. (The step A d  = 0.02 was used for the noncatalyzed 
stoichiometric reaction in order to improve the accuracy of the 
determination. ) 

When the balance of the reactants was nonstoichiometric, the 
release of water was taken into consideration [ 181. 
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On account of the loss of weight of the medium, the catalyst con- 
centration increases with increasing extent of reaction. However, 
from a computation taking this phenomenon into consideration, it 
appeared that it can be disregarded. 

rate constant which was taken into consideration for computation 
was blo. 

Activation parameters were obtained as in Ref. 1. However, the 

R e s u l t s  O b t a i n e d  f o r  1-Octadecanol-Octadecanoic 
x c i d  R e a c t i o n  i n  O c t a d e c a n y l  O c t a d e c a n o a t e  ( C 3 6  
e s t e r )  S o l u t i o n  w i t h o u t  A d d e d  C a t a l y s t  

1. Determination of Overall Order 
In all runs which were carried out with a stoichiometric ratio of 

the reactants, a 2.5 overall order was obtained. Correlation coeffi- 
cients range from 0.9995 to 0.9999 (for d = 2 or 3 it is never above 
0.997). Experimental conditions and results a r e  reported in Table 1. 

From these results the following remarks can be made: 

The overall order (2.5) differs greatly from that found for the same 

In this medium the reaction is faster than in benzophenone. 
The pressure has only a small influence on the reaction rate. 

The pressure-depending order found [ 81 for the same reaction 
when carried out in bulk may be due to the nonideal behavior of such 
a reaction mixture. It is more satisfactory to car ry  out the reaction 
in a diluted medium which is the case for  the solution of the reactants 
in their ester. 

reaction in benzophenone (3.0). 

2. Determination of Orders in Acid and in Alcohol 
The following runs were carried out at 181.7"C under 100 torr  

with an excess of acid (r = 0.5) in Run 9 and an excess of alcohol 
(r = 4) in Run 10. 

in Table 2. 

0.99 shows that the best fitting pairs are (l ; l) ,  (3/2;1), and (2;l). How- 
ever, it can be seen in Fig. l (Run 10) that the pair (3/2;1) has the best 
fit with the experimental data. These values fit perfectly with the 
overall order found in the stoichiometric study. 

stoichiometric ratio of the reactants increases from 0.5 to 1 and up to 
4 shows clearly that the 2.5 order fits best with experimental data 
(Table 3) since kd has only limited variations. 

The results of calculations for  the different pairs (m;n) are reported 

Crosschecking of the areas  where the correlation coefficient I is above 

Moreover, a comparison of the different values of kd found when the 
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864 FRADET AND MARECHAL 

TABLE 1. Noncatalyzed Reaction of 1-Octadecanol with Cktadeca- 
noic Acid in C36 Ester and in Stoichiometric Conditions. Values of 
2.5th Order Rate Constants 

312 - 1 k5/2 (kg3'2eq- s ) 
Run P (torr) T(OC) Pmax x lo4 

1 76 0 165.9 0.76 0.94 
2 76 0 18 1.7 0.73 1.57 
3 100 165.9 0.70 1.06 
4 100 171.1 0.53 1.25 

5 100 18 1.7 0.75 1.85 
6 100 18 1.7 0.75 1.83 
7 100 192.2 0.54 2.39 
8 100 202.8 0.53 3.34 

From these results the rate of acid disappearance is 

v = k 5 / 2  [ a ~ i d ] ~ ' ~  [alcohol] (2) 

3. Determination of Activation Parameters  
From Table 1 and Fig. 2 the following values were obtained: 

AH x = 50.0 & 2.5 kJ/mol 

They are very close to those found for the reaction in berizophenone 
[ 11 although the reaction order was 3 instead of 2.5. 

4. Reaction in 1-Octadecanol 

added solvent, 165.9"C, atmospheric pressure, Run 11). Table 4 shows 
clearly that the best fits are obtained for a 2nd order in acid. If the 
order in alcohol is considered to be 1, the ra te  constant obtained from 
computation is 

Octadecanoic acid (0.5 eq/kg) was reacted in 1-octadecanol (no 

0.779 X kg2*eq-2.s-1 (2;l) = 
k (Pmax = 0.65; I 3  := 0.9992) 
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TABLE 2. Noncatalyzed Reaction of 1-Octadecanol with Octadeca- 
noic Acid in C36 Ester and in Nonstoichiometric Conditions; 181.7"C, 
100 torr. Variations of the Correlation Coefficient Im;n for the 
Various (m;n) Pairs of Orders in Acid and in Alcohol Which Are 
Tested. Underlined Values: I 2 0.99 

n 

m 0 1/2 1 3/2 2 5/2 3 

0 

1/2 

3/2 

5/2 

1 

2 

3 

0 

1/2 

3/2 

5/2 

1 

2 

3 

0.8503 

0.8744 

0.8966 
0.9169 

0.9349 

0.9507 

0.9642 

0.9223 

0.9606 

0.9872 

0.9993 

0.9959 

0.9779 

0.9483 

0.9373 

0.9541 
0.9681 

0.9794 

0.9880 

0.9940 

0.9284 

0.9651 

0.9898 

0.9998 

0.9943 

0.9906 

0.9957 

0.9980 

0.9976 

0.9884 0.9290 0.8351 0.7350 

0.9812 0.9141 0.8183 

0.9722 0.8986 

0.96 16 

0.9949 

0.9343 

0.9693 

0.9920 

0.9999 

0.9926 

Run 9: r = 0.5 

0.9399 0.9453 0.9505 0.9554 

0.9733 0.9770 0.9804 

0.9940 0.9956 

0.9998 
-- 

0.9748 Run 10: r = 4 

5. Reaction in Octadecanoic Acid 

added solvent, 165.9"C, atmospheric pressure, Run 12). In this case, 
alcohol concentrations are low and acid concentrations are high. 
However, the first are obtained from the experimental determination 
of the second, which are measured with a lower degree of accuracy 
than in Part  4. This explains why the dispersion of data points is 
wider. From Table 5 the order in alcohol is very probably 1 but the 
order in acid cannot be obtained. 

a r e  

1-Octadecanol (0.5 eq/kg) was reacted in octadecanoic acid (no 

When the order in acid is 1.5 or 2, the corresponding rate  constants 

5/2 
(pmax = 0.70; I 

= 0.9958) 
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/ /  t 

I I 
250 500 750 

L&* '*'Y 
O I  

0 
t (min)  

FIG. 1. Noncatalyzed reaction of 1-octadecanol with octadecanoic 
acid in C36 ester  (r = 4, 181.7°C, 100 torr:  Run 10). Plots of inte- 
grals for the following pairs of orders:  (2;1), (3/2;1), (1;l). 

TABLE 3. Noncatalyzed Reaction of 1-Octadecanol with Octadecanoic 
Acid in C36 Ester at Various Stoichiometric Ratios: 181..7"C7 100 
tom. Rate Constants Obtained for the Pairs (2; l), (3/2; I.), (1; 1) 

d-1 l-ds-l)  104t 
kd (kg eq 

Run 9, Run 5, Run 10 
(m;n) r = 1/2 r = l  r = 4  

1.23 

(3/2; 1) 1.88 
(2; 1) 2.88 

0.791 
1.95 

4.44 

0.430 

1.44 
4.96 
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TABLE 4. Noncatalyzed Reaction of Octadecanoic Acid in 1-Octa- 
decanol (Run 11). Variations of the Correlation Coefficient Im;n for 

the Various (m;n) Pairs of Orders  in Acid and in Alcohol Which Are 
Tested. Underlined Values: I 2 0.99 

n 

m 0 1/2 1 3/2 2 5/2 3 

0.8950 

0.9385 

0.972 1 

0.9929 

0.9995 
0.9919 

0.8989 0.9027 0.9065 0.9101 0.9137 0.9173 

0.9416 0.9447 0.9476 0.9504 0.9532 

0.9742 0.9762 0.978 1 0.9700 

0.9939 0.9948 0.9957 ___-  ___ 
0.9994 0.9992 
0.9908 Run 11 

~~ 

0.9717 
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868 FRADET AND MARECHAL 

TABLE 5. Noncatalyzed Reaction of 1-Octadecanol in Octadecanoic 
Acid (Run 12). Variations of the Correlation Coefficient Im;n for 
the Various (m;n) Pairs of Orders  in Acid and in Alcohol Which Are 
Tested. Underlined Values: I 5. 0.99 

n 

m 0 

0 0.9563 

1/2 0.9593 

1 0.9621 

3/2 0.9648 

2 0.9674 

5/2 0.9699 

3 0.9722 

1/2 

0.9843 

0.9859 

0.9873 

0.9887 

0.9899 

0,9910 

1 3/2 2 5/2 3 

0.9958 0.9890 0.9645 0.9248 0.8743 

0.9959 0.9878 0.9621 0.9216 

0.9959 0.9864 0.9596 

0.9958 0.9850 

0.9956 

Run 12 

k = 0.453 X kg2*eq-2*s-1 = 0.70; 1 3  = 0.9956) (plnax 

6. Reaction in the Mixture of C36 Ester with a,~-DimetIhoxy Poly- 
oxye thylene 
Runs 13 and 14 were carried out in a 80/20 (weight) mixture of C36 

ester and of u,w-dimethoxy polyoxyethylene (100 torr ,  r = 1, 165.9 
and 18 1.7'C, respectively). 

The maximum of the curves I = f(d) is at  d = 3.15 -f 0.2. Only 
integer order 3 can be accepted here. 

Computed rate  constants a r e  reported in Table 6. ThLe reaction 
rate  constants are far lower than those obtained in the case of reactio 
carried out in C36 ester. The comparison of the values obtained in 
the two cases  is difficult since the orders  of reaction are not the 
same. However k512 can be estimated, and Table 7 clearly shows a 
decrease of the ra te  constant when dimethoxy polyoxyethylene is 
added. 

of C36 ester is responsible for the increase of the reaction rate and 
the decrease of the overall order of reaction. 

tion parameters can be obtained: 

From these results i t  would seem that the rather  low polar nature 

From rate  constants a t  165.9 and 181.7"C an estimation of activa- 

AH$ = 55 M/mol 
A S S  = -200 J'K-'*mol-' 

These are close to  the values obtained in C36 ester. 
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TABLE 6. Noncatalyzed Reaction of 1-Octadecanol with Octadecanoic 
Acid in 80/20 (weight) C36 Ester + CHBO-POEXEH~ Mixture (100 
torr, r = 1). Values of Third-Order Rate Constants 

k3 (kg’eq-’s-’) 
Pmax I3 RLUl T (“C) x lo4 

13 165.9 0.843 
14 181.7 1.47 

0.65 0.9991 
0.60 0.9993 

TABLE 7. Noncatalyzed Reaction of 1-Octadecanol with Octadeca- 
noic Acid. Comparison of 2.5th Order Rate Constants for the Reactions 
in C36 Ester and in the Mixture C36 Ester i CH3O-POE-OCH3. (Values 
for the second reaction a r e  least  squares estimates of slopes of non- 
linear plots since the reaction is of 3rd order and not of 2.5th order) 

Reaction in pure C36 ester  
k2.5 (kg3/’ eq-3/2 s-l) 

Reaction in mixture C36 ester  
+ CH30-POE-OCHs k2.5 esti- 

T (“C) X lo4  mated (kg3/2eq-3’2s-1) X l o 4  

165.9 1.06 0.485 

181.7 1.85 0.771 

7. Discussion 
The reaction of 1-octadecanol and octadecanoic acid in octadecanyl 

octadecanoate shows great differences from the same reaction car-  
ried out in a more polar medium: 

The reaction rate  is higher. 
The order in acid is 1.5 instead of 2. However, when the reaction 

medium becomes more polar, i.e., when a, o-dimethoxy polyoxyethyl- 
ene is added, or when the reaction takes place in pure octadecanol, 
the order in acid increases to 2. 

stant slightly decreases. The contrary has been observed in the polar 
medium reaction. 

When the ratio of reactants increases from 0.5 to 4, the rate con- 

All these experimental observations are surprising and hard to 
explain fully. The third overall order (second order with respect to 
the acid) was interpreted [ 11 by a mechanism involving the following 
determining step: OH 

OH H 
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870 FRADET AND MARECHAL 

Among the possible explanations of the lowering of the order in 
acid we analyzed the following: 

(a) Superposition of a second-order reaction to the normal third- 
order reaction. In this case the reaction rate  is as follows: 

v =JQ[COOH]~[OH] +kz[COOH][OH] (3  1 

All  attempts to fit experimental data with such a ra te  equation failed 
completely. When the stoichiometric ratio of the reactants increases 
from 0.5 to 4, it is not possible to approximate the rate  constants kz 
and b. Moreover, with such a change in r, it would be unlikely that 
ks/z would remain almost unchanged. However, experimeintal obser- 
vations show that it does not vary. After due consideration, we dis- 
carded this explanation. 

determining step. Let S be the solvent. When the protonated solvent 
is the predominant species: 

(b) Nonnegligible dissociation of ion pairs involved in a rate- 

S +RCOOH Ka - SH* +RC00' 

K 
SH* +RCOOH z===z s + RC(OH)@ 

OH 
k ' @  

I I  
RC(OH)P +R'OH slow - R-C---0-R' fast products 

OH H 

and rate equation is 

v = k[ R'OH] [ RC(OH)z@ 1 

kK 
v = - [ RCOOH] [ SH' 1 [ R'OH] 

[sl 

kK(Ka)"2 
V =  [ S] '!' [ RCOOH] 3'z [ R'OH] 

[ SI 

(4) 

(5) 
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Lastly : 

v = k5/2 [ RCOOH] 3’2 [ R’OH] (7) 

with 

k5/2 = kKKal”[S] -1’2 ( 8 )  

It is surprising to observe that this explanation involves a dissocia- 
tion of the carboxylic acid, while this assumption was not necessary 
in more polar medium [ 11. However, it can be imagined that all re- 
active groups assemble in certain areas where they create a more 
polar medium and where the condensation water tends to be retained. 
Inside such areas the dissociation of ion pairs would be easier  and, 
in consequence, the overall order would decrease and the reaction 
rate increase. 

This 2.5 overall order was postulated by Tang and Yao [ 191 and 
many other authors for the whole course of polyesterifications. 
Although this is not true for the end of reactions [ 11, it is not impos- 
sible that it could play an important role in the earlier stages of 
polyesterifications where an excess of glycol is present, and there- 
fore where polarity is high. 

R e s u l t s  O b t a i n e d  f o r  1 - O c t a d e c a n o l - 0 c  t a d e c a n o i c  
A c i d  R e a c t i o n  i n  O c t a d e c a n y l  O c t a d e c a n o a t e  ( C 3 6  
e s t e r )  w i t h  A d d e d  a - T o l u e n e  S u l f o n i c  A c i d  ( P T S A )  
a s  C a t a l y s t  

The catalysis of esterification of p-toluenesulfonic acid (PTSA) or 
by other strong protonic acids has been widely studied. In opposition 
to the case of noncatalyzed polyesterification, almost all published 
works in the field of acid-catalyzed polyesterification fit together. 

A second overall order and a first order in catalyst are found in 
most cases. However, orders in reactants are rarely taken into con- 
sideration. When they a re  determined, these are both f i rs t  order in 
acid and alcohol [ 9- 121. However, Lin [ 13- 151 reported a second 
order in acid and a zero order in alcohol for the reaction carried out 
in an excess of diol. 

The inconsistency of some of the results which have been pub- 
lished led us to completely analyze the system 1-octadecanol/octa- 
decanoic acid with added p- toluenesulfonic acid. 
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872 FRADET AND MARECHAL 

TABLE 8. Reaction of 1-Octadecanol with Octadecanoic Acid in C36 
Ester in the Presence of Added PTSA (165.9"C). Values of 2nd Order 
Rate Constants 

P 
Run (torr)  

15 760 
16 100 
17 100 
18 100 
19 100 

20 100 

[ PT!A] (eq*kg- '1 

2.63 0.84 1.56 0.9998 
2.63 0.85 2.12 0.9985 
1.15 0.86 0.898 0.9999 
1.31 0.84 1.09 0.9998 
5.26 0.89 4.43 0.9998 

10.5 0.88 8.41 0.9988 

kz (kg*eq-' 
x 10 Pmax s-l) x lo3 I 2  

1. Determination of Overall Order. Influence of Pressui-e -- 

centration, under atmospheric pressure (Run 15) and under 100 tor r  
(Run 16) with a stoichiometric balance of reactants. 

Only overall order  2 fi ts  the experimental results (Table 8). The 
rate  constant obtained under reduced pressure is slightly above those 
obtained under atmospheric pressure, but the overall orders  a r e  the 
same. The same reaction carr ied out in the absence of solvent was 
also found to be 2nd order [ 81. 

seems that the results do not depend on the reaction medium. The 
slight difference between ra te  constants can be easily explained since 
the reactions were not carried out in the same apparatus (40 g reac- 
tion mixture for reduced pressure reaction, 400 g in the other case). 

Two runs were carr ied out at  165.9"C with the same catalyst con- 

In contrast with the noncatalyzed reaction (see above), it 

All the following runs were carr ied out under 100 tom. 

2. Determination of Overall Order and of Order in Catalvst 
A se t  of runs was carried out with different catalyst concentrations 

(Runs 17 to 20, 165.goC, 100 torr,  r = 1). For each run only a second 
overall order fi ts  the experimental data. Rate constants and correla- 
tion coefficients are reported in Table 8. 

For high catalyst concentrations the plots curve down at high ex- 
tents of reaction. This phenomenon seems to  be due to the esterifi- 
cation of PTSA acid groups by residual hydroxyl groups, and has 
often been reported in literature [ 4, 20, 211. 

The variations of In kz versus  In [ PTSA] (Fig. 3) are linear. 
The least-squares estimate of the slope is 1.01. In consequence, the 
reaction is first order  in catalyst and 

k2 = kz* [ PTSA] (9) 
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4 5 6 7 
- In  [PTSA] 

FIG. 3. Reaction of 1-octadecanol with octadecanoic acid in C36 
ester. PTSA as catalyst (eq/kg), 165.9"C, 100 torr. Determination 
of order in catalyst. 

3. Determination of Orders in Each Reactant 
The values used were 165.9"C, 100 torr, [ PTSA] = 1.31 X 

Run 2 1  was carried out with an excess of acid (r = 0.5, pmax 
= 0.88) and Run 22 with an excess of alcohol (r = 2, pmax = 0.94). 

Computation of the correlation coefficients for the different (m;n) 
pairs is reported in Table 9. Crosschecking of the areas where 
I z 0.99 for the two runs shows that only pair (1;l) fits the experi- 
mental data. Furthermore, this pair gives by far the best fit in each 
case. Overall order 2 is thus confirmed. kz* does not vary very much 
when r increases from 0.5 to 2 since it increases from 0.706 to 0.989 
eq-2*kg2*s-1. Therefore it can be assumed that the medium behaves 
as diluted. 

eq/kg. 

4. Determination of Activation Parameters 
Great care must be taken when studying high temperature reactions 

since PTSA stability decreases with increasing temperature. In 
consequence, the last data points must not be taken into consideration. 
Four further runs (Runs 23 to 26) were carried out at temperatures 
ranging from 170 to 200°C. All results fit with a 2nd order rate 
equation. Theyare reported in Table 10. From Fig. 4 the following 
values a re  computed: 
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874 FRADET AND BWECHAL 

TABLE 9. Reaction of 1-Octadecanol with Octadecanoic Aleid in C36 
Ester. PTSA as Catalyst, 165.9'C, 100 torr.  Values of Correlation 
Coefficients for the Various ( m p )  Pairs of Orders  in Acid and in 
Alcohol Which Are Tested. Underlined Values: I 2 0.99 

n 

m 0 1/2 1 3/2 2 5/2 3 

0 

1/2 

3/2 

5/2 

1 

2 

3 

0 

1/2 

3/2 

5/2 

1 

2 

3 

0.8559 

0.8793 

0.9010 

0.9207 

0.9382 

0.9534 
0.9662 

0.7908 

0.9171 

0.9926 

0.9849 
0.9105 

0.8147 

0.7243 

0.9376 

0.9540 
0.9678 

0.9789 

0.9873 

0.9932 

0.8237 

0.9397 

0.9976 

0.9756 
0.8972 

0.80 18 

0.9892 

0.9952 
0.9986 

0.9995 

0.9982 

0.8543 

0.9582 
0.9991 

0.9651 

0.8832 

0.9978 0.9660 0.9092 0.8438 

0.9937 0.9556 0.89616 
0.9879 0.9446 

0.9807 

Run :21: r = 0.5 

0.8821 0.9067 0.92'79 0.9457 

0.9726 0.9832 0.9903 

0.9976 0.9937 

0.9536 

__- 

-- 

Run 22: r = 2 

TABLE 10. Reaction of 1-Octadecanol with Octadecanoic Acid in C36 
Ester. PTSA as Catalyst (1.31 X eq-kg-I), 100 torr.  Influence of 
Temperature 

18 
23 

24 
25 
26 

165.9 
171.1 

181.7 
191.2 

202.8 

0.829 
0.874 

1.05 
1.14 

1.33 
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I - 

298 

875 

./*- 
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.ye 
/ -. 

FIG. 4. Reaction of 1-octadecanol with octadecanoic acid in C36 
ester. PTSA as catalyst (1.31 X 10-3 eq/kg), 100 torr. Determina- 
t ion of activation parameters. 

AHx = 18.5 f 5 kJ/mol 

ASs = -210 f 10 J*K-'.mol-l 

The catalytic effect is due to a net decrease of activation enthalpy. 
The formation of the activated complex is easier. Activation entropy 
is the same as for the noncatalyzed reaction. Thus it can be assumed 
that the mechanisms of the proton-catalyzed esterification and of the 
esterification without added catalyst are very similar. In fact, the 
reaction rate is again described by an equation involving three mole- 
cules: 

v = kz*[ PTSA] [ acid] [ alcohol] (10) 

5. Discussion 

A s  for esterification without added catalyst (Par t  III of this article), 
two mechanisms can take place depending on whether ion pairs  are 
dissociated or not. 
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876 FRADET AND RMECHAL 

(a) When ion pairs are dissociated and if the acid-base equilibrium 
relative to the strong acid PTSA is shifted to the right, the following 
reactions can be suggested (S being the "solvent" providing the proton 
transfer): 

K1 
RCOOH + S  - - R C O O ~  +HS@ 

Kz 
RCOOH + HS@ * RC(OH)P + s  

OH 

- products 
k I @  

RC(OH),@ + R'OH - R-C-CbR' 
fast 

(W 
slow I t  

OH H 

Assuming that protonated hydroxyl and carboxyl group concentra- 
tions are negligible compared to HS@ concentration:. 

[ HS@ ] [ RCOOH] 
[ RC(OH)z@ ] = K2 

[ SI 

t since [s] = c , 

[ RC(OH)z@ ] = K'[ PTSA] [ RCOOH] 

where 

K' = Kz[ S] 

and reaction rate is 

v = k2* [ PTSA] [ RCOOH] [ R'OH] 
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with 

It is worth mentioning that if PTSA dissociation were incomplete, the 
catalyst order would be 0.5 and not 1. 

A mechanism of this type has been already assumed for the reac- 
tion without added catalyst carried out in the same solvent (see 
above). It would be logical to consider that the reaction proceeds 
in the-same way when a catalyst is present. However, a difference 
can be pointed out: When the molar ratio of the reactants changes, 
slight opposite variations of the rate  constants take place. This would 
suggest that the mechanisms a r e  not as similar as they would appear 
a t  f i r s t  sight. 

follow: 
(b) When ion pairs association is assumed, Eqs. (X) to (XI) 

K 
AH - -A',H@ (X) 

OH 
k I @  

AG , RC(OH)~@ + R'OH - ~ e ,  R-C-0-R' - products 
slow I I  fast 

OH H (xa 

From (XII), Relation (17) can be obtained: 

[ A', RC(OH)z@ ] = Kz [ RCOOH] [ Ae , H@ I 

[ Ae , RC(OH)z@ ] = KzK[ RCOOH] [AH] 

and 

v = kz* [ PTSA] [ RCOOH] [ R'OH] 

with 

kz* = KzKk (20) 
Note that shifting or not of Equilibrium (X) makes no difference. 
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878 FRADET AND MARECHAL 

This mechanism is the same as that relative to the reactions with- 
out added catalyst and carried out in a polar medium such as benzo- 
phenone or polyoxyethylene [ 11. 

The question as to whether the mechanism involves as,sociated or 
nonassociated ion pairs cannot be answered since the rate equations 
are  the same. When the reaction takes place in the polar zones of the 
reaction medium (as in a noncatalyzed reaction), and if FTSA acid- 
base equilibrium is shifted to the right, the Mechanism (a) should be 
retained. On the other hand, when the reaction takes place anywhere 
in the medium and if PTSA acid base equilibrium is not ,shifted to the 
right, we must retain mechanism (b). 

SYMBOLS 

carboxyl content at times t (s) and 0 
orders in carboxyl and hydroxyl groups, respectively 
overall order (d = m + n) 
order in catalyst 
algebraic value of the excess of hydroxyl. group con- 
centration at  time t 
initial ratio of hydroxyl group concentralion to carboxyl 
group concentration 
rate constants for d-th or (m;n) orders (kg eq s ) d-1, 1-d, -1 

rate constant taking catalyst order into account: 
d+c-1 1-d-c -1 

kd* = kd[ Catalyst] -' (kg *eq 'S 1 
indefinite integral corresponding to a d-th or (m;n) 
order rate equations 

Fd(X) - Fd(XO), Gm;n(x) = Fm;,(x) - Fm;n(xo) 

correlation coefficient for a d-th or a (m.;n) order 
test 
temperature (K, unless "C is specified) 
Boltzman's, Planck's, and ideal gas consitants (in 
S.L units) 
entropy and enthalpy of activation 
maximum extents of reaction reached in the differ- 
ent runs 
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