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Abstract 

Full and complete esterification of oleic acid and methanol, catalyzed by cationic activation, is done quickly at room temperature 
in a new kind of reactor fitted with cation-exchange membranes, REMI. This type of reactor displays liquid phases and prevents 
the occurrence of the compensating ion of the proton, which catalyses the reaction, in the reaction medium. Some common 
inorganic (hydrochloric, phosphoric, sulphuric) and organic (acetic, methane sulfonic, paratoluene sulfonic) acids were used 
as catalysts. With such a reactor, ester is produced quickly at room temperature without mixing with the catalysing acid. No 
downstream processing is required. A dimensionless kinetic law is proposed for the present experiments and is suitable for all 
possible reaction mechanisms when cationic activation occurs with only one of the reactants. 

1. Introduction 

By esterification of a carboxylic acid R,COOH 
with an alcohol &OH it is possible to obtain an 
ester R,COOZ?, in homogeneous medium [ 11. 
Currently, alcoholysis of fatty acids is performed 
in traditional well-mixed reactors [ 21. As a con- 
sequence, hydrolysis of the ester by the water pro- 
duced is possible. Finally, the concomitant 
reactions, esterification and hydrolysis, reach an 
equilibrium. At room temperature, the equilib- 
rium state needs a long time to be attained. Using 
Le Chatelier’s laws or with the help of catalysis, 
it is possible either to modify the equilibrium com- 
position or to accelerate the overall kinetics of the 
reaction ( 1): 

R,COOH +&OH = R1COOR2 + Hz0 (1) 
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Among the means suitable for the displacement 
of this equilibrium, it is possible to use a high 
content of one of the reactants, generally the alco- 
hol [ 31, to eliminate one of the products, generally 
the water, (i) by modifying the equilibrium 
between phases, similar [ 41 or different [ 51, (ii) 
with a molecular sieve [ 61, (iii) with a desiccat- 
ing compound [ 71, or (iv) with a membrane proc- 
ess, such as reverse osmosis [ 81 or pervaporation 
[9,101. 

Among the means to increase the kinetics, it is 
possible to use homogeneous [ 1 l] or heteroge- 
neous [ 12,131 catalysis, metallic [ 141 or enzy- 
matic [ 151 catalysts, some being stereoselective 
[ 161. When, catalysis is homogeneous, at the end 
of the reaction it is necessary to separate the cat- 
alysts from the mixture. A common way is to use 
distillation, even though high temperatures are 
disadvantageous [ 171. When catalysis is hetero- 
geneous, for example with ion-exchange resins 
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[ 181, it is necessary to regenerate them from time 
to time, giving rise to polluting wastes [ 191. 

Generally, increasing the temperature increases 
the reaction rates, but decreases the equilibrium 
constant [ 201. Moreover, high temperature 
induces denaturation of organic compounds, for- 
mation of secondary products and parallel reac- 
tions. So, it is interesting to dispose a reactor 
allowing the formation of the ester at room tem- 
perature. 

With the membrane reactor described in the 
following, the ester is produced without any mix- 
ture with the catalyst and any regeneration [ 211. 
When ion-exchange membranes are correctly 
arranged and used it is possible to introduce only 
the catalysing species by diffusion or migration in 
the reacting volume. Then, if an ion-exchange 
membrane separates two liquids, only one of them 
contains the catalysing ionized compound and a 
layer of fixed counter-ions appears on each side 
of the membrane [ 221. The concentration of the 
counter-ions in the charged layer is then obtained 
from Poisson’s law [ 231. 

In the present work, for the esterification of 
oleic acid and methanol with protons as catalyst, 
we used a cation-exchange membrane. So, a layer 
of protons appears on the surface of the membrane 
facing the mixture of alcohol and carboxylic acid 

and acts as catalyst. But, the anion associated to 
these protons in the catalysing acid remains on the 
other side of the membrane. So, at the end of the 
reaction with such a reactor exchanging 
membrane ions, REMI, it is not necessary to pro- 
ceed with a down stream separation of the catalyst 
and no catalysing acid is lost. 

2. Ion-exchange membrane reactor (REMI) 

In our work, the esterification of oleic acid and 
methanol was performed at room temperature 
with a plate and frame stack previously described 
[ 241 fitted with cation-exchange membranes 
kindly supplied by RhGne-Poulenc (Fig. 1). In 
this laboratory stack, 4 cation-exchange mem- 
branes (cem) (7 X 6 cm* each) give 5 compart- 
ments (j’, b’, r, b”, j”) allowing changes of the 
surface area in contact with the reacting mixture, 
which generally circulates in the center compart- 
ment (r). In some cases an ion-exchange resin 
(Bayer K2411) is put in the compartments. The 
end plates (ep) are pressed by a screw press. The 
solutions are continuously recycled by means of 
a peristaltic pump (pp) . 

All the experiments were performed with the 
same amount of oleic acid (25 g), methanol (75 

i 

PP 

x 

Fig. 1. Experimental fitting. 
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g) and catalysing acid (0.6 g) and, if used, of ion- 
exchange resin (3.9 g). Only the nature of the 
catalysing acid was varied. 

3. Kinetic mechanisms and laws 

3.1. Homogeneous mechanisms 

Due to the industrial importance of the products 
resulting from esterification reactions between a 
fatty acid and an alcohol, it is useful to use a Lewis 
acid [ 251. At temperatures lower than 50°C the 
catalytic effect is attributed to the formation of a 
protonated compound with one of the reagents. 
Then, the reaction occurs between this compound 
and the other reagent [ 261. Initially it was sug- 
gested that alcohol was the protonated compound 
[ 271, but the use of oxygen isotopes shows that 
protons from the catalysing acid are fixed on the 
carboxylic acid molecules [ 281 and that the water 
molecules produced are created with the OH 
group of the carboxylic acid [ 291. According to 
these results and taking into account the water 
content in the reacting volume due to the esterifi- 
cation reaction and to the hydration of the reagents 
or the catalysing acid XH, the reaction mechanism 
can be written as: 

XH+H,O+X- +H,O+ (2) 

R,COOH + H30 + +R,COOH,+ + Hz0 (3) 

R,COOH2+ +R,OH+R,COOZ?,+H,O+ (4) 

Assuming that the limiting step is reaction (4) 
with a kinetic constant k,, that the partial reaction 
order is 1 for every reacting species [ 301 and that 
the solution remains electrically neutral, the rate 
r of esterification is given by relationship (5) 
where KA is the equilibrium constant for the pro- 
tonation of the carboxylic acid, h” the initial con- 
tent of catalysing protons, C,, C, and C, the 
concentrations of carboxylic acid, alcohol and 
water. 

r=k,.h”.K,.C,.C,(C,+K,.C,) (5) 

When the reaction is carried out with a large 
amount of alcohol, the relation is analogous to that 
in use for more than 3/4 of a century, but derived 
with the assumption of alcohol protonation 
[ 31,321 which has already been tabulated [ 331. 

But it is easy to show that such a relation is 
always obtained when any reagent or product is 
protonated. For example, when the ester produced 
with concentration C, is also protonated, KE being 
the equilibrium constant, and k2 the kinetic con- 
stant, the denominator of the previous relation 
includes only one additional term: 

r=k2.ho.KA.CA.CBI(CW+KA.CA+KE.CE) 

(6) 

3.2. Heterogeneous mechanisms 

The method we suggest here, allows easy access 
of the carboxylic acid to the protons of the cata- 
lysing acid, as they are present on the surface of a 
cation-exchange membrane [ 221. Then, the 
mechanism is quite the same as in the case of a 
homogeneous reaction, but the limiting step is the 
reaction between the alcohol and the protonated 
carboxylic acid bound to the anionic fixed charges 
of the membrane. However, part of the initial 
anionic fixed sites, of initial concentration (ho), 
are occupied by protonated water [ 341. Then, the 
kinetic law, of constant k6, is: 

r=k6.(ho).KA.CA.CBI(l+KA.CA+Kw.Cw) - - - - 

(7) 

KA and KW are the equilibrium constants for 
adsorption<f carboxylic acid and water on the 
fixed anionic sites of the membrane. 

3.3. Kinetic laws 

In the expression of the previous kinetic rates 
(5),(6) and (7), it is interesting to introduce 
dimensionless variables. Using the conversion 
degreef of carboxylic acid A to ester E and the 
molecular amount e of alcohol B with regard to 
acid A: 
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f = c,/c,” (8) 
e=C,IC,' (9) 

the kinetic law for any esterification undergone 
with a limiting step occurring after an equilibrated 
protonation may be written as: 

dfldt=k*(l-fl.(e-fl/(g+fl (10) 

k, g being constants and t the time. Assuming that 
f (t = 0) = 0 and non-stoichiometric conditions, 
i.e. e # 1, integration of relation ( 10) gives: 

k*t={(l+g)/(l-e)}ln(ll(l-f)} 

-[(e+g)/(l-e)}ln{l-(f/e)} (11) 

When, as in the following, the reaction occurs with 
a large amount of alcohol, i.e. when e is larger 
than 1, and, of course than f, this relationship 
reduces to: 

k~e~t=((l+g)}ln{ll(l-f)}-f (12) 

where, for example, in the case of a homogeneous 
mechanism [ 351: 

k=k, .h”*K,l( 1 -KA) (13) 

and 

g={c”,+c”,~K,}/{c”,(1-K,)} (14) 

The expressions of k and g contain ( 1 - KA) in 
the denominator, so the values of k and g must be 
negative as KA is greater than unity since the pro- 
tonation of the acid occurs. 

4. Esterification: results and discussion 

4.1. REMI with a catalysing acid and resin 

Six catalysing acids, 3 organic and 3 inorganic, 
were tested. The mixture of oleic acid and meth- 
anol (e = 26.3) circulating in the center compart- 
ment (r) filled with the ion-exchange resin, the 
catalysing acid diluted in methanol circulated in 
the contiguous compartments (b) and (j ) . For a 
different initial content of catalysing protons h”, 
the conversion degree f was measured every two 

a2 
1 hour 

a0 
0 2 4 II 8 10 

Fig. 2. Example of the application of law (12). 0, experimental 
point; 0, calculated value. 

hours at room temperature. Then, for each exper- 
iment, the value of k in Eq. ( 12) was calculated, 
g being optimised to give the smallest standard 
deviation of k for all the measurements. 

As a result, it is possible to compare the calcu- 
lated and the experimental values off. As shown 
in Fig. 2, they agree very well, indicating that the 
hypothesis made concerning the mechanism and 
relation ( 12) can accurately represent the real 
phenomena. The above calculations always give 
negative values for both constants k and g as pos- 
tulated. From the 12 experimental values, it is 
possible to calculate, for each acid, the mean value 
of k/h” and g. The values are indicated in Table 1. 
They show that acetic and phosphoric acid must 
be discarded as they give values for g greater than 
- 1. Consequently, the 4 remaining acids can be 
used as the values of k/h” are lower than - 1, the 
best being sulphuric acid. Furthermore, this agree- 
ment shows that no secondary products are 
formed, corroborating the experimental observa- 
tions. 

4.2. REMI with resin and without catalysing 
acid 

For comparison, tests were performed without 
catalysing acid, but with the resin filling the cen- 
tral compartment (r) or all the compartments (j, 
b, r): in both cases, the value of k/h” is higher 
than in the previous case, indicating that catalysis 
by protons from the catalysing acid is capital. 
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Table 1 5. Conclusion 
Calculated values of k/h” and g for the six catalysing acids 

Catalysing acid 103.klh” g (dimensionless) 
(m3~min-‘~kmoll’) 

Acetic - 13.692 -0.510 
Sulphuric - 12.619 - 1.291 
Hydrochloric - 10.918 - 2.996 
Paratoluene sulfonic - 6.294 - 1.447 
Methane sulfonic - 2.636 - 1.120 
Phosphoric - 0.262 - 0.320 

4.3. REM without resin and with a catalysing 
acid 

Again for comparison, tests were performed 
without resin filling the central compartment (r) 
but with a catalysing acid. The values of k/h” were 
always higher than when resin filled the central 
compartment (r) , corroborating the idea that pro- 
tons from the catalysing acid are necessary and 
resin unnecessary. 

First of all, these experiments show that ester- 
ification is well performed with the ion-exchange 
membrane reactor ‘REMI’ described. However, 
unlike the membrane reactors used for chemical 
reactions, the present ion-exchange membrane 
reactor works on liquids [ 36,371. Consequently, 
this ion-exchange membrane reactor allows exclu- 
sion of the counter ions of the catalysing protons 
in the reacting mixture thus obviating the need for 
their elimination with special downstream treat- 
ments. Moreover, this membrane reactor works at 
room temperature favouring reactor ‘REMI’ with 
a catalysing acid, but without an ion-exchange 
resin filling the compartments. 

So, esterification is cheaper and cleaner than 
with traditional mixed reactors: this ion-exchange 
membrane reactors will contribute to a cleaner 
chemical industry. 
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