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Autocatalytic behaviour in esterification
between anhydrides and alcohols
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Abstract

In this work the Arrhenius parameters and heat of reaction for the esterification of acetic anhydride by methanol and the esterification of propionic
anhydride by 2-butanol were determined using a CPA 202 reaction calorimeter (ChemiSens). Three reaction rate models were tested for each of
the esterification reactions, two of which assumed autocatalytic behaviour. The autocatalytic models were based on a carboxylic acid dependency;
acetic acid and propionic acid being side products in the reactions studied. The two catalytic models gave excellent fits to the experimental results
thus indicating autocatalytic behaviour.
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. Introduction

In this paper investigations of the esterification of acetic anhy-
ride by methanol and propionic anhydride by 2-butanol are
escribed, concerning the reaction mechanism and certain reac-
ion parameters. Many previous investigators have proposed a
eaction rate expression based on the reactant concentrations.
n this study two kinds of autocatalytic reaction mechanisms
re proposed, in which the carboxylic acid formed catalyses the
sterification. Strong mineral acids, such as sulphuric acid, have
een used as catalysts for a long time in this kind of esterifica-
ion. It is generally accepted that these strong acids protonate
nd activate the anhydride in the esterification between anhy-
rides and alcohols. However, a significant catalytic effect of
he carboxylic acid formed is not often reported.

The reaction for the esterification of acetic anhydride by
ethanol is often written:

+ B → C + D (a)

here A is methanol, B acetic anhydride, C acetic acid and D
s methyl acetate. But in reality the reaction mechanism is more

[1] proposed the following reaction path:

A + B → C + D (b)

A + C → H2O + D (c)

B + H2O → 2C (d)

The reaction between propionic anhydride and 2-butanol is a
common one in safety studies. The main product is sec-butyl
propionate but propionic acid is also formed. The reaction can
be written:

A + B → C + D (e)

where A is 2-butanol, B propionic anhydride, C propionic acid
and D is sec-butyl propionate. Also in this esterification process
the reaction scheme is in reality more complex, and involves a
reaction between the side product propionic acid and 2-butanol
to form the same ester and water. The water can then hydrol-
yse some of the propionic anhydride. However, the reaction rate
between propionic acid and 2-butanol is negligible when propi-
onic anhydride is present [2].
omplex, and several reactions may be involved. Balland et al.
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2. Method

Since almost all chemical and physical processes are associ-
ated with the absorption or release of heat, reaction calorimetry
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Nomenclature

A heat transfer area (m2)
c concentration (M)
d distance between measurement points (m)
Ea activation energy (J/mole)
hr heat transfer coefficient on the reactor side

(W/(m2 K))
k reaction rate constant

(s−1, l mole−1 s−1, l2 mole−2 s−1)
k0 frequency factor

(s−1, l mole−1 s−1, l2 mole−2 s−1)
Ka acid constant (dissociation constant) (M)
ni,0 initial amount of component i (mole)
P heat flow (W)
Qmix energy absorbed/generated due to mixing (J)
r reaction rate of chemical reaction (mole/(l s))
R gas constant (J/(mole K))
T temperature (K or ◦C)

Greek letter
λ specific heat conductivity (W/(m K))
�Hr heat of reaction (kJ/mole)

is a suitable tool to investigate such processes. The reactions
were studied in a CPA 202 reaction calorimeter (ChemiSens)
which is based on a heat flow principle. This reactor is a small-
scale reactor with a working volume of 40–180 ml. The main
output signal from the calorimeter is the heat flow associated
with chemical and physical processes. One significant differ-
ence between the CPA 202 and ordinary heat flow calorimeters
is the method of temperature measurement on which the heat
flow rate is based. The heat flow signal is based on temper-
ature measurements at certain strategic locations. In ordinary
heat flow reaction calorimeters the reaction temperature, Tr,
and the jacket temperature, Tj, are measured. In the CPA 202
calorimeter the temperature is measured at two points in the
reactor base, T1 and T2. Thus, changes in the heat transfer coef-
ficient, hr, and the heat transfer area A (constant in CPA 202) do
not affect the heat flow measurements and the baseline is there-
fore known throughout the whole experiment. The CPA 202
calorimeter is pre-calibrated, which means that the instrument
presents the heat evolution rate directly on-line, and takes the
variation in heat conductivity as a function of temperature into
account.

A Peltier element is inserted underneath the reactor. This
is not involved in the temperature measurement, but controls
the temperature in the reactor by heating or cooling. The main
heat flow sensor measures the temperatures T1 and T2 and is
located between the reactor bottom and the Peltier element (see
F
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Fig. 1. Schematic of the CPA 202 reaction calorimeter.

vide active insulation. Because of this temperature difference
between the reactor and its surroundings, a small amount of
heat flows into the reactor through the reactor base flanges. Sen-
sors in the flanges measure this heat flow and compensate for it.
The reactor wall consists of a double glass wall and is therefore
also passively insulated [3].

The experiments with acetic anhydride and methanol were
performed in the isothermal mode at three temperatures (55,
60 and 65 ◦C). The reactor was initially loaded with about
50 g acetic anhydride (≥98.5%, Sigma–Aldrich) and heated
to the reaction temperature. About 3.2 g methanol (>99%,
Sigma–Aldrich) was pre-heated to the reaction temperature in
the thermostat-controlled unit and injected into the reactor using
a syringe. The initial molar ratio was 5:1, with acetic anhydride in
excess. Water was used as thermostat liquid. To ensure a homo-
geneous liquid phase, the stirrer was set to 500 rpm.

Additional tests with different initial concentrations of acetic
acid were performed in order to study the impact of acid in the
acetic anhydride–methanol system. Two tests were performed at
60 ◦C, with the same initial concentration of methanol (2.0 M)
as the previous tests but at initial acetic acid concentrations of
0.58 and 1.95 M, respectively. In the first of these experiments
the reactor was loaded with 6.4 g of methanol (>99.8%, Merck),
98.4 g of acetic anhydride (>99%, Riedel-de Haën) and 3.6 g
of acetic acid (>99.8%, Riedel-de Haën). In the second test the
reactor was loaded with 6.4 g of methanol, 89.7 g of acetic anhy-
d
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ig. 1).
All the heat flow out of the reactor is through the reactor

ottom since the rest of the reactor is insulated. The reactor
s submerged in a thermostat-controlled bath at a temperature
.2 ◦C higher than the reactor temperature in order to pro-
ride and 12.0 g of acetic acid.
The esterification of propionic anhydride by 2-butanol was

lso performed in the isothermal mode, at 90, 100 and 105 ◦C.
he reactor was initially loaded with 65 g propionic anhy-
ride (97%, Sigma–Aldrich). Then 37 g 2-butanol (>99.5%,
igma–Aldrich) was pre-heated and slowly injected into the
eactor during a period of 45 min (90 min in one case) with a
ump. The total molar ratio was 1:1. Since 2-butanol at atmo-
pheric pressure has a boiling point of 99.5 ◦C, the reactor
ressure had to be increased before 2-butanol was added at 100
nd 105 ◦C. The reactor pressure was increased to 2 bar by the
ddition of nitrogen. At these relatively high temperatures a kind
f oil with a boiling point of approximately 180 ◦C was chosen
s the thermostat liquid. As in the acetic anhydride–methanol
ystem, the stirrer speed was set to 500 rpm.
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3. Theory

The measured heat flow in this study is denoted Pflow (W),
and can be expressed:

Pflow = λ

d
A(T2 − T1) (1)

where λ (W m−1 K−1) is the specific heat conductivity of the
construction material through which the heat flows on its way
from the reactor through the Peltier element to the thermostat-
controlled bath. A (m2) is the heat transfer area and d (m) is the
distance between the points at which the temperatures (T1 and
T2) are measured. The total energy balance can be written:

Pflow + Plid = Preact + Pmix + Pphase + Pdos + Pstirr (2)

where Preact (W) is the reaction heat flow, Pmix (W) is the
heat flow rate due to mixing enthalpies when different fluids
are mixed, and Pphase (W) is the heat flow rate due to phase
changes. The parameters Pdos (W) and Pstirr (W) are the heat
flows corresponding to dosing and stirring, respectively, and Plid
(W) describes the heat flow rate through the reactor lid. In this
study, the heat flow is equal to the reaction heat flow since all
other sources of heat are small and can be neglected. The heat of
reaction for isothermal batch experiments is therefore calculated
using the following expression:
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iment, acetic acid was added to a large amount of methanol
at 60 ◦C and atmospheric pressure. Under these conditions no
detectable reaction occurred. The conclusion was that the acetic
acid–methanol reaction is very slow compared with the acetic
anhydride–methanol reaction.

Since the acetic anhydride was in “sufficient” excess the
reaction was assumed to be of pseudo-first-order with respect
to methanol. The percentage change in concentration of acetic
anhydride as a function of the reaction time was relatively small
compared with the corresponding change for methanol, and
methanol was thus rate determining. The reaction rate for the
pseudo-first-order reaction is expressed:

r = kcA (6)

where the index A denotes methanol. The rate constant, k, for
each temperature was determined by fitting the theoretical model
to the experimental results. Curve fitting was simulated by a
program in Matlab® toolbox called “NLINFIT”. This program
fits data and estimates the coefficients of a non-linear function
using a least-squares (Gauss–Newton method). The output from
this program consists of the fitted coefficients, the residuals and
the Jacobian. The estimated coefficients, which in this case were
the rate constants, were then used in Excel® to plot graph.

The activation energy was calculated and found to be
68.1 kJ/mole, and the frequency factor was found to be
3
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Hr =
∫ ∞

0 Pflow dt

ni,0
(3)

here ni,0 (mole) is the initial amount of the reactant not in
xcess. The heat of reaction for isothermal semi-batch experi-
ents is calculated with the following expression:

Hr =
∫ ∞

0 Pflow dt − Qmix

ni,0
(4)

here Qmix (J) is the energy absorbed/generated from mixing.
he term Qmix is not present in the batch experiment calcula-

ions because the mixing enthalpy has been eliminated in the
valuation of the curves. The mixing enthalpy only affects the
utput data immediately after injection into the calorimeter, and
his affected interval (0–120 s) has been extrapolated in the eval-
ation.

Activation energies and frequency factors are calculated with
rrhenius plots and the Arrhenius equation:

= k0e−Ea/(RT ) (5)

here k is the rate constant, k0 the frequency factor and Ea is
he activation energy.

. Results and discussion

.1. Acetic anhydride–methanol system

The side reaction between the acid formed and methanol
hould be very limited, and by ensuring a large excess of the
nhydride in the reaction mixture this side reaction and fol-
owing reactions will be even more suppressed. In one exper-
.07 × 107 s−1 for the isothermal experiments. The simulated
urves agreed fairly well with the experimental curves (see
igs. 2–4). The heat of reaction of esterification was found to
e −67.1 ± 2.0 kJ/mole, which agrees well with values found in
he literature. A comparison was made between different exper-
ments and the results are summarised in Table 1.

A sigmoid profile of the heat flow curve indicated that some-
hing else was affecting the reaction rate. The reaction rate
xpression gave a much better fit to the experimental curves
hen the reaction order was in the range 0.70–0.75, which also

ndicated that something else was affecting the reaction rate.
his profile was more obvious in the experiments performed at

he lower temperatures, where the reaction rate is relatively low,

ig. 2. The graph shows the fits for a non-catalytic reaction, a solvent-catalytic
eaction and a proton-catalytic reaction, respectively, at 55 ◦C.
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Fig. 3. The graph shows the fits for a non-catalytic reaction, a solvent-catalytic
reaction and a proton-catalytic reaction, respectively, at 60 ◦C.

Fig. 4. The graph shows the fits for a non-catalytic reaction, a solvent-catalytic
reaction and a proton-catalytic reaction, respectively, at 65 ◦C.

but the tendency was clear even at higher temperatures. Three
things that could affect the profile of the curve are mass trans-
port resistance, chemical equilibrium and catalytic effects. The
first is not likely since the agitation was good, and the second is

Table 1
Comparison of frequency factor, activation energy and heat of reaction between
different experiments

Experiment k0 (s−1) Ea (kJ/mole) �Hr (kJ/mole)

CPA 202 testa 3.07 × 107 68.1 −67.1
CPA 202 testb 9.75 × 106

[4]c 3.6 × 107 72.6 −67.3
[4,5] 1.8 × 107 68.2 −61.9
[4,5] 3.94 × 107 71.6 −63.2
[4,5] 5.48 × 107 71.6 −62.8
[4,6] 4.67 × 107 71.6 −66.3
[4,7]c 8.97 × 106 73.8 −64.9
[4,8]c 1.05 × 107 73.2 −64.4
[4,5] 2.47 × 107 69.5 −64.9
[9] – – −67.7

a Pseudo-first-order reaction.
b Second-order reaction calculated from pseudo-first-order reaction with a

median value of the almost constant anhydride concentration.
c Second-order reaction with rate constant in units l mole−1 s−1.

not likely since the reaction is not known to be an equilibrium
reaction. The third one is interesting as an acid is formed as a
side product. If sulphuric acid had been added as a catalyst, the
catalytic effect of the strong inorganic acid would have been pro-
tonation of the anhydride. The consequence of this would have
been weakened chemical bonding and therefore also a decrease
in activation energy. Two theories were investigated concern-
ing the catalytic mechanism in which acetic acid serves as a
catalyst. The first was protonation of the anhydride with pro-
tons from dissociated acetic acid with the following proposed
reaction rate model:

r = k1cA + k2cAcH+ (7)

where the concentration of protons was assumed to follow an
equilibrium:

Ka = [H+][CH3COO−]

[CH3COOH]
(8)

As can be seen, the model above describes two parallel reac-
tions, one catalytic and one non-catalytic. The simulated curves
were in excellent agreement with the experimental curves (see
Figs. 2–4). The activation energies for the two reactions were
found to be 70.3 and 66.4 kJ/mole, respectively. The acti-
vation energy for the catalytic reaction was lower than the
activation energy for the non-catalytic reaction, which agrees
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ith the theory of catalysis. The frequency factor was deter-
ined to be 3.43 × 107 s−1 for the non-catalytic reaction and

.50 × 109 l mole−1 s−1 for the catalytic reaction. To calculate
he concentration of H+ the dissociation constant for acetic acid
t 25 ◦C was used. An error can be expected as the constant may
ary with temperature and the solvent used. It is also assumed
hat all the free protons protonate the anhydride, which could
ive rise to an error.

In many reactions the choice of solvent affects the reaction
ate. The second theory was based on the assumption that the
cetic acid formed acts like a solvent and increases the contact
etween the reactants. The proposed reaction rate expression for
his theory is:

= k1cA + k2cAcC (9)

This model also gave excellent agreement between simulated
nd experimental curves (see Figs. 2–4). The activation energy
as determined to be 68.3 kJ/mole for the non-catalytic reac-

ion and 68.6 kJ/mole for the reaction where acetic acid acted as
olvent. The frequency factors were found to be 2.36 × 107 s−1

nd 1.44 × 107 l mole−1 s−1 for the non-catalytic and the cat-
lytic reactions, respectively.

To investigate if there is a connection between the by-product
acetic acid) and reaction rate, the esterification reaction was
erformed with different initial concentrations of acetic acid.
he result is shown in Fig. 5.

The experiment showed that there is a connection between the
ate and the acetic acid concentration. The reaction rate increases
ith higher acetic acid concentration. The calculated Arrhenius
arameters above were used for evaluation of the two catalytic
odels proposed, and the results are shown in Figs. 6 and 7.
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Fig. 5. The graph shows the reaction rates for different initial concentrations of
acetic acid.

Fig. 6. The fits for a non-catalytic reaction, a solvent-catalytic reaction and a
proton-catalytic reaction, respectively, at 60 ◦C and an initial acetic acid con-
centration of 0.58 M.

Fig. 7. The fits for a non-catalytic reaction, a solvent-catalytic reaction and a
proton-catalytic reaction, respectively, at 60 ◦C and an initial acetic acid con-
centration of 1.95 M.

Fig. 8. The fits for a non-catalytic reaction, a solvent-catalytic reaction and a
proton-catalytic reaction, respectively, at 90 ◦C.

The catalytic models gave good agreement between simu-
lated and experimental curves for the initial acetic acid con-
centration of 0.58 M. For the higher initial concentration, the
agreement was quite poor between the models and the experi-
mental data. Perhaps a maximum catalytic effect was reached in
this case. The heat of reaction was found to be −67.0 kJ/mole
for both of the acetic acid response tests.

4.2. Propionic anhydride–butanol system

Since there seemed to be a relation between the reaction rate
and the acid formed in the esterification between acetic anhy-
dride and methanol, three similar rate models were proposed for
the reaction between propionic anhydride and 2-butanol. The
first does not take any catalytic behaviour into account, and only
the concentrations of the reactants determine the reaction rate:

r = kcAcB (10)

where the index A denotes 2-butanol and index B propionic
anhydride. The activation energy was found to be 80.8 kJ/mole
and the frequency factor 5.17 × 107 l mole−1 s−1 when the
results from the experiment at 105 ◦C were excluded. These
values agree well with values found in the literature. The results
at 105 ◦C were excluded from the first calculation due to the
relatively poor fit of the simulated curve to the experimental
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urve (see Fig. 10), which affected the estimated rate constant
ignificantly. When the experiment at 105 ◦C was included, the
ctivation energy and the frequency factor were 78.8 kJ/mole
nd 2.67 × 107 l mole−1 s−1, respectively. The fits of the curves
t 90 and 100 ◦C were very good, but not as good as when the cat-
lytic models were used (see Figs. 8–10). The heat of reaction
as found to be −65.7 ± 0.3 kJ/mole. This value agrees very
ell with values found in the literature. As the heat of mixing
4.2 kJ/mole was used, taken from Ubrich et al. [10]. A com-
arison was made between different experiments and the results
re summarised in Table 2.

The other two models are based on different kinds of catalytic
ehaviour, as in the case of acetic anhydride–methanol esterifi-
ation; two parallel reactions, one of which is non-catalytic and
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Fig. 9. The fits for a non-catalytic reaction, a solvent-catalytic reaction and a
proton-catalytic reaction, respectively, at 100 ◦C.

Fig. 10. The fits for a non-catalytic reaction, a solvent-catalytic reaction and a
proton-catalytic reaction, respectively, at 105 ◦C.

the other catalytic. The two models are the following:

r = k1cAcB + k2cAcBcH+ (11)

r = k1cAcB + k2cAcBcC (12)

The first of these models, which assumes a proton-catalysed
effect, gave activation energies of 79.0 and 69.9 kJ/mole for the

Table 2
Comparison of frequency factor, activation energy and heat of reaction between
different experiments

Experiment k0 (l mole−1 s−1) Ea (kJ/mole) �Hr (kJ/mole)

CPA 202 testa 5.17 × 107 80.8 −65.7
[2] 5.36 × 107 80.5 –
[11] – 84.4 −61.6
[11] −60
[11] −64
[11] −63.7 to −69.5
[10] 9.55 × 107 82.5 −62.5
[10] −63.0

a Second-order reaction without catalytic effect and experiment at 105 ◦C
excluded.

non-catalytic and catalytic reactions, respectively. The activation
energy for the catalytic reaction is lower than that of the non-
catalytic reaction, as predicted by the theory of catalysis. The fre-
quency factors were determined to be 2.20 × 107 l mole−1 s−1

and 4.56 × 107 l2 mole−2 s−1 for the non-catalytic and catalytic
reactions, respectively, and the fits were excellent when this
model was used (see Figs. 8–10). The second of the catal-
ysis models, which assumed that the propionic acid formed
acts as a solvent, gave an activation energy of 77.4 kJ/mole
and a frequency factor of 1.36 × 107 l mole−1 s−1 for the non-
catalytic reaction. For the catalytic reaction these values were
82.5 kJ/mole and 4.30 × 106 l2 mole−2 s−1. The curve fits were
also excellent when this model was used (see Figs. 8–10).

5. Conclusions

The results of the experiments indicate that thermal processes
other than the main reaction between alcohol and anhydride
are taking place. Several factors, such as chemical equilibrium,
mass transport resistance, side reactions and catalytic effects,
can influence the rate profile. In this study chemical equilibrium
is not a relevant factor since the esterification reactions are not
known to be equilibrium reactions. Significant mass transport
resistance in the liquid–liquid system under good agitation is not
likely either. Side reactions cannot be excluded since contam-
ination with, for example, water would give rise to hydrolysis
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eactions. Moreover, in the propionic anhydride–butanol sys-
em, propionic acid is in high excess at the end of the reaction,
ompared with propionic anhydride, so despite the fact that the
nhydride is more reactive with butanol, the reaction between
ropionic acid and butanol cannot be excluded. However, the
nhydride-alcohol reactions are believed to proceed much faster
han the acid–alcohol reactions.

In this study a sigmoid profile was obtained, leading to the
heory of autocatalysis in the reaction system investigated. It is
bvious that the two catalytic models give a better fit to the exper-
mental results than the non-catalytic model. The reaction rate
n the acetic anhydride–methanol system showed a dependency
f the acetic acid concentration. The rate increased when the
nitial acetic acid concentration was raised, strongly indicating
utocatalysis. It is difficult to determine which of the catalysis
odels gives the best fit to the experimental data; both of them

gree very well with the experimental results. A combination
f the two theories may well be closer to the truth. However,
roton catalysis is a known phenomenon in esterification reac-
ions, especially when strong mineral acids are used as catalysts.

oreover, two things speak against the solvent catalysis theory;
he relatively small amount of acetic acid in comparison with
nhydride in the acetic anhydride–methanol system and the dif-
erence in polarity between acid, alcohol and anhydride in both
f the studied reaction systems. Both acetic acid and propionic
cid have lower dielectric constants than the anhydrides and
lcohols involved in the studied reactions, and should therefore
ot act as solvent.

We consider the explanation involving autocatalytic
ehaviour to be most interesting. It is well known that this kind
f esterification proceeds faster in acidic environments. As the
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reaction proceeds and the pH falls, autocatalysis may thus be
taking place.
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