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INTRODUCTION1

Organic esters are very important chemicals. There is
a wide range of applications of organic esters such as
production of cosmetics, plasticizers, pharmaceutical
substances, polymers, textiles, flavours and in food
industry. Several synthetic processes are available to
obtain organic esters. A comprehensive review of
esters synthesis is available [1]. Methyl acetate manu�
factured commercially is in great demand. It is espe�
cially useful for the manufacturing nail polish remov�
ers, printing inks, perfumery, paints, dyes, industrial
coatings and as a solvent in adhesives.

Methyl acetate is produced by the esterification
reaction between the acetic acid and methanol. At
room temperature, the reaction is very slow and revers�
ible and several days are usually required to attain equi�
librium in the absence of the catalyst. The addition of
the catalyst increases the reaction rate and therefore
decreases the time needed to reach an equilibrium
state. One can discriminate between heterogeneous
and homogeneous catalytic reactions. Homogenous
catalysis occurs when the catalyst and the reactants are
both in the same phase while in the case of heteroge�
neous catalysis the catalyst and the reactants are in dif�
ferent phases. Homogeneous catalysts, such as HCl,
HI, H2SO4, and HBr, provide an acid medium. Ion�
exchange resins are frequently used as heterogeneous
catalysts. Heterogeneous catalysts are preferable to the

1 The article is published in the original.

homogeneous catalysts due to several advantages like
easy separation of catalyst from the post reaction mix�
ture, better selectivity towards desired product, high
purity of the product due to suppression of side reac�
tions and elimination of the corrosive environment [2].

One of the earliest works relating to kinetics of cat�
alytic esterification of acetic acid with methanol was
published by Rolfe and Hinshelwood [3]. Ronnback
et al. [4] investigated the kinetics of esterification of
acetic acid with methanol using a homogeneous
hydrogen iodide as a catalyst. It was observed that
hydrogen iodide also reacted with methanol and pro�
duced methyl iodide as a by�product. Agreda et al. [5]
proposed a rate expression for the esterification reac�
tion in which sulphuric acid was used as a homoge�
neous catalyst.

Many solid catalysts were used, such as solid acids
and bases, ion�exchange resins, zeolites and acid clay
catalysts. Ion�exchange resins are the most common
heterogeneous catalysts used for esterification reac�
tion [6–8]. These ion�exchange resins not only catal�
yse the reaction but also improve conversion because
of selective adsorption of reactants and swelling nature
[9, 10]. In the heterogeneous catalysis, the active solid
surface can distort or even dissociate an absorbed reac�
tant molecule and increase the rate of reaction [11].

Most of the esterification reactions were studied by
using the solid catalyst Amberlyst 15 [12–18]. Liu
et al. [19] investigated the similarities and differences
between heterogeneous and homogeneous catalysed
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esterifications. They studied the kinetics of acetic acid
esterification with methanol using a commercial
Nafion/silica nano composite catalyst (SAC�13) and
H2SO4. The kinetic behaviour of esterification of ace�
tic acid with methanol was investigated by Tsai et al.
[20], who used Amberlyst 36 as a solid catalyst in a
packed�bed reactor in the temperature range of
313.15–328.15 K with the molar ratio of methanol to
acetic acid varied from 1 to 5.

In the present work, esterification of acetic acid
with methanol was studied in the presence of the
solid acid catalyst Indion 190. This catalyst has
received little attention. For the first time adsorption
of acetic acid, methanol, methyl acetate, and water
on Indion 190 catalyst surface from binary mixtures
was conducted. For the first time the swelling of
Indion 190 catalyst in the presence of acetic acid,
methanol, methyl acetate and water could be
described. Moreover, in the present study ideal and
non�ideal based kinetic models were used to corre�
late the experimental data. The effect of various
parameters like stirring rate, size of catalyst particle,
reaction temperature, reaction time, catalyst loading
and initial reactant concentration on the esterifica�
tion was studied. Four types of kinetic models,
pseudo�homogeneous (ideal and non�ideal), Eley�
Rideal (ER) and Langmuir�Hinshelwood�Hougen�
Watson (LHHW) models were evaluated and the best
kinetic model was proposed for the esterification
reaction.

EXPERIMENTAL

Chemicals

Methanol (purity of 99 wt %) and acetic acid
(purity of 99.95 wt %), supplied by SD Fine Chemicals
Ltd. (India), were used in the present study.

Catalyst

The solid acid catalyst, Indion 190, used for the
esterification reaction was supplied by Ion�Exchange
India Ltd. Indion 190 has cross�linked three�dimen�
sional structures of polymeric material, obtained by sul�
fonation of a copolymer of polystyrene and divinyl ben�
zene (DVB). It is an opaque and faint dark grey
coloured solid spherical bead. The ion�exchange resin
was dried for 2 h in an air oven at temperature 363.15 K
to remove the moisture. The physicochemical proper�
ties of the solid ion�exchange resin catalyst are shown in
Table 1.

Experimental Setup

The esterification reaction was carried out in a
500 mL three neck round�bottom flask. The flask was
placed in a heating rota mantle, which contained a
heating knob, stirrer and a speed control knob. The
rotational speed of magnetic stirrer was varied from
240 to 640 rpm, using the speed control knob. A spiral
condenser was connected to the reaction flask verti�
cally to condense the vapours and mix them back with
the reacting mixture. A mercury thermometer was
inserted into the flask to measure the temperature of
the reaction mixture. The accuracy of the thermome�
ter is within ±0.5 K.

Experimental Procedure

The reactants were weighed using a digital elec�
tronic balance with an accuracy of ±0.0001 g. In the
experiment, equimolar quantities of methanol (32 g)
and acetic acid (60 g) were mixed and charged to the
reactor. The reaction mixture was heated and when it
reached the desired temperature, the catalyst was
added to the mixture and the time was noted (t = 0).
The temperature was measured by mercury thermom�
eter within an error of ±0.5 K. Samples of the reaction
mixture were withdrawn at regular intervals of time.
The samples were placed in a refrigerator prior to anal�
ysis, to prevent further reaction. The reaction mixture
was analyzed by Gas chromatography (GC) for com�
ponents of the mixture.

The following reaction takes place in the reacting
mixture.

CH3COOH (A) + CH3OH (B) 

 CH3COOCH3 (C) + H2O (D). 

Water is also formed along with methyl acetate.

Table 1.  Physico�chemical properties of Indion 190 catalyst

Physical property Indion 190

Manufacturer “Ion Exchange India Ltd.”

Shape Beads

Physical form Opaque, faint dark grey co�
loured

Size, µm 725

Apparent bulk density, g/cm3 0.55–0.60

Surface area, m2/g 28–32

Pore volume, mL/g 0.32–0.38

Operating temperature 
Tmax, °C

150

Hydrogen ion capacity, 
meq/g

4.7

Matrix type Styrene–DVB

pH range 0–7

Resin type Macroporous strong acid 
cation

Functional group

Ionic form H+

SO3
–
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Sorption Equilibrium and Swelling Experiments

The sorption experiments were carried out for
4 nonreactive binary mixtures at a constant tempera�
ture of 298.15 K. The nonreactive mixtures studied
were: water�methanol, water�acetic acid, methyl ace�
tate�methanol, and methyl acetate�acetic acid. These
experiments were carried out according to the proce�
dure proposed by Popken et al. [12]. The binary sam�
ple of known quantity (a total of 10 g) was mixed with
the known quantity of catalyst (1.0 g) in 20 mL glass
vials. After reaching an equilibrium state in about 2–
3 weeks, the samples were analysed using gas chroma�
tography. The difference between the initial and final
quantity of binary mixture in the vial was taken as the
quantity of adsorbed material.

To find out the swelling nature of the catalyst in the
presence of pure components like methanol, acetic
acid, methyl acetate and water, experiments were con�
ducted at a constant temperature of 298.15 K in sealed
graduated cylinder of volume of 20 mL. A known
amount of dry catalyst (1.0 g) of known particle diame�
ter was placed in the glass cylinder followed by adding
a pure component. The experiments were carried out
for each component separately. The solid catalyst and
the pure component were allowed to remain in contact
with each for about 2–3 weeks, till equilibrium was
reached. After 2 weeks, the samples were withdrawn
from the cylinder and the diameter of the catalyst parti�
cle was measured using an optical microscope. The par�
ticle size was measured after every 2 days, thereafter. If
there was no change in the size of the catalyst particle
between 2 successive measurements, then it was consid�
ered as the system had reached an equilibrium state.
When the system attained equilibrium, the diameter of
the catalyst particle was measured and the swelling ratio
was calculated.

Analysis

The samples were analyzed using a GC�2014 ATF
gas chromatograph (“Schimadzu”, Japan) equipped
with a thermal conductivity detector. Porapak�Q (2 m
length and 3.17 mm i.d.) packed column was used to
analyze the sample. High purity hydrogen gas was used
as a carrier gas at a flow rate of 30 mL/min. The oven
temperature was programmed at 323.15 K for 1 min
and then raised from an initial value of 323.15 to
443.15 K at a ramp rate of 10 K/min and was held at
443.15 K for 2 min. The detector temperature was
maintained at 473.15 K.

EXPERIMENTAL RESULTS

Esterification reaction with Indion 190 ion�
exchange resin catalyst was investigated at (1 : 1) molar
ratio of acetic acid to methanol. The temperature was
varied from 323.15 to 353.15 K. The catalyst concen�
tration based on initial reaction mixture was varied
from 0.01 to 0.05 g/mL. The stirring rate was varied

from 240 to 640 rpm and the average catalyst particle
size was varied from 425 to 925 μm. The effect of dif�
ferent parameters on reaction kinetics is discussed
below.

Effect of Reaction Temperature

The experimental data obtained at different tem�
peratures with the fixed catalyst concentration of
0.025 g/mL along with the predictions obtained from
LHHW model is shown in Fig. 1. From the plot, it
could be observed that the conversion of acetic acid
increases with temperature. This indicates that the
reaction rate is controlled by temperature. The higher
the temperature the less the time needed for the sys�
tem to reach equilibrium.

Effect of Catalyst Loading

Experiments were conducted with different cata�
lyst concentrations in the range of 0.01 to 0.05 g/mL.
The experimental results obtained with different cata�
lyst concentrations at 343.15 K are shown in Fig. 2
along with the expected values derived from the
LHHW model. Figure 2 indicates that as the catalyst
loading increases both the conversion of acetic acid
and the reaction rate increase. The increase in reac�
tion rate with the catalyst loading can be explained by
the increased availability of H+ ions. This behaviour
can be verified by calculating the initial rate of reaction
at different catalyst concentrations. The initial rate of
reaction is calculated by

(1)

where rA0 is the initial rate of reaction, nA0 is the initial
moles of reactant A, Wcat is the weight of catalyst, and
XA is the conversion of acetic acid at time t. The differ�
ential term in the above equation is the slope of the
acetic acid conversion vs time curves shown in Fig. 2.
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Fig. 1. Conversion of acetic acid for different tempera�
tures. [Catalyst] = 0.025 g/mL. Dashed lines represent the
LHHW model predictions.
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The experimental data has been fitted to fifth order
polynomial and slope is evaluated at time equal to
zero.

XA = c0 + c1t + c2t
2 + c3t

3 + c4t
4 + c5t

5, (2)

where ci = const, i = 0–5.
Figure 3 shows the initial reaction rate as a function

of the catalyst concentration. The plot shows a linear
relationship between the initial reaction rate and cata�
lyst concentration. Further the reaction rate increases
as the catalyst loading increases. At higher catalyst
concentrations the reaction reaches equilibrium faster.
The mathematical equation relating to the initial reac�
tion rate to the catalyst loading and obtained from
Fig. 3 is given below.

–rA0 = 0.005Wcat + 0.014, (3)

where Wcat is the catalyst loading.

Effect of Stirring Rate

To study the effect of mass transfer resistance on
the esterification reaction, experiments were con�
ducted at the range of stirring rates from 240 to
640 rpm. Other experimental conditions are: molar
ratio = 1 : 1, [catalyst] = 0.025 g/mL, T = 343.15 K,
average catalyst particle size = 725 μm and Indion
190 as a catalyst. Figure 4 shows the kinetics of conver�
sion of acetic acid at different stirring rates along with
the expected values derived from the LHHW model.
From this experimental data it can be deduced that the
conversion of acetic acid is not affected by the stirrer
rate. This indicates that the external mass transfer
resistance is negligible for the esterification reaction
and a minimum stirring rate of 240 rpm maintained for
mixing catalyst in the reaction mixture. This finding is
agreement with the results of Chakrabarti and Sharma
[8], who established that the external mass transfer is
not controlling the overall reaction rate, except for
cases in which the stirring rate is very low or the viscos�
ity of the reaction mixture is very high.

Effect of Catalyst Particle Size

To study the effect of catalyst particle size, experi�
ments were conducted using catalysts with the average
particle sizes of 425, 550, 725, and 925 μm. The
Indion190 catalyst was screened to fractions with dif�
ferent particle sizes as given in Table 2. Figure 5 shows
the effect of the average particle size for the same mass
loading on the kinetics of acetic acid transformation.
The figure is supplemented by the expected data
derived from the LHHW model. Figure 5 indicates
that the average catalyst particle size has no significant
effect on the acetic acid conversion for the catalysts
with given average sizes. The equilibrium conversion
in all cases was reached in about 200 min. This further
confirms that mass transfer limitation does not affect
rates of esterification. Liu and Tan [21] pointed out
that intra�particle diffusion resistances is usually neg�
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Fig. 2. Conversion acetic acid for different catalyst con�
centrations at 343.15 K. Dashed lines represents the
LHHW model predictions.
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ligible for most of the reactions catalyzed by the
Amberlyst type catalysts. The present results are in
good agreement with literature results [22–26].

Effect of Initial Reactant Molar Ratio

The initial molar ratio of acetic acid to methanol was
varied from 1 : 1 to 1 : 4. The other experimental condi�
tions maintained were: Indion 190 as a catalyst, [cata�
lyst] = 0.025 g/mL, T = 343.15 K and stirrer rate =
240 rpm. Figure 6 shows the effect of initial molar ratio
on acetic acid conversion. The figure shows that the
equilibrium conversion of acetic acid increases with
increase in molar ratio caused by the excess methanol.
When the molar ratio of acetic acid to methanol was
increased from 1 : 1 to 1 : 4, the equilibrium conversion
of acetic acid increased from 68.5 to 92.4%.

KINETIC MODEL

The experimental data is correlated with the differ�
ent kinetic models. The kinetics models are described
in the following sections.

Pseudo�homogeneous Model

Most of the ion�exchange resins catalysed reactions
are classified as pseudo�homogeneous. The system can
be assumed as ideal if the catalyst is completely swelling
or SO3H groups of the polymer catalyst are completely
dissolved in the solution [8]. A pseudo�homogeneous
model can be applied for the reactions with a negligible
mass transfer resistance and with a highly polar reactant
or product [8]. The pseudo�homogeneous model is
based on the Helfferich approach, in which the catalysis
by ion�exchange resin assumed to be in homogeneous
phase, whereas the reactants and products within in
catalyst mass are in equilibrium with the bulk solution.
The swelling of the catalyst in the presence of polar sol�

vent like water leads to easy accessibility of the acid
groups for the reaction and easy transport of the reac�
tants and products. In the present system, water forms
as a product. Accordingly, it can improve the swelling of
the ion�exchange resin catalyst in the course of the
reaction [27].

The pseudo�homogeneous kinetic equation for the
reversible esterification reaction is given below

(4)

(5)

The stoichiometric coefficient vi = 1 for all the
components. The system behaves as ideal if γi = 1 for
all the components. The non�ideality of the liquid
phase reaction is taken into account by using the activ�
ities instead of mole fractions in Eq. (4). The activity
coefficients were calculated by using the UNIQUAC
model [28]. The UNIQUAC parameters related to van
der Waals volume (ri), surface values (qi) and tempera�
ture dependent interaction parameters were taken
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Table 2.  Indion190 particle size distribution

Particle diameter size, µm Weight fraction, ×100%

>1000  0.28

850–1000  49.65

600–850  15.54

500–600  29.11

350–500  4.90

<350  0.28
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Fig. 5. The effect of the catalyst particle size (in µm) on the
conversion of acetic acid. Solid line represents the LHHW
model prediction.
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from literature [29]. The effect of temperature on the
reaction rate constants is expressed by the Arrhenius
equation

(6)

(7)

where kf0 and kb0 are pre�exponential factors of for�
ward and backward reactions (in mol g–1 min–1), Ef
and Eb are the activation energies of forward and back�
ward reactions (in J/mol), R is the gas constant and
T is temperature (in K).

The kinetic rate equation is integrated by using
Runge–Kutta 4th order method using ode45 Matlab
program. The kinetic parameters were fitted to the
experimental data by minimizing the mean squared
deviation between the experimental and calculated
conversions of acetic acid. Four adjustable parame�
ters, frequency factors (kf0 and kb0) and activation
energies (Ef and Eb) were fitted to the pseudo�homo�
geneous kinetic equation.

( )f
f f0 exp ,

E
k k

RT
= −

( )b
b b0 exp ,

E
k k

RT
= −

The calculated conversions of the acetic acid com�
pared with the experimental values to find the mean rel�
ative error (Frel) and the mean squared deviation (Fabs)
are given below. The maximum allowable error to find
the constants was 5%.

 (8)

(9)

where ns is total data points.

Adsorption Based Models

There are two adsorption based models viz Eley–
Rideal (ER) and Langmuir–Hinshelwood–Hougen–
Watson (LHHW) models. ER and LHHW models are
often used when adsorption effects play a significant
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Fig. 7. Results of adsorption experiments for nonreactive binary systems of the relative adsorption of water from water�methanol (a)
and water�acetic acid (b), the relative adsorption of methyl acetate from methyl acetate�methanol (c) and methyl acetate�acetic
acid (d) at 298.15 K temperature.
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role in the reaction. In adsorption based models it is
assumed that the process is controlled by the reaction
on the catalyst surface. LHHW model assumes that
the reaction predominantly occurs between two reac�
tant molecules adsorbed on the catalyst surface. On
the other hand, the ER model assumes that only one
of the reactant molecules adsorbs and another one
reacts with it without adsorbing.

The adsorption based kinetic model equations are
described below.

(10)

(11)

where ai is activity of component i (ai = γixi) and Ki is
the adsorption constant of pure component i. The
adsorption constant is defined as the ratio between the
concentrations of the component in solid phase (in
catalyst) and in the solution.

The adsorption constants were taken as adjustable
parameters in Eq. (12) by fitting adsorption data
obtained from binary nonreactive mixture adsorption
experiments, as described in the experimental section.
In addition m s/mcat was also taken adjustable parame�
ter in Eq. (12). In this esterification reaction, the
4 nonreactive binary systems (methyl acetate–metha�
nol, methyl acetate–acetic acid, water–methanol and
water–acetic acid) were investigated. The sorption
results are shown in Fig. 7. The adsorption constants
were obtained for the nonreactive binary system by
assuming Langmuir type (L) adsorption proposed by
Popken et al. [12]:

(12)
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nent i,  and  is the equilibrium weight fraction of
component i and component j, Ki and Kj are the adsorp�
tion constants of component i and component j and
ms/mcat is the total amount of adsorbed mass per unit
mass of catalyst. In this equation values of i and j vary
from 1 to 4.

The swelling experimental results are shown in
Table 3. The swelling ratio is the ratio of volume of
resin catalyst at equilibrium with pure components to
the volume of the dry catalyst. When the quantity
adsorbed is given as the weight in grams per gram of the
catalyst rather than in moles, it can be deduced from
Table 3 that the amount of adsorbed species on the cat�
alyst is nearly constant for all four components (i.e. for
methanol 0.319 g/g based on mass and 9.9 mmol/g
based on moles). The adsorption constants and
adsorbed mass of solvents were fitted to the binary
sorption data by minimizing the error between the
experimental results and model data with accuracy of
±5% error and the results are presented in Table 4. For
calculation of adsorption constants mass relations
were used. The values of adsorption constants given as
mol/g of the catalyst decrease in the order water >
methanol > acetic acid > methyl acetate in agreement
with the results reported in literature [12].

The parameters obtained from the experimental
data with different kinetic models are listed in Table 5.
High values of activation energies in Table 5 are con�
sistent with the idea that the reaction takes place only
on the catalyst surface and it is not diffusion controlled
[30]. The results described in the experimental section
suggest that neither stirring rate nor the size of the cat�
alyst particle significantly affect the acetic acid con�
version indicating a negligible role of the internal and
external mass transfer limitations. From Table 5 it can
be recognized that all the kinetic models fit experi�

L
iw L

jw

Table 3.  Experimental data for swelling ratios, adsorbed volumes, masses and moles per gram of dry catalyst for the pure
components at 298.15 K

Component Swelling ratio Adsorbed volume, 
cm3/g

Adsorbed mass, 
g/gcat

Adsorbed amount, 
mmol/gcat

Acetic acid 1.33 0.2645 0.328 5.40

Methanol 1.36 0.2572 0.319 9.90

Methyl acetate 1.28 0.2200 0.273 3.68

Water 1.45 0.4030 0.480 26.70

Table 4.  Results of nonreactive binary adsorption equilib�
rium on Indion 190 catalyst at 298.15 K (Eq. 12)

ms/mcat

Adsorption constants, mol/g

acetic 
acid, K1

methanol, 
K2

methyl 
acetate, K3

 water, 
K4

0.85 2.83 5.9 3.0 5.5
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mental results fairly good. But among the kinetic
models considered, but with the LHHW model a more
accurate match of the experimental data was achieved.

The influence of temperature on the reaction rate for
LHHW model is determined by fitting kf and kb to the
Arrhenius equation. Figure 8 shows Arrhenius diagram
for the relationship between the forward and backward
reaction rate constants. It can be inferred from the plot
that at a fixed catalyst concentration the reaction rate
constants increase with temperature. The activation
energies for both the forward and backward reactions
are found to be 35.9 ± 0.5 and 40.2 ± 0.6 kJ/mol, respec�
tively.

The heat of a reaction was calculated from Van’t
Hoff’s equation

 (13)

Van’t Hoff’s equation provides information about
the temperature dependence of the equilibrium con�
stant. From Fig. 9, the slope of the lnKeq versus 1/T
was calculated and from that slope the heat of reac�

0
r

eq

0

ln .
H SK

RT R

⎛ ⎞−Δ ⎛ ⎞Δ= + ⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

tion was evaluated. The heat of reaction for the
present reaction is –4.27 ± 0.06 kJ/mol. This value,
closed to the value calculated from the standard
enthalpy of formation, indicates the exothermic pat�
tern of the reaction [31, 32].

CONCLUSIONS

The experimental data outlined above indicate that
the esterification reaction between the acetic acid and
methanol is kinetically controlled rather than mass
transfer limited. The kinetic parameters were found
for different kinetic models, pseudo�homogeneous
(ideal and non�ideal), Eley–Rideal (ER) and Lang�
muir–Hinshelwood–Hougen–Watson (LHHW). All
the kinetic models were able to predict the experimen�
tal data equally well within the error of less than 5%.
Compared to other models with the LHHW model a
more accurate match of the experimental data was
achieved. Temperature dependency of equilibrium
constant on the reaction was calculated from Van’t
Hoff’s equation. Based on the LHHW model the heat

Table 5.  Adjustable parameters and residual errors of the different kinetic models to fit the experimental data with model
predictions for Indion 190 as catalyst

Model

kf0 kb0 Ef Eb ΔHr
ΔS, 

J/mol

Mean 
relative 

error Frel, 
%

Mean 
squared 

deviation Fabsmol g–1 min–1 kJ/mol

Pseudo�homoge�
neous (UNIQUAC)

3479 715 35.9 ± 0.5 40.2 ± 0.6 –4.27 ± 0.06 13.1 ± 0.2 4.95 7.9 × 10–4

Pseudo�homogeneous
(ideal)

3829 1153 36.5 ± 0.3 37.8 ± 0.3 –1.47 ± 0.01 9.9 ± 0.1 5.85 8.9 × 10–4

ER model 4000 840 36.0 ± 0.2 40.2 ± 0.3 –4.26 ± 0.03 12.9 ± 0.1 4.45 7.1 × 10–4

LHHW model 4210 930 35.6 ± 0.3 39.9 ± 0.4 –4.59 ± 0.04 11.9 ± 0.1 2.91 4.0 × 10–4

–3

–4

–5

–6

0.00285 0.00295 0.00305 0.00315

–7

–8

–9

1/T, K–1

lnki, mol g–1 min–1

y = –4321x + 8.151

y = –4829x + 6.557

Fig. 8. Arrhenius diagram used to evaluate reaction rate
constants for the forward and backward reactions. Solid
line represents the trend line fitting to the data.

3.18

3.14

3.12

3.10

3.08

3.06

3.04

0.003150.00285 0.00305
1/T, K–1

lnKeq

3.16 y = 513.8x + 1.577

0.00295
3.02

Fig. 9. Temperature dependence of the equilibrium con�
stant. Solid line represents the trend line fitting to the data. 
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of reaction was found to be –4.27 ± 0.06 kJ/mol with
Indion 190 as a catalyst.

NOTATION

a—activity
ci—constant (i = 0 to 5)
Ef—activation energy of the forward reaction (J/mol)
Eb—activation energy of the backward reaction
(J/mol)
ΔHr—heat of reaction (J/mol)
Keq—equilibrium constant
kf—rate constant of the forward reaction (mol g–1min–1)
kb—rate constant of the backward reaction
(mol g⎯1min–1)
kf0—frequency factor of the forward reaction
(mol g⎯1min–1)
kb0—frequency factor of the backward reaction
(mol g–1min–1)
nA0—initial mole numbers of acetic acid (mol)
ns—total data points
rA—reaction rate of acetic acid (mol g–1min–1)
R—gas constant (J mol–1 K–1)
T—absolute temperature (K)
t—time (min)
Wcat—catalyst loading (g)
XA—acetic acid conversion
x—mole fraction
γ—activity coefficient
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