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In the chemical industry, process intensification is needed to meet important
goals such as sustainable and eco-friendly processes. For esterification reaction
the “produce more with less pollution” objective can be achieved by coupling
reaction and separation in a so called integrated process. In this work a model
for describing the esterification reaction of ethyl acetate in pervaporation
membrane reactor using Amberlyst 15 as a heterogeneous catalyst and
polydimethylsiloxane (PDMS) membrane was developed. The validity of the
model was tested by comparing the calculated results with experimental data
reported in the literature. It was shown rate of conversion increased by
removing ethyl acetate from the reaction mixture. A parametric study was
carried out to evaluate the effects of operating conditions on the performance
of the pervaporation membrane reactor. Conversion increased by increasing the
temperature, molar ratios of reactants and catalyst concentration. According to
the calculation the best conditions for the operation of the reactor in the event
of temperature ~343 K, catalyst concentration 10 g, excess amount of acetic
acid relative to ethanol 50% were shown.
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Nomenclature
ai
activity of species i
C
concentration (mol/m3)
EP
activation energy for pervaporation (kJ/mol)
J
permeation flux (mol/ (m2·h))
KP permeability coefficient of species i (mol/ (m2 s))
k1
rate constant of the forward esterification reaction(m3/
(mol.h)) rate constant of the reverse esterification
k-1 reaction
reaction(m
(mol.h))
M molar
mass3/(kg/mol)
N
chemical quantity (mol)
N0 initial quantity (mol)
Pi0 pre-exponential factor (m/h)
Qi
molar flow rate of species i in the permeate side (mol/s)
R
universal gas constant (8.314 J/ (mol.K))
r
reaction rate (mol/(kg. s))
S
membrane area (m2)
T
temperature (K)
t
time (h)
V0 initial volume of reaction mixture (m3)
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V
ρ
γ

volume of reaction mixture (m3)
density (kg/m3)
activity coefficient (dimensionless)

1. Introduction

The importance of membrane separation processes is well
known. Rarely can a chemical process be found in which
the purification of raw materials or separation of products
from reaction side products is not required. The coupling
of reaction with pervaporation is simple and straight
forward. This “membrane reactor” shows important
benefits in the green synthesis of esters and in water
detoxification. For estrification processes were water is
produced along with ester as a by-product during the
reaction, pervaporation can be used for separating the
ester and water from each other [1]. This earth-friendly
method with low pollution and high yield is an alternative
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to hazardous methods because using pervaporation
membrane reactor reduces both waste and energy
consumption. Pervaporation processes are known as one
of the newest and most important separation processes in
the field of membrane separation processes. A
simultaneous separation of the reaction products in the
reversible processing in that reaction can be returned with
increasing the product concentration (according to Le
Chatelier–Braun principle) enabling the limitations of
existing thermodynamic to be overcome, thus causing an
increase in the percentage of conversion reaction [2,3].
Several separation methods are performed by creating a
second phase and mass transfer between the two phases.
Methods such as distillation and crystallization of these are
considered. Creating a second phase requires considerable
energy. But in pervaporation the enthalpies of
vaporization are provided by the feed mixture heat.
Because the reaction and purification can be done
together, a smaller device will be needed [4]. Thus, lower
power consumption, lower investment and higher
efficiency products make pervaporation membrane
reactor an interesting alternative to conventional
processes. This process has been compared with
distillation process and it has been found that 75%
reduction in energy input can be achieved and a 50%
reduction in investment and operational costs [5]. A
modeling study on a pervaporation membrane reactor for
the esterification of n-butanol with acetic acid was carried
out by Li et al [6]. However, the effects of temperature and
concentration of water were taken into full consideration.
Hydrophilic membrane was used and it was assumed only
water permeated through the membrane. A kinetic model
describing the reactor-pervaporation hybrid process has
also been studied by David et al [7], who did not consider
the effects of temperature and variations in feed
concentration in the reaction mixtures on the
esterification of propionic acid with propanol. A parametric
study of a pervaporation membrane reactor was done by
Feng et al [8] and the effect of membrane area,
membrane permeability on performance of the system
was analyzed. Hasanoglu et al. [9,10] studied on the
esterification of acetic acid and ethanol catalyzed by both
sulphuric
acid
and
Amberlyst
15
using
polydimethylsiloxane (PDMS) membranes. Experiments
and simulations were conducted. They showed the
performance of reactor increases with increasing
temperature and increasing the initial molar ratio of acetic
acid to ethanol and indicated the conversion of system in
the presence of sulfuric acid is higher than amberlyst 15. In
this study, a model on the synergistic mechanisms was
developed to investigate integration of reaction with
membrane separation processes for production of ethyl
acetate catalyzed by ion- exchange resin with
polydimethylsiloxane (PDMS) membrane due to many
positive features: lower power consumption, lower

investment, higher efficiency products and also amberlyst
15, as heterogeneous catalysts play an important role in
the catalytic elimination of environmental pollutants.
Equation for describing the permeation flux of mixture
components was calculated with the available
experimental data. Also, the non-ideal thermodynamic
effects of the component in the mixture were taken into
account using the UNIFAC method. Finally, the effects of
various operating parameters on pervaporation membrane
reactor are investigated to achieve optimal operating
condition.
2. Mathematical modeling

A view into the industrial design and the optimal operating
condition of the membrane pervaporation reactor can be
achieved by mathematical modeling. Mathematical models
using kinetic parameters of the reaction over Amberlyst 15
and permeation data for a polydimethylsiloxane (PDMS)
membrane are developed and effects of various operating
parameters are investigated. The model takes into account
the non-ideal effect by expressing the reaction and
permeation rates in terms of the activities. In this work an
Arrhenius equation for expressing the relationship
between the permeability coefficients and operating
temperature were used which has been gained by
experimental data of Ayca Hasanoglu et al [9, 10]. This
schematic representation of pervaporation membrane
reactor is shown in Figure 1.
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Fig. 1 . schematic diagram of a pervaporation membrane reactor.

2.1. Kinetics of the reaction:
The reaction of the esterification of acetic acid with
ethanol can be summarized as follows:
𝐶𝐻3 𝐶𝐻2 𝑂𝐻 + 𝐶𝐻3 𝐶𝑂𝑂𝐻 → 𝐶𝐻3 𝐶𝑂𝑂𝐶𝐻2 𝐶𝐻3 + 𝐻2 𝑂

(1)

Different kinetic models are used to describe esterification
reactions catalyzed by ion-exchange resins, in this work to
consider non-ideal effect of component and overlook the
absorption effect of the components in the reactant
medium
to
simplify
kinetic
model,
the
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Table 2. Kpexperimental permeability coefficients of each
component at different temperatures [9, 10]

pseudohomogeneous model has been used [11]. The rate
model and the kinetic parameters of the reaction over
amberlyst15 are expressed as follows:
1 1 𝑑𝑛𝑖
𝛼𝐶 𝛼𝐷
)
= −𝑘1 (𝛼𝐴 𝛼𝐵 −
𝑚𝑐𝑎𝑡 𝑣𝑖 𝑑𝑡
𝐾𝑎

𝑘𝑒 = 𝑘 0 𝑒 ∗ 𝑒𝑥𝑝 (

(2)

KP: Permeability coefficient 𝒈/(𝒎𝟐 ∗ 𝒉)

−𝐸𝐴,𝑒
)
𝑅𝑇

ASOG
EA,1 (kJ mol–1)

38.40

EA,-1 (kJ mol–1)

35.07

(mol

ethanol

Acetic acid

323

4963

260

1466

564

333

6495

340

1780

780

343

8157

470

2142

1029

Good relationship between permeability coefficients of
each component through the membrane with temperature
was obtained with an Arrhenius equation. Ethyl acetate is
clearly the dominant component in the total flux because
of the high selectivity of the PDMS membrane for ethyl
acetate. the expressions are as follows:
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I

s–1kg–1)

UNIFAC

v
i
h
28.49
26.70

161.29

k0-1* 103 (mol s–1kg–1)

(6)

𝑘𝑝𝑤𝑎𝑡𝑒𝑟 = 8.6 ∗ 106 𝑒𝑥𝑝(−3272/T)

(7)

𝑘𝑝𝑒𝑡ℎ𝑎𝑛𝑜𝑙 = 1.2 ∗ 106 𝑒𝑥𝑝(−2171/T)

(8)

𝑘𝑝𝑎𝑐𝑒𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 = 2.95 ∗ 107 𝑒𝑥𝑝(−3428/T)

(9)

The variation of permeability coefficient with temperature
is shown in Figure 2. Water permeation through the
membrane is low, but permeation of ethyl acetate is
significantly high. This is due to the tendency of PDMS
membrane to ethyl acetate.

8.34

2.811

c
r

2.2. Rates of pervaporation

9.5

0.051

Hasanoglu et al's experimental data [9, 10] are used to find
an accurate equation of component through the
Polydimethylsiloxane membrane. Determining diffusion
coefficient of species through the membrane is difficult;
many parameters can influence it such as temperature,
concentration of the component, membrane thickness and
so on. By assuming that partial pressures of the
component, in permeate side are negligible the following
equation is used for describing the component flux
through the membrane [13].

A

𝑄𝑖 = 𝐴 ∗ 𝑘𝑝𝑖 ∗ 𝑎𝑖

S
f

𝑘𝑝𝑒𝑡ℎ𝑦𝑙𝑛𝑎𝑐𝑒𝑡𝑎𝑡𝑒 = 3.23 ∗ 107 𝑒𝑥𝑝(−2840/T)

o
e

Table 1. Preexponential factors and activation energies of
esterification and hydrolysis calculated by ASOG and UNIFAC [12]

1*

Water

(4)

where mcat is the catalyst mass, vi the stoichiometric
coefficient of the ith component, ni the number of moles
of the ith component, t the time, k1 the forward reaction
rate constant, k-1 the backward reaction rate constant, Ka
the equilibrium constant ai the activity of the ith
component, T temperature of mixture, k0e is the preexponential factor, EA, e the activation energy and R the gas
constant. The kinetic parameters of the reaction over
amberlyst-15 are expressed in table 1 The ASOG and
UNIFAC procedures are explained in detail in Calvar et al's
work [12].

103

Ethyl acetate

(3)

𝑘1
𝐾𝑎 =
𝑘−1

k0

Temperature
(K)

(5)

Where kpi is the permeability coefficient, which is related
to temperature and ai is the activity coefficient of each
compound. Table 2 summarizes permeability coefficients
for the permeation experiments of quaternary mixturesat
three temperature levels [9,10].

8.5

ln (kpi)

𝑟=

71

7.5

ethyl acetate

6.5

water
ethanol

5.5

acetic acid

4.5
2.8

2.9

3

3.1

3.2

1000/T [1/K]
Fig. 2. Arrhenius plot of permeability.

For the non-ideal mixture, concentration term must be
corrected to show the departure from the ideal case.
Usually a phase model like UNIFAC, UNIQUAC or NRTL
models are used to describe this non- ideality factor [14].
In this paper the UNIFAC group contribution method is
used to calculate the activity coefficient. The volume,
surface, and interaction parameters of all components in
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Table 3. UNIFAC parameters for the four compounds in the
mixture (UNIFAC – VLE Subgroup Parameters)

Activity coefficients

the mixture are shown in Tables 3 and 4, data obtained
from Dortmund data bank.

Main Group

Subgroup

Rk

Qk

CH2

CH3

0.9011

0.8480

CH2

CH2

0.6744

0.5400

H2 O

H2 O

0.9200

1.4000

OH

OH

1.0000

1.2000

CCOO

CH3 COO

1.9031

1.7280

COOH

COOH

1.3013

1.2240

𝐂𝐇𝟑

𝐂𝐇𝟐

𝐎𝐇

𝐇𝟐 𝐎

𝐂𝐎𝐎𝐂

𝐂𝐎𝐎𝐇

CH3

0.00

0.00

986.5

1318

232.1

507

CH2

0.00

0.00

986.5

1318

232.1

507

OH

156.4

156.4

0.00

353.5

101.1

267.8

H2 O

300

300

-229.1

0.00

72.87

233.87

COOC

114.8

114.8

245.4

200.8

0.00

-241.8

COOH

329.3

329.3

139.4

124.63

1167

0.00

c
r

A

2.3. Modeling of pervaporation membrane reactors

The required equations for modeling of the pervaporation
membrane reactor were obtained with mass balance
around the reactor by considering production or
consumption of reaction components in the reactor and
their removal through the pervaporation membrane. The
concentration of the reaction components can be written
as follows [14]:
𝑐 𝑖 = 𝑐𝑖𝑜 + 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 – 𝑝𝑒𝑟𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛

water
ethanol
acetic acid

1

2

3

4

5

6

7

t (hr)
Fig. 3. Activity coefficients of the components in the reaction
mixture calculated using the UNIFAC model. Operating
conditions: T = 333 K, S/V0 = 13.25 m–1.

The sets of equations can be summarized as follows:
𝑑𝑁𝐴
𝑑𝑡

D
I

= 𝑐𝑐𝑎𝑡 ∗ 𝑘1 (𝑎𝐴 𝑎𝐵 −

1

𝐾𝑎

S
f

𝑑𝑁𝐵

𝑎𝐶 𝑎𝐷 ) − 𝑆 ∗ 𝑘𝑝𝐴

1

= 𝑐𝑐𝑎𝑡 ∗ 𝑘1 (∗𝑎𝐴𝑎𝑎𝐴 𝐵/𝑀
−𝐴 𝑎𝐶 𝑎𝐷 ) − 𝑆 ∗ 𝑘𝑝𝐵
𝑑𝑡
𝐾𝑎

𝑑𝑁𝐶

(10)
(11)

1
= 𝑐𝑐𝑎𝑡 ∗ 𝑘1 (∗𝑎𝐴𝑎𝑎𝐵𝐵/𝑀
−𝐵 𝑎𝐶 𝑎𝐷 ) − 𝑆 ∗ 𝑘𝑝𝐶
𝐾𝑎

(12)

1
= 𝑐𝑐𝑎𝑡 ∗ 𝑘1 (∗𝑎𝑎
𝑎𝐶 𝑎𝐷 ) − 𝑆 ∗ 𝑘𝑝𝐷
/𝑀
𝐴𝑎
𝐵 −𝐶
𝐶
𝑑𝑡
𝐾𝑎

(13)

𝑑𝑡
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Activity coefficient changes with time as shown in Figure 3,
which shows the non- ideality of the quaternary mixtures.
The activity coefficient of ethyl acetate increases as ethyl
acetate permeates through the membrane because its
content in the mixture decreases during the reaction.

ethyl acetate

0

Table 4. UNIFAC parameters for the four compounds in the
mixture (UNIFAC – VLE Interaction Parameters)
Group

2.4
2.1
1.8
1.5
1.2
0.9
0.6
0.3
0

𝑑𝑁𝐷

𝑎𝑖 = xi ∗ γi

∗ 𝑎𝐷 /𝑀𝐷

(14)

The above equations (Esq. (10) – (14)) are the fundamental
equations for describing of modeling of esterification in a
batch reactor coupled with pervaporation. The
concentration is defined as:
𝐶𝑖 =

𝑁𝑖
𝑉

𝑉 == ∑ 𝑁𝑖

(15)
𝑀𝑖
𝜌𝑖

(16)

3. Results and discussion

The experimental data and model calculations for the
conversion are shown in Fig. 4 (a) and (b) where the dotted
line represents the calculated results based on the model
of Hasanoglu et al's. [9, 10]. The solid line represents the
calculations based on our Work. Both models appear to
agree well with the experimental data. However, the
reaction conversion is slightly underestimated by the
Hasanoglu’s model [10] because the non-ideal
thermodynamic behavior of the reaction mixtures was not
considered in their work.
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0.8

experimental work. Thus, in the pervaporation membrane
reactor increasing the value of M improves the reactor
performance in terms of conversion. Also, it has been
shown that a rise in the temperature increases the
esterification reaction, because a higher temperature is
suitable for removing ethyl acetate through the membrane
and increasing the rate of reaction.
Figure 5 shows the effect of increasing temperature on the
performance of the pervaporation membrane reactor for
esterification of acetic acid with ethanol in the presence of
Amberlyst 15 as catalyst under the following conditions:
S/V0 = 13.25 m–1, Ccat =2.6g catalyst/100 g acetic acid (g l–1).

(a) M=1

0.7
0.6

X

0.5
0.4
0.3

0.2
0.1
0
0

1

2

3
4
t (hr)

5

6

7

(b) M=1.5

0.9

X

0.8
0.7

X

0.6

0.5
0.4
0.3

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

3

4

5

6

7

t (hr)

v
i
h

Fig. 4. Conversion versus time: a comparison of model
calculations with experimental data with pervaporation (PV)
catalyzed by Amberlyst 15 for initial molar ratios, M, of (a) 1 and
(b) 1.5 (∎:Experimental data 70°C, ●: Experimental data 60°C, ▲:
Experimental data 50°C, line 1: 70°C Results of this model, line 2:
70°C Results of Hasanoglu's model [9,10], line 3: 60°C Results of
this model, line 4: 60°C Results of Hasanoglu's model [9,10], line
5: 50°C Results of this model, line 6: 50°C Results of Hasanoglu's
model [9,10].
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Figures 4 (a) and (b) show the effect of initial mole ratio of
acetic acid to ethanol, M, on the performance of the
pervaporation membrane reactor for esterification of
acetic acid with ethanol in the presence of Amberlyst 15 as
catalyst under the following conditions: S/V0 = 13.25 m–1,
Ccat =2.6g catalyst/100 g acetic acid (g l–1). M was changed
from 1 to 1.5 for this reaction. Production was increased
by increasing M. An excessive amount of one reactant by
progressing the forward reaction leads to an enhancement
in conversions. Also a higher yield of ethyl acetate in the
reactor was obtained because ethyl acetate formation is
increased with the use of an excessive amount of reactant.
This caused an increase in permeation flux of ethyl acetate
because of the relatively high ethyl acetate concentration
at a higher M. However, if this ratio is high the purification
of ethyl acetate will be challenged due to the extra volume
of residual acetic acid at the end of the reaction.
Appropriate value of M is considered 1.5 according to the

A

T=343 K

1

2

T=353 K

3
4
5
6
7
t (hr)
Fig. 5. Effect of temperature on the esterification performance of
the pervaporation-coupled reactor. Operating conditions: m =
1.5, S/V0 = 13.25 m–1,Ccat = 10 g

The calculation results in Fig. 5 show that at temperatures
above 343 K, a further increase in temperature will not
enhance the reaction conversion considerably. So,
according to the operating costs in connection with
heating and cooling of component, a convenient
temperature of around 343 K seems suitable for
esterification coupled with pervaporation.
Figure 6 shows the effect of catalyst concentration on the
esterification performance of the pervaporation
membrane reactor. Under the following conditions: S/V0 =
13.25 m–1, M = 1.5, and T = 343 K.

X

0
2

T=333 K

o
e

0.1
1

D
I

T=323 K
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f

0

0.2

0

73

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

Ccat=2.5 g
Ccat=5 g

Ccat=10 g
Ccat=12.5 g
0

1

2

3
4
t (hr)

5

6

7

Fig. 6. Effect of catalyst concentration on the esterification
performance of the pervaporation -coupled reactor. Operating
conditions: S/V0 = 13.25 m–1, M = 1.5, T = 343 K.
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X

As expected, enhancement of the catalyst concentration
promotes the formation of ethyl acetate and also of water
in the reactor; an increase in ethyl acetate content
increases the rate of ethyl acetate removal. Maximum
conversion of acetic acid (XA) occurs within the first 2 h of
the reaction. There is little change in the product yield
when the catalyst concentration is above 10 g for a
reaction time of 7 h under the conditions studied. This
should be considered when selecting a suitable amount of
catalyst concentration.
Figure 7 illustrates the effect of S/V0 on the esterification
performance in the pervaporation-coupled reactor under
the following conditions: M = 1, Ccat = 10 g and T = 323 K.
For a given reactor volume, enhancement of the
membrane area will increase the rate of ethyl acetate
removal and the reaction equilibrium will shift toward the
product side, because as soon as ethyl acetate formatted
continuously is removed through the membrane, the
reactant concentration will increase resulting in an
enhancement in the reaction rate. However, selecting a
suitable S/V0 is necessary because an enhancement in
surface increases the operating cost. So for selecting the
appropriate value of S/V0, the gain in the enhanced
conversion versus the cost associated with the membrane
should be taken into account.
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

s/v=13 m^-1
s/v=26 m^-1
s/v=52 m^-1

1

2

c
r

3
4
t (hr)

5

6

7

Fig. 7. Effect of (S/V0) on the esterification performance of the
pervaporation - coupled reactor.
Operating conditions: M = 1, Ccat = 10 g, T = 323 K.

4. Conclusions

A

D
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Simulation and selecting the optimal conditions for
modeling of pervaporation membrane reactors is very
important. The model of estrification of acetic acid with
ethanol, catalyzed by Amberlyst 15 has been developed.
This model takes into account the non-ideality of the
reaction mixtures. It is shown that removal of ethyl acetate
through the membrane from the mixture increased the
conversion of reaction, because in reversible reactions
necessary potential synergies are provided for overcoming
the equilibrium limitations. Also Amberlyst 15 as
heterogeneous catalyst plays an important role in the
catalytic elimination of environmental pollutants and
production of clean energy. The development of ion-

S
f

o
e

v
i
h
s/v=7 m^-1

0

exchange resins would definitely contribute to the
environmental improvement and efficient utilization of
energy resources. The model validation is done with
available experimental data. Results showed that, there is
good agreement between the model and experimental
data. The effect of different parameters such as
temperature, catalyst concentration and excess amount of
acetic acid relative to ethanol on the reaction conversion
rate was investigated and, according to the calculation of
the model, the best conditions for the operation of the
reactor in the event of temperature ~343 K, catalyst
concentration 10 g, excess amount of acetic acid relative
to ethanol 50% were shown. Also, with the use of
pervaporation membrane reactor, it is possible to achieve
100% conversion. Thus, the prevention of waste can be
achieved if the majority of reagents and the solvent are
recyclable. For example, ion exchange resin can be
regenerated (if needed) and reused in a subsequent run.
So, using pervaporation membrane reactor coupled with
ion exchange resin can provide the conditions to move
towards green chemistry. This method would also help
balance environmental concerns with economic
development.
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