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HIGHLIGHTS

¢ Indion180, a novel catalyst is used for esterification of acetic acid and methanol.
e A hybrid model of heterogeneous and homogeneous catalysis is developed.

e Convection-diffusion-reaction is solved inside the spherical catalyst particle.

e Linear dependence of initial reaction rate on catalyst loading is established.

e The kinetics is nearly independent of catalyst particle size.
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A novel pore diffusion model in combination with a homogeneous reaction in the bulk solution is proposed
to model the kinetic behavior of conversion of acetic acid during its esterification with methanol using ion
exchange resin catalyst. The model parameters are determined based on the experimental data of a batch
reactor with reactant quantities in stoichiometric ratio. Experimental kinetic data of conversion of acetic
acid is obtained for various ranges of parameters such as catalyst loading in g/cc of reactant mixture volume,
temperature in the range of 323.15-353.15 K, average diameter of catalyst particle varied from 425 um to
925 um and RPM of magnetic stirrer. A multi time scale model is adopted in updating the conversion of
acetic acid in the bulk liquid where the measurement is carried out. Since the homogeneous part of catalytic
esterification is slow reaction, a large time step is used for updating bulk concentration or conversion,
whereas a small time step is used to find the concentration distribution and inward flux of acetic acid inside
the catalyst particle in a quasi steady state mode. This multi time scale approach leads to utilizing only the
initial time kinetics of reaction for predicting two reaction constants namely kg, the forward reaction rate
constant for homogeneous reaction in bulk solution and kg, the forward reaction rate constant for reaction
inside the catalyst particle. The equilibrium conversion data provides the reaction equilibrium constant. The
model predicts the overall kinetics of heterogeneous esterification reaction accurately.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

For esterification of acetic acid and methanol, the reaction
could be represented by

Organic esters are important chemicals and widely used in
cosmetics, plasticizers, medicinal, polymerization, textile, flavors
and food industries. Several synthetic chemical routes are available
to produce these organic esters. In particular, methyl acetate
manufactured commercially is in great demand. It is especially
used as a solvent in adhesives, nail polish removers, paints, printing
inks, perfumery, dye production and industrial coatings. One of the
comprehensive reviews of esters synthesis is given by Yadav and
Mehta (1994).
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CH3COOH (A) + CH30H (B)=CH3COOCH;(C)+H,0 (D). 1)

where acetic acid (A, CH3COOH) and methanol (B, CH;0H) react in
liquid state to produce methyl acetate (C, CH3COOCH3) and water
(D, H,0). This reaction is primarily slow and reversible. To enhance
the reaction rate, catalytic esterification is a major breakthrough in
the field of esterification. One of the earliest works relating to
kinetics of catalytic esterification of acetic acid with methanol was
published by Rolfe and Hinshelwood (1934). Ronnback et al.
(1997) investigated the kinetics of esterification of acetic acid with
methanol using hydrogen iodide as homogeneous catalyst. It was
observed that hydrogen iodide also reacted with methanol and
produced methyl iodide as a by-product. Agreda et al. (1990)
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proposed a rate expression for the esterification reaction using
sulphuric acid as a homogeneous catalyst.

Solid catalyst such as ion exchange resins have been recently
found to be very effective in improving the rate of reaction as well as
in separation of products. lon exchange resins are the most common
heterogeneous catalysts used for esterification reaction (Yadav and
Thathagar, 2002; Zhang et al,, 2004; Chakrabarti and Sharma, 1993).
The basic mechanism for using catalytic resin as catalyst is that they
liberate H™ ions which catalyze the esterification reaction (Jagadeesh
Babu et al., 2011; Tsai et al., 2011; Lopez et al., 2008). This has been
verified by using H,SO,4 as a homogeneous catalyst (Liu et al., 2006).
But using H,SO, is uneconomical as there would be a further
separation step involved for removing H,SO, after the products are
formed. Hence solid catalyst assisted esterification is preferred.
Though acetic acid itself acts as a catalyst but its activity for reaction
is slow due to its weak acidic nature. So addition of cat-ion ion
exchange resin catalyst would provide more H* ions for catalyzing
the reaction. Even for production purpose, solid catalyst could be
used as packing for conducting catalytic reactive distillation in a
packed column (Popken et al., 2001). In order to design a catalytic
reactive distillation column, it requires a suitable kinetic model that
accounts for catalyst influence. This type of heterogeneous esterifica-
tion has been modeled by various approaches (Popken et al., 2000;
Song et al, 1998; Yu et al, 2004; Kirbaslar et al., 2001a, 2001b;
Winkler and Gmehling, 2006; Ehteshai et al., 2006). These models
assumed various possibilities such as pseudo homogeneous, surface
reaction and adsorption steps. But, all these models predict the
kinetics by fitting adjustable parameters in terms of catalyst loading
and temperature. In this paper, a novel pore diffusion model is
proposed where a major conversion of reactants occurs inside the
catalyst pore. The novel model explicitly accounts for temperature,
catalyst loading and diameter of the catalyst particle.

2. Experiments
2.1. Chemicals

The reactants used are methanol (purity=99% w/w) and acetic
acid (purity=99.95% w/w) supplied by SD Fine Chemicals Ltd.
(Mumbai, India).

2.2. Catalyst

The solid acid catalyst used for the esterification reaction is
Indion 180 supplied by lon-Exchange India Limited, Mumbai,
India. Indion 180 has cross-linked three-dimensional structures
of polymeric material obtained by sulfonation of a copolymer of
polystyrene and divinylbenzene (DVB). It is in the form of an
opaque and dark gray colored solid spherical bead. The resins used
in this study were dried for two hours in a hot air oven at
temperature 90 °C to remove the moisture content. The properties
of the resin catalyst as given by the supplier are shown in Table 1.
A snapshot of the catalyst particles is shown in Fig. 1. The catalyst
particles may not be mono-disperse but there would be a small
size range since the particles are segregated using a sieve. The size
range is the difference between the pore sizes of the successive
sieve plates. For a particular case of the 425 pm, the above and
below sieve pores have a size of 500 pm and 350 pm, respectively.
The remaining size ranges are 1000-850 pm (average size is
925 um) and 850-600 pm (average size is 725 pm).

2.3. Experimental setup

A schematic diagram of the experimental setup is shown in
Fig. 2. It consists of a 500 ml three neck round-bottom flask. The

flask was placed in a heating rota-mantle which has a heat control
knob and stirrer speed control knob. The rotational speed of
magnetic stirrer was varied from 240 rpm to 640 rpm by using
the speed control knob. A spiral condenser was connected to the
reaction flask vertically to condense the vapor and mix them back
with the reacting mixture. Vapor losses were reduced by provision
of the condenser. The heating is controlled manually to maintain a
desired temperature in the reaction flask. A thermometer is
inserted into the flask to measure the reaction mixture tempera-
ture. Thus the rota-mantle was used to maintain constant tem-
perature and constant stirring speed.

Table 1
Physico-chemical properties of Indion 180 catalyst.

Physical property Indion 180

Manufacturer Ion Exchange India Limited

Shape Spherical beads

Physical form Opaque, grey to dark grey coloured
Size (um) 725

Apparent bulk density (g/cm?) 0.55-0.60

Surface area (m?/g) 28-32

Pore volume (ml/g) 0.32-0.38

Max. operating temperature (°C) 150

Hydrogen ion capacity, (meq/g) 5.0

Matrix type Styrene-DVB

P" range 0-7

Resin type Macro porous strong acidic cat-ion
Functional group -S03~

lonic form H*

Fig. 1. Snapshot of catalyst particles displaying the sphericity.

7 3

1.Three neck bottle
2.Thermometer

3.Condenser

4.Magnetic stirrer
5.Temperature Control knob
6.Speed control knob

7.Sample collection provision

8.Rotamantle

Fig. 2. Experimental setup for reaction kinetics studies.
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2.4. Experimental procedure

In the experiments, equimolar quantities of liquid methanol
(32 g) and liquid acetic acid (60 g) were mixed and charged to the
reactor. The total volume of the bulk solution is 98 ml. This gives
the initial concentration Cao of acetic acid as 10.24 mol/l. The
reaction mixture was heated to a desired temperature quickly
within 4-5 min and a measured quantity of the catalyst particles
was added to the reaction mixture. The volume of catalyst would
be 1.97 cc for a catalyst loading of 0.025 g/cc. There might be a
minute conversion of reactants during this time period but the
major reaction rate picks up only after addition of catalyst (Popken
et al., 2000; Jagadeesh Babu et al., 2011). The time is also recorded
from the point of addition of the catalyst. Samples of the reaction
mixture were withdrawn at regular intervals of time and titrated
with 0.1 N NaOH solution prepared in distilled water for finding
the acetic acid concentration. The reaction was carried out for
sufficient time so that equilibrium conversion is reached or when
no further decrease of acetic acid concentration takes place. The
equilibrium is reached in about 3-4 h depending on catalyst
loading and temperature.

2.5. Chemical analysis

Water used in the experiment to prepare the standard solution
of NaOH was obtained from an ultra pure water purifier system
(Millipore-Synergy UV system). The resistance of water is recorded
as 18.2 MQ-cm. The acetic acid concentration (Cyp) in sample taken
from reactant mixture was determined by titration of sample
against standard 0.1 N solution of NaOH using phenolphthalein as
the indicator. The endpoint is indicated by pale pink color.

2.6. Experimental data

Esterification reaction with Indion 180 as solid catalyst was
investigated with 1:1 mol ratio of acetic acid and methanol. The
reaction conditions were varied sufficiently to acquire data on
conversion kinetics. The stirrer speed was varied from 240 RPM to
640 RPM. The temperature was varied from 323.15 K to 353.15 K.
The catalyst loading was varied from 0.01 g/cc to 0.05 g/cc based
on initial reaction mixture. The average diameter of the catalyst
particles was varied from 425 pm to 925 pm. The effect of intrinsic
reaction condition such as temperature and practical settings such
as catalyst loading, stirrer speed and catalyst particle size on the
reaction kinetics is discussed below.

2.6.1. Effect of reaction temperature

The experimental data obtained at different temperatures
shown later in Fig. 10 along with model prediction for a fixed
catalyst loading of 0.025 g/cc shows that the rate of conversion of
acetic acid increases with an increase in the temperature. This
indicates that the reaction rate is controlled by temperature to
some extent. Higher the temperature less is the time taken for the
system to reach equilibrium.

2.6.2. Effect of catalyst loading

Experiments were carried out with different catalyst loading
ranging from 0.01 g/cc to 0.05g/cc. The experimental results
obtained with different catalyst loading at a fixed temperature
show that as the catalyst loading increases the rate of reaction
increases as shown later in Fig. 9 along with the model prediction.
When the amount of catalyst in the reaction mixture is increased,
the reaction rate increases because of more H* ions being provided
by the catalyst.

2.6.3. Effect of stirrer speed

To study the effect of external mass transfer resistance on the
esterification reaction, experiments were conducted at different
stirrer speeds ranging from 240 RPM to 640 RPM. Other experi-
mental conditions were: initial mole ratio of reactants equal to 1:1,
diameter of catalyst as 725 pm, catalyst loading of 0.025 g/cc and
temperature of 343.15 K. Fig. 3 shows the kinetics of conversion of
acetic acid at different agitation speeds. From this experimental
data it can be seen that the conversion of acetic acid is not affected
by the stirrer speed beyond 240 RPM. This indicates that the
external mass transfer resistance is negligible for agitation speed
greater than 240 RPM. The present results are in good agreement
with literature results (Titus et al., 2007; Ali et al., 2007; Mao et al.,
2008; Delgado et al., 2007; Cruz et al., 2007).

2.6.4. Effect of catalyst particle size

Experiments were carried out with different particle sizes and
surprisingly there is only a marginal increase of reaction rate with
decrease in particle size as shown along with model prediction in
Fig. 11. The experimental data provides the evidence that the
diameter of particle has only little effect on the rate of reaction
while keeping the same catalyst loading. This is an interesting
feature because if one considers that heterogeneous reaction
occurs only on the surface of the catalyst particle then the
available specific surface area per unit volume of reactant solution
goes as ~1/R, and the reaction rate should increase substantially
with decrease in particle size. But, our model would incorporate a
new assumption that the heterogeneous reaction occurs in inside
of the catalyst particle also. The resultant dependence of reaction
rate on catalyst particle size has to be obtained only after solving
the reaction-diffusion equation inside the catalyst particle.

The internal reaction and diffusion are fast compared to the bulk
homogeneous reaction. But that does not mean that the inward flux
of reactants into the catalyst is non-existent. In fact, for a fast reaction
inside the catalyst particle, the inward flux or consumption of
reactants would be much higher. Though the net volume of catalyst
particles is small compared to that of bulk solution, the extent of
reaction inside the catalyst particles is substantial and even more
compared to that of the homogeneous reaction in the bulk. The
present model obtains the overall reaction rate assuming that reaction
occurs inside the catalyst particle and also in the bulk solution.

3. Modeling

The assumptions involved in developing the model are as
follows:

® The catalyst particles are assumed to be spherical in shape with
internal pores.
® The swelling of catalyst particles is considered to be negligible.

1
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.% 0.6 6 a ©240 rpm
% 0.5 . ] 0480 rpm

A
£ 041 T=343.15K 640 pm
Z g catalyst=Indion 180
E 031 catalyst loading=0.025 g/cc
8 0.2 diameter of particle = 725 microns
mole ratio=1:1
0.1+
0 T T T T T
0 50 100 150 200 250

Time, min

Fig. 3. Kinetics of conversion of acetic acid at various agitation speeds.
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® The reactants can react in the bulk solution as well as inside the
catalyst particle. Acetic acid and methanol diffuse into the
catalyst where the reaction occurs due to catalytic activity.
The produced methyl acetate and water diffuse back into the
bulk solution.

® The mass transfer resistance external to the catalyst particle is
neglected since there is no stagnant film surrounding a catalyst
particle due to high stirring.

® The diffusivities of the reactants and products inside the
catalyst particle are important. Though they depend on tem-
perature and local concentration, they are assumed to be same
for all species and the value is evaluated at an average
temperature pertaining to experimental range.

® The volume of solution held within the catalyst particles is
assumed to be negligible compared to the bulk solution.

® The volumetric change of solution due to reaction is assumed
to be negligible.

The overall rate of reaction could be represented as in Eq. (2).

dN
dy:_Nmﬂgw:m+mW )

where Ny, is the number of moles of A in the bulk solution at a
given time. The time derivative dNgp/dt represents the rate of
change of number of moles of A in the bulk solution where it is
measured for concentration changes. N, is the number of catalyst
particles, R, is the radius of catalyst particles and 4zR,? represents
the surface area of each catalyst particle. J4|,_ g, represents the
inward flux of acetic acid into the catalyst at its surface. r4p, is the
rate of homogeneous reaction in the bulk solution which occurs
simultaneously. It primarily depends on temperature but its rate is
slow compared to the rate of catalytic reaction inside the catalyst.
V is the volume of reaction mixture.

Ideally, the reaction volume needs to be divided with the number
of catalyst particles N, so that a unit reaction volume could be
considered around each catalyst particle. If the quasi steady state
approach has to be relaxed, then one needs to solve the transient
diffusion-reaction equation inside the catalyst particle as well as
outside the catalyst particle. But, by maintaining sufficiently high
RPM in the batch reactor, it is found that the rate of reaction does not
vary for RPM greater than 240 as could be inferred from Fig. 3. Due to
this, the homogeneous part of the reaction occurs uniformly in the
bulk solution without any concentration accumulation of the reac-
tants and products. Hence, the external mass transfer resistance
surrounding a catalyst particle could be neglected. The schematic of
the concentration profile of A inside the catalyst particle and in its
neighborhood bulk solution is shown in Fig. 4.

Generally the rate of homogeneous reaction could be repre-
sented by Eq. (3) (Fogler, 1995).

Tap = — (Kr1CapCp — k1 CcCpp) 3)

where kp is the forward reaction rate constant and k; is the
backward reaction rate constant. Cap, Cgp, Cop and Cp, are the
concentrations in mol/l in the bulk solution.

Conversion of A in the bulk solution is defined as

Xa=1-== “)

Eq. (3) could be simplified as follows in terms of conversion of A:

2 2 X;
Tap = —kr1Cho | (1—=Xa) K. (5)

where K.=kp/kp1. In experiments it is found that K.=4.95 from
equilibrium data, that is K, :Xﬁe /(1 =Xs0)?, where X, is equili-
brium conversion of acetic acid.

" Bulk
*. Solution

Fig. 4. Schematic of the concentration profile of acetic acid inside the catalyst
particle and in the bulk solution.

Now, the first term in Eq. (2) due to flux of A into the catalyst
particle could be simplified by the following transformation in
terms of reaction conditions that are catalyst loading w, and radius
of catalyst particle R,,.

> Np((4/3)aR})pp 3V mee 3V 3V
Np4rRp = TV Repp V Repp WciRppp

6)

where mq is total mass of catalyst, R, is the radius of catalyst
particle in m, p, is the true density of catalyst particle in g/cc and
w, is the catalyst loading in g/cc. The inward flux of acetic acid,
Jalr—g, at catalyst surface is represented as below (Bird et al.,
2002).
0Cx
Ja=Da—= (7)
or r=Rp
where Dy, is the diffusivity of A inside the catalyst particle. This flux
has to be obtained by solving reaction-diffusion equation inside
the catalyst particle as given below.
aCx
St Py =eta ®)
where C, is the concentration of the acetic acid at a location r and
time t inside the catalyst particle and e is the porosity of the
catalyst particle. The porous volume of the catalyst particle is filled
with the reactant and product liquids. The vector n, is the total
molar flux of A due to convection and diffusion as given below in

Eq. (9).
n,=(Xn)xa+J, 9

here (¥n;,) is the vector sum of molar fluxes of all components,
X4 is the mole fraction of acetic acid and J, is the molecular
diffusion flux. If we assume that the reaction proceeds according
to stoichiometry then (¥n,)=0 which implies that equimolar
counter diffusion of reactants and products occurs inside the
catalyst particle. Hence: the flux of A inward into the particle is
equal to flux of B and of opposite sign with respect to C and D.
Now, the total flux of A in Eq. (9) is given by J, itself which in turn
is as given below in Eq. (10) according to Fick's law of diffusion.
0CA

Jy=-Da7r (10)

The reaction rate inside the catalyst may be assumed as follows
ra= —(Kr2CaCp—kyCcCp) (11
where Cu, Cp, Cc and Cp are local concentrations inside the catalyst

particle. kp and k,, are the forward and backward reaction
rate constants which are different from those of homogeneous
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reaction. Note that Cy4 is inside the catalyst and Cup, is in the bulk
solution.

By substituting Eqs. (9)-(11) in Eq. (8), it gives the following
equation,
9
Jat
here, a pseudo-homogeneous rate equation is used because the
pore volume is utilized instead of the pore surface area.
In spherical coordinates Eq. (12) becomes

K py (%

—DpV?Cy = —elkprCaCp — Ky CcCp) (12)

=Dy (P75~ llaCaCo—kinCeCol a3)

By using non-dimensionalization as t*=t/r, *=r/Rp, Ci*=
Ca/Cao and by assuming the reactants and products to be con-
sumed and formed in stoichiometric ratio, that is Cg=Cja,
Ce=Cao—Cp, Cp=Cpo—Ca, Eq. (13) gets transformed as,

2
acy 1 9 <,;x<2ﬁ> _gkuCAORIZD {sz _ (1-G) } (14)

ot* r2or\ ort Da K.

where t=R,?/Da and K.=Kkp/Kp>.

By solving Eq. (14) with boundary conditions as (aC4*/ar*) =0
at r*=0 and C4*=Cap/Cao=1—X4 at r*=1 and initial condition as
t*=0, C4*=0 for 0 <r* <1 inside the catalyst particle, we could
determine the inward flux of A at catalyst surface as

DaCao 0Ca*
Ja="R,~ o=
P s

By substituting Eqs. (15), (6) and (5) in Eq. (2), it gives the overall
reaction rate in terms of conversion of acetic acid as

‘”(J_W 3D4 \ [0CA*
da ~ ¢ RZpp) \ or* ) lr

It is assumed that the equilibrium constant K, is same for both
homogeneous reaction as well as for reaction inside the catalyst
particle. It is also assumed that the diffusion constant of acetic acid
is similar in magnitude to that of other reactants and products. The
variation of diffusion constant with temperature is also assumed to
be negligible in the range of operating temperature which other-
wise would complicate the reaction-diffusion equation, Eq. (14).

The diffusivity of the acetic acid could be modeled to be
dependent on temperature through Wilke-Chang equation in the
form of Dag=1.173 x 10~ '5(&M;)T/(upva>°) which predicts the dif-
fusivity of the limiting reactant that is acetic acid in other species
namely methanol, water and methyl acetate (Treybal, 1981).
An average value of the diffusivity is taken at 10~° m?[s inside the
pores of the catalyst. This is arrived at after taking the effect of
porosity also into consideration (Ju et al., 2011).

Now Eq. (16) has to be utilized for predicting the conversion
kinetics X, versus time for any given reaction conditions of catalyst
loading w,, temperature T and radius of catalyst particle Rp for
RPM > 240. Since there are unknown parameters such as kg, K.
and kp, these could be obtained from initial rate of reaction and
final equilibrium conversion.

From Eq. (16) it can be seen that the initial reaction rate as
t— 0 is a linear function of catalyst loading w,. Eq. (16) could be
rewritten as below for t—0

X,
dt

15)

re=1

2> X4
+ T Cnokn [(1 —Xa) K. (16)

= pwc + Caoksy (7)
t—-0

The initial rate of conversion of acetic acid is plotted in Fig. 5
against catalyst loading to obtain slope and intercept for various
temperatures with average diameter of catalyst particle, dp="725 pm.

0.045
y=04453x +0.0154
0.04 4 ®T=323.15K R?=0.9996

y=04327x+0.0112
R?=0.9772

0.035 - ET=333.15K
AT=343.15K

0.03 1 ®T-353.15K

0, (1/min)

ly =0.4227x + 0.0084
R?=0.9584

0.025 4 y=0.4148x + 0.0045
002 J R?=0.9674

A

0.015 4

dX /dtatt

0.01 4
0.005

0

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Catalyst loading, (g/cc)

Fig. 5. Linear fit for initial reaction rate versus catalyst loading. The diameter of
catalyst particles in all the experiments is 725 pm.

Table 2
Reaction rate constants kp and ky, at different temperatures.

Temperature (K) ks (1/mol min) ks, (1/mol min)

323.15 0.000391 0.148
333.15 0.000781 0.1515
34315 0.00108 0.156
353.15 0.001516 0.1615
a
6 ; ; ; ; ; ;
6.5 y=-5233x + 8.42
R2=0.969
_7 4
=
S
S
75 A
Py
-8 4
85
0.0028 0.00285 0.0029 0.00295 0.003 0.00305 0.0031 0.00315
T, K
1.8 ; ; ; ; ; ;
* y=-338.45x - 0.8678
R?=0.9903
-1.85
<
S
1.9 A

95
0.0028 0.00285 0.0029 0.00295 0.003 0.00305 0.0031 0.00315
U, X!

Fig. 6. (a) Arrhenius plot for homogeneous reaction rate constant in bulk solution.
(b) Arrhenius plot for reaction rate constant inside catalyst pores.

From y-intercept value, kg is inferred and shown in Table 2. Similarly
S, the slope in Eq. (17) is used to find the initial non-dimensional flux
of A at surface of catalyst particle as (9C*4/ar*)|,« _ ;which is part of
the first term in Eq. (16). Now, Eq. (14), the reaction-diffusion
equation inside catalyst particle is solved to find kp such that this
surface flux is matched. The obtained values of kp are shown in
Table 2.

An Arrhenius equation is fitted for representing variation of kg
and kg, with respect to temperature T as shown in Fig. 6(a) and (b).
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Arrhenius equation in general form is given by

E
ky = kroexp <— RffT> (18)

where ky, is pre-factor and Eris the activation energy. The obtained
expressions are kp=4536 exp (—43507/(RT)) l/mol min and
k»=0.421 exp (—2813/(RT)) I/mol min. The equilibrium constant
K. is obtained from equilibrium conversion as 4.95 for all tem-
peratures. The equilibrium constant K, value as found in literature
are: 3.9-9.0 (Jagadeesh Babu et al., 2011; Tsai et al., 2011).

The regressed parameters g and Cuokp after a linear fit of
Eq. (17) exhibit an R-square value of above 0.95 as shown in Fig. 5.
Since it is a good linear fit, the model is justified. The term dX,/dt
in Eq. (17) could have an error due to estimation of the conversion
X4 of acetic acid. It is nearly 2% since it is calculated from the
concentration C4 which in turn depends on titre value of NaOH
solution rundown. The measurement of titre value could have an
error of 0.1 ml. The measured temperature could have an error of
1 °C. The catalyst loading could have an error of 0.001 g/cc. The
reactants weight could have an error of 0.1 g.

In this kinetic model, it is considered that the void volume
inside the catalyst particles is also utilized for the reaction. The
liquid species can penetrate into the pore volume of the catalyst
particle by diffusion. The reaction rate constant could be much
higher in the pore volume of the catalyst particle since active sites
are dense. In other words, the H" ion concentration that catalyzes
the reaction is higher in the pores than in the bulk liquid outside
the particle. Due to the constraint of charge neutrality, the entire
H™ ion content of the catalyst particle would not be dissolved
into the bulk reactant liquid. Nevertheless, the presence of cata-
lyst increases the homogeneous rate constant as well because
the liberated H™ ions from the catalyst. Hence, in this catalytic
reaction, both the homogeneous and heterogeneous rate constants
are fitted simultaneously from the initial reaction rate data.
In view of the above condition, the net reaction rate due to
catalytic activity substantially occurs inside the catalyst particles.
In addition to it, there is the homogeneous reaction occurring in
the bulk reactant solution. Hence there are two rate constants and
one equilibrium constant as parameters in the model. Further,
these parameters depend on temperature through Arrhenius type
models as discussed earlier.

The contributions of heterogeneous and homogeneous reac-
tions towards conversion are represented by first and second
terms respectively of Eq. (16). Hence, the model parameters are
fitted using only the initial reaction rate and equilibrium conver-
sion. The rest of the kinetics is predicted using those parameters.
The experiment provides the overall conversion of acetic acid due
to homogeneous and heterogeneous reactions. The individual rate
constants could be determined in a coupled model only rather
than individually. There are few homogeneous models like in the
case of H,SO, catalyzed esterification of acetic acid with methanol.
But those rate constants cannot be applied for the ion exchange
resin catalyzed esterification.

In order to estimate the internal diffusion effect, Weisz modulus
for catalytic reactions in solid catalyst particles could be quantified
but the present situation has reaction occurring in the bulk as well.
Therefore, it may not be appropriate to calculate Weisz modulus for
esterification reaction using ion exchange resin catalyst particles.
Instead, the contribution of heterogeneous and homogeneous reac-
tions towards conversion is represented by first and second terms
respectively of Eq. (16). The conversion X, contributed by homo-
geneous part and heterogeneous part could be compared. Never-
theless, the Weisz modulus is obtained as 1.42 at initial time
for reaction conditions such as temperature=323.15K, catalyst
loading=0.025 g/cc and catalyst particle size of 725 pm. Since it is
greater than 1, the internal diffusion is important (Fogler, 1995;

Ju et al., 2011). Weisz-Prater parameter is given by Cw_p:robsppsz/
(DaCao)-

For reaching a conclusion on “pore diffusion based model”,
assumptions are made in simplifying the equations as much as
possible but retaining the features that there is diffusion into the
catalyst particles and a simultaneous reaction occurring there.
These assumptions have provided a solvable Eq. (14) and the final
results would confirm the applicability of “pore diffusion based
model”.

4. Simulation

The algorithm implemented for obtaining time evolution of
conversion of acetic acid is shown in Fig. 7. Eq. (14) is solved at
every time step and Eq. (16) is used to update and predict the
overall kinetics of conversion of acetic acid X4 vs time. A quasi
steady state approach is adopted. The time step used for Eq. (14) is
2 min where as the time step used for Eq. (16) is 15 min.

Specify the reaction parameters:
CAm Rp> €, DA> kﬂs kﬂ: Ke

Initialization:

Time, =0

X,=0 in bulk solution

C,*(r*)=0 for 0<r*<1 inside catalyst particle

A 4

At r*=1, C,*1-X, on catalyst surface
Assign a guess as C,*(r*)=r*(1-X,)

A 4

Solve Eq. (14) inside catalyst for 2 min

A 4

Calculate inward mass transfer flux
dC*/dr* at r*=1 from C*(r*)

A 4

Evaluate dX,/dt from Eq.(16)
Update X (t+dt)=X (1) +dt*dX ,/dt
Update time, t=t+dt (dt=15 min)

I_*

Is dX/dt ~0?
Equilibrium

;

Yes

v

Stop

Fig. 7. Schematic flow diagram of the algorithm implemented for simulation of the
model to predict the overall conversion kinetics.
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The time scale of diffusion inside the particle is of the order of
Rp?/Ds where R, is the radius of the particle and D4 is the
diffusivity of the acetic acid inside the pores containing the
mixture of reactants and products. Let the average radius of the
catalyst particle be R,=400 pm and pore diffusivity be 10~2 m?fs.
This time scale comes to approximately (400 x 10~¢)?/10~°=160s.
In the outer film, assuming it also to be of the thickness of R, the
diffusion time scale is (400 x 10~ 6)2/10~8=16 s. Here, for the bulk
solution, diffusivity is assumed to be 10~8 m?/s which is higher than
in pores. Hence, even if the external film exists, the internal pore
diffusion resistance is higher. This also gives an indication of the
time scale one needs to use for updating the concentration distribu-
tion inside the catalyst particle. The above discussion indicates that
the concentration distribution inside the catalyst particles reaches
quasi steady sate in 2-3 min. Now the time scale for updating the
bulk concentration has to be at least 2-3 min. In the experiment, the
concentration of acetic acid is measured for every 15 min. Hence this
true time step could be used in the simulation which would give a
coarse result. But one could use the time step of above 2-3 min
minimum. The simulation time is counted only from the cumulative
of the time steps used for updating the bulk concentrations. The 2-
3 min time duration used for solving Eq. (14) as a sub-routine is only
for the purpose of finding the inward flux of acetic acid at surface of
the catalyst particle.

From the simulation of diffusion inside the catalyst particle, we
need to calculate the inward flux of acetic acid at surface which
would be multiplied with surface area of the catalyst particle.
In principle the hybrid model of homogeneous and heterogeneous
reaction could be simulated for the arrangement in Fig. 4 by using
COMSOL Multiphysics software. But the drawback is that it would
bring in the concentration gradient in the bulk as well. It is
difficult to formulate well mixed condition in bulk solution. On
the other hand MATLAB Software could be used to solve Eq. (14)
in dimensionless form for 2-3 min which will provide the inward
flux of acetic acid on catalyst particle surface during that time
interval. And for that duration, the bulk concentration of acetic
acid is taken as its latest value from previous iteration. Hence a
multi time-scale model is used since the reaction is slow in the
bulk but inside the catalyst the concentrations reaches steady state
fast. Hence, it is a quasi steady state model.

The parameters used for solving Eq. (14) are: D,=6 x 1078 m?/
min, ks =4536 exp (—43507/(RT)) l/mol min, k,=0.421 exp (—2813/
(RT))l/mol min, Ca=10.24 mol/l, K.=495, p,=1242gfcc, T is
temperature in Kelvin scale and R is gas constant, 8.314 J/mol K

We have assumed a linear concentration profile initially inside
the catalyst particle with boundary setting as: at t*=0, r*=0,
CA*ZO and at I*IO, T*Zl, CA*ZCAb*.

Eq. (14) is solved in MATLAB software as an unsteady state one-
dimensional partial differential equation. For one particular tem-
perature, w. and Rp, the concentration distribution inside the
catalyst particle is plotted as a function of time shown in Fig. 8a.
The contributions of homogeneous part and heterogeneous part to
overall reaction kinetics are shown in Fig. 8b. It is convincing that
the model assumption of reaction occurring inside the catalyst
particle is valid. From this figure, it is evident that the hetero-
geneous part of conversion is substantial.

The predicted kinetics based on Eq. (16) for conversion of acetic
acid with respect to time is compared with experimental data as
shown in Figs. 9-11. There is a good agreement between the
experimental data and theoretical model. The negligible effect of
particle size on reaction kinetics is because the entire volume of
catalyst is utilized for heterogeneous reaction instead of only
the outer surface. Hence, as long as catalyst loading is same, the
variation of particle size does not change the total volume of the
catalyst. Thus, the pore diffusion model accounts for the effect of
catalyst loading, temperature and diameter of particle explicitly.
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Fig. 8. (a) Dimensionless concentration distribution of acetic acid inside the catalyst
particle at different times for every 15 min. The reaction conditions are diameter of
particle=725 pm, catalyst loading=0.025 g/cc and temperature=333.15 K. (b) Quan-
titative representation of contribution of homogeneous and heterogeneous reactions
towards overall conversion of acetic acid. The reaction conditions are diameter of
particle=725 pm, catalyst loading=0.025 g/cc and temperature=333.15 K.
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Fig. 9. Conversion kinetics of acetic acid at different catalyst loadings at 343.15 K.
The catalyst particle size=725 um. Solid line represents model prediction.

5. Conclusions

In this paper, a hybrid model for heterogeneous catalytic
esterification of acetic and methanol is developed. The proposed
model takes into the account that the reaction occurs inside the
catalyst particle as well as in the homogeneous reaction occurring
in the bulk liquid. The convection-diffusion-reaction equation in a
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Fig. 10. Conversion kinetics of acetic acid at different temperatures at 0.025 g/cc
catalyst loading and with catalyst particle size of 725 um. Solid line represents
model prediction.
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Fig. 11. Conversion kinetics of acetic acid for different catalyst particle sizes at
temperature of 343.15K and 0.025 g/cc catalyst loading. Solid line represents
model prediction.

porous spherical catalyst particle has been solved using MATLAB
numerical tools. A multi time scale approach or a quasi steady
state approach has been adopted for numerical integration of rate
equation. A small time step is assumed for solving the diffusion-
reaction equation inside the catalyst particle and large time step is
used for updating the concentration or conversion in the bulk
solution. The model predicts the kinetics of conversion accurately
for various reaction conditions such as catalyst loading, tempera-
ture and diameter of particle. The two features, that are: explicit
accounting for catalyst loading and particle diameter of the model
are novel aspects compared to the literature models. In most of
the existing literature, the rate constant is fitted to a polynomial
function of catalyst loading based on pseudo-homogeneous assump-
tion. In the present model, the catalyst loading and diameter of the
particle are introduced through a phenomenological modeling
approach.

Nomenclature

Cao acetic acid concentration in initial reaction mixture
(mol/I)

Cap acetic acid concentration in the bulk solution (mol/l)

Cap methanol concentration in the bulk solution (mol/l)

Cop methyl acetate concentration in the bulk solution (mol/l)

Cpp water concentration in the bulk solution (mol/I)

Ca acetic acid concentration in catalyst (mol/l)

Cp methanol concentration in catalyst (mol/I)

Ce methyl acetate concentration in catalyst (mol/I)
Cp water concentration in catalyst (mol/l)
Cy* dimensionless concentration of acetic acid in catalyst
Cw-p Weisz-Prater parameter
Da diffusion coefficient of acetic acid in catalyst (m?/min)
d, diameter of catalyst particle (m)
Er activation energy (J/mol)
Ja diffusional flux of acetic acid (kmol/m? min)
Ke equilibrium constant
ks forward homogeneous reaction rate constant (I/mol min)
kp1 backward homogeneous reaction rate constant
(1/mol min)
ke forward heterogeneous reaction rate constant
(1/mol min)
kb2 backward heterogeneous reaction rate constant
(I/mol min)
ko frequency factor in rate constant (I/mol min)
Mg molecular weight of B (g/mol)
Meae mass of catalyst (g)
n, total molar flux of acetic acid in the catalyst particle

(kmol/m? min)
total molar flux of species
(kmol/m? min)

o

i' in the catalyst particle

Nap number of moles of acetic acid in bulk solution (mol)

Np number of catalyst particles

r radial location in particle (m)

r dimensionless radial location in catalyst

Ta reaction rate of acetic acid in catalyst (mol/l min)

Tab reaction rate of acetic acid in bulk solution (mol/l min)

Tobs initial reaction rate (mol/g min)

R gas constant (J/mol K)

Rp radius of particle (m)

T absolute temperature (K)

t time (min)

t* dimensionless time

Vg molar volume of A (m?/kmol)

%4 volume of reaction mixture (1)

We catalyst loading (g/cc)

Xa acetic acid conversion

Xae acetic acid conversion at equilibrium

B slope of initial conversion rate versus catalyst loading
(1/min.(g/cc))

e porosity or void fraction inside catalyst particle

U viscosity of species B (N s/m?)

13 association factor

Pp density of catalyst particles (g/cc)

T diffusional time scale (min)
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