i B g] ¢l (Membrane Journal)
Vol. 17, No. 2 June, 2007, 146-160

HizHEE ot FUSU-FX of|AH 28} S0 e AT

=] A~ X [ *
R T

cod 2 gt

i

Pz, =T
(2007 3¢ 299 A<, 2007 69 159 Ae)

A Parametric Study of Pervaporation-facilitated Esterification
Seung-Hak Choi, You In Park*, Sung-Soon Chang, and C. K. Yeom'

SepraTek Inc., 719-22 Gojan-dong, Namdong-gu, Incheon 4035-821, Korea
*Environment and Energy Research Center, Korea Research Institute of Chemical Technology, Taejon 305-606, Korea
(Received March 29, 2007, Accepted June 15, 2007)

2 ok B d7dAe 29 34 d2HZE8 vEE
FEH-Z J2H 23 H3Rds FYHH oY, o E*}UEJ_OH o & A
oS24 vt Er-‘*]'—r‘a]ﬂ A2HZ3 g ARA FIFE
3t B &, Felge 58 B3E9 s ot
—‘?—ﬂr"% 0@8 *}%6}11 %2 R E}‘ Fou &9 EH
of| A

o
ox
2
tio
i
::_1,
gl_v‘
fr
=
e
o

ir ez
o
i

to K
L)
e

B

<+ A%ste ¥
1oz Adrgh
1104/\171134 1 Az} g

Fasd 34 A
= Y BeRael Wit g A%
& A7), Bkl g E o] 44
2A7E 4 F71 Y d2H 28
€ IHRANE T BEAH WS
Fol o 2e5e shoA wg
it

2
Y
Ir
R 1)

i ol
I-ﬂPFl
n?‘_i‘

>
nrlrrﬁ&lzm

)

N

r2 o R oo 2 oo ® g
N
N

g
g X
r r
\J
ASh
mlm
b
o
sl
S~
>
i e
oft e
S
Y

e

|

o

O}fﬂ

Ol

=

3,9

R} rﬂ o o[o
e
)
&
it
K
BY
i
b
]

N?i tlo

olo

[

].

O
O

olo o
rlo
e

N, (ol

F

©°
otk
oXx

9°ﬂ E}E} *ﬂ"é% %%EHW} A -5&6}11]1

olo
ok
ol
ofN o
-
2l
of
=2
ol
oZi
o
oto
—"r'
% >
n?.i
In o
_E.
;‘i
0“15
dpr

4o BE WAE Bel AaEAL
B} Ad AR B Fold BELd Al o BASE S RATL

0
b
_|>:
A
ﬂl?(-“
L

Abstract: A parametric study on pervaporation-facilitated esterification was performed by using a practical model based
on non-perfect separation through membrane which is not perfectly permselective to water. Thus, membrane selectivity as
well as membrane capability to remove water should be taken into account in establishing the simulation model to explain
how the membrane separation influence the esterification reaction process. It was shown by simulation that in the reaction
systems with non-perfect separation, the permeation of reactants which are acid or/and alcohol retards the reaction by in-
ducing the backward reaction so that reaction conversion curve is located between a reaction system coupled with pervapo-
ration process having a perfect permselectivity to water and a reaction system without pervaporation process. The volume
change of reaction system occurs as a result of the permeation through the membrane. The reaction volume change which
can be characterized by the reaction ratio of r, to r,-; affects reaction kinetics by concentrating reactants and products, re-
spectively, with different extent with time; reactant-concentrating effect is dominant during the initial stage of reaction, re-
sulting in facilitating the reaction, and then product-concentrating effect is exerted more on reaction, causing to slow down
the reaction. When pervaporative dehydration is applied to the reaction system plays an important role in the reaction as
well. The effect of timing to impose pervaporation on reaction system affected the reaction kinetics in terms of reaction
rate and reaction conversion. A relationship was derived to explain membrane unit capacity and reaction parameters that
will be used as a design tool to determine membrane unit capacity at a given reaction conditions or reaction parameters at
a membrane unit capacity.

Keywords: membrane reactor, esterification, pervaporation, facilitated reaction, dehydration
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1. Introduction

Currently, there is a great deal interest in the appli-
cation of a membrane reactor to various chemical re-
action processes. The membrane reactor system com-
bines the reaction and separation in a single process,
so that both the chemical reaction and the membrane
separation of products can take place simultaneously
during a process. Since separation membranes permit
selective permeation of a component from a mixture,
the separation of one or more reaction product species
can increase the conversion of the reversible reaction
that is thermodynamically or kinetically limited, prom-
ising quantum improvements in reaction -efficiencies,
yields and process economics - the reaction runs faster,
lower residence times suffice, equipment costs are
minimized and side reactions are reduced. The mem-
brane processes widely used in membrane reactor are
gas separation [1,2], reverse osmosis, vapor permeation
'[3] and pervaporation [4-6]. Among the membrane
processes, pervaporation (PV) is a technique that al-
lows the separation of liquid mixtures through a poly-
meric membrane. Now that membrane process has
been proven in the dehydration application of organic
compounds, coming of age as a dehydration separation
process, attention is turning to separations closer to the
chemical reaction step - more critical to production and
promising much greater benefits. The pervaporative de-
hydration begins to be applied in the esterification re-
action to remove water, one of the products of the es-
terification reaction “in situ” and enhance the con-
version through shifting the equilibrium point.

Most of the models [6-8] presented so far of PV
membrane reactors has been based on the reaction ki-
netics and membrane permeation under an assumption
of a perfect dehydration separation in which only water
permeates through membrane. However, it was re-
ported [3,8,9] that the permeation of reactants takes
place through membrane and affects reaction kinetics
in real PV membrane reactors even though the reactant

permeation is not as significant as the water permea-
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Fig. 1. A batch-wise membrane reactor that integrates a
batch reactor with a membrane unit.

tion. In the previous study [10], pervaporation-facili-
tated esterification of carboxylic acid and alcohol had
been theoretically characterized by using a practical
simulation model, considering non-perfect separation
through membrane which is not perfectly permselective
to water. It was shown from a series of simulations
that in the reaction system with non-perfect separation,
reaction can hardly achievable when any reactant in
equal molar reactants or less abundant reactant at ini-
tial molar ratio > 1 permeates through membrane,
while the permeation of ester accelerates the forward
reaction and increase reaction conversion at any instant
through removal of product species like water.

This work is a continuation of the previous study to
provide a fundamental understanding of the practical
behavior of PV membrane reactor with membrane sep-
aration performance. A simple reactor configuration
(Fig. 1) was chosen as model membrane reactor sys-
tem, consisting of a batch reactor integrated with per-
vaporation. A predictive model of PV-aided esterifica-
tion established by incorporating a more realistic de-
scription of reaction kinetics and membrane perform-
ance with separation characteristics was used in simu-
lation. In the model, a non-perfect separation system
where the membrane is not perfectly permselective to
water was applied to the model to investigate how it

influences the membrane-facilitated reaction process

Membrane J. Vol. 17, No. 2, 2007
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and improves the reactor performance. The timing ef-
fect of when the pervaporation is imposed on the re-
action system was also studied with relation to reaction
rate and reaction conversion. From the model, a rela-
tionship between membrane unit capacity and reaction
parameters was derived. With help of the relationship,
reaction parameters for a given membrane unit capacity
or membrane unit capacity at certain reaction condition
can be determined. The relationship can be used as a
design tool to provide a proper combination of the re-
action parameters for a given membrane capacity or a
combination of membrane area, membrane permeability
and reaction mixture volume for a given operating
conditions. The esterification reaction between ethanol
and oleic acid was chosen as model reaction and in-
vestigated theoretically, by using reaction parameters

available in publications [9].

2. Theory

Taking into consideration the esterification reaction

that can be schematically represented by;

kl
A+B = E+W
2

where 4 and B refer to acid and alcohol, and E and W
to ester and water, respectively. k; and k, denote the
rate constants for forward and reverse reactions,
respectively. The reaction is carried out in a dis-
continuous reactor equipped with a pervaporation unit
as described in Fig. 1. Assume isothermal operation
and negligible change in the number of moles of the
catalyst. A mass balance on any reactant or product

species at any instant is described as follows;

a(CV)
—g VA M
7, =% (k,C,Cy—k,Cr.C})
CECW
=+ k;l CACB—T) (2)
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where C denotes the concentration, subscript i species
i, t the reaction time, » the reaction rate in the reactor,
and V the volume of reaction mixture. J and 4, are
the permeation rate and the membrane area, respec-
tively. K. is the equilibrium constant defined as &/k..
Positive sign is taken for product species to be formed
and negative sign is for reactant species to be con-
sumed in the reaction. According to the general ex-
pression for a second order reversible reaction, the re-
action rate with respect of any species i is expressed
by Eq. 2)

Considering that the PV module consists of a hydro-
philic membrane through which water permeates pref-
erentially, the permeation fluxes of water and species i
through the membrane are approximately given, re-
spectively, as;

Jy=P,Cy 3
Y, Cw

J = P,,C, =, PyC, 4

i Y q w4 Gy wtwby ()
. yi/yW

where y denotes the mole fraction in permeate, a@w
denotes the selectivity to species i over water compo-
nent, and the proportional coefficient P, characterizes
membrane permeability. This approximation is nor-
mally true for dehydration when water content in the
mixture is not very high [4-6,9]. Selectivity in perva-
poration does not have any specific dependence on
feed composition but it is reported [9,11] that the se-
lectivity remains almost constant for a binary system
of water-alcohol in esterification of alcohol and car-
boxylic acid. Thus, for simplicity, the selectivity is as-
sumed to be constant during the process. As a result,
the permeation flux of species i can be expressed as a
function of water permeability, selectivity over water,
and its concentration.

From the equations described above, the number of

moles or concentration of species with the extent of re-



action is given by

t
CV/ Vy =GB+ X)—yayy [ Cat ©

0

where
Py A,

Vp=—p— O
R — Co 3
(A CAo ( )

Cip and Cyp are initial concentrations of species i and
A, respectively. Let 4 be less abundant reactant, whose
initial concentration is Cp (= Cyu), as basis. X is the
conversion at any time 7. The parameter 3w that con-
stitutes membrane parameter Py and operating parame-
ters 4, and Vp is a measure of the capacity of the
membrane unit for removing water from the reactor. R;
is defined as initial molar ratio of species i to species

Defining the dimensionless parameters

C

Y, = 2 €9
v
v=y (10)

and differentiating Eqs (2) and (6) with respect to re-
action time ¢ can give,

dX YpYy

E:V’klco( Y Yp— K (11)
dY, 1{, dXx _d¥ )

dt w(_ @ Vg Oweyw: (12)

The volume of the reaction mixture at time t can be

calculated by addition of each species volume;

M,
Pi

EDIN (13)

where N;, M; and p; are the number of moles, molar
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mass and density of species #, respectively. Then from
Egs (10) and (13), the dimensionless parameter ¥ is
derived as follows;

t

M, M,
SR £X) ’—zswz)ai/WTff Y, dt

i pz i

p= 7 2 (14)
DR~
i P;
Y. M,

dy ﬁWZ(a”W o )

T I (13)

DR, P

Eq (14) indicates that the volume of the reaction
mixture changes due to the chemical reaction and mass
permeation through membrane as expressed in the first
and second terms on the right side of the equation,
respectively. The permeation amount of species i, @,

for permeating time t can be obtained as follows

t
Q=4, [ s
0

t
=Gy Vo / Y.dt
o VoVwisw [ (16)

Thus at a given time the parameters X, ¥; and y can
readily be obtained by solving Eqs (11)~(14) numeri-

cally. The initial conditions are at ¢ = 0;

X,=0
Yo=1, Yu=Ry, Yip=0
Yy=1

The concentration of a catalyst may change through
changing the reaction mixture volume although the cat-
alyst is not consumed in the reaction or not permeates
through membrane. The reaction rate involving the cat-
alyst concentration is given as follows (10);

dX
_di—: ke Ccoco( Y, Yp—

Yy YW) an

e
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Table. 1. Molar Volumes of Each Species at 75°C

Species Molar volume (m3/m01)
Oleic acid 0.3315

Ethanol 0.0621
Ethyl oleate 0.3755

Water 0.0186

where kc; denotes rate constant for forward reaction
and C¢p initial catalyst concentration. Eq. (17) indicates
that reaction rate is more likely to be dependent on the
initial catalyst concentration rather than the catalyst
concentration at any instant.

Now, reaction volume change, membrane selectivity
and membrane capability to remove water are included
in the simulation model to explain how they influence
the membrane-facilitated reaction process and improve

the reactor performance.

3. Results and Discussion

To demonstrate esterification reaction behavior with
membrane unit capacity and separation efficiency in
the simulation, the esterification reaction between etha-
no! and oleic acid catalyzed by p-toluenesulfonic acid
is taken as model reaction, by using the parameters,
ker = 34 x 10° m’/(mol - h), K. = 3.3, pa = 852, 0B
= 741, pp = 827, pw = 970 kg/m3, which are repre-
sentative of the esterification of oleic acid and ethanol
at 75°C [9]. These kinetic parameters will be used
throughout this study unless specified otherwise. The
molar volumes of each species at 75°C are given in
Table 1.

3.1. PV-aided Reaction with Perfect Separ-
ation

Fig. 2 shows the plots of reaction conversion and re-
action volume against reaction time, which are calcu-
lated in PV-aided reaction with perfect separation at
different membrane unit capacities. It is observed that
the conversion of the PV-facilitated reaction goes be-
yond the equilibrium conversion that would be obta-

ined as maximum conversion if membrane dehydration
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Fig. 2. Plots of reaction conversion and dimensionless re-
action volume with reaction time in PV-aided reaction
with perfect separation at different membrane unit capa-
cities. Cp = 1000 mol/m’, C¢p = 20 mol/m’, and R, = 1.

were not employed. At a given reaction time, as the
value of membrane unit capacity increases, the corre-
sponding conversion increases from the equilibrium
value and then asymptotically approaches the curve la-
beled with “infinite”. This increasing of conversion is
obviously attributed to removing of more water that
accelerates the forward reaction and then increasingly
facilitates the reaction. Thus, two conversion curves la-
beled as infinite and 0 in the figure represent the up-
per and lower limits of the conversion to be reached,
respectively, in PV-aided membrane reactor. Here in-
creasing of membrane unit capacity is obtainable by
increasing of membrane permeability and/or larger mem-
brane area per unit reaction mixture volume. Looking
at the plots of dimensionless reaction volume with re-
action time at different membrane unit capacities, as
assumed in previous section, reaction volume is ob-
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Fig. 3. Dimensionless water concentration and water for-
mation rate with reaction time in PV-aided reaction with
perfect separation at different membrane unit capacities.
Cs = 1000 mol/m’, Cep = 20 mol/m3, and Ry = 1.

served to be almost constant all the time period of re-
action when pervaporation is not applied, whereas re-
action volume in PV-aided reaction decreases with re-
action time as much as the produced water is depleted
by pervaporation. The reaction volume decreases dra-
matically at the incipient reaction due to the fastest
water formation and water removal, and then the vol-
ume decreases less and less and finally leveled off
with reaction time for a given reaction system. When
the membrane unit capacity is larger, the reaction vol-
ume is reduced more at any instant due to removing
more water and thereby facilitating reaction by perva-
poration. Like the conversion curve in Fig. 2, as the
value of membrane unit capacity increases, the curve
of reaction volume moves asymptotically to the curve
labeled with infinite. Selective removal of water con-

dlzel 23} vkl tidt A7 151

centrates both reactant and product species, that is, in-
creasing their concentrations. Thus, the change of re-
action volume influences the reaction rate which is ex-
pressed a function of a second order of reactant and
product concentrations.

Fig. 3 shows the plots of water concentration in the
reactor and water formation rate with reaction time at
various membrane unit capacities. The parabolic curve
shape of water concentration is a result of two compet-
ing opposite processes taking place simultaneously: wa-
ter formation by reaction, which causes the build-up of
water concentration, and water removal by pervapora-
tion, which lowers water concentration in the reactor.
At the beginning stage of the reaction, the rate of wa-
ter formation is at maximum due to the fastest chem-
ical reaction while the rate of water removal is not as
high as the water formation because of low water
concentration, Consequently, water concentration in-
creases and so does water removal rate correspondingly
until the concentration reaches the maximum when its
removal rate and formation rate are equal. Thereafter,
water removal is faster than its formation, so that wa-
ter becomes depleted in the reactor; a negative value
of the water formation rate as can be seen in its curve,
resulting in increasingly facilitating the reaction. As
membrane unit capacity is larger, the concentration
curve has its maximum point shifted into shorter re-
action time and decreasing the value of the point as a
result of rémoving more water as shown in the water
formation rate curve. In other word, larger membrane
unit capacity causes a lesser accumulation of water in
the reactor, i.e. a smaller area under the curve repre-
senting water concentration versus time; this lower ac-
cumulation favors increasing forward reaction because
its reduces the ester hydrolysis. Since the membrane
unit capacity is a parameter that is combined by the
three independent parameters, that is, membrane per-
meability, membrane area and reaction volume, mem-
brane reactor performance can be variable depending
on the combination of these three parameters. Thus it
is necessary to find a good combination of them, i.e.

Membrane J. Vol. 17, No. 2, 2007
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Fig. 4. Reaction parameters with reaction time in PV-aid-
ed reaction with perfect separation at different catalyst
concentrations. Cp = 1000 mol/m3, Ry=1and dw=1h"
Broken lines are reaction parameters calculated for the re-
action without PV at Cg = 20 mol/m’.

optimization of them in design step to achieve the best
membrane reactor performance for a given circum-
stance.

Fig. 4 exhibits the variations of reaction conversion,
dimensionless water concentration and reaction volume
with reaction time in PV-aided reaction at different
catalyst concentrations. All of the reaction conversions
in the reaction go beyond the equilibrium conversion
with increasing reaction time. Usually, increasing cata-
lyst concentration accelerates the esterification reaction.
Thus, it is found in this figure that at higher catalyst
concentration, the reaction proceeds and reaches faster
completion. As mentioned before, the pervaporative de-
hydration is slower than the reaction during the early

wagel, A 17 @ A 2 F, 2007

period of reaction. With increasing catalyst concentra-
tion, the reaction is accelerated to produce more prod-
ucts, resulting in increasing faster water content with
reaction time. Since water permeation rate is higher at
larger water content, the removal rate of water can get
faster and faster until it is equal to the reaction rate
and then decreases. That is why the maximum in the
water concentration is larger and located earlier in re-
action time at higher catalyst concentration as shown
in this figure. It is natural that reaction volume de-
creases faster for larger catalyst concentration due to
the faster removal of water during the beginning stage.
All of the volume curves eventually approach a value,
0.95 when they are extended to sufficiently long re-
action time, that is, to reaction completion.

It is commonly known that when one of reactant
species is used in excess leads to a quasi-complete
conversion of less abundant reactant even without per-
vaporation. It is because the reaction rate has its de-
pendence on the concentration of reactant species; the
higher the reactant concentration, the fast the reaction.
In this study, the variations of reaction parameters with
reaction time are calculated in PV-aided reaction at
different molar ratios of the alcohol to the acid. Appa-
rently, the larger the initial molar ratio is, the faster
the reaction is to reach completion, as shown in Fig. 5.
When initial molar ratio is larger, the maximum of wa-
ter concentration has a higher amplitude and appears
earlier in reaction time due to the same reason as de-
scribed in the effect of catalyst concentration. At larger
initial molar ratio, the volume decreases faster at the
incipient reaction, slower with time and then label-
ed-off to a higher value, showing less final volume
reduction. This trend may be explained by the greater
dilution of product that goes with the increasing of ini-
tial molar ratio of reactant. Regardless of initial molar
ratio, the cumulative amount of water produced by the
reaction or removed by PV is constant at complete
reaction. Consequently, increasing of initial molar ratio
cannot only lower the ratio of the produced water

amount to initial reaction mixture amount but also de-
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Fig. 5. Reaction parameters with reaction time in PV-aid-
ed reaction with perfect separation at different initial mo-
lar ratios. Cp = 1000 mol/m’, Ccy = 20 mol/m’ and dw =
1 h'. Broken lines are reaction parameters calculated for
the reaction without PV at R, = 2.

clines the extent of mixture volume reduced as much

as the produced water which is removed by PV.

3.2. PV-aided Reaction with Non-perfect
Separation

In previous section, reaction behaviors in PV-aided
esterification with perfect separation have been exam-
ined at various operating conditions. However, perfect
separation in which only water permeates through
membrane can hardly be obtained in real system.
Therefore, to explain more practical reaction behavior
on the PV-aided reaction, separation efficiency in the

permeation of species though membrane should be tak-

o ~H| 23} uh-go) g A 153

en into account.
There will be three cases for permeation through the
hydrophilic membrane in real PV-aided reaction sys-
tem:
® Case 1: the permeation of binary components
(called binary permeation hereafter) through mem-
brane in which water and component i permeates
which is one of reactants with a separation factor
a,w and others else are blocked completely by the

membrane.

Case 2: the permeation of ternary components
(called ternary permeation hereafter) through mem-
brane in which water and both reactants 4 and B
with separation factors o.w and apw, respec-
tively, and ester is blocked completely by the

membrane.

Case 3: the permeation of all species through
membrane in which water and both reactants 7 and
Jj with water with separation factors a.w, apw
and agw, respectively. However, this case has an
equivalent effect on reaction with Case 2 because
the permeation of ester influence the reaction in
the same way as water permeation does.

Let’s consider the permeation effect of ternary com-
ponents on the reaction as an example of non-perfect
separation. Usually since ester is less hydrophilic and
is bigger in molecular size than any other else compo-
nent in the mixture, it can hardly permeate through hy-
drophilic membrane. Thus, a reaction system with per-
meation of both reactants and water is taken as model
to demonstrate the permeation effect of temary compo-
nents, which alcohol and acid permeate through mem-
brane with their separation factors over water, a.w =
azw = 0.025, respectively, and ester is blocked by the
membrane (@gzw = 0). Here, 0.025 of a,w means that
the permeability of species i is 0.05 of water perme-
ability. In the model reaction, the alcohol is used in
excess (R, = 2). When one or both of reactants per-
meates with water through membrane, in the PV-aided
reaction with non-perfect separation, conversion line

lies between two lines labeled with “perfect separation”

Membrane J. Vol. 17, No. 2, 2007
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Fig. 6. Reaction parameters with reaction time in PV-aid-
ed reaction with non-perfect separation at permeation of
ternary components (reactants-water). C; = 1000 mol/m’,
Cco = 20 mol/m’, R, = 2 and 9w = 1 h’. The non-perfect
separation has aaw = apw = 0.025, agw = 0.

and “without pervaporation”. The line of “perfect sepa-
ration” is designated for conversion in the PV-aided re-
action with perfect separation and “without pervapora-
tion” for conversion in the reaction without PV. With
the permeation of reactant, the PV-aided reaction sys-
tem continuously loses the reactant during the reaction
depending on its separation factor, leading to decrease
its concentration in the reactor. Therefore, the reaction
is slower than one with perfect separation although the
reaction is facilitated by PV process due to water
permeation. Reaction volume (V/V;) decreases fast at
initial and then reduces slower and slower as the re-
actants are depleted, as shown in Fig. 6. Reaction vol-

Audel, 2 17 @ A 2 &, 2007
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ume with non-perfect separation at any instant is below
one with perfect separation. More decreasing of re-

* action volume in non-perfect separation system is ob-

viously attributed to the additional permeation of or-
ganic species besides water permeation. To characterize
volume change effect caused by the permeation of spe-
cies on the reaction, the ratios of the reaction rate 7,
to a reaction rate r,-; that is determined under as-
sumption of negligible volume change are calculated
and plotted in this figure. r,—; does not include the ef-
fect of volume change by the permeation but r, does.
Thus, the reaction ratio ¢an tell how the volume chan-
ge influences the reaction. As the reaction volume is
reduced by the permeation, product species get con-
centrated to the same extent as reactant species do. In
this case, two competing opposite effects would be ex-
erted on reaction rate; concentrating reactants would
cause to increase the reaction rate by accelerating the
forward reaction, while concentrating products decre-
ases the reaction rate by inducing more the reverse
reaction. As discussed in previous study [10], the mag-
nitude of the ratio can tell how the volume change
contributes to the reaction rate; ratio < 1 for more

product-concentrating effect than reactant-concentrating

effect, ratio = 1 for no effect of volume change, and
ratio > 1 for more reactant-concentrating effect. The
ratio of the reaction without PV is found to be almost
1 during all the reaction time, indicating there is no ef-
fect of volume change PV-aided reaction with non-per-'
fect separation has a larger reaction ratio than the oth-
er two reaction systems at the incipient stage of
reaction. It reveals that reactant-concentrating effect by
removal of the reactant is dominant over product-con-

centrating effect during the beginning period of re-

.action when the concentrations of products are low.

However, as the reaction progresses further and the
concentration of product increases as well, the ratios
decrease below 1, decreasing faster for the reaction
system wit non-perfect separation. It can be noted from
these observations that the reactant-concentrating effect
exerts to a great deal of extent during an incipient es-
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Fig. 7. Moles of and cumulative permeation amount of
each species in the reactor with reaction time in PV-aided
reaction with non-perfect separation at permeation of ter-
nary components (reactants-water). C, = 1000 mol/n’, Cep
= 20 molm’, R, = 2 and dw = 1 h'. The non-perfect
separation has aaw = apw = 0.025, epw = 0. Broken
lines are for perfect separation and solid lines for non-
perfect separation.

terification in PV-aided reaction at non-equal molar re-
actants, and as product concentration increases with re-
action time, the product-concentrating effect becomes
important and then eventually predominant over the
reactant-concentrating effect as approaching reaction
completion.

Fig. 7 shows the moles of each species in reaction
mixture and its cumulative permeation amount of with
reaction time. Since the alcohol and acid are consumed
in the reaction and also removed simultaneously by
permeation through membrane, their moles in the re-
action mixture decrease faster with time than in the re-

action system with perfect separation. Especially, the
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alcohol is continuously depleted even after complete
reaction when its concentration is still high enough for
permeation. The ester produces less than in the re-
action with perfect separation due to slower reaction
rate and the loss of reactants by their permeation. The
cumulative moles of water permeation are equal to the
cumulative mole of the ester production when water is
completely removed by PV. The permeation amount of
the alcohol is larger than that of the acid because the
alcohol concentration is higher in the reactor even
though their permeabilities are equal.

The equilibrium conversions calculated from the sim-
ulation of the model equations in the reaction without
PV and PV-aided reactions at different initial molar
ratios and separation efficiencies are summarized in
Table 2. The equilibrium conversion is a maximum
conversion that the reaction can reach when sufficient
reaction time is available. The reactions without PV at
the given initial molar ratios never reach completion
but the PV-aided reaction accomplishes completion even
at Ry = 1 due to PV facilitating the reaction. In the re-
action systems with non-perfect separation, it should be
noted that reaction can be completed when the reactant
in excess permeates, whereas it is difficult to reach re-
action completion when any reactant at R, = 1 or the
less abundant reactant at R, > 1 permeates. Oleic acid
has a larger molar volume than ethanol, as shown in
Table 1. Reaction volume decreases more in binary
permeation of oleic acid-water than in that of etha-
nol-water at any initial molar ratio. More decreasing of
reaction volume will cause to more concentrate re-
actants to such an extent that higher reaction con-
version can be obtained due to faster reaction rate, as
can be seen Table 2. The permeation of the organic
product can help to increase the equilibrium conversion
to 1 but the valuable product is lost as much as it per-
meates or additional treatments must be necessary to
recover it. In selecting membrane material or optimiz-
ing operation conditions, the permeation of the less
abundant reactant must be minimized although the per-
meation of the reactant in excess or the product may

Membrane J. Vol. 17, No. 2, 2007
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Table 2. Equilibrium Reaction Conversion in the Reaction without PV and PV-aided Reaction at Different Initial Molar
Ratios and Different Separation Efficiencies, Cy = 1000 mol/m3, Ce =120 mol/m’ and 75°C

Reaction system Ry Xeg
Reaction without PV 1 0.645
PV-aided reaction with perfect separation 1 1.000
aaw = 005, apw = apw =0 1 0.851
Permeation of binary species apw = 0.05, eaw = apw = 1 0.846
aew = 0.05, aaw = apw = 0 1 1.000
Reaction without PV 2 0.825
PV-aided reaction with perfect separation 2 1.000
aaw = 005, egw = apw = 0 2 0.947
Permeation of binary species apw = 0.05, aaw = agw =0 2 1.000
apw = 0.05, aaw = apw = 0 2 1.000
Permeation of ternary species adaw = apw = 0.025, agw = 0 2 0.971
Permeation of all species aaw = apw = apw = 0.02 2 0.977
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Fig. 8. Plots of reaction conversion and dimensionless re-
action volume with reaction time in PV-aided reaction
with non-perfect separation at different timings to impose
on pervaporation. Cy = 1000 mol/m’, Cep = 20 mol/m’, R,
=1 and dw = 1 h”'. The non-perfect separation has @aw
= 0.05 and apw = apw = 0.
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be somewhat allowed.

3.3. Effect of Timing to Impose Pervapora-
tion Process on Reaction System

Fig. 8 shows plots of reaction parameters with re-
action time obtained at different timing of imposing
pervaporation to facilitate the Esterification. It is found
that the later is pervaporation imposed, the more is the
reaction facilitated. The facilitation of reaction is ac-
complished by pervaporation removing water cumu-
latively produced before imposing pervaporation. As
pervaporation is imposed at higher reaction conversion,
the accumulated amount of water produced during a
period of reaction time till pervaporation is larger, that
is, higher water concentration in reaction system at an
instant of imposing pervaporation. Since flux through
hydrophilic membrane is proportional to water concen-
tration in liquid mixture, larger water permeate through
the membrane at the instant of imposing pervaporation
at higher reaction conversion. Thus, reaction volume
reduces more rapidly due to faster permeation of water
as shown in the plot of reaction volume with reaction
time in Fig. 8, and thereby the forward reaction is
more accelerated and more reaction facilitation is expe-
rienced (Fig. 9). In addition, it is observed that a loss

of reactant species by permeation is less when perva-
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Fig. 9. Dimensionless water concentration and water for-
mation rate with reaction time in PV-aided reaction with
non-perfect separation at different timings to impose on
pervaporation. Cy = 1000 mol/m3, Ceo = 20 mol/m3, Ry, =
2 and dw =1 h’. The non-perfect separation has aaw =
0.05 and apw = epw = 0.

poration is imposed later, resulting in less reduction of
reaction volume as can be seen in Fig. 8. However if
pervaporation is imposed at too high reaction conver-
sion, water concentration in the recaction solution can
be too high to likely damage the hydrophilic mem-
brane. Thus, timing to impose pervaporation should be

determined by compromising the undesirable risk.

3.4. Relationship between Reaction Parame-
ters and Membrane Unit Capability

At a critical membrane unit capability, (3w). beyond

which water removed as fast as it is formed, so that

the reverse reaction rate can be negligible in compared

with the forward reaction rate because, the resulting re-

action rate is approximated to the forward reaction

ol 8| 238 Hhgol] thet A 157

rate. Then the differential equation Eq. (17) can be
solved analytically to give the following relation;

1 R—-X

b= ek B—1) M E(I-X) (18)

where ¢ is a time required to reach a conversion X. In
this case, the total amount of water removed through
membrane would be equal to the water amount pro-
duced by the reaction. Note that Cp is equal to the wa-
ter concentration that would be obtained at complete
reaction in a simple batch reactor. Thus, the total cu-
mulative permeation amount ¢, and average perme-
ation rate, Qy of water for the permeating time are

given, respectively,

t,
Qw=XC,V, =f0 Ty A, dt

= Qt, 19)
where
Qw= GV, (9n),, Vi (20)
t
f Yy dt
Yyp=—2 21

w i,
[
4}

Thus, combining Egs (18)~(21) yields the relation-
ship between reaction parameters and membrane unit
capability (3w)e;

C,(R,—1)X
I

n—>_"
U R(1-X)

(Ow)e = (22)

The above equation is very important relationship to
explain how the membrane unit capacity is dependent
on the reaction parameters. Fig. 10 shows the plots of
the membrane unit capacities with reaction rate at dif-
ferent initial molar ratios and different average water
concentrations. The membrane unit capacity has an in-
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Fig. 10. Plots of membrane unit capacities against re-
action rate constant to obtain 0.98 of reaction conversion
at different initial molar ratio of reactants. C, 1000
mol/m’ and Ccp = 20 mol/m’. Broken lines are for aver-
age dimensionless water concentration of 0.001 and solid
lines for average dimensionless water concentration of
0.005.

crease with increasing the reaction rate constant and/or
with initial molar ratio because reaction rate is larger.
Eq. (22) gives 5.9 as the value of membrane unit ca-
pacity at R, = 1, Cp = 1000 mol/m’, X = 0.99, k; =

6.8 x 10* Cc = 20 mol/m’ and reaction temperature =

75°C, which are the operating conditions used in Fig.
2. Conversion curve at dw > 2 is very close to the
upper limit curve and water concentration approximates
to the lower limit curve at dw > 5, as can be seen in
Fig. 2. Thus, from the comparison of the calculated
value from Eq. (22) and those calculated from the
model, one can see that the calculation from Eq. (22)
yields a reasonable value for the membrane unit ca-
pacity. Fig. 11 presents the calculated membrane unit
capacity value with reaction conversion at difterent ini-
tial reactant concentrations. The membrane unit ca-
pacity is smaller to reach higher reaction conversion.
The longer reaction time is required to obtain higher
reaction conversion for given reaction conditions. Thus
smaller membrane area is needed for longer reaction
time, i.e. longer permeation time. It is also natural that
larger membrane unit capacity is necessary for larger
initial concentration, as can be seen in this figure. As
a result, the relationship can be used as a design tool
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Fig. 11. Plots of membrane unit capacities against re-
action conversion obtained at different initial concentra-
tions of reactant A. k; = 3 x 107 mol/m3, Ry, =2 and Cey
= 20 mol/m’. Average dimensionless water concentration
is 0.005.

to provide a proper combination of the reaction param-
eters for a given membrane capacity or a combination
of membrane area, membrane permeability and reaction

mixture volume for a given operating conditions.

4. Conclusions

PV-aided esterification was studies by using a prac-
tical model based on non-perfect separation through
membrane. It was illustrate how non-perfect separation
and membrane unit capacity to remove water can facil-
itate the reaction and enhance the reaction conversion
and reaction rate. The reaction was more facilitated
and obtained higher reaction conversion at higher cata-
lyst concentration and/or larger initial molar ratio of
reactant by removing water through membrane at a
given membrane unit capacity. The PV-aided reaction
with perfect separation can reach reaction completion
even at initial molar ratio = 1, but in the reaction sys-
tems with non-perfect separation, complete reaction is
achieved only when the reactant in excess permeates.
With the non-perfect separation, reaction completion
can hardly be achievable when any reactant at initial
molar ratio = 1 or the less abundant reactant at initial

molar ratio > 1 permeates through membrane. The



volume change effect caused by the permeation on the
reaction was characterized by the reaction ratio of 7,
to ry-; that was determined under assumption of negli-
gible volume change. Two competing effects due to
the volume change affect the reaction; one is reactant
concentrating which affect positively the reaction rate,
and the other is product concentrating, which tends to
cause reverse reaction, decreasing the reaction rate.
Initially, the reactant-concentrating effect prevails. With
increasing reaction time, the product-concentrating ef-
fect becomes more important as more products are pro-
duced and more reactants are depleted. It is found that
the later is pervaporation imposed, the more is the re-
action facilitated. The facilitation of reaction is accom-
plished by pervaporation removing water cumulatively
produced before imposing pervaporation. A relationship
between membrane unit capacity and reaction parame-
ters was derived. With help of the relationship, re-
action parameters for a given membrane unit capacity
or membrane unit capacity at certain reaction condition

can be determined.

Notation

Am membrane area, m’

C concentration in reactor, mol/m’

Co initial concentration of limiting reactant, mol/m’
J permeation flux through membrane, mol/(m” - s)
ki, k; forward and reverse reaction rate constant, re-

spectively, m’/(mol - s)

K, equilibrium constant, dimensionless

M molar mass, kg/mol

N number of moles, dimensionless

r reaction rate, mol/(m3 . 8)

Q cumulated permeation amount, mol

R ideal gas constant, kJ/(mol - K)

R; initial molar ratio of species i to limiting re-
actant, dimensionless

t reaction time, s

14 volume of reaction mixture, m’

Vo initial volume of reaction mixture, m’

2 oze 28} whgo) thgk dF 159

X reaction conversion, dimensionless
¥y mole fraction, dimensionless
Y concentration defined by Eq. (11), dimensionless

Greek Letters

ayw membrane selectivity to species i over water,
dimensionless

dw  measure of membrane unit capacity to remove
water, s’

' ratio of reaction mixture volume at time ¢ to in-
itial volume,- dimensionless

0 density, kg/m3

Subscripts
A, B acid and alcohol, respectively

E, W ester and water, respectively.

i species i in membrane mixture
0 initial condition
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