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A Predictive Model for Permeation
Flux in a Membrane Reactor: Aspects

of Esterification

Henry Kasaini, Lorraine Malherbe, Raymond Everson,

Klaas Keizer, and Hein Neomagus

School of Chemical and Minerals Engineering, Separation Science and

Technology Group, North-West University, Potchefstroom, South Africa

Abstract: A polymeric membrane (PERVAPw 2201) was used to study permselectivity

and flux of water from esterification mixtures at different temperatures (308C–908C)

and compositions. The pervaporation flux of water from binary mixtures such as

butyl acetate/H2O, butanol/H2O, and acetic acid/H2O was accurately predicted by

using a solution-diffusion model with concentration-dependent diffusion coefficients.

Furthermore, on the basis of a lower activation energy of diffusion and higher flux

for water, we concluded that butyl acetate production can be enhanced significantly

by inserting a reactor membrane (PERVAPw 2201)in the esterification process.

INTRODUCTION

Esterification of glycol ethers or aliphatic alcohols with acetic acid is a well-known

and important industrial process. The esterification reaction that occurs when butyl

acetate is produced in the presence of an acid catalyst (1) is shown below.
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The esterification reaction is reversible, and usually an equilibrium is estab-

lished where the stoichiometric ratio of alcohol to the ester reaches a

constant value. To achieve a higher ester yield, it is customary to drive the

equilibrium position to the right side by either using a large excess of one

of the reactants or using a reactive distillation process to accomplish in situ

removal of product(s) (2). A reactive distillation process is only effective

when the difference between the volatility of the product and reactant

species is sufficiently large. If the esterification mixture forms an azeotrope,

a simple reactive distillation process would be inadequate to produce the

required result. Several researchers have therefore suggested that acetate

production could be enhanced when a separation unit is coupled to an esteri-

fication process (3–6). For example, the selective removal of water molecules

by membrane reactors impacts positively on the conversion of reactants

(butanol and acetic acid) to the acetate product.

Theory of Sorption

Preferential sorption of a component occurs if the composition of the binary

mixture inside the polymer is different from the composition of the feed

mixture. The relative volume fraction of component i from a binary mixture

into the membrane phase, ui, is defined in Eq. (1):

ui ¼
fi

f1 þ f2

¼
fi

1� f3

; . . . i ¼ 1; 2 ð1Þ

where fi is the volume fraction of component i in the ternary (membrane)

phase. If the concentration in the liquid phase is given by vi, then the prefer-

ential sorption, 1, specific to the membrane is expressed as

1 ¼ u1 � v1 ¼ v2 � u2 ð2Þ

The condition for equilibrium between the binary feed phase and the ternary

polymer phase is expressed by the equality of the chemical potentials, mi, in

the two phases. Intermolecular interactions are, however, large in the liquid

state owing to the closeness of the molecules. Flory (7) suggested that

since the pure liquids and the polymer are taken as reference states for the

treatment of the solution, it is only the difference between the total interaction

energy in the solution as compared with that for the pure liquid components

that is important. At equilibrium, the chemical potentials in terms of

osmotic pressure, P, are shown by Eqs. (3) and (4):

Dmo
1 ¼ Dmm

1 þPV1 ð3Þ

Dmo
2 ¼ Dmm

2 þPV2 ð4Þ
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where the polymer-free phase is denoted by the superscript o and the ternary

phase with the superscript m. Vi is the molar volume of component i.

Various thermodynamic theories have been proposed and applied to

interpret sorption equilibria in polymeric membranes of which the Flory-

Huggins theory and its extensions are the most widely used (8). Therefore,

chemical potentials of the equilibrium system described in Eqs. (3) and (4)

can be obtained from Flory-Huggins thermodynamics. The Gibbs free

energy of mixing, DGM, can be expressed as follows:

DGM ¼ DHM � TDSM ð5Þ

where DHM and DSM are the enthalpy and entropy changes on mixing,

respectively. For real solutions, DHM and DSM can be expressed as

DHM ¼ RT
X
i,j

nifigij ð6Þ

DSM ¼ �R
X

ni lnfi ð7Þ

where R is the universal gas constant, ni the mole fraction of component

i in the ternary phase, and gij the concentration dependent binary interaction

parameter. For a three-component system, substitution of Eqs. (6) and (7)

into Eq. (5) reduces to Eq. (8) (9, 10).

DGM

RT
¼ n1 lnf1 þ n2 lnf2 þ n3 lnf3 þ g12ðu2Þn1f2

þ g13ðu2;f3Þn1f3 þ g23ðu1;f3Þn2f3

ð8Þ

The binary interaction parameters, g12, g13, and g23, are assumed to be

concentration-dependent. For the liquid mixture in the polymer, g12 is

assumed to be independent of the polymer concentration and is thus only a

function of u2(g12(u2)). The g13 and g23 parameters are assumed to

be functions of ui(i ¼ 1,2) and f3 (g13(u2, f3), and g23(u1, f3)). In the

original Flory-Huggins theory the interaction parameters that they used

were concentration-independent (11).

The chemical potential, mi, of a component in a solution relative to its

chemical potential in the pure liquid, mi
o, is obtained by differentiating the

free energy of mixing with respect to the mole fraction, ni, in the ternary

phase. Thus, differentiation of Eq. (8) with respect to n1 and n2, respectively,
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yields Eqs. (9) and (10) for the chemical potentials of the different components

in the polymer phase, mi
m.

Dmm
1

RT
¼ lnf1 þ f2 1�

V1

V2

� �
þ f3 1�

V1

V3

� �

þ ðg12f2 þ g13f3Þðf2 þ f3Þ

� u1u2f2

@g12

@u2

� g23

V1

V2

f2f3 � u1u2f3

@g13

@u2

� f1f
2
3

@g13

@f3

ð9Þ

þ
V1

V2

u2
2f3

@g23

@u1

�
V1

V2

f2f
2
3

@g23

@f3

Dmm
2

RT
¼ lnf2 þ f1 1�

V2

V1

� �
þ f3 1�

V2

V3

� �

þ g12

V2

V1

f1 þ g23f3

� �
ðf1 þ f3Þ ð10Þ

�
V2

V1

u2
1f2

@g12

@u2

� g13

V2

V1

f1f3 þ
V2

V1

u2
1f3

@g13

@u2

�
V2

V1

f1f
2
3

@g13

@f3

� u1u2f3

@g23

@u1

� f2f
2
3

@g23

@f3

The Gibbs free energy of mixing for the binary phase is expressed as (9, 10)

DGM

RT
¼ x1 ln v1 þ x2 ln v2 þ g12ðv2Þx1v2 ð11Þ

Differentiation of Eq. (11) with respect to x1 and x2 yields

Dmo
1

RT
¼ ln v1 þ 1�

V1

V2

� �
v2 þ g12v2

2 � v1v2
2

@g12

@v2

ð12Þ

Dmo
2

RT
¼ ln v2 þ 1�

V2

V1

� �
v1 þ

V2

V1

g12v2
1 þ

V2

V1

v2v2
1

@g12

@v2

ð13Þ

If it is assumed that V1/V3 ffi V2/V3 ffi 0 (i.e., the molar volume of the

membrane ¼ the molar volume of the components in the feed mixture) and

that V1/V2 ¼ r, then substitution of Eqs. (9), (10), (12), and (13) in Eqs. (3)

and (4) and elimination of the osmotic pressure, P, leads to Eq. (14):

ln
f1

f2

� �
� ln

v1

v2

� �
¼ ðr� 1Þ ln

f2

v2

� �
� g12 u2ð Þ f2 � f1

� �

� g12 v2ð Þ v1 � v2ð Þ � f3 g13 � rg23ð Þ þ u1f2

@g12

@u2

� v1v2

@g12

@v2

þ f3u1

@g13

@u2

�
V1

V2

u2f3

@g23

@u1

ð14Þ
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At a given volume fraction of penetrant in the feed, vi, the theoretical values

of the preferential sorption can thus be calculated from Eq. (14) if the inter-

action parameters, the ratio of the molar volumes, r, and the volume

fraction of the polymer, f3 (or the overall sorption), are known. Therefore,

it follows that the preferential sorption depends on the difference in molar

volumes of the two penetrants, the affinity of both components toward the

polymer, and the mutual interaction between the two penetrants.

Evaluation of Interaction Parameters

There are two methods that could be used to determine the interaction param-

eters of a polymer and a nonsolvent: equilibrium-swelling experiments

and inverse-gas chromatography. The disadvantage of the latter method is

that interaction parameters are obtained for infinite polymer concentra-

tions, x1, at elevated temperatures. Because the interaction parameter is

usually temperature- and concentration-dependent, extrapolation is difficult.

However, swelling experiments are comparatively easier to perform at

various temperatures. The membrane can be considered as a swollen gel or

a network with cross-links caused by crystalline regions, chain entanglements,

or Van der Waals interactions. The swelling behavior of such a network can be

expressed by the Flory-Rehner theory (11). The free-energy change, DG,

involved in the mixing of the pure solvent with the initially pure polymer

consists of two parts: the free energy of mixing, DGM, and the elastic free

energy, DGel.

DG ¼ DGM þ DGel ð15Þ

At swelling equilibrium, DG ¼ 0, and the Flory-Rehner theory postulates that

ln 1� f3

� �
þ f3 þ xf2

3 þ
V1

Mcf3

f
1=3
3 � 0:5f3

� �
¼ 0 ð16Þ

In polymer-nonsolvent systems with small amounts of nonsolvent in the polymer,

the last term in Eq. (16) can be neglected to obtain Eq. (17), which is the interaction

parameter of a single component with the membrane, thus

xi3 ¼ �
½lnð1� f3Þ þ f3�

f2
3

ð17Þ

Concentration-Dependent Binary Interaction

Parameters g13 and g23

The binary interaction parameters are considered to be concentration

dependent when ternary effects are taken into account. Mulder et al. (12)
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proposed mathematical expressions for these parameters as

g13 ¼ x13 þ au2 þ b½f3 � f3ðu2 ! 0Þ� ð18Þ

g23 ¼ x23 þ cu1 þ d½f3 � f3ðu1 ! 0Þ� ð19Þ

where a, b, c, and d are constants. For the limiting cases when u2! 0 and

u1! 0, Eqs. (18) and (19) reduce to x13 and x23.

The concentration-dependent binary interaction parameter, g12, can be

determined from the Flory-Huggins thermodynamics. Flory et al. (11) and

Yang et al. (13) showed that for a binary system the activity, a1, is

expressed as

ln a1 ¼ ln v1 þ 1�
V1

V2

� �
v2 þ g12v2

2 ð20Þ

The activity, a1, can be computed by using ASPEN Tech V10 with the

relevant thermodynamic model. Subsequently, the dependence of g12 on v2

can be expressed as a relation, and the value of g12 can then be calculated

at any given value of v2.

Theory of Permeation Flux

According to the solution-diffusion model (14), the flux of component i

through the membrane is proportional to the chemical potential gradient

across the membrane

Ji ¼ �CiBi

dmi

dl
ð21Þ

where Ci is the concentration of component I, and Bi is the mobility in the

membrane. If the chemical potential at constant temperature is related to

the species activity then

Ji ¼ �CiDi

d ln ai

dl
ð22Þ

where

Di ¼ RTBi ð23Þ

Equation (22) can be expanded to incorporate different expressions for

solubilities and diffusivities, thus permeation flux is obtained.

Ji ¼
ri

L

ðfi0

0

Didfi ¼
ri

L

ðfi0

0

DTð Þi
@ ln ai

@ lnfi

dfi ð24Þ
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where the concentration-dependent diffusion coefficients are expressed as

ðDT Þ1 ¼ D0;1 exp
�ED;1

RT

� �
ð1þ k11f1 þ l12f2Þ ð25Þ

ðDT Þ2 ¼ D0;2 exp
�ED;2

RT

� �
ð1þ k21f1 þ l22f2Þ ð26Þ

and kij and lij are constants, and D0,i is the diffusion coefficient at infinite

dilution. Parameters D0,i, ED,i, kij, and lij can be assumed by referring to

previously published data and then regressed.

EXPERIMENTAL

The membrane that we used in this study is an asymmetric and composite

polymeric membrane (PERVAPw 2201), which was supplied by Sulzer

Chemtech Co., South Africa. The membrane has a thin dense layer (2–4-mm

thick) of cross-linked PVA supported on a microporous substrate (woven

substructure). The thin surface layer is nonporous and serves as the separation

medium. But, the porous substructure provides mechanical strength.

Swelling and Sorption Tests

Swelling experiments were performed to measure the optimum uptake of

liquid by the membrane and to determine the composition of encapsulated

liquid mixtures. The experimental method that we applied has been reported

in the literature (14, 15). The mass percentage uptake of liquid, Mt, of the

polymer samples by the solvent molecules was calculated using Eq. (27)

Mt ¼
Wt �Wo

Wo

� �
� 100 ð27Þ

where Wt and Wo are the membrane masses after and before solvent uptake,

respectively. The composition of the liquid mixture inside the membrane

was determined by using the apparatus given in Fig. 1, which was also

applied by Yoshikawa et al. (16). After sorption had reached an equilibrium,

the membrane sample, loaded with the solution, was inserted in tube 1 and

subsequently cooled under liquid nitrogen. The sample in tube 1, held by

the apparatus, was heated by boiling water to vaporize the encapsulated

solution. Tube 2 served as a cold trap to recover the solution that was

driven out of the membrane sample. About 10–15 min were required to boil

off the solution from the sample and recover it as condensed liquid. The com-

position of the condensed liquid was determined by means of gas chromato-

graphy (Varian type, Model 3400). The column (0.2% carbowax 1500 on
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80/100 carbopack C 6 ft. stainless steel) was operated isothermally at 1708C,

with an inlet temperature of 2008C and a TCD detector temperature of 2508C.

The volume fraction, fi, in the ternary phase, was calculated from the

product (ui m) of the swelling ratio, m, and the relative volume fraction of a

species in the membrane, ui. At equilibrium, swelling ratio was taken to be

equal to the sum of the volume fractions of species (f1þ f2).

Pervaporation Tests

Figure 2 shows the schematic diagram of the pervaporation experimental set

up. The feed solution was loaded into a holding vessel (2.35 L), which was

Figure 1. Schematic diagram of the apparatus used to determine the mixed liquid

composition inside the polymeric membrane.

Figure 2. Schematic diagram of the pervaporation apparatus.
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positioned at an elevated height and constant temperature. The solution

gravitated down from the feed container to the pump and then was transferred

to the permeation cell, which consisted of two compartments separated

by a membrane. The retentate was returned to the feed container while the

permeated vapor was collected in a cold trap. The feed variables were

pressure, composition, temperature, and feed rate. A vacuum pump was

used to keep the permeate-side pressure below the saturated vapor pressure

of the permeating vapor (0.65 kPa). The feed temperature to the apparatus

was controlled and kept constant by heating a tape, which was wrapped

around the unit. Table 1 summarizes the feed conditions to the evaporator.

A diaphragm pump (Preci Mini-PP model 125 . D . 3064 . HC) was used to

supply a constant flow rate of 150 mL/minute to the membrane. We used a

rectangular cell that could hold a flat membrane with an effective area of

0.0198 m2.

The mole fractions of water in the feed solution were chosen to represent

the actual water concentration obtained during esterification. The maximum

yield of water for butanol esterification was estimated as 0.36-mole fraction

at 708C (ASPEN-simulation). Therefore, experiments with a water concen-

tration of 0.40- and 0.50-mole fraction were performed for modeling

purposes. However, we also synthesized an esterification mixture as feed to

the reactor. The equilibrium composition was obtained by reacting acetic

acid with butanol (1 : 1 mole ratio) and allowing the mixture to stand for 1

week in a sealed vessel over Nafion pellets at room temperature. Composition

of the equilibrium mixture was analyzed by gas chromatography.

DISCUSSION OF RESULTS

Swelling and Sorption Data

Figure 3 illustrates the swelling ratio of the membrane as a function of

water fraction in the binary feed solutions (BuAc-H2O, BuOH-H2O, and

Table 1. Summary of feed mixtures to the evaporator

Mixture

Temperature

range (8C)

Feed composition

(XH2O
)

Water-butyl acetate 30–90 0.1–0.5

Water-butanol 70 0.1–0.5

Water-acetic acid 70 0.1–0.5

Equilibrium mixture 70 –
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AcAc-H2O) at 708C. The membrane exhibited swelling characteristics

when contacted with aqueous solutions. The swelling ratio was highest

for membrane samples that were contacted with the AcAc-H2O mixtures

(XH2
O ¼ 0.55-0.60), while the lowest swelling ratio was recorded for

BuAc-H2O solution (XH2
O ¼ 0.45-0.49). This result was attributed to

differences in molecular size (acetic acid is smaller than butyl acetate), as

well as ability of sorbed molecules to interact with the membrane matrix.

We did not investigate the interaction behavior of an acid with the polymer

matrix.

Figures 4, 5, and 6 compare the volume fractions of butanol, acetic acid,

and butyl acetate absorbed by the membrane as a function of water-mole

fraction. We found that addition of water molecules to butyl acetate, acetic

acid, and butanol pure solutions significantly decreased their sorption

capacity into the membrane. For example, above 0.4-mole fraction of water

in the binary mixtures, BuOH-H2O and BuAc-H2O, the sorption of butanol

and butyl acetate decreased significantly. This result confirms that water

was preferentially sorbed by the membrane.

Permeation Data

In Figure 7, we compared the permeation of three binary mixtures at 708C
and XH2

O ¼ 0.5. The highest permeation of 4.2 kg/hour was recorded for

BuAc-H2O feed solution, while the lowest 0.75 kg/hour was observed for

the AcAc-H2O mixture. This result confirms that membrane flux depends

on the amount of water that is preferentially sorbed by the membrane

(Figs. 4, 5, and 6). At 708C and 0.4-mole fraction of water in each binary

Figure 3. Effect of water-mole fraction in the feed on the swelling of the membrane

at 708C.
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feed, the fluxes of BuAc/H2O, BuOH/H2O, and AcAc/H2O were 0.8, 0.4,

and 0.25 kg/m2 hour, respectively. Several researchers observed a similar

trend for binary mixtures of ethanol-water and ethylene glycol-water (17).

The permeation flux was found to be strongly dependent on the feed

solution temperature. Since the effect of temperature on the saturated vapor

pressure of components is significant, we normalized the pervaporation

flux by taking into account the transmembrane partial pressure difference.

The Arrhenius-type of plot between flux and temperature was made and the

Figure 4. Volume fraction of butyl acetate in the membrane as a function of water-

mole fraction in the binary feed at 708C.

Figure 5. Volume fraction of acetic acid in the membrane as a function of water-

mole fraction in the feed at 708C.
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activation energies of transportation (Ep) were evaluated. Table 2 shows the

activation energies for the mass transport of butyl acetate-water mixture at

various water composition. The activation energy for the transport of water

(14 kJ/mol) is much lower than that of butyl acetate (36 kJ/mol) at

XH2O ¼ 0.1. This activation energy for water permeation was lower than

that published in the literature for similar membranes (17). A plausible expla-

nation for the low Ep,w would be that an increase in swelling enhances the free

rotation of the polymer segments about their chain axis, which reduces the

energy barrier for water diffusion.

Figure 6. Volume fraction of butanol in the membrane as a function of water-mole

fraction in the binary feed at 708C.

Figure 7. Mass permeation profiles of BuAc-H2O, BuOH-H2O, and AcAc-H2O

binary mixture at XH2
O ¼ 0.5 and 708C.
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Figure 8 shows the total and partial fluxes of the components from the

esterification mixture as a function of time. The initial esterification mixture

had the following composition: XBuOH ¼ 0.16, XAcAc ¼ 0.17, XH2
O ¼ 0.35

and XBuAc ¼ 0.32 (i.e., 65% conversion) and was used as feed solution.

Steady-state permeation was reached after 4 h for all the components.

A higher conversion (95%) was achieved after using pervaporation.

An attempt was made to compare the effectiveness of pervaporation

and distillation as separation techniques for binary mixtures. The VLE

data of binary mixtures were calculated with ASPEN Tech V10 using the

UNIQUAC activity coefficient model and the thermodynamic database of

BuAc-H2O mixture. By comparison, the pervaporation process yielded

better separation data than that of distillation. The azeotropic point of the

butylacetate-water mixture did not influence the separation since the mole

fraction of water in the feed mixture was too low to form an azeotrope with

butyl acetate (Fig. 9).

Table 2. Activation energies (Ep) of permeation for the BuAc-H2O mixture

Water in

feed (XH2
O)

E�p,Tot

(kJ/mole)

E�p,W

(kJ/mole)

E�p,BuAc

(kJ/mole)

0.1 14 14 36

0.2 24 23 29

0.3 38 38 39

0.4 26 26 34

0.5 27 25 47

Figure 8. Flux profiles of individual components when the esterification mixture

was fed to the membrane reactor at 708C.
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Modeling of Sorption and Permeation Flux

Calculations for the preferential sorption were conducted with experimental

values for the water-butyl acetate system at 308C and 708C since for esteri-

fication reactions the resultant solution is rich in butyl acetate and water.

The concentration independent (constant) interaction parameters, x13 and

x23, were calculated from the swelling measurements by using Eq. (17).

At a feed temperature of 708C, f3,w ¼ 0.62 and f3,BuAc ¼ 0.71 from which

it follows that x13 and x23 are 0.90 and 1.05, respectively.

Concentration-dependent interaction parameters were calculated by

Eqs. (18) and (19), which carried some assumed literature values for the

constants a, b, c, and d. Then, the Eqs. (18) and (19) were substituted into

Eq. (14) to calculate the preferential sorption. We regressed the values of

the interaction parameters using a Microsoft Excel 97 spreadsheet such that

the least-squares error between the experimental and theoretical values

for the preferential sorption reached the minimum. Table 3 shows the

optimum interaction constants that were obtained for the penetrants. The

molecular interpretation or the physical significance of the constant par-

ameters a, b, c, and d is not available in the literature, but the parameters

are widely applied to improve the agreement between theoretical and

experimental data.

The values of the parameter g12 were calculated from Eq. (20) at the

given volume fractions of water and butyl acetate, vi, with known values

of activities. The dependence of g12 on v2 was expressed as a relation by

plotting g12 against v2 and then fitting a curve through the data with

Microsoft Excel 97. A fourth-order polynomial was used as the base

Figure 9. Comparison of pervaporation data (PV), sorption data (SS), and

vapor–liquid equilibrium (VLE) data for the butyl acetate-water mixture, 708C.
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equation and a very good fit was achieved (R2 ¼ 0.9981). When concen-

tration-dependent interaction parameters were used together with Eq. (14),

the sorption process of butyl acetate-water mixture was described fairly

accurately at feed temperatures 308C and 708C. This result is shown in

Figs. 10 and 11. The simulated curves (solid lines) were calculated by using

concentration-dependent interaction parameters. The ratio of predicted and

measured values of sorption did not exceed 1.3, while the average deviation

was about 10% for all the three binary mixtures.

With regard to modeling permeation flux, we assumed relevant values

from published literature for the parameters D0,i, ED,i, kij, and lij. Then we

used experimental values of fi to calculate theoretical values for the flux

Table 3. Activation energies (Ep) of permeation for the BuAc-H2O mixture

Water in

feed (XH2O
)

E�p,Tot

(kJ/mole)

E�p,W

(kJ/mole)

E�p,BuAc

(kJ/mole)

0.1 14 14 36

0.2 24 23 29

0.3 38 38 39

0.4 26 26 34

0.5 27 25 47

Figure 10. Modeling of sorption. The comparison of calculated and experimental

sorption data at 308C.
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using Eq. (24). Subsequently, we regressed the values of the parameters using

a Microsoft Excel 97 spreadsheet such that the least-squares error between

the experimental and theoretical values for the flux were at a minimum. The

diffusion coefficients and activation energy of diffusion values were derived

and are shown in Table 4.

It is difficult to compare the calculated diffusion coefficients at infinite

dilution, D0,i, with published data, because each system (chemicals and

membranes) has its own unique transport characteristics. Yeom and Huang

(18) modeled the permeation of ethanol-water mixtures by applying cross-

linked PVA membranes. The values for D0,W that they found varied in the

range 6.7 � 1029 m2/hour (at 308C)–1.0 � 1028 m2/hour (at 608C) and for

D0,EtOH in the range 1.1 � 10210 m2/hour (at 308C) to 2.6 � 10210 m2/hour

(at 608C). Bagnell et al. (19) reported that the apparent diffusion coefficient

for water was in the order of 1.1 � 1027 m2/hour and for butanol in the

order of 3.2 � 1028 m2/hour at 308C after using Nafion membranes. Our

calculated values show fairly good comparison with the literature values.

In Table 5, it is clear that water exhibited the lowest activation energy of

diffusion, ED, while the ED-value for butyl acetate was the highest. This is

Figure 11. Modeling of sorption. The comparison of calculated and experimental

solubility data of BuAc-H2O feed at 708C.

Table 4. Concentration-dependent interaction parameter constants

Feed system a b c d

Water-butylacetate 0.3 20.2 9.1 0.9

Water-butanol 0.8 20.1 1.0 1.1

Water-acetic acid 0.8 2.4 0.2 21.1
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within reasonable expectation since the flux of water was the highest in all the

experiments, while the butyl acetate flux was the lowest.

We proceeded to model the pervaporation of butyl acetate-water mixture.

The calculated values of flux using the solution-diffusion model compared

well the experimental flux values for butyl acetate-water feed. Figures 12

and 13 show the simulated and experimental fluxes of butyl acetate-water

mixture at 308C and 508C. At both temperatures, the simulated and calculated

values compared well within acceptable errors.

CONCLUSIONS

Pervaporation of water from the esterification mixture was successfully

carried out, resulting in enhanced conversion of reactants. Activated

energy of diffusion for water molecules in the polymeric membrance was

14 kJ/mol, which was significantly lower than that of organic sorbents.

The solution-diffusion model best described permeation flux.

Table 5. Calculated values of apparent diffusion coeffi-

cients and activated energy of diffusion (D0,i and ED,i)

D0,i (m2/h) ED,i (kJ/mole)

Water 3.8 . 1027 14

Butyl acetate 6.7 . 1028 30

Butanol 2.2 . 1029 20

Acetic acid 3.1 . 1029 22

Figure 12. Modeling of BuAc-H2O permeation flux. Comparison of calculated and

experimental flux at 308C.
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LIST OF SYMBOLS

kij constant (2)

lij constant (2)

ri density (kg . m23)

xij concentration independent binary interaction parameter (2)

fi volume fraction in the ternary (membrane) phase (2)

mi chemical potential of component i (J . mol23)

P osmotic pressure (Pa)

ai activity (mol . m23)

Bi mobility in the membrane (m2 . s21)

Ci concentration (kg . m23)

d constant

Di diffusion coefficient (m2 . s21)

Dij binary mass diffusion coefficient (m2 . s21)

ED activation energy of diffusion (J . mol23)

gij concentration dependent binary interaction parameter (2)

D G free energy change (J . mol23)

D Gel elastic free energy (J . mol23)

D GM Gibbs free energy of mixing (J . mol23)

D HM Enthalpy change on mixing (J . mol23)

L membrane thickness (m)

I distance (thickness of membrane) (m)

m swelling ration (2)

ni mole fraction in ternary (membrane) phase (2)

R universal gas constant (J . mol21 . K21)

Figure 13. Modeling of BuAc-H2O permeation flux. Comparison of calculated and

experimental flux at 508C. Solid line: model.
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t time (s)

D SM Entropy change on mixing (J . mol21 . K21)

T Temperature (K)

ui relative volume fraction in the membrane phase (2)

V volume of swollen polymer (2)

Vi molar volume (m3 mol21)

vi concentration (volume fraction) in feed (2)

Wo initial mass of polymer (kg)

Wt mass of polymer sample after lapse of time t (kg)

AA acetic acid

BuAC butyl acetate

BuOH butanol
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