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1. Introduction

The method of pervaporation combines, in a single unit operation, selective
membrane permeation of species with their subsequent evaporation -- i.e., it
concentrates as it separates. Pervaporation is being seriously considered for wider
commercial applications as a means of separating volatile liquids. Laboratory
experiments on pervaporation with liquid mixtures started more than seventy years
ago.! Binning and coworkers” first identified its commercial potential. Since then
numerous laboratory investigations have been directed to separating a variety of
liquid mixtures. In recent times many pervaporation membranes have been
developed and tested in the laboratory. Commercial success has also been attained in
several cases such as drying of aqueous ethanol.’> More than 90 industrial solvent

dehydration units using pervaporation process have been installed worldwide.*

In the pervaporation process (a diagrammatic iilustration is given in Figure
1), one or more components in a liquid mixture preferentially absorb on one side of a
dense polymeric membrane, diffuse through the membrane thickness, and desorb and
evaporate at the opposite membrane surface. This sequence of preferential sorption,
diffusion and evaporation is the basis for the separation of species by pervaporation.
Wherever applicable, pervaporation can be an alternative to fractional distillation,
which is relatively energy-intensive. The following are the major advantages
pervaporation offers when compared with the dominant methods of liquid separation,

particularly distillation.
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l. The pervaporation process illustrated.

1. It is energy-efficient because only the fraction of the feed that diffuses through
the membrane is vaporized. The remainder does not undergo any phase change.
Unlike distillation, pervaporation does not require energy-consuming reflux.

The required equipment is small, hence it takes less space.

Simple operation and control, and low maintenance cost.

wos oW

Small to large scale of operation.

Pervaporation, however, cannot be considered a common alternative to
conventional processes like distillation or extraction for separating liquid mixtures.
The reason is that pervaporation is generally a diffusion-controlled process, and
hence inherently slow. Also the right membrane that would provide high flux and a
satisfactory separation factor is not always available. As a result the application of
this potentially important technique has so far been limited to the separation of
mixtures that are not easily amenable to treatment by conventional methods. But the
growth of research interest in this emerging separation technique in recent years has
been very significant. New membranes are now available to cover broader

applications ranging from the recovery of high-value ingredients from complex
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mixtures to environmental applications such as removal of volatile organic
compounds (VOC's) from waste water. Tables I to II>'! list laboratory and pilot
scale demonstrations of pervaporation with a variety of membranes for the

separation of a wide range of liquid mixtures.

Finding a suitable membrane is the most important hurdle to devising a
pervaporation system. A large number of membranes have been developed and their
efficacy demonstrated, at least in the laboratory, in separating liquid mixtures. These
include (i) polymeric membranes; (it) organic/inorganic composite membranes, e.g.,
zeolite-filled polymeric membranes; (ili) inorganic membranes, e.g., zeolite
membranes; and (iv) liquid membranes. A partial list of these laboratory

demonstrations is presented in Tables I to III.

Although several authors have reviewed different aspects of the
pervaporation process,'' "' this review focuses on the principles involved in each
step of pervaporation from feed liquid phase to permeate vapor phase. Mass
transport resistances in both feed and permeate sides, thermodynamic theories
governing the membrane/feed interface nroperties and diffusion of species through
the membrane are reviewed. Operating variables affecting pervaporation process are
identified and discussed. Commercial membrane modules, process design and
economics are discussed critically. Several commercial applications of pervaporation

process are also described.
2. Laboratory Apparatus for Pervaporation

A typical laboratory test cell for pervaporation consists of two compartments
separated by a membrane. The feed flows through one compartment while the other
is maintained at a desired vacuum or is swept by an inert gas. The feed temperature is
maintained by continuously pumping it through a heat exchanger. The permeate

vapor is condensed in a cold trap. Downstream pressure is maintained by a vacuum
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TABLE I. Important Membranes Used for Dehydration of Organic Solvents

Membrane Organic References
cellulose acetate ethanol 5-11
regenerated cellulose ethanol 5, 12,13
grafted PTFE organics 14,15
polysulfone ethanol 5,6,8,9,16
polyvinyl acetate ethanol 3,9,16,17
ion exchange ethanol 18-21
polyacrylonitrile ethanol 6,9,17,22
grafted PTFE ethanol 23
cross-linked ethanol 24
polymethyl acrylate
polyvinylidene fluorides ethanol 22
substituted polyimides ethanol 25
substituted polyacetylene ethanol 26,27
ceramic silica alcohols 28
PSS/A1;05 ethanol 29
zeolite ethanol 30

butanol 30
acrylonitrile-butyl acrylate  ethanol 31
Latex
PAN pyridine 32
PVA pyridine 33
Cation-exchange
zeolite-filled ethanol 34,35
ionomer (PVA based) amines 36
sodium alginate THF 37

dioxane

acetone
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TABLE II. Organophilic Membranes for Extracting Organics from Aqueous Solutions
Membrane Organic References
natural and synthetic toluene & trichloroethylene 38
rubber
NBR and SBR chloroform & benzene 39, 40
silicon rubber hydrocarbon & chlorinated 41-51, 52
solvents
ethanol 8,11, 16, 53-58
pyridine 33,59
acetone 60
benzyl alcohol 61
PDMS-zeolite ethanol 55,62, 63
filled aniline and ethanol 64
1-octene-3-ol 65
PEBA-adsorbent aromatic & chlorinated
filled hydrocarbon 66
PTMSP chlorinated solvents 48
PVDMS&PVDF chlorinated solvents 16
PE chlorinated solvent 41,67, 68
PVAc chlorinated solvent 69

pump and a pressure controller. The membrane is supported on a porous metal disk
held between two flanges. A typical laboratory set-up for vacuum pervaporation is
shown by Ji et al (Figure 2).>' The feed side mass transfer resistance may be reduced
by increasing the cross-flow feed velocity. Alternatively, the feed compartment may
be provided with a stirrer to create adequate turbulence in order to reduce the
diffusional resistance.” ""*'® In a sweep gas pervaporation apparatus, in which the
permeate is continuously carried away by a flowing noncondensing gas, a bypass can

be provided to inject small amounts of the product stream to a gas chromatograph to
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TABLE II - Continued

Membrane Organic References
PEBA hydrocarbon, chlorinated solvent,  49-51, 70-72
phenol, ethanol & isomeric
butanols
acetone 60
synthetic ion-exchange phenol 73
polyacrylic acid chlorinated solvents 74

ester-co-acrylic acid

PB ethanol 75,76
aniline and methylene chloride 77
PUR alcohols 71
PTFE ethanol 72
chiorinated solvents 43,69
liquid membrane TCE & toluene 78-80
silicalite membrane ethanol 81, 82
alcohols 83, 84

continuously monitor the rate of pervaporation and product composition

. 17
simultaneously.

In commercial installations, spiral wound and hollow fiber membranes are

used. A brief description of some commercial modules will be given later.

3. Physicochemical Principles and Transport Mechanisms

The technology of pervaporation is one of conveniently and effectively

exploiting the principles of molecular interactions in polymer-solute systems and of
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TABLE [I. Membranes Used for Organic/Organic Separations

Membrane Mixture References

polypropylene benzene/cyclohexane 85
m-xylene/p-xylene 86

polymer alloy of CA benzene/cyclohexane 87, 88

and PPO

HEMA-MA praft benzene/cyclohexane 89

copolymer

polysulfone 5

grafter PTFE alcohol/alkane 90, 91

cellulose acetate 92

and Nylon

QPPO 88

PFSA ionomer polar/apolar solvents 93
methanol/MTBE 94

silicalite methanol/MTBE 95

PVA-PAA blend methanol/MTBE 96

PSS/A 1,04 methanol/MTBE 97

PEBA DCE/TCE 98

silica methanol/MTBE 28

polypyrrole ethanol / cyclohexane 99
methanol/solvents 100

polyimides benzene/cyclohexane 101
acetone/cyclohexane

polyethylene aromatic C g-isomers 102
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Membrane Mixture References
NBR & SBR benzene/n-heptane 103
ethyl cellulose propane/propylene 104
polypropylen$
cellulose acetate methano/MTBE/C 4 105
PDMS butanol/butanol-oleyl alcohol 106
polyoxyethylene cyclohexane/cyclohexanone 107
grafting nylon 6 /cyclohexanol
PS/SBS benzene/ethanol 108
poly(ether imide) benzene/cyclohexane 109
segmented copolymer benzene/n-hexane

acetone/cyclohexane
adsorbent-filled toluene/ethanol 110

diffusion of solutes in a swollen polymer. Such interactions are usually

multicomponent in nature.

3.1 Pervaporation Flux and Selectivity

The effectiveness of a polymeric membrane in separating a liquid mixture is

characterized by two parameters - flux and separation factor (or selectivity). While

flux is expressed as the amount of permeate collected per unit time per unit

membrane area (kg/m’-hr or kgmol/m?-hr), selectivity of the permeation process to a

particular solute is expressed in terms of either of the separation factor, «, or the

enhancement factor, B, given by
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2. Test unit for pervaporation process. 1. feed tank, 2.feed pump, 3. isothermal bath, 4.

heating coil. 5. membrane cell. 6. pressure meter, 7. valve, 8. cold trap, 9. dryer, 10.
vacuum pump, 11. immersion circulator-heater-controller, 12. thermocouple, 13.

thermometer, 14. flowmeter, 15. needle valve
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where w; and w; are the weight fractions of the solute i in the permeate and feed

respectively. The relation between these parameters is readily obtained as

_Ba-w)

— 3

The parameter o is more commonly used because it fits the general definition

of separation factor.
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3.2 Basic Steps of the Pervaporation Process

The overall process of enrichment of one or more components of a feed
solution by pervaporation can be considered as the sequential combination of the

following steps.

(i) Convective transport of solutes from the bulk of the feed solution to the feed-
membrane interface (i.e., the upstream membrane surface).

(i1) Sorption of the solutes at the upstream membrane surface.

(iii)‘Molecular diffusion through the membrane.

(iv) Desorption of the solutes from the downstream side of the membrane.

(v) Transport of the vapor to the condensing surface.

A dense polymer film of suitable thickness is commonly used for laboratory
pervaporation studies. Commercial membranes are usually composite membranes,
consisting of a thin dense polymeric film on a porous support. In the latter case, step
(v) is again a combination of two consecutive steps — poreflow of the permeate
vapor through the support layer followed by vapor transport from the surface of the
backing to the condensing surface. In most practical situations steps (ii) and (iii)
determine the flux and the separation factor, although for enrichment of a very dilute
solution, step (i) may play the dominating role, as established by some (Psaume et
al? Ji et al.>! see also section 4.4). The relative importance of steps (ii) and (iii)
depends on the particular polymer-solute system. While in one situation, preferential
sorption of a solute at the feed side of the membrane may control the process as in

5, 71,72, 118

the case of highly swollen membranes, vaniant species diffusivities may be

controlling in some other situations.”’

As a result sound understanding of
multicomponent sorption and diffusion in a polymer is extremely important in the
selection of a polymeric material for a pervaporation membrane and also in analyzing

its performance.
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3.3 Sorption Equilibria

Equilibrium sorption data indicate the affinity of a membrane towards the
species in solution. Preferential sorption has sometimes been found to dominate
pervaporation selectivity.'® Sorption data are necessary for testing pervaporation
models that are generally based on the solution-diffusion mechanism, and for
calculating the interaction parameters required for thermodynamic modeling of
polymer-solute equilibria. Also sorption rate data for pure liquids (or vapors) can be

used to calculate single component diffusivity values.!'*!

3.3.1 Sorption Experiments

One side of a pervaporation membrane contacts the feed solution and the
other side contacts the permeate vapor. Sorption measurements of species present in
both liquid and vapor are, therefore, important. Total liquid sorption is usually
measured by equilibrating a piece of dry membrane with the feed solution for
sufficient time, and weighing the membrane after quickly blotting out the surface
liquid using a tissue paper. The equilibrated membrane, after surface drying, is put in
a flask, the sorbed liquid is pulled out by applying vacuum, and is collected in a cold
trap. The analysis of the condensate gives the composition of the sorbed liquid (see,
for example, Terada et al.¥ Dutta and Sikdar;”> Sun and Ruckenstein''?).
Alternatively the composition of the sorbed liquid can be determined indirectly from
an analysis of the supernatant liquid after equilibration with the membrane.'® This
latter method, however, does not appear to provide good accuracy,’ except for dilute
solutions. The "purge and trap" method, was developed by Ji et al.* to measure the
sorption of volatile organic compounds from water. After equilibrating with a dilute
aqueous VOC solution, the membrane sample is placed in a sparge tube. VOC's are
removed from the membrane sample by a heated inert gas (e.g., He), and are
collected by an adsorbent trap. The trap is heated to release the VOC's, which are

brought by a carrier gas (e.g. He) into a GC which determines the amount of
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1.0

Activity of Solvent Vapor

1.0

Concentration in Membrane (Weight Fraction)

3. Types of sorption isotherms in polymeric membrane systems

organics. This technique has advantages of high sensitivity and automatic operation.
The accuracy of this measurement is improved by minimizing exposure of VOC
samples to air. Several other methods of measuring preferential sorption have been

cited by Pouchy and Zinvy123 and Brun et al.*

Measurement of vapor sorption is usually done by using an electrobalance.'**

125 1t is similar to sorption measurements done for gas permeation membranes.

3.3.2 Flory-Huggins Theory

Three types of sorption isotherms are generally encountered in penetrant-
polymer systems: type I normally observed in a rubbery polymer, type IIl for gas
sorption in a glassy polymer, while type II shows an intermediate behavior (Figure

3). Because pervaporation membranes are mostly rubbery or elastomeric (some may
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have a degree of crystallinity), sorption of solvents in such membranes show mostly
exclusively type I isotherm. Of the various thermodynamic theories proposed and
applied to interpret sorption equilibria in an elastomer, the Flory-Huggins theory and

1'* and most widely used. For a binary

its extensions have been quite successfu
mixture-polymer membrane system, the free enthalpy of mixing AGy, is given by the

following equation'*”:

AG, =RT(nIng, +n, In ¢j + XM, ¢, +leni¢p +}jjpn/¢p) )

where n and ¢ are the mole fraction and volume fraction, respectively, and y’s are
adjustable parameters. Subscripts “i”, “/” and “p” denote penetrant i, j and polymer,
respectively. Differentiation of eqn.(4) with respect to n, and n,, respectively, gives

Egs.(5) and (6):

y
Ing’ =lIng, +4,(1- %) +¢,( —L,f*) b+ 1,909, 9,)-2,0,9, (5)

J I3

Ina™ =1 1 d 1 d v, 7, 6
na’ =lng +4¢,( —7)+¢,,( —Z»)+(1U¢[71+sz¢,,)(¢,+¢,,)—z,,,¢.¢,,71 ©)

[

where ¥, and ¥, are molar volumes, a" is activity in the membrane, and x,;, 7, and
Y, are the Flory-Huggins interaction parameters. If the swelling of the polymer is

slight, the elastic contribution can be neglected. At equilibrium,

a=a" @)

Here, a is activity in the feed. Equations 5 to 7, which would be considerably
simplified if one puts V/V,= 0 = V/V, (because the polymer is a much larger
molecule than the solutes), can be used to predict the penetrant concentration in
membranes and preferential sorption selectivity.> & ' In the original Flory-
Huggins theory and the derivation of Eq. 5 and 6, the interaction parameters are

assumed to be constant. However, concentration dependent interaction parameters
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have to be used in most penetrant-membrane systems.” & '** A procedure of

estimating each of these interaction parameters was given by Mulder et al.’

A large number of modifications were made to the original Flory-Huggins
Equations were developed. For example, the Flory-Rehner equation'! introduced an
additional term in Eq. 4 to account for contributions due to elastic forces in case of
equilibrium swelling of a crossed-linked polymer. Other modifications include

12133 and enthalpic contributions."* 5 A simple example of

entropic contributions
the applicability of the F-H theory to interpret sorption isotherms of chloroform and
of 2-butanol in polydimethyl siloxane is shown in Figure 4. It is seen that sorption of
the good solvent, chloroform, can be interpreted well using this theory, but the
deviation is significant for sorption of 2-butanol, which, however, fits the

Koningsveld-Kleinjtens modifications of the F-H theory.'¢

The Flory-Huggins
equations and its modifications, however, frequently fail to predict solubility in
polymers because the interaction parameters are essentially empirical and
adjustable.’ Recently Favre et al.'*® have observed that the Flory-Huggins theory is
moderately good for predicting multicomponent equilibria in an elastomer-apolar
solute system, but not suitable for predicting sorption equilibria in thermoplastics,

while in the case of polar solutes the prediction was rather poor.
3.3.3 UNIQUAC Model

The UNIQUAC' and UNIFAC"* ! models have been widely used to
predict vapor-liquid and liquid-liquid equilibrium. Oishi and Prausnitz'* introduced
a free volume correction to the UNIFAC model and applied it to polymer solutions.
For 13 binary solvent-polymer systems they studied, errors for activity calculation
were within 10%. Oishi and Prausnitz's UNIFAC model was evaluated by Goydan et
al.'? for estimating the solubility of organic compounds in solid polymers. Fairly
accurate results were obtained. Stephan and Heintz.'* used the UNIQUAC model to

predict penetrant concentrations in polymeric membranes for binary mixtures based
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0.6 s}

4. Sorption isotherms of chloroform ({J) and 2-butanol (O) in PDMS at 40°C. F-H

equation (----), Koningsveld and Kleinjtens modification ( — )"*

on data available from single component sorption isotherms. According to the
UNIQUAC model, the activity, a;, of the component i in a binary liquid mixture of i

and j can be expressed as:

z (CR r
lnai(w,,wj,rlj‘rj,.)zlnqﬁ,+5q, ln—‘+¢j(ll—r—‘1/)
i J
-4, In(@, +0 1,)+0 g.( D ) (8)
R R T A X

Yy

where w is the weight fraction of a component in the binary mixture, and w; + w; =
1.0. ¢ is volume fraction; ®, @’ are surface fractions which are functions of w; r, g,
g’ and [ are parameters related to the geometrical data of the molecular shape of the
components, z is the coordination number. 1t; and 1, are parameters describing
exchange energies of the intramolecular interaction of the different molecular
components, which can be obtained by fitting the Eq. 8 to vapor-liquid equilibrium

data of the binary mixture.

For a ternary system containing a binary mixture and the membrane, the

activity of component i in the membrane can be described by Eq. 9:
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o
-]

o
>

w—methanol, w—water in membrane

0 02 04 06 08 1.0
w—methanol in liquid mixture

5. Experimental and calculated mixture solubilities (weight fractions w) in PVA at 333 K.
Experiments: (A ) water; ((J) methanol. Calculation: (~-) UNIQUAC model; (----)

ideal model, water; (~) ideal model, methanol.'*

z 0, r,
lnai(wﬁwj’wm’rzj,rji’z'im’rmi’rjm’z-mj) =Ing +Eqi In—=+1 - ¢, _¢jlj 7
J

¢
z Dm : . - . ,
-ré, 5 _r_ -1 _qiln(®l+®jrji+®mrmi)+qi

®I~ ®jTy ®' T,

. . i - + . 4 - + - m' im . ) (9)
0,+0,7,+0,7, ©6,7,+0,+0,7, 0,7, ,+0 7, +0,

i%im

-g;(

where w,, is the weight fraction of polymer, w; + w; + w,= 1.0. Four additional
parameters, i.€., Tim, Tim, Tmi, and Tmj, of this model can be obtained from single

component-membrane sorption isotherms, given by the following equation, subject

tow;+ wy, =1.0.

o
Ina;(w;,w,,,7,,,7,,) =Ing, +%q|‘ ln-;'—«i—l,. ~ ¢l

—m[g[l—‘j—”) —1}—q; In(®; +©,,7,,) +4,
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: e, 0,7, ) (10)
- ; ; + = ;
ql(®i +®mrmr ®m +®iT1m

The UNIQUAC model has been used to predict the solubilities of
cyclohexane/benzene and cyclohexane/toluene mixtures in a polyurethane

144, 145
membrane

and six-component aqueous/organic mixtures in poly(vinyl alcohol)
membranes."*® "7 Good agreement between experimental data and the prediction
results was reported. Application of the UNIQUAC model to the ternary water-
methanol-PVA membrane system is shown in Figure 5. The UNIQUAC model
appears to have better predictive ability for highly non ideal multicomponent
mixtures. Moreover, the parameters can be evaluated from vapor-liquid equilibrium

data of the components in the feed solution and single-component vapor sorption

isotherms.

3.3.4 Doong and Ho’s Model

Doong and Ho'*

recently developed a thermodynamic model for
multicomponent solubility in a polymer (membrane) by combining three frequently
used theories. This model was first tested in a single component-polymer system'*®
and later extended to a multicomponent penetrant-membrane system to predict the
pervaporation flux and selectivity of organic mixtures through polyethylene
membrane.'*® Good agreements between experimental data and the model occured

in both cases. The activity of a component dissolved in the polymer was expressed by

the fundamental thermodynamic equation.

RTna, =

[c?AG
- n

’ n . j=t

Doong and Ho expressed the Gibbs free energy change for sorption, AG as the sum

of combinatorial entropy, free-volume, interactional enthalpy, and elastic factors,
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AG = AG® +AG* + AG™ + AG* (12)

The Flory-Huggins lattice theory was used to calculate the combinatorial-entropy.'”’
The equation-of-state theory developed by Flory'*® was adopted to account for the
free-volume effect. The UNIFAC method'*” '*? was applied to calculate interactional
activity. Finally, the elastic factor was determined by the Michaels-Hausslein

151

theory. ”" Doong and Ho tested their model for sorption of pure liquids in polymers.
They also used it for testing a multicomponent pervaporation model they developed.
But the model was not tested explicitly for multicomponent polymer-solute
equilibria. However, because the model combines all the major factors, it seems to

have much potential for application.
3.4. Modeling Pervaporation

Several attempts have been made to develop pervaporation models that relate
the flux of a component in a feed mixture to a measurable driving force and the
component's transport parameters. Modeling the process of pervaporation is
important not only for a quantitative understanding of the dependence of fluxes on
the process parameters, but is also useful in design calculations for a pervaporation
module. The solution-diffusion transport mechanism has been the basis of most
pervaporation models. The simplest approach is to describe the relation between flux

and driving force by Fick’s law.

dc,
J, =uC,-D, (13)
dz

Where J,, is the permeation flux, u is the molar average velocity of the components;
D, is the diffusion coefficient, and C; the local concentration of the species in the
membrane. The convective contribution to the total flux, uC;, can be neglected if the

diffusional process dominates. Thus,
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g =-p % 14
i le ()

However, swelling of the membrane and its consequences on transport are important
factors to be taken into account before an attempt is made to solve the above
equation for a multicomponent system. The membrane undergoes maximum
swelling on the face that is in contact with the feed solution. The concentrations of
the permeating components decrease across the membrane reaching a minimum at its
downstream side. This concentration gradient causes a swelling gradient in the
membrane. The diffusion coefficients depend on local concentrations of the
permeants leading to an interdependence of the fluxes. Thermodynamic equilibrium
between the membrane and the feed side is assumed in the solution-diffusion model.
An experimental verification of this assumption was provided by te Hennepe et al.'*
who observed that the diffusion through the membrane determined the transport rate
in the pervaporation of propanol/water mixture using a silicalite-filled silicone rubber
membrane. The propanol concentration in the membrane at the feed side was
measured to be the same as the value obtained from the equilibrium sorption.

However, significant sorption resistances have been reported by Mulder et al.® in
ethanol/water/cellulose acetate membrane system. The resistances resulted in lower
concentrations of permeant in membrane at the feed side than would be expected

from the equilibrium sorption measurements.

Theoretical aspects of the solution-diffusion model for liquids permeating
through membranes have been investigated.” > !> 15 40 95 153160, 161, 162
Thermodynamic interactions among solute, solvent and polymer membrane, and flow
coupling between solute and solvent complicate multicomponent transport through a
pervaporation membrane'®. The crux of the solution-diffusion model is to express
the diffusivities as functions of concentration and to quantitatively account for the

swelling gradient. It is pertinent to give here an overview of concentration

dependence of diffusivity in a swollen polymer.
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3.4.1 Concentration-Dependent Diffusivities

The “free volume theory”'®*

provides a good theoretical framework for steady
state permeation of sorbed molecules through a polymer matrix. Diffusion rates of
small molecules through a nonporous polymer depend on the ease with which the
polymer chain can exchange positions with diffusing molecules. The diffusion
coefficient of a permeant can be expressed as a function of fractional free volume of
the polymer (which includes the volume fraction of the sorbed molecules) and two
adjustable parameters that are characteristic of a particular polymer permeant pair.

The free volume theory was extended to the diffusion of gases and liquid mixtures by

1-]65

Fangeta The diffusion coefficients in a binary mixture are given by

D, = RTA, exp(—ﬁ (15)
v
S

D, = RTA,, exp(— By,

) (16)

s

where D, is the diffusivity of the components, 44 and By are the corresponding
adjustable parameters. The free volume, v, depends on the concentrations of the

liquids in the polymer and on the free volume of the *“dry” polymers.

Yeom and Huang'® proposed an equation for diffusion coefficients based on
Fujita’s free volume theory. For a ternary system consisting of a binary mixture and
a membrane, they assumed that the total free volume is the sum of the free volume of
the polymer itself and the increase in free volume due to the plasticizing actions of
the two components. The thermodynamic diffusivity of component i [see Eq. 26]

can then be expressed as:

(D,), = RT4, epof N, AMD, FDE, %J} (17)

Bdl Bdl Bd:
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where f(0,7) is the free volume fraction of the polymer itself and [7) is a
proportionality constant. The property data of penetrant and polymer and the single
component permeation data or diffusivity data at zero concentration were used to
determine the free volume parameters in eqn. (17).1% '6% 166168 A pasic assumption
used in this calculation is that the free volume parameters Ay, By, By, S(T) and f10,T)
are the same for single component-membrane systems as for binary mixture-

membrane systems.

Recently, Doong and Ho'® developed a hybrid model that combined Pace

170, 171
1 70, 1172,

and Datyner’s molecular mode and Vrentas and Duda’s free volume mode

13 o describe single penetrant diffusivity in a polymer:

D= % szexp(—-M] (18)

v, + Bo,

where L is the jumping distance of the permeant, and v is the average jumping
frequency. & is the ratio of the molar volume of the penetrant V,* at 0 K to the molar
volume of the polymer jumping unit V,* at 0 K, vg, is the free volume of the
penetrant-polymer system, and w; is the weight fraction of species i in the polymer-
penetrant system. Three adjustable parameters (L, V,* or £ , and () can be
determined from single component diffusion data measured by vapor sorption

experimf::nts.169 Equation 18 was later generalized by Doon et al.'*’ t

0 a
multicomponent system,
P
. v, M,Z_]:a) M,
D, = gLfv, exp! ——;q—— (19)
Vi * Z‘ﬂ/w/
=

Equation 19 coupled with Doong and Ho’s thermodynamic model and a generalized
Fick’s equation successfully predicted flux and selectivity in the pervaporation of a

mixture of toluene, p-xylene, and mesitylene through a polyethylene membrane at



16: 41 30 January 2011

Downl oaded At:

PERVAPORATION 153

various temperatures and permeate pressures.'*® No permeation experiments were
required in the model calculation, and the model parameters were determined from

single component vapor sorption experiments.

Although the free volume theory has a satisfactory theoretical basis and has
been successful in interpreting diffusion data of simple molecules, it is inadequate to
explain diffusion in highly swollen polymers. Moreover, extensive experimental
work is often required to determine those free volume parameters in the model. As a
result, this theory is yet to gain much acceptance. A semi-empirical approach of
describing concentration dependent diffusivity has been more popular. Greenlaw et
al.'®® proposed a linear dependence of diffusivity on the concentrations of the

individual components.

D =D(C, + K.C,)  ij=1,2 for a binary mixture (20)
These expressions, however, do not satisfy the limiting conditions as C; and C; tend

to zero.

For pure component permeation an exponential dependence of diffusivity on

concentration (sometimes called the “Long model”) has proved to be useful.'> ** !

120, 170

D, =Di°exp(7,'C,‘) (21)

where y is an adjustable parameter, called the “plasticization parameter”. The
exponential expression is consistent with the predictions of the free-volume theory
for molecular diffusion in polymers. For the permeation of a binary mixture Suzuki

117,120

and Onozato proposed the following functional forms:

D, = D} exp(y,C, + 7,C)) (22)
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Here the exponential parts of the expressions for D; and D; are identical. Although
the limiting conditions at vanishingly low concentrations are satisfied by the above

expression, it is more reasonable and general to assume relations of the forms:* *°

D, =D} exp(y,C +7,C)) @)

t3

This “six-coefficient” model has been widely used in modeling complex ternary

pervaporation systems which exhibit a large deviation from ideality.g’ 17T

: 5
Bltterl}S, 17

proposed another approach to calculate the diffusivity of species
in the membrane. He treated a swollen membrane as a homogeneous liquid mixture
consisting of polymer and permeant. A modified Vigne equation'> was used to
calculate the self-diffusion coefficient of component 1 in the mixture, D*,»,,,, as shown

in Eq. 24:
InD, =¢InD;+) ¢ InDy (25)
=1

where D', is the self-diffusivity of component i; D, is the binary diffusivity of i in j
at infinite dilution of i. Both D, and D;* can be obtained from empirical equations

for calculating diffusion coefficients, and from desorption experiments.133

All these expressions involve adjustable constants whose values have to be

determined by fitting experimental data.
3.4.2 Transport Equations and Pervaporation Models
Eq. 13, or Eq. 14, if the convective effects can be neglected, can be integrated

for a multicomponent system after incorporating suitable expressions for D; and D;,

and specifying the boundary conditions at both ends. Direct measurements of



16: 41 30 January 2011

Downl oaded At:

PERVAPORATION 155

equilibrium sorption may provide these conditions. Alternatively these data may be
estimated by equating the activities of the components in a fluid phase with the
corresponding activities in the polymer.** Activities in the membrane may be
computed using a suitable thermodynamic model as discussed in the previous

section. 127, 140, 149

In the case of moderate to highly swollen membranes, the Hittorf system has

been preferred to the Fick’s system in which the membrane material is considered

stationary with respect to the frame of reference.'?® '’
J,=-D, (1—1[] gdc_,. (25)
-9,) dz

Eq.26 has been used by a number of authors for predicting the permeation flux.!!* "7

However, if the swelling is low, i.e. 1-¢;= 1.0, then Eq. 25 becomes Eq. 14, and the

difference between these two frames becomes negligible.

A more rigorous approach considers the flux of a species to be proportional to
the gradient of chemical potential rather than to the gradient of concentration. This is

a more accurate expression according to modern diffusion theory.'>

J,=—C&i1&

"RT (26)

C; and y; are the local concentration and chemical potential of component i. Since

the chemical potential 1, is related to the activity a; by

#, = i +RT Ina, 27

Eq. 26 can be rewritten as:
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6. ETBE partial fluxes during pervaporation of ETBE/EtOH mixtures through a
polyurethaneimide film at 30°C. The cure represents the data obtained by integration of

the coupled “thermodynamic™ Fick's laws. '™

dlna, dng; dC;
" odz " AnC, dz

(28)

Comparison of Eq. 26 with 28 gives the relation between Fick’s diffusivity and
thermodynamic diffusivity.

Jna,
D =Dy, —n C’ (29)

Mulder and Smolders’ and Zhu et al.’ used Eq. 28 with concentration-dependent
diffusivities to predict pervaporation fluxes. Typically the activities in the polymer
phase may be determined by using a suitable thermodynamic model for the polymer-
permeant system. Activities depend on the local concentrations in the polymer and

the interaction parameters. The direct consequence of this model is that the fluxes
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are now coupled not only through the concentration dependent diffusion coefficients

but also through coupling of the driving forces of the permeant.

Very recently Jonquieres et al.'’* used the transport Eq. 28 together with the
six-parameter concentration-dependent diffusivity expressions, Eq. 22, in order to
model pervaporative transport of a mixture of ethyl tertiary butyl ether and ethanol
through a polyurethanimide membrane. The predicted and experimental flux values
agreed quite well (Figure 6) particularly in view of the polarity of one of the

components as well as of the membrane.

Doong et al. ' used a slightly different form of Eq. 28 for modeling
pervaporation of a multicomponent mixture of toluene, p-xylene and mesitylene
using a polyethylene film. Assuming isotropic membrane swelling and using their
thermodynamic model (section 3.3.4) for activities of the solutes, and their hybrid
model for diffusivities of the permeant, they computed the flux and selectivity values
of the components at three different temperatures. As Figure 7 and Table IV show,

their model predicts the flux and selectivity data well.
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TABLE IV. Comparison of experimental pervaporation selectivities with
model predications for the separation of three-component
mixtures using a polyethylene membrane 149

Temperature ( °C) Permeate pressure Toluene/mesitylene p-Xylene/mesitylene
(mm Hg) selectivity selectivity
Model Experiment Model Experiment

40 1.9 322 208 1.76 1.79
12.3 411 3.89 2.06 233
50 33 294 1.78 1.69 1.59
12.3 326 3.19 1.81 1.87
60 4.5 271 1.62 1.65 1.44
12.3 282 262 1.70 1.71

It is sometimes more convenient to use the “self-diffusion coefficient” D, to
describe the diffusive flux for multicomponent system.'”>  For diffusion of
component 1 in a mixture m, the diffusive flux can be expressed by the Darken,

Prager, and Crank equation:

D
g == D Ot (30)

RT dz
Diffusive transport can also be described by the Maxwell-Stefan equation originally

established to describe multicomponent diffusion in low density gases.'”

1 du, u v, =V,
i 31
RT dz *i (3D

=1 Ji

where x, is the mole fraction of component j (j= 1,2,3,..., n), v; is the local velocity.

The reciprocal of D;° has the meaning of a friction coefficient representing the
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frictional effect exerted by component j on component i. Assuming that the friction
force is independent of concentration and composition, Bitter'”® developed a
modified Maxwell-Stefan equation using the coefficients of self-diffusion to describe
pervaporation of n-C+/i-Cg mixtures through polyethylene membranes. The self-
diffusion coefficients of component i in the mixture was calculated by Eq. 24.

1.145

Ennecking et al. ™ also derived a modified Stefan-Maxwell equation to model the

mass transfer of benzene/cyclohexane mixtures through a polyurethane membrane.
Most recently, a generalized Maxwell-Stefan model was developed by Heintz and

146, 147

Stephan, and was applied to the pervaporation of six aqueous/organic mixtures

through a poly(vinyl alcohol)(PVA)/poly(acrylonitrile}(PAN) composite membrane
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consisting of a permselective dense PVA layer on a porous PAN backing. These
authors also considered the diffusional resistance offered by the backing which was
assumed to have pore bundles of given pore-size distribution. Model prediction
agreed very well with the experimental data for these highly non-ideal
mixture/membrane systems (Figure 8) while other models failed to predict fluxes and

selectivities in these PVA/PAN membranes.

Whatever be the choice of driving forces and the diffusion equations, the
solution-diffusion model involves several parameters, including plasticization
parameters, that have to be determined by nonlinear fitting of experimental data.
Once the model parameters are known, permeant fluxes can be calculated for a given

feed concentration, downstream pressure, membrane thickness and temperature.

One of the usual drawbacks of the work reported on solution-diffusion model

is that the thickness of the “dry membrane” has been used as the length of the
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diffusion path on one extreme, or that of the uniformly swollen membrane in
equilibrium with the feed on the other (see, for example, Doong et al."*®). The
swelling gradient across the membrane ought to be included in the modeling
exercise. Dutta and Sikdar® introduced a fractional swelling function B (C;, C;) such
that

L =1L,(1+p) (32)

where /; is the membrane thickness under equilibrium swelling at sorbed liquid
concentrations of C; and C;, and lyq is the dry membrane thickness. The flux

equations then reduce to

D,(C,C)) dc,

J=m——— (33)
1+ B(C,,C,) dx
D/(C,C,) dC

__ DG & 0<x<ly (34)

171+ 4(C,C)) dx

The functions HC;, Cj can be determined from experimental swelling data taken
over the concentration ranges of components. This model successfully interpreted the
pervaporation data of ethanol-benzene mixtures through perfluorosulfonated ion-

exchange membranes (Figure 9).

A few other approaches of pervaporation modeling based on solution-
diffusion mechanisms have been reported in the literature. Wijmans and Baker'™
visualized the pervaporation process to occur as the following sequence which is
thermodynamically equivalent to the usual solution-diffusion scheme: (i) evaporation
of the feed liquid to a saturated vapor, (ii) selective permeation of the vapor through
the membrane driven by the pressure difference between the saturated vapor and the
downstream pressure. The model could predict the permeation flux of ethanol from

an aqueous solution using PVA membrane. Other models based on pore-flow

: . 1 181
mechanisms have also been studied.'®"
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An intermediate approach has recently been reported by Ito et al.'® which
they called the “swollen-dry-layer model”. During pervaporation, a part of the
membrane near the downstream side remains virtually dry particularly if the
downstream pressure is low. Their model assumes the membrane consists of two
zones: (i) a “lquid-swollen zone” through which the permeant are driven by a
hydrostatic pressure difference, and (ii) a “dry zone” through which vapor
permeation of the components occur. They further assumed that the liquid-swollen
zone remains in sorption equilibrium with the feed and the rate of permeation of
liquid, with no enrichment, through this region can be calculated using a hydraulic
permeability. “Equilibrium vaporization” occurs at the interface between the zones
followed by vapor permeation of the components through the “dry zone” where
enrichment of one (or more) of the components takes place. Thus the dry zone
determines both flux and selectivity of separation. Ito et al. experimentally observed
the existence of the boundary between the swollen and the dry zones, which largely
depends on the feed composition, by putting a tracer in the feed that would stain the
swollen zone. The application of their model to dehydration of aqueous ethanol by
using PVA membrane is shown in Figure 10. Vapor permeabilities of the individual

componerts were used to calculate the flux and separation factor values.

A conceptually similar visualization of the solute transport process through
the membrane has been done by Tyagi and Matsura'® and Tyagi et al.'® They
considered the membrane to consist of two regions — in one region the local
concentrations of the solutes are considered to be in equilibrium with a hypothetical
liquid phase, while the solutes in the other region are in equilibrium with an
imaginary vapor phase. A change of phase of the imaginary liquid occurs at the
boundary between the regions. They assumed pressure-driven transport all through
the membrane although liquid and vapor transport parameters were used to express
the fluxes. Further, they assumed coupling of fluxes in the liquid transport region of
the membrane. The predicted solute concentration profiles in the membrane were in

approximate agreement with experimental concentration profiles measured by the

stack-of-membranes technique.
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10. Comparison between swollen-dry layer model and pervaporation experiments for

hydrophilic membranes. '

From an engineering point of view, a transport model should be easy to use,
but should adequately take into account all the steps involved in the actual transport
process mentioned in Section 3.2. Most of the pervaporation models discussed so far
concentrate primarily on the phenomena of sorption of the solutes at the feed side
followed by diffusional transport through the swollen membrane. This approach
provides an insight into the sorption and transport processes and also helps in
membrane selection. For the design and performance analysis of a pervaporation
module, however, a resistance-in-series approach is more convenient. The
resistance-in-series model, first introduced for membranes in connection with gas
separation by Henis and Tripodi,'®® has been applied to the pervaporation process
(see, for example, Gudernatsch, et al.”*® Huang and Feng'®"). Recently Liu et al.'®®
developed a comprehensive resistance-in-series model that included all the steps of
the process except the one involving transport of the vapor from the transmembrane
side of a composite membrane to the condensing surface. The resistance offered by

this step, however, is generally regarded as small.”' Liu et al.'®®

accommodated the
feed-side mass transfer resistance or concentration polarization through a
phenomenological mass transfer coefficient. The effect of concentration dependence

of diffusivities on the flux was taken into account through an enhancement factor that
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was calculated from the functional dependence of diffusivities on component
concentrations. For removal of a component A from a dilute solution in solvent B
such as waste water, Liu et al. came up with the following simplified equations for

the fluxes of the solute and the solvent.

/- _I_(CA L _L_L] 35)
R\ T H, J, 4,

Jy= %B(l—i‘]—jfz) (36)

R, =i+ i‘:ﬁi " kA,lHA 37)

Here J,; and J; are the solute and solvent fluxes respectively, and R4 and Rp are the
corresponding lumped transport resistances. The other terms are: C,p =solute
concentration in the bulk of the feed; k= feed-side mass transfer coefficient; k A,
kgyv = effective mass transfer coefficients of 4 and B for transport through the
support layer; P,°, Pg° = saturation vapor pressures of 4 and B at the operating
temperature; Hy = Henry’s law constant for the solute: L4, Lz = permeability of 4 and
B in the permselective layer of a composite membrane; and, 8y = thickness of the
permselective layer. The influence of concentration dependence of diffusivities on
the flux are lumped into the permeabilities L4 and Lg. The resistance offered by the
porous support layer is estimated by assuming the vapor transport to occur by a
combination of pore diffusion and Knudsen diffusion. Although no comparison with
experimental data was provided, a parametric study of flux and selectivity for
removal of VOC’s from waste water was presented. Transport resistance offered by
the support layer of the GFT membrane has recently been analyzed by Bode and

Hoempler.'*
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Considerable effort has gone into modeling the thermodynamics of sorption
and the rate of solute transport in pervaporation. The resistance-in-series model may
provide a phenomenological description of the process, which is satisfactory so long
as the degree of swelling of the membrane remains too little to induce coupling of
fluxes. For highly swollen membranes, however, we need a rigorous transport model
which, besides being interpretive, can predict the flux and the separation factor with
minimal experimental data. Although there has been very good progress, the
presence of adjustable parameters severely restricts the use of the available models.
Techniques to estimate transport parameters from fundamental properties of the
membrane and the solutes need further refinements to be applicable to highly non-
ideal and multicomponent systems. This is essential to the success of any predictive

model.

4. Process Variables

The process factors that influence pervaporation flux and selectivities are: (i)
feed composition, (ii) downstream pressure, (iii) temperature, (iv) continuous-phase
mass transfer resistances (on both upstream and downstream sides), and (v)
membrane conditioning. It is essential to understand the effects of these factors so as

to select proper operating conditions for the separation of a particular mixture.

4.1 Feed Composition

The feed composition is the single most important factor in determining
pervaporation flux and selectivity. It affects liquid sorption and membrane swelling.
In a two-component feed mixture, for example, one of the components interacts more
strongly with the membrane than the other. As the concentration of this component
increases the membrane swells more and flux increases. Diffusivities of both
components increase with membrane swelling, and pervaporation selectivity

decreases. For a given membrane and liquid mixture, the total pervaporation flux
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increases monotonically with the concentration of the more permeating component in
the feed, while selectivity suffers a gradual fall. This effect has been observed by
Acharya et al.¥’ [for separating benzene-cyclohexane mixtures using PPOBIP/CA

membrane], Shimidzu and Okushita'”® [

for separating cyclohexane-cyclohexanone-
cyclohexanol using poly-N-vinylpyrrolidone membrane], Okamoto et al.® {for
separating water-ethanol mixtures by PDMS block copolymer membrane],
Gonclaves et al.!' [for separating water-ethanol mixtures by silicone rubber
membrane], Yoshikawa et al.”® [ for separating water ethanol mixtures using amide-
substituted polystyrene], Drioli et al.”* and Joyce et al.> [separation of pyridine from
an aqueous solution], Park et al.'! [separation of alcohol-toluene mixtures using
poly(acrylic acid)-poly(vinyl alcohol) blend membrane], [hm and [hm'” [separation
of ethanol-water using sulfonated polystyrene membrane], Park et al.% [separation of
MTBE-methanol mixtures using PAA-PAN blend membrane], and Marine et al.'”
[separation of water-ethanol mixtures using the hydrophilic GFT membrane]. Itoh et

al.>* [water-ethanol separation using cross-linked PMA], Huang and J arvis'™

[ water-
ethanol separation through cellophane and polyviny! alcohol membranes), Huang and
Lin'”® [separation of binary organics by polyethylene], observed a flux increase
followed by a decrease as the concentration of the more permeating component in the
feed increased. Radovanovic et al.'"® in their work on permselective separation of
ethanol from an aqueous dilute solution using a hydrophobic membrane (PDMS)
reported nonlinear dependence of both alcohol and water fluxes on the respective
activity coefficients in the feed solution. This is suggestive of strong interactions
among the components and the membrane material giving rise to coupling effects.
Radovanovic et al. interpreted this observation by assuming nearly immobile clusters
of water in silicone which break down in the presence of alcohol to form a mobile
water-ethanol dimer that significantly contributed to the water flux. Chen et al.”’
reported a flux maximum in the separation of water-ethanol mixtures by using a
polystyrene sulfonate ion-exchange film on a porous alumina support. They observed

the maximum within the concentration range of 50-70 wt% ethanol depending on the

degree of sulfonation of the polymer (Figure 11). The phenomenon was suggested to
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arise out of the partitioning of water and alcohol between the ionic sites and the
hydrophobic junctions of the polymer. They also reported a substantial rise in
selectivity at the cost of flux when Na-form of the ionomer was used, an observation
made by others for ionomer membranes (e.g., Dutta and Sikdar™). Huang and Wei'”,
in their work on dehydration of ethanol using solvent-cast as well as latex
membranes of poly(acrylonitrile-co-butyl acrylate), reported enhancement of both

water and alcohol fluxes as the alcohol concentration in the feed solution increased
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although alcohol is the slower permeating species. They attempted to explain these
phenomena by hypothesizing “fixed carrier" transport of the species, the functional
groups of the copolymer acting as the fixed carriers. Simultaneous increase of flux

and selectivity was also reported by Yoshikawa et al.'®

in the separation of aqueous
alcohol with cross-linking of the polybutadiene polymer matrix. Park et al.'' in their
study on separation of methano!l and ethanol from toluene using poly(acrylic acid)-
poly (vinyl alcohol) blend membranes observed an exponential increase of alcohol
flux with concentration which is indicative of a high degree of swelling. Ruckenstein
and Sun'” reported an unusual behavior exhibited by poly(vinyl acetal) membranes
separating aqueous ethanol and acetic acid. While the membrane sorbs large volumes
of these organics, and swell very little in water, it preferentially sorbs water from

aqueous alcohol or aqueous acetic acid, making the membrane more permselective to

water. This behavior is related to the swelling characteristics of the membrane.
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13. Influence of methanol content on the separation characteristic of the ternary system

water-isopropanol-methanol. **'

Permeation increase followed by a decrease and the corresponding variation in
separation factor, may be the result of an inversion in preferential sorption, which
occurs with some polymer-solvent systems (Zinvy and Pouchy;”® Pouchy and
Zinvy'?*). For pervaporation of dilute aqueous organic solution, in a concentration
range of practical interest, a linear relationship between flux and feed concentration
was observed and selectivity remained independent of feed concentration.”! These
results imply that sorption of organic compounds into membranes from dilute
aqueous solution follows a Henry's law of sorption, and diffusivities in the
membranes are essentially constant.”’ Swelling of an elastomer membrane in a dilute
aqueous solution of an apolar organic, like a hydrocarbon or a chlorinated
hydrocarbon, remains quite small, and as a result the flux and sorption remain linear

in concentration.
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The relationship between flux and feed composition is more complex when
more than two components are present in the feed. Data on pervaporation of
multicomponent systems are much less abundant in the literature, though real-life
separation problems are mostly multicomponent. Rautenbach et al.*' studied the
effect of adding a second organic compound (methanol or monoethylene glycol
monomethyl ether, MMME) on the dehydration of ethanol, iso-propanoi, n-butanol,
and diethylene glycol monobutyl ether (DMBE) using a PVA-PAN composite
membrane. The former two organics are less rejected by the membrane than the
latter four. For all the binaries the water flux remained linear in water content in the
feed (Figure 12). For the dehydration of isopropanol containing a maximum of 20%
water, they observed that addition of methanol up to 20% did not have an appreciable
effect on the separation characteristics, and the ternary feed might be considered as
pseudobinary. Above 20% methanol the behavior deviates gradually from the binary
pattern (Figure 13). Multicomponent effects have been reported by several other
workers.”'?® For example, in the study of pervaporation of trichloroethane-
chloroform-water mixture through silicalite-filled PDMS membranes, Goethaert et
al.?® found that the flux of trichloroethane was lower in the ternary mixture than in
the binary mixture presumably because of obstruction of trichloroethane diffusion
through zeolite by small amount of chloroform present in the zeolite. For removing
VOC’s from water using PEBA membrane, however, the coupling effects for trace
organic transfer through the membrane were not observed when the downstream
pressure was very low.”! Both organic and water permeabilities for one VOC-water,
two VOC-water and three VOC-water mixtures were found to be comparable with
each other. Again this was because of small swelling of the membrane and less
interaction among the solute VOC’s. A simple transport equation based on binary

feed mixtures described the multicomponent pervaporation results quite well,'

4.2 Permeate Pressure

Permeate pressure (or vacuum) provides the driving force for permeation. In

general, the driving force will decrease, resulting in a lower flux, as downstream
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pressure increases. However, several exceptions exist, which will be discussed in the
following sections. Downstream pressure greatly affects the process operating cost
because the cost of maintaining vacuum is substantial. It also determines component

concentrations in the product stream, and affects the membrane selectivity.

An operating pervaporation membrane has a swelling gradient in it. For many
practical situations the upstream surface may be assumed to remain at swelling
equilibrium with the feed solution (except where significant diffusional resistance
exists at the feed side) whereas the cross-membrane surface, with its low solute
concentration under the prevailing vacuum, is swelled only slightly. Because of this
the permeate solute diffusivity in the membrane near the permeate side remains
lower than that near the feed side. There appears to be a threshold value of the
downstream pressure below which the permeate face of the membrane remains
virtually dry, as a result of which both flux and selectivity level off with further
decrease in permeate pressure.’? Above this permeate pressure value, both flux and
selectivity decline with increasing permeate pressure (i.e. decreasing vacuum)
because of increased permeate concentration in the downstream compartment. This
threshold pressure may be the optimum operating downstream pressure in a
commercial unit. Invariant membrane flux and selectivity within a certain pressure
range was observed for the pervaporation of benzene and n-heptane mixture through
an NBR membrane.'® The results were attributed to the high degree of swelling of
the membrane at feed side. The existing concentration profile did not change
significantly as permeate pressure increased. As a result, the driving force for
transport remained nearly constant. The effect of permeate pressure was incorporated
in the solution-diffusion models of Greenlaw et al.'*" 12 and Nguyen.*® Except in the
case of a highly swollen membrane, permeate pressure, in effect, changes the
boundary condition at the cross-membrane surface. An increased permeate pressure,
and consequently higher permeant concentrations in the permeate compartment,

influences the solute concentration profiles in the membrane because of the changed
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14.  BTEX permeate concentration as a function of BTEX concentration in the feed for
two different permeate pressures. Data obtained with a spiral-wound module
containing a composite polydimethylsiloxane membrane, for a feed solution of BTEX

in water at 40°C. 2*

driving force and its associated effect on diffusivities. A quantitative estimate can be

obtained using the solution-diffusion model.

As permeate pressure increases, membrane selectivity can either increase,SI’

. 1 o
3964 or remain constant.' Positive effects of downstrearn pressure on

64. 1% Jecrease
selectivity have been reported by Ji et al’! for removal of 1, 1, l-trichloroethane,
methylene chloride and toluene from water. A ratio of overall organic permeability to
water permeability, B*™, was defined to indicate the positive (BP™'<1) or negative
(BP™<1) effect of permeate pressure on selectivity. This ratio is a function of organic
and water intrinsic vapor permeabilities, liquid boundary layer mass transfer
coefficient, Henry's law constant and membrane thickness. Recently, Wijmans et
al.”™ also presented experimental data in support of the positive effect of permeate
pressure on selectivity in the pervaporative separation of BTEX (benzene-toluene-
ethyl benzene-xylene) from water using a spiral wound membrane module (Figure

14).
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4.3. Temperature

Pervaporation flux increases with temperature but the selectivity usually
decreases. An Arrhenius-type of temperature dependence of flux has been reported
by most of the workers in the field (e.g. Madsuda et al.,*®® Acharya et al.,*’” Cabasso
et al.,18 Okamoto et al.,56 Rautenbach and Albrecht,206 Cen and Lichtemhaler,“
Lamer and Voilley®®). Reported activation energy values lie in the range 3-12
kcal/gmol. Increased sorption and diffusivity at higher temperatures is responsible for
higher permeation flux. The effect of temperature on selectivity, however, does not
follow such a simple relation probably because of complex temperature dependence
of the polymer-solvent interaction parameters which determine sorption
characteristics of solutes in solution. Since the diffusivities of both components
increase with temperature, the selectivity is not expected to change much. Kucherski
and Stelmaszek,”' Rautenbach et al.'” ?” and Chen and Lichtenthaler™ found only
little effect of temperature on selectivity while some other workers (e.g., Huang and

208 .
1.“” reported extensive

Jarvis'®*) observed some decline of selectivity. Qunhui et a
experimental data on the temperature effect of separation of mixtures of alcohol and
water over a wide range of feed concentration using a chitosan membrane. They
observed a dependence of activation energies of both the species on the feed
concentration but the activation energy of ethanol transport was always found to be
greater than that of water. The sorption selectivity and separation factor both
decreased with temperature. The higher activation energy of ethanol transport was
attributed to increased plasticization of the membrane at higher temperatures.
Madsuda et al.”®® reported a selectivity maximum with temperature. An interesting
phenomenon of temperature dependence was reported by Lai et al.*® who, in their
work on the separation of aqueous ethanol using a polysiloxaneimide membrane,
observed that the membrane allowed preferential permeation of water below a certain

temperature. Above this temperature ethanol permeated preferentially and the

separation factor passes through a maximum. This behavior is shown in Figure 15.
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15. Effect of feed temperature on the separation factor for ethanol using Polysiloxaneimide

membrane. **

4.4, Interface Mass Transfer Resistance

A great majority of the reported investigations indicate that diffusional
resistance of the membrane essentially controls the permeation flux, and interfacial
equilibrium prevails on both upstream and downstream sides. However, that
interfacial mass transfer resistance not only does exist but can even control the
overall transport process in the case of enrichment of a very dilute solution was first
demonstrated by Psaume et at.” In their work on the removal of traces of
trichloroethylene (TCE) from water using silicone tubings, they observed that the
diffusional resistance for transport through the membrane was negligible compared
to the feed-side mass transfer resistance over a Reynolds number of 1 to 60. They
calculated the mass transfer flux of TCE using the Leveque correlation for mass
transfer coefficient for laminar flow through a tube. The calculated fluxes very
closely matched the experimental values. Psaume ¢t al.'s work was the start of a

series of studies on the importance of feed-side mass transfer resistance. Lipski and
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Cote reported a study on the removal of TCE from waste water using silicone
tubings with axial and transverse flow of the feed. They also performed simulation
studies to predict the performance of membrane modules of different configurations.
Strong feed-side mass transfer resistance in aroma compounds recovery from
aqueous solutions using silicone tubings was reported by Karlson and Tragardh.?!°
These and other studies in this direction used the resistance- in-series model to
correlate and interpret pervaporation data. 31 210.211.212.213 ) aytended form of this
model applicable to a composite membrane has been described before [Eq. 34
through 37]. In the case of an unsupported dense membrane, or if the support layer
does not offer any appreciable resistance, [t / (kv Hy) is small], and a plot of {Ca;. -
(P /HY)[J/(Js+ Jp)] }/J4 against the membrane thickness 8y, yields both mass
transfer coefficient, &, and the membrane permeability, L9sna Although most of
the studies in this direction were concerned with the removal of sparingly soluble
volatile organics from water, Rautenbach and Helmus®'* presented computed results
to show that interfacial resistance may play a significant role even in the process of

enrichment of aqueous ethanol using PVA membrane.

While the above approach is very useful in estimating the relative
contributions of the transport resistances offered by the membrane and by the
boundary layer under a given hydrodynamic condition in a laboratory pervaporation
cell, the liquid-side mass transfer coefficient should be known a priori in order to
estimate the flux, for example while designing a pervaporation unit. For a well-
defined flow like laminar flow through a tubular membrane, it is ratber simple to
calculate the mass transfer coefficient by solving the corresponding Graetz
problem."9 For other situations, a suitable mass transfer correlation can be used. In a
spiral wound module, one of the common membrane separation devices, it is
possible to substantially reduce the feed-side resistance by incorporating spacers to

increase the turbulence. Hickey and Gooding®'® performed a detailed experimental
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study in this direction and found that incorporating an adequate number of spacers in
the flow channel of a spiral wound module, the mass transfer coefficient could be

increased by 1.5 to 4 times.

Several theoretical analyses of the importance of feed-side mass transfer
resistance in the pervaporation of volatile organics have been reported.”* *16 217
Michaels®'’ started with Eq.13, teplaced, as an approximation, the molar average
velocity of the components by that of water only, and developed an expression for
the “solute enrichment ratio". Charts were provided to give an estimate of the
importance of the boundary layer resistance compared to that of the membrane, and
also described the limiting situations when the feed-side resistance virtually controls

the process.

Although the importance of feed-side mass transfer resistance in controlling
the membrane flux and selectivity have been extensively studied, few studies have
addressed the importance of permeate side vapor phase mass transfer resistance. A
diffusion-convection model was used by Ji et al.”! to describe mass transport in the
vapor phase. They found that permeate-side vapor phase mass transfer resistance
cannot be ignored as downstream pressure increased and diffusion became
significant for the mass transfer in vapor phase. If the convective flow from the
membrane-vapor interface into the bulk of the permeate dominated the mass transfer
in the vapor phase, as occurred at low permeate pressure, the concentration at the
membrane-vapor interface would be equal to that of the condensed permeate. In this
case, the vapor phase mass transfer resistance is negligible. This analysis agreed well
with their experimental data for several solute-water systems. Bo and Nielsen?'®
assumed that diffusion was the only process for mass transport in vapor phase. A
mathematical model was developed by these authors to analyze the pervaporation

data of tetrahydrofuran-water-cuprophane system collected by Neel et al.'> They
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found that the difference between the interface and bulk concentration in vapor phase
increased with increasing downstream pressure. Nguyen'> reported an average vapor
phase mass transfer coefficient of 2 x 10 m/s for tetrahydrofuran-water-cuprophane
system. The diffusion-convection model was also used by Beaumelle and Marin®"® to
describe the partial pressure gradient in vapor phase. The model was tested using
pilot plant pervaporation data of both a pure component (water) and binary mixtures

(water-ethanol) through PDMS membranes.
4.5 Membrane Pretreatment/Conditioning

Film conditioning or pretreatment has been attempted by several researchers
to improve the permeation characteristics of a pervaporation membrane. Heat
treatment of polyvinylidene fluoride membrane was found to enhance the selectivity
of p-xylene in the separation of isomeric xylenes.?2° More efforts, however, went into
studying the effects of solvent pretreatment. Since the degree of swelling of a
particular membrane is the single most important factor in determining the
permeation flux, pre-swelling using the feed mixture or a solvent of suitable
composition increases the flux considerably although at reduced selectivity. An
elaborate study of film conditioning by soaking in a solvent followed by annealing
was reported by Michaels et al.??! for the separation of isomeric xylenes through
polyethylene films. They argued that a rearrangement of amorphous and crystalline
regions of the film was responsible for higher permeability of the conditioned films.
Rautenbach and Albrecht?™ in their study on the separation of benzene-cyclohexane
mixtures using polyethylene films observed that films pretreated with benzene
offered lower flux but higher selectivity while reverse was true when pretreatment
was done with cyclohexanes. Tealdo et al.? published data on the effect of
membrane pre-swelling on the flux and selectivity for the separation of water-ethanol

mixtures using styrene-grafted and sulfonated PTFE films.
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Unconditioned membranes were found to offer smaller flux during the initial
periods but eventually performed as good as pre-swelled membranes. Nagy et al.'
undertook a detailed study on the separation of alcohol-water mixtures using
conditioned cellulose hydrate membranes. Pre-swelling was done by keeping the
membrane in a refluxing mixture of alcohol and water for a period of 1 to 20 days.
Solvent uptake was as high as | kg/kg dry membrane. The pretreated membrane was
found to offer significantly enhanced flux but at reduced selectivity. It was suggested
that pretreatment affects the crystal structure and degree of crystallinity of the
polymer. However, the long-term effect of pre-swelling, if any, has not been

decisively established. Acharya et al.”’

reported the role of conditioning of a polymer
alloy membrane (composed of cellulose acetate and a polyphoryl ester derivative of
polydimethyl phenylene oxide) on pervaporation of benzene-cyclohexane mixtures.
They suggested that irreversible swelling of the membrane in solutions of high

benzene concentration was the cause of high fluxes. Marin et al.'”

reported a pilot
plant study of the effect of membrane conditioning on the separation of aqueous
ethanol using the GFT membrane. They observed that more than fifty hours of
conditioning involving contact of the membrane with the feed with vacuum applied
on the downstream side gives high flux and selectivity. They also observed that
keeping the membrane in contact with an ethanol solution of 85-93% concentration

for more than five days with atmospheric pressure at the permeate side greatly

deteriorated the membrane performance.

Literature data show that conditioning or pre-swelling of a membrane
sometimes increases the flux and reduces selectivity but prolonged experiments are
required to establish its longterrn effect. Studies of possible morphological changes
are also necessary. This has been done with some gas-separation membranes (e.g.

222

Heany and Pellegrino”*) but conclusive evidence is lacking for pervaporation.
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16. SEMPAS capillary module [1. Capillaries, 2. Housing, 3. Insert of capillary bundle,

4,5. Shell-side nozzles, 6,7. Potted ends of the insert, 8,9. End flanges.] ***

5. Commercial Modules and Design of a Pervaporation Plant

5.1 Module Design

Most of the operating pervaporation units use modules of plate-and-frame
construction with a rugged porous support for the membrane. The feed flows over the
membrane and the product is drawn from the other side. A number of modules in
series is preferred to a single one of large area. This is because large defect-free
membranes are difficult to make consistently, it is harder to maintain constant
temperature over a large membrane area, and it is easy to replace a defective module
and restore operation. The disadvantages of these plate and frame modules include
high capital cost, labor intensive assembly, and leakage problems due to the large
amount of gaskets used in the system®. Total membrane area requirement is
governed by the membrane type and thickness, operating temperature and

downstream pressure. In these modules continuous phase mass transfer resistance is
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17.  KREBS SWISS pervaporation module.

usually much smaller than the diffusional resistance of the membrane, except for

removal of VOC's from dilute aqueous solutions.

Spiral wound modules, which have been widely used for pressure-driven
membrane separation processes such as reverse osmosis, ultra- and microfiltration,
are now being adapted for pervaporation applications. Like the plate-and-frame
module, the spiral configuration also uses a flat membrane. Sealing at the edges is

done by an adhesive rather than by a gasket. This may, however, pose a problem
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when the feed is an organic mixture. Another disadvantage of the spiral module is the
pressure drop on the permeate side caused by the spacers thereby reducing the
effective vacuum. Texaco>> has marketed a spiral wound module for dehydration of

organics.

Another class of module used in pervaporation is the hollow fiber or capillary
fiber module. Figure 16 shows a novel hollow fiber module design. The construction
is similar to that of a heat exchanger.”* A bundle of hollow fibers potted at the ends
using a suitable adhesives is fitted in a housing or shell. For a larger scale
installation, a number of the modules can be arranged in the series-parallel mode
depending upon process requirements. Recently Merz and Danziger’®® described the
construction of a new type of pervaporation module (Figure 17) that consists of a
pressure vessel containing an assembly of alternate membrane holders and heating
elements oriented radially. The feed enters axially and then flows radially through a
narrow slit formed by the membrane holder and the heating element, and leaves at
the bottom of the vessel. The membrane holders and the heating elements are
connected to jackets for vacuum or the heating fluid. The novelty of the constuction
is that it generates less pressure drop on the permeate side. It also provides
accessibility to all internals making it possible to inspect, test and replace the
components. Vapor product from a module is withdrawn through a header to a
vacuum condenser cooled by a suitable refrigerant flowing through tubes or coils
which should ensure a very low pressure of the condensate but avoid icing of the
condenser. An integrated heat exchanger network is used to recover the heat from hot
liquid product to preheat the feed. Feed is further heated to the desired temperature
using low pressure steam. Preheating the feed is an effective means of supplying the

energy requirement of the latent heat of vaporization.
5.2. Process Design and Economic Considerations

The core of a commercial pervaporation plant consists of the following basic

units: (a) the pervaporation modules; (b) a heat exchanger network for heating the
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18.  LUGI pervaporator pilot plant. *

feed and cooling the liquid product; and (c) vacuum condensers for permeate
product. Figures 18 and 19 show the layouts of the important components of a
pervaporation pilot plant and a commercial plant, designed and built by Lurgi for

ethanol purification.’

The important design variables for pervaporation process are (a) membrane
area, (b) feed temperature, and (c¢) downstream pressure. For a particular membrane
the area required to achieve a specified degree of separation depends strongly on the
choice of feed temperature and permeate pressure. If the sorption and diffusion
coefficient data are available the solution-diffusion model can be used to compute
the membrane area. For this purpose it is necessary to solve the coupled mass and
energy balance equations for the system. Pressure drop calculations for both feed and
permeate flow are done using the Poiseuille equation, because the flow in a
pervaporation module generally remains in the laminar regime. Some aspects of
pervaporation process design were discussed by Rautenbach and Albrecht.?® The

equipment and operating cost corresponding to assumed feed temperature drop and
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19.  Pervaporation plant for dehydration of ethanol. °

downstream pressure can be calculated and the optimal design can be arrived at. A
temperature drop of 3-10 K is usually allowed®®’ and the membrane area of the
modules in series are calculated with the provision of interstage heating of the feed.
Temperature drop in the transverse direction should also be considered since it would
change the permeation flux and selectivity. This "temperature polarization" has been
reported by Rautenbach and Albrecht.”®* 27 The temperature differences between
bulk flow and membrane surface of up to 4.5 °C were observed in their experiments
using high flux asymmetric membranes. However, for a reliable design it is
preferable to use pilot scale data and to use scale-up techniques, particularly if more
than one solute are involved. The comments of Rautenbach et al.”®' in connection
with the separation of multicomponent aqueous alcohols are notable in this
connection: “Presently a safe design of the pervaporation process has to be based on
experiments with the real system since nothing is reported in the literature on the
possibilities and limitations of a prediction based on experiments with the individual

binary aqueous organic solutions”. The picture has not changed much since then.

Most often the pervaporation process is very sensitive to the downstrearn

pressure, since permeation fluxes are directly affected by this process variable.”’ The
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pressure drop on the permeate side becomes critical in the pervaporation module

21 showed that

design.”**° The calculation carried out by Rautenbach and Albrecht
a marked decrease of selectivity and flux could occur due to friction loss on the
permeate side for hollow fiber module with permeate flow in the tube side. The
Hagen-Poiseuille equation was used to calculate pressure drop in the capillary tube.
Since the pressure loss is inversely proportional to the pressure level, larger fibers
should be used if the system were operated at low downstream pressure. The
selectivity loss due to the downstream pressure drop was also reported by Boddeker
et al.” in the pervaporation of aqueous phenol on the pilot plant scale. Gooding and

228

Teague”™ developed a series of equations based on differential mass and momentum

balances to simulate the permeate side flow for both hollow fiber and spiral wound

215 29 evaluated the friction loss and mass transfer

module. Hickey and Gooding
characteristics for several spacers in spiral wound modules, and a pressure drop and
mass transfer correlation was developed. Estimation of permeate buildup inside the
fibers (when a hollow fiber module is operated in the shell-feed mode) and its effect

on the performance of a module has been reported by Feng and Huang.**°

The process economics of pervaporation has been studied by several
authors.** ¢ 128 31 The cost of a pervaporation system is sensitive to the permeation
flux, separation factor, the removal or concentration fraction and the feed
concentration. Costs decreased with the increase of either the permeation flux or
separation factor.® For example, pervaporation must generally have a separation
factor for VOC/water of at least 300 and a permeation flux of 10-30 Kg/m’-day in
order 10 be economically competitive with carbon adsorption or air stripping.”!
Pervaporation is applicable to the waste stream containing moderate or high
concentration of VOC’s, since the driving force for transmembrane transport is
proportional to the feed concentration.'?® It has been shown by Blume et al.*® that the
cost for removal of the last 9% of the VOC’s is equal to that of the first 90%.
Optimization of multicomponent pervaporation processes for the removal of volatile

1.232

organic compounds from water was carried out by Ji et a Hollow fiber module
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was used in this calculation. Their model included the effects of multicomponent
feed mixtures, liquid boundary layer mass transfer resistance, and downstream
pressure on module performance and process economics. It was found that the
treatment cost was relatively insensitive to the downstream pressure in the low
pressure range, and the contribution of capital and operating costs to the overall
treatment cost strongly depended upon the feed flow hydrodynamics (laminar or

233

turbulent flow). Similar calculations were performed by Hickey and Gooding™ for

spiral wound membrane modules.

In studying the application potential of pervaporation processes, Rautenbach
and Albrecht’”’ found that a unit consisting of multi-stages cannot compete with
conventional separation process such as extractive distillation for breaking
azeotropes. However, hybrid processes combining extractive distillation and
pervaporation would be very competitive, especially for the manufacture of high-
purity products. Integration of pervaporation with conventional separation or other
membrane processes could become a fast track to commercialization of
pervaporation.”>* Hybrid pervaporation systems have been studied both for chemical

production®> 23

and for wastewater treatment.'™ 77 231 37 238 1 hobrid pervaporation
processes reported by Fleming®* and Mecki and Lichtenthaler”” for VOC removal,
the bulk of the VOC was removed by pervaporation, whereas the final purification
was done by processes such as adsorption or stripping. The hybrid process of
pervaporation combined with activated carbon adsorption was found to operate in a
more cost effective way than activated carbon adsorption alone. A pervaporation-

1'231

reverse osmosis hybrid process was developed by Schofield et a in which each

single component process can operate at its optimum concentration range.
5.3. Status of Commercialization

Pervaporation has been commercially exploited for dehydrating organics,

especially ethanol, isopropanol and ethylene glycol. In mid-1970's GFT
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20.  Integrated distillation pervaporation plant for ethanol production. >

commercialized an economical pervaporation process to produce high purity ethanol
from 5-7% ethanol in fermentation broths. Two plants were built in Brazil and
Philippines respectively.239’ % This was followed by installation of several other
integrated distillation-pervaporation plants (Figure 20) in Europe and Asia.
Capacities range from 1000 to 50,000 liters per day ethanol recovered with a product
purity of 99.85%. The world's largest pervaporation plant is operating in Bethenville,
France, to produce 150,000 liters per day of ethanol using 2,400 m® membrane area.
GFT uses an asymmetric composite membrane consisting of three layers — a support
of non-woven polyester on which a polyacrylonitrile or polysulfone ultrafiltration
membrane is cast. On the top there is an ultrathin (0.1 micron) layer of cross-linked
polyvinyl alcohol (PVA). While the PVA layer is responsible for the ultimate
separation, the two bottom layers provide the mechanical strength, and chemical and
thermal stability. About seventy commercial plants for alcohol dehydration are now

in operation worldwide.
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Other commercial plants in operation are for alcohol reduction in beer and

242
and for

wine using polydimethyl siloxane (PDMS)-type membranes®*"
dehydration of hydrocarbons, chlorohydrocarbons and other solvents using
hydrophilic PVA composite membranes. In fact, dehydration of a variety of solvents
is done by pervaporation in many commercial installations. Some time ago four
solvent dehydration plants were in operation in Japan.’*® Texaco manufactured
pervaporation units in U.S.A. for solvent dehydration, but is reported out of this
business now. Membrane Technology Research supplies commercial units for

removal of VOC’s from waste water.

6. Recent Trends in Pervaporation Research

Application-oriented research in pervaporation started with the separation of
a mixture of hydrocarbons.2 Since then many investigations were carried out for
more than two decades for the separation of apolar-apolar and apolar-polar organic
mixtures involving mainly hydrocarbons and alcohols (see Table IIT). Commercial
applications, however, remained remote because of insufficient flux and selectivity
offered by the membranes available at that time. From the late seventies the thrust of
pervaporation research significantly shifted to separation of aqueous organics,
particularly dehydrating alcohols, that led to the remarkable commercial success of

this technique.

Separation of aqueous alcohols and other organics using hydrophobic
membranes remains a thrust area for pervaporation research. Increased efforts are,
however, being put to using organophillic membranes to concentrate ethanol and
other organics from dilute solutions. In particular, concentration of ethanol from
dilute aqueous solution by pervaporation has been extensively studied.2** 245 246
However, widespread applications of pervaporation to ethanol concentration are

limited by low selectivity of currently available organophilic membranes. PDMS
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membrane is the choice for most of these applications. Selectivities of PDMS
membrane for ethanol/water mixture are low (less than 10). It has been found that
both the selectivity and flux of PDMS membranes can be enhanced by addition of a
hydrophobic filler such as silicalite into the polymeric matrix.>> % Zeolite-filled
membranes provide an opportunity of improving the separation properties of
pervaporation membranes.”’ However, fabrication of such a membrane with an
ultra-thin separation layer for commercial applications remains a challenging
problem. A variety of new polymeric materials, both hydrophilic and organophilic
(see, for example, Yamasaki et al.,**® Qunhui et al.,*® Feng and Huang;**’ Roizard et
al.>°) are being prepared and tested for this process with varying degrees of success.
Polyelectrolyte complex membranes made by reacting polycations with

polyanions®*" 22

are highly hydrophilic and have considerable potential for
dehydration of organics. Inorganic membranes, which have hitherto been used for
filtration and gas separation applications, are also being explored for pervaporative
separation of aqueous solutions. Recently Liu et al.®* prepared zeolite membranes
supported on microporous stainless steel tubes and nanoporous alumina tube, and
tested these for the separation of methanol, ethanol, and acetone from aqueous
solutions with impressive fluxes and selectivities. Because of the inherent
advantages of inorganic membranes such as mechanical strength and stability, their
potential needs to be explored more thoroughly. Facilitation of the rate of a reversible
reaction by selectively removing one of the products through a membrane reactor
wall which also catalyzes the reaction is also an important area of research.?*>>>
David et al.*** used a blend of two polymers - one acting as the catalyst, while the
other is permselective - for the reaction-separation process. Recently Zhu et al.**®
used a pervaporation membrane reactor consisting of a film of polyetherimide
formed on a porous tubular alumina support to study the efficiency of esterification
of acetic acid with ethanol. The continuous removal of water through the

permselective membrane wall of the reactor increases the product yield substantially

above the calculated value for a conventional plug-flow reactor.
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Pervaporation is also an effective technology for temperature-sensitive
bioseparation used in food and fermentation industries, such as recovery of alcohols
and aromatic compounds from dilute aqueous solution>’. Fermentation is typically a
batch process, usually producing a very dilute product. Distillation towers are
currently used to separate alcohols produced from fermentation. However, the
distillation process is an energy intensive system which needs fuel to operate its
reboilers. The second problem associated with the fermentation process is the
product inhibition in which the microbial activity is inhibited with increasing product
formation. The products impose severe damage to the cell membrane function.?*®
Among various technologies evaluated for eliminating product inhibition by
continuous removal of fermentation products, fermentation coupled with
pervaporation appears to be the most efficient process for ethanol fermentation.?*’

2
Numerous exampleszw 62

showed that ethanol productivity increased due to the
alleviation of ethanol inhibition and the complete retention of cell population by
pervaporation. Similarly, removal of toxic metabolites helps in maintaining steady

productivity in cell culture. Sikdar and Sawant**

demonstrated that ammonia, a
common metabolite, can be effectively removed from a culture medium by

pervaporation using ion-exchange membranes.

Pervaporation as a technique is also being evaluated and developed for
removing volatile organic compounds (VOC's) from industrial wastewaters.”® In
situations where treating the wastewaters before discharge, by methods such as steam
stripping, adsorption, or bioremediation, is expensive, pgrvaporation may offer an
attractive alternative. By using organophilic membranes, VOC's can be concentrated
by orders of magnitude at permeate side compared to feed and recovered by
condensation. The VOC concentrate can either be disposed of by combustion, or be
recycled for reuse.*> ¢ 25° Experimental and theoretical work on the removal of
VOC's from dilute aqueous solutions have focused on three areas. The first deals
with the selection of organophilic membranes for different VOC contaminants and

the study of the relations between membrane materials and their selectivities and
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permeabilities with different VOC systems.'® 33 3% 5" ® Effects of multicomponent
waste solutions on membrane performance were also investigated.”" > 2% The
second area is the study of mass transfer of organic solutes through membranes, i.e.,

. . . iig 40 4
sorption and diffusion processes within membranes ** ¢ 266

, as well as organic
transport in the liquid and vapor phases.“’ 49-51.78, 211, 216, 217, 267 The third is system
design and optimization to determine the best module configuration and operating
conditions for minimum treatment cost.*> *® %233 1 contrast to using organophilic
membranes, hydrophilic membranes have also been exploited for permselective

transport of water followed by catalytic oxidation of any residual organic

contaminant to produce ultrapure water.**®

The use of pervaporation for recovery of aroma compounds has been

demonstrated in a number of studies.’®

Thermal evaporation and distillation
processes, currently used in the food and cosmetics industries for aroma compound
recovery, often cause deterioration of quality, thus lowering the market value of
aroma compounds. Studies on recovery of both low-boiling and high-boiling aroma
compounds by pervaporation have been conducted with various membrane materials
including PDMS,® zeolite-filled PDMS,* polypropylene,”’ PEBA,”® and PDMS-
polycarbonate.”™® Enrichment factors of 5 to 11 for C,-Cs alcohols, over 100 for
esters and 40-65 for aldehydes (hexanal and trans-2-hexenal) were obtained by
Bengtsson et al.””' Both PDMS and zeolite-filled PDMS membranes exhibited high
selectivity (with enrichment factors of 160 and 372, respectively) for separation of 1-

octen-3-ol from aqueous solutions.®®

The least developed area for pervaporation process is the one in which the
first research on pervaporation occurred - i.e., organic/organic separation.
Pervaporation has been used for the separation of azeotropic mixtures of aromatic
and aliphatic hydrocarbons and of close boiling liquid. Examples of such

applications include isomeric separations (e.g., p-xylene/m-xylene),* paraffin/olefin
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separations,'® paraffin/aromatic separation,*”* '® branched hydrocarbon/n-paraffin
separations, polar organics from their azeotropic mixtures (e.g., ethanol/benzene,
methano/MTBE),” - 2% separation of chlorinated hydrocarbons®® and chlorinated
hydrocarbons/hydrocarbons, and purification of dilute streams (e.g., isopropanol
removal from heptanelhexane). Aminabhavi et al.?”? recently reviewed the work
performed in this area. There are at least two factors which hinder the further
development of pervaporation for commercial organic separations. One is the lack of
membranes which exhibit both high flux and selectivity. Most membranes developed
so far are either high-flux or high-selectivity but not both. The performance of these
membranes decreased with time due to membrane swelling. The other problem is the
lack of membrane modules able to withstand long-term exposure to organic
compounds at normal or elevated temperatures. A commercial pervaporation plant
for the methanol/MTBE separation using a cellulose acetate membrane has been

1% These membranes worked well at methanol

developed by Air Products.
concentration up to 6%. However, above this concentration, membrane selectivity
was lost due to membrane plasticization. Operating temperature was limited to less
than 50°C since the membrane was not stable in the methanol/MTBE mixtures at

temperatures above 50°C.

Much activity is evident in developing novel polymeric materials that would
offer better flux and selectivity. Attempts to develop and test new homopolymers,
novel block and graft copolymers, and polymer blends with improved properties
have attracted serious attention. For example, PDMS is the foremost organophilic
material for a pervaporation membrane. But its film-forming properties are not good,
although the scope of achieving better flux and selectivity exists. A number of
attempts have been made recently to synthesize block and graft polymers containing
siloxane chains for performances better than that of PDMS. These include a poly(1-

3

phenyl-1-propyne)/PDMS graft copolymer membrane,”” a graft copolymer of

polysulfone/PDMS,*™ and a segmental copolymer of polyimide/PDMS with varying
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silicone contents in the chain.’® These membranes exhibited satisfactory separation
factors and good organic fluxes. Preparation and use of polyimide/PDMS block
copolymer has also been reported by Schauer et al.*” for separation of aqueous
alcohols. Okushita et al.''® grafted nylon-6 with polyoxyethylene to prepare a
membrane for the technically important separation of mixtures of

cyclohexane/cyclohexanone/cyclohexanol. Jonquieres et al.”’® >

synthesized a series
of polyurethaneimide block copolymers containing soft segments or blocks of a, ®-
diamino polyoxyethylene, polyethylene glycol or polycaprolactonediol precursors in
which the soft block molecular weight was made to vary. With increase in the soft
segment lengths (and, therefore, the weight fraction) there was a linear to exponential
rise in the fluxes for the separation of mixtures of ethanol and ethyl tertiarybutyl
ether - but the weight fraction of ethanol (and consequently the separation factor)
decreased. The activation energy of ethanol transport, however, was considerably
larger for a copolymer with shorter soft segments. But the permeate concentration did
not suffer any significant fall. This study is indicative of the potential of block

copolymers in customizing pervaporation membranes.

Park et al."”! prepared solution-cast membranes from a homogeneous blend of
poly(acrylic acid) and poly(vinyl alcohol) for the separation of polar-apolar organic
mixtures (alcohols and toluene). However, chosen polymers are often found to be
incompatible to form homogeneous blends.”’® Formation of interpenetrating polymer
networks (IPN) provides a technique for blending incompatible polymers. Recently
IPN membranes have been used for pervaporation. Liang and Ruckenstein®”
prepared an IPN membrane of polyvinyl alcohol/polyacrylamide for separation of
ethanol-water =~ mixtures. An  organophilic IPN membrane containing
polydimethylsiloxane and polystyrene was prepared by Miyata et al.*** for the same
separation. A schematic illustration of the mechanism of enhancement of ethanol
selectivity for this organophilic membrane is given in Figure 21. Use of
nonhomogeneous blends containing a bulk polymer phase having a micro-dispersed

second polymer phase in it has also been reported by Sun and Ruckenstein.'*
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Asymmetric membranes with integral dense skins, which have so far been
used in reverse osmosis, do have a great potential for application in pervaporation.
The chief advantage of this type of membrane is that no separate porous backing is
required for casting the membrane. The membrane material itself forms the porous
support of the integral dense skin. In two recent interesting studies Jian and
Pintauro®®' and Jian et al.2® reported the preparation of such membranes having a
dense layer thickness of about 0.3 micron from a solution of polyvinylidene fluoride.
They used these membranes for the separation of benzene and styrene from aqueous
solutions and reported remarkably good flux and moderately good selectivity.
Further exploration of the potential of such membranes is expected to produce

encouraging results.

7. Concluding Remarks

Despite great potential of pervaporation processes, industrial applications of
pervaporation have been limited to purification of ethanol and a few other alcohols
and solvents. Developing innovative membranes which provide high flux and
selectivity is the greatest challenge to widespread commercialization of
pervaporation. A better understanding of polymer-solvent interactions in multi-
component mixtures, which is hitherto primarily based on the Flory-Huggins theory,
will be essential if we are to successfully design pervaporation membranes suitable
for specific applications. In recent years compatible polymers have been blended, and
polymers have been grafted with suitable functional groups, in order to obtain
desirable separation properties from several commercial membranes. Inorganic
membranes (such as zeolite membranes) and organic/inorganic composite
membranes have been tested for pervaporation applications. More emphasis needs to
be placed on developing membranes with thermal stability so that larger fluxes at
higher temperatures can be attained. Membranes with improved resistance to organic
solvents would be critical in the development of pervaporation processes for

organic/organic separations.
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Aqueous ethanol solution

Solubility

PDMS
Diffusivity
PSt

21. Tentative illustration of the relationship between the microphase-separated structures
of the PDMS/PSt IPN membranes and the permselectivity for an aqueous ethanol

solution. %

More extensive theoretical and experimental work is needed on species
diffusion in swollen polymers in the presence of temperature and swelling gradients.
The results of these proposed studies will be helpful in designing commercial-scale
units from laboratory-scale test data. Theoretical development in pervaporation
modeling has progressed to the stage that only single-component solubility and
diffusivity data are required for the prediction of muiticomponent pervaporation
results. These single component data are determined by vapor sorption or single
component permeation experiments. However, these models still involve several
parameters, related to the concentration-dependent diffusivity or sorption equilibrium
at the fluid/membrane interfaces which have to be determined by fitting the model to

single component sorption or permeation data. In this matter, uncertainty in diffusion
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and solubility parameters are unavoidable. For instance, different sets of parameters
can fit a given set of experimental data equally well."*® "' Also it is difficult to
provide physical interpretation of the fitted parameters. Therefore, a completely
predictive model, in which all model parameters are calculated from pure component
thermophysical properties, without any knowledge of permeation or sorption data

would be very useful. Mass transfer resistance on the permeate side of the membrane

. may play an important role when leakage of air into a module because of imperfect

sealing is appreciable. This topic has yet to receive attention of the researchers.

Lastly, process and module developments will critically determine rapid
commercialization of pervaporation processes. Optimization of process and module
designs will reduce both capital and operating costs. Hybrids designs of
pervaporation with conventional separation technologies will also accelerate

commercialization of pervaporation processes.

8. References

1. P.A Kober, Pervaporation, perstillation and percrystallization, J. Am. Chem, Soc., 39
(1917).

2. R.C. Binning, R.J. Lee, J.F. Jennings and E.C. Martin, Separation of liquid mixtures by
pervaporation, Ind. Eng. Chem, 53, 45 (1961).

3. U. Sanders and P. Soukup, Design and operation of a pervaporation plant for ethanol

dehydration dehydration , J. Membrane Sci., 36, 463 (1988).

4. R. Rautenbach and S. Klatt and J. Vier, State of the art of pervaporation: 10 years of
industrial PV, in “Proceedings of Sixth International Conference on Pervaporation
Processes in the Chemical Industry”, Ottawa, Canada, 1992, p.541.

5. M.H.V. Mulder, T. Franken and C.A. Smolders, Preferential sorption versus preferential

permeability in pervaporation, J. Membrane Sci., 22, 155 (1985).



16: 41 30 January 2011

Downl oaded At:

196 DUTTA, JI, AND SIKDAR

6.

13.

15.

M.H.V. Mulder, ].0. Hendrikman, J.G. Wijimans and C.A. Smolders, A rationale for the
preparation of asymmetric pervaporation membranes, J. Appl. Polym. Sci., 30, 2805
(1985).

M.H.V. Mulder and C.A. Smolders, On the mechanism of separation of ethanol/water
mixtures by pervaporation. 1. Calculation of concentration profiles, J. Membrane Sci., 17,
289 (1984).

C. Zhu, M. Liu and W. Xu, Separation of ethanol-water mixture by pervaporation-
membrane separation processes, Desalination, 62, 299 (1987).

C. Zhu, M. Liu, W. Xu and W. Ji, A study on characteristics and enhancement of

pervaporation-membrane separation processes, Desalination, 71, 1 (1989).

.E. Nagy, O. Borlai and J. Stelmaszek, Pervaporation of water aicohol mixtures on

cellulose hydrate membranes, J. Membrane Sci., 16, 79 (1983).

.M.D.C. Gongelaves, G.D.S.S. Marques and F. Galembeck, Pervaporation and dialysis of

water-ethanol solutions using silicone rubber membranes, Sep. Sci., Technol., 18, 893

(1983).

.J. Neel, T.Q. Nguyen, R. Clement and D.J. Lin, Influence of downstream pressure on the

pervaporation of water-tetrahydrofuran mixtures through a regenerated cellulose
membrane {Cuprohan), J. Membrane Sci., 27, 217 (1986).
T.Q. Nguyen, Modeling of the influence of downstream pressure for highly selective

pervaporation, J. Membrane Sci., 34, 165 (1987).

. G.C. Tealdo, G. Castello, G. D'Amato and S. Munari, Water-glycerol permeation through

styrene-grafted and sulfonated PTFE membrane, J. Membrane Sci., 11, 3 (1982).
P. Aptel, J. Cury, J. Jozefowicz, G. Morel and J Neel, Liquid transport through membranes
prepared by grafting of polar monomers onto poly(tetrafluoroethylene) films. 3. Steady

state distribution in membrane during pervaporation, J. Appl. Polym. Sci., 18, 365 (1974).



16: 41 30 January 2011

Downl oaded At:

PERVAPORATION

16.

17.

20.

21.

22.

23.

24.

25.

Y.M. Lee, D. Bourgeois and G. Belfort, Sorption, diffusion and pervaporation of organics
in polymer membrane, J. Membrane Sci., 44, 161 (1989).

R. Rautenbach and C. Herion and M. Franke, Dehydration of multicomponent organic
systems by a reverse osmosis pervaporation-hybrid process-module-, process design and

economics, Desalination, 70, 445 (1988).

. L. Cabasso, Z. Liu and T. Makenzie, The permselectivity of ion-exchange membranes for

non-electrolyte liquid mixtures. II. The effect of counterions (separation of water/alcohol

mixtures with Nafion membranes), J. Membrane Sci., 28, 109 (1986).

. I. Cabasso and Z. Liu. The permselectivity of ion-exchange membranes for non-electrolyte

liquid mixtures. I. Separation of alcohol/water mixtures with Nafion hollow fibers, J.
Membrane Sci., 24, 101 (1985).

A. Wenzlaff, K.W. Boddeker and K. Hattenbach, Evaporation of water-ethanol through
ion exchange membranes, J. Membrane Sci., 22, 333 (1985).

K.W. Boddeker and A. Wezlaff, Pervaporation with ion-exchange membranes, in
“Proceedings of First International Conference on Pervaporation Processes in the
Chemical Industry”, Atlanta, George, Feb. 23-26, 1986.

A. Niemoller, H. Scholz, B. Gotz and G. Ellinghorst, Radiation-grafted membranes for
pervaporation of ethanol/water mixtures, J. Membrane Sci., 36, 385 (1988).

G.C. Tealdo, P. Canepa and S. Munari. Water-ethanol permeation through grafted PTFE
membrane, J. Membrane Sci., 9, 191 (1981).

T. Itoh, H. Toya, K. Ishihara and 1. Sinohara, Design of polymer membrane with
permselectivity for water-ethanol mixture. II. Preparation of cross-linked poly(methyl
acrylate) membrane with diethylenetriamine and its permeability, J. Appl. Polym. Sci., 30,
179 (1985).

M. Yoshikawa, H. Yokoi, K. Sanui and Ogata, Separation of water and ethanol by

197



16: 41 30 January 2011

Downl oaded At:

198 DUTTA, JI, AND SIKDAR

pervaporation through polymer membranes containing N-substituted imide group. Polym.
1., 17,363 (1985).

26. T. Inaba, M. Kondo, H. Izawa, Y. Nagase and K. Sugimoto, Pervaporation of ethanol-
Conference on Pervaporation Processes in the Chemical Industry”, Ft. Lauderdale, FL,
1989, p.28.

27. T. Masuda, M. Takatsuka. B.-Z. Tang and T. Higashimura, Pervaporation of organic
liquid-water mixtures through substituted polyacetylene membranes, J. Membrane Sci.,
49, 69 (1990).

28. R.W. van Gemert and F.P. Cuperus, Newly developed ceramic membranes for
dehydration and separation of organic mixtures by pervaporation, J. Membrane Sci., 103,
287 (1995).

29. W. -J. Chen, P. Aranda and C.R. Martin, Pervaporation separation of ethanol/water
mixtures by polystyrenesulfonate/alumina composite membranes, J. Membrane Sci., 107,
199 (1995).

30. A. Ishikawa, T.H. Chiang and F. Toda, Separation of water-alcohol mixtures by
permeation through a zeolite membrane on porous glass, J. Chem. Soc. Chem. Commun.,
764 (1989).

3

—_

. Y. Wei and R.Y M. Huang, Pervaporation with latex membranes: a study on membrane
and pervaporation effects, Sep. Sci. Technol., 30, 697 (1995).
32. B.K. Oh and Y.M. Lee, Effects of functional group and operating temperature on the

separation of pyridine-water mixture by pervaporation, J. Membrane Sci., 113, 183 (1993).

3

[V8)

. E. Drioli, S. Zhang and A. Basile, Recovery of pyridine from aqueous solution by
membrane pervaporation, J. Membrane Sci., 80, 309 (1993).
34. M. Goldman, D. Frankel and G. Levin, A zeolite/polymer membrane for the separation of

ethanol water azeotrope, J. Appl. Polymer Sci., 37, 1791 (1989).



16: 41 30 January 2011

Downl oaded At:

PERVAPORATION 199

35.

36.

37.

38.

39.

40.

41.

42.

43.

Z. Gao, Y. Yue and W. Li, Properties of zeolite-filled poly(vinyl alcohol) membrane and
its application to catalytic esterification, Gaodeng Xuexao Huaxue Xuebao, 14, 559
(1993).

H.A. Xie, Q.T. Nguyen, P. Schaetzel and J. Neel, Dehydration of amines and diamines by
pervaporation with ionomer and PVA-based membranes, J. Membrane Sci., 81, 97 (1993).
Y. Shi, X. Wang and G. Chen, Pervaporation characteristics and solution-diffusion
behaviors through sodium alginate dense membrane, J. Appl. Polym. Sci., 61, 1387
(1996).

H.H. Nijhuis, M.H.V. Mulder and C.A. Smolders, Selection of elastomeric membranes for
the removal of volatile organic compounds from water, J. Applied Polymer Sci., 47, 2227
(1993).

J.P. Brun, C. Larchet, R. Merlet and G. Bulvestre, Sorption and Pervaporation of dilute
aqueous solutions of organic compounds through polymer membranes, J. Membrane Sci.,
23, 55 (1985).

J.P. Brun, C. Larchet, R. Melet and G. Bulvestre, Modeling of the Pervaporation of binary
mixtures through moderately swelling, non-interacting membranes, J. Membrane Sci., 23,
257 (198S).

H. Eustache and G. Histi, Separation of aqueous organic mixture by pervaporation and
analysis by mass spectrometry or a coupled gas chromatograph-mass spectrometer, J.
Membrane Sci., 8, 105 {(1981).

R. Psaume, Ph. Aptel, Y. Aurelle, J.C. Mora and J.L. Bersillon, Pervaporation: importance
of concentration polarization in the extraction of trace organics from water, J. Membrane
Sci., 36, 373 (1988).

T.Q. Nguyen and K. Nobe, Extraction of organic contaminates in aqueous solutions by

pervaporation, J. Membrane Sci., 30, 11 (1987).



16: 41 30 January 2011

Downl oaded At:

200 DUTTA, JI, AND SIKDAR

44.

45.

46.

47.

48.

49.

50.

51.

52.

P. Aptel, E. Julien, N. Ganne, R. Psaume, Y. Aurelle and M. Roustan, Pervaporation
situation among other competitive techniques in halogenated solvent removal from
drinking water, in *‘Proceedings of Third International Conference on Pervaporation
Processes in the Chemical Industry”, Nancy, France, 1988, p. 463.

I. Blume, J.G. Wijmans and R.W. Baker, The separation of dissolved organics from water
by pervaporation, J. Membrane Sci., 49, 253 (1990).

C. Lipski and P. Cote, The use of pervaporation for the removal of organic contaminants
from water, Environ. Progr., 9, 254 (1990).

J.M. Watson and P.A. Payne, A study of organic compound pervaporation through
silicone rubber, J. Membrane Sci., 49, 171 (1990).

T. Hino, H. Ohya and T. Hara, Removal of halogenated organics from their aqueous
solutions by pervaporation, in “Proceedings of Fifth International Conference on
Pervaporation Processes in the Chemical Industry”, Heidelberg, Germany, March 11-
15, 1991, p. 423.

B. Raghunath and S.-T. Hwang, Effect of boundary layer mass transfer resistance in the
pervaporation of dilute organics, J. Membrane Sci., 65, 147 (1992).

B. Raghunath and S.-T. Hwang, General treatment of l‘iquid—phase boundary layer
resistance in the pervaporation of dilute aqueous organics through tubular membranes, J.
Membrane Sci., 75, 29 (1992).

W. Ji, S.K. Sikdar and S.-T. Hwang, Modeling of multocomponent pervaporation from
removal of volatile organic compounds from water, J. Membrane Sci., 93, 1

(1994).

C. Visvanathan, B. Basu and J.C. Mora, Separation of volatile organic compounds by
pervaporation for a binary compound combination: trichloroethylene and 1,1,1-

trichloroethane, Ind. End. Chem. Res., 34, 3956 (1995).



16: 41 30 January 2011

Downl oaded At:

PERVAPORATION

53.

54.

55.

56.

s7.

58.

59.

60.

61.

62.

T. Kashiwagi, K. Okabe and K. Okita, Separation of ethanol from ethanol/water mixtures
by plasma-polymerized membranes from silicone compounds, J. Membrane Sci., 36, 353
(1988).

W. Gudernatsch, K. Kimmerie, N. Stroh and H. Chmiel, Recovery and concentration of
high vapor pressure bioproducts by means of controlled membrane separation, J.
Membrane Sci., 36, 331 (1988).

H.J.C. te Hennepe, D. Bargeman, M.H.V. Mulder and C.A. Smolders, Zeolite-filled
silicone rubber membranes. Part 1. Membrane preparation and pervaporation results, J.
Membrane Sci., 35, 39 (1987).

K. Okamoto, A Butsuen, S. Tsury, S. Nishioka, K. Tanaka, H. Kita and S. Asakawa,
Pervaporation of water-ethanol mixtures through polydimethylsiloxane block-copolymer
membranes, Polymer J., 19, 747 (1987).

C.M. Bell, F.J. Gemer and H.J. Strathman, Selection of polymers for pervaporation
membranes, J. Memb. Sci., 36, 315 (1988).

K.C. Hoover and S.T. Hwang, Pervaporation by a continuous membrane column, J.
Membrane Sci., 10, 253 (1982).

P. Joyce, K. M. Devine and C. S. Slater, Separation of pyridine-water solutions using
pervaporation, Sep. Sci. Technol., 30, 2145 (1995).

M.E. Hollein, M. Hammond and C.S. Slater, Concentration of dilute acetone-water
solutions using pervaporation, Sep. Sci and Tech., 28, 1043 (1993).

$.Q. Zhang, A E. Fouda and T. Matsuura, A study on pervaporation of aqueous benzy!
alcohol solution by polydimethylsiloxane membrane, J. Membrane Sci., 70, 249 (1992).
1.F.J. Vankelecom, D. Depre, S.D. Beukelaer and J.B. Uytterhoeven, Influence of zeolites
in PDMS membranes: pervaporation of water-alcohol mixtures, J. Phys. Chem., 99, 13193

(1995).

201



16: 41 30 January 2011

Downl oaded At:

202

DUTTA, J1, AND SIKDAR

63. M. Jia, K.-V. Peinemann and R.-D. Behling, Preparation and characterization of thin- film

64.

65.

66.

67.

68.

69.

70.

71,

72.

zeolite-PDMS composite membranes, J. Membrane Sci., 73, 119 (1992).

Y. Cen and R.N. Lichtenthaler, Pervapaoration characteristics of zeolite-filled PDMS
composite membranes, in “Proceedings of Sixth International Conference on
Pervaporation Processes in the Chemical Industry”, Ottawa, Canada, September 27-30,

1992, p. 90.

T. Lamar and A. Voilley, Influence of different parameters on the pervaporation of aroma
compounds, in “Proceedings of Fifth International Conference on Pervaporation

Processes in the Chemical Industry”, Heidelberg, Germany, March 11-15, 1991.

W. Ji. S.K. Sikdar and S.-T. Hwang, Sorption. diffusion and permeation of 1,1,1-
trichloroethane through adsorbent-filled polymeric membranes, J. Membrane Sci., 103,
243 (1995).

L.R. Canas, G. N. Kamat and D.B. Greenberg, Removal of trace organic contaminants by
selective pervaporation through polymer membrane, paper presented at the AIChE Annual

Meeting, Chicago, IL, November 10-15, 1985.

G.T. Lee, K.R. Krovvidi and D.B. Greenberg, Pervaporation of trace chlorinated organics
from water through irradiated polyethylene membrane, J. Membrane Sci., 47, 183 (1989).
C.L.Zhu, C.W. Yuang, J.R. Fried and D.B. Greenberg, Pervaporation membranes, a novel
separation technique for trace organics, Environ. Progr., 12, 132 (1983).

K.W. Boddeker, G. Bengtson, Pervaporation of low volatility aromatics from water, J.
Membrane Sci., 53, 143 (1990).

K.W. Boddeker, G. Bengtson and H. Pingel, Pervaporation of isomeric butanols, J.
Membrane Sci., 54, 1 (1990).

K.W. Boddeker, E. Bode, G. Bengtson and R.D. Behling, Selective pervapoartion of
organics from water, in “Proceedings of International Congress on Membranes and

Membrane Processes”, Vol.1, Chicago, 1990, p.370.



16: 41 30 January 2011

Downl oaded At:

PERVAPORATION

73.

74.

75.

76.

77.

78.

79.

80.

K.W. Boddeker, H. Pingel and K. Dede, Continuous pervaporation of aqueous phenol on a
pilot plant scale, in “Proceedings of Sixth International Conference on

Pervaporation Processes in the Chemical Industry”, Ottawa, Canada, 1992, p. 541.

T. Nakagawa, M. Hoshi and A. Higuchi, Separation of aqueous organic solutions through
poly(acrylic acid ester-co-acrylic acid) membrane by pervaporation, in

“Proceedings of Fifth International Conference on Pervaporation Processes in the
Chemical Industry”, Heidelberg, Germany, March 11-15, 1991, p.88.

V.V. Volkov, V.S. Khotimskii and N.A. Plate, Organophilic polymers for pervaporation,
in “Proceedings of Fourth International Conference on Pervaporation Processes in the
Chemical Industry”, Ft. Lauderdale, 1989, p.169.

V.V. Volkov, E.V. Dobrohotova and A K. Bokarev, Pervaporation of ethanol-water
mixtures through polymer membranes, in “Proceedings of Third International Conference
on Pervaporation Processes in the Chemical Industry”, Nancy, France, 1988, p.342.

G. Meckl and R.N. Lichtenthaler, Hybrid-processes including pervaporation for the
removal of organic compounds from process and waste water, in “Proceedings of Sixth
International Conference on Pervaporation Processes in the Chemical Industry”,

Ottawa, Canada , September 27-30, 1992.

D. Yang, S. Majumdar, S. Kovenklioglu and K.K. Sirkdar, Hollow fiber contained liquid
membrane pervaporation system for the removal of toxic volatile organics from
wastewater, J. Membrane Sci., 103, 195 (1995).

S.V. Ho and P.W. Sheridan, Removing organic residues from aqueous solutions using
supported polymeric liquid membranes, in “Proceedings of Sixth Annual Meeting of the
North American Membrane Society”, Breckenridge, CO, May 21-25, 1994.

S.V. Ho, P.W. Sheridan and E. Krupetsky, The use of supported polymeric liquid
membranes for removing organics from aqueous solutions - partitioning and transport

characteristics of supported polyglycol liquid membranes, J. Membrane Sci., 112, 13

203



16: 41 30 January 2011

Downl oaded At:

204

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

(1996).
T. Sano, H. Hasegawa, Y. Kawakami, Y. Kiyozumi, H. Yanagishita, D. Kitamoto and F.
Mizukami, Potentials of silicalite membrane for the separation of alcohol/water mixture,
Stud. Surf. Sci. Catal.. 84, 1175 (1994).
T. Sano, H. Yanagishita, Y. Kiyozumi, D. Kitamoto and F. Mizukami, Separation of
ethanol/water mixture by silicalite membrane, Chem. Lett., 2413 (1992).
T. Sano, H. Yanagishita. Y. Kiyozumi, F. Mizukami and K. Haraya, Separation of
ethano/water mixture by silicalite membrane on pervaporation, J. Membrane Sci., 95, 221
(1994).
Q. Liu, R.D. Noble, J.L. Falconer and H.H. Funke, Organics/water separation by

pervaporation with a zeolite membrane, J. Membrane Sci.. 117, 163 (1996)

M. Kucherski and J. Stelmaszek, Separation of liquid mixtures by permeation, Intern,
Chem. Eng., 7, 618 (1967).

R.W. Wytcherley and F.P. McCandless, The separation of meta- and para-xylene by
pervaporation in the presence of CBrs, a selective feed-complexing agent, J. Membrane
Sci., 67, 67 (1992).

H.R. Acharya, S.R. Stern, Z.Z. Liu and 1. Cabasso, Separation of liquid benzene/
cyclohexane mixture by perstraction and pervaporation, J. Membrane Sci., 37, 205 (1988).
1. Cabasso, Organic liquid mixtures separation by permselective polymer membranes. 1.
Selection and characteristics of dense isotropic membranes employed in the pervaporation
process, Ind. Eng. Chem. Res. Prod. Dev., 22, 313 (1983).

J. Terada, T. Hohjoh. S. Yoshimasu, M. Ikemi and 1. Shinohara, Separation of
benzene-cyclohexane azeotropic mixture through polymeric membranes with

microphase separate structure, Polym. J., 14, 347 (1982).

P. Aptel. J. Cury. J. Jozefowicz. G. Morel and J. Neel, Liquid transport through

membranes prepared by grafting of polar monomers onto poly(tetrafluoroethylene) films.

DUTTA, JI, AND SIKDAR



16: 41 30 January 2011

Downl oaded At:

PERVAPORATION 205

91.

92.

93.

94.

9s.

96.

97.

98.

99.

1. Some fractionations of liquid mixtures by pervaporation, J. Appl. Polym. Sci., 16, 1061
(1972).

P. Aptel, N. Challard, J. Cury and J. Neel, Application of the pervaporation process to
separate azeotropic mixtures, J. Membrane Sci., 1, 271 (1976)

M. Latikainen and M. Lindstrom, Separation of methanol-ethanol and ethanol-n-heptane
mixtures by reverse osmosis and pervaporation, Acta. Polytech. Scandinavia, No. 175,
Helsinki, 1985.

Dutta and S.K. Sikdar, Separation of azeotropic organic liquid mixtures by pervaporation,

AIChE J., 37, 581 (1991).

B.A. Famnand, and S.H. Noh, Pervaporation as an alternative process for the separation of
methanol from C, hydrocarbons in the production of MTBE and TAME, AIChE Symp.
Ser., 85 (272), 89 (1989).

T. Sano, M. Hasegawa, Y. Kawakami and H. Yanagishita, Separation of
met;lmol/methyl-ten-butyl ether mixture by pervaporation using silicalite membrane, J.
Membrane Sci., 107, 193 (1995).

H.C. Park, N.E. Ramaker, M.H.V. Mulder and C.A. Smolder, Separation of MTBE-
methanol mixtures by pervaporation, Sep. Sci. Technol., 30, 419 (1995).

W. -J. Chen, and C.R. Martin, Highly methanol-selective membranes for the
pervaporation separation of methyl t-butyl ether/methanol mixture, J. Membrane Sci.,
104, 101 (1995).

J. Sheng, Separation of dichloroethane-trichloroethylene mixtures by means
of a membrane pervaporation process, Desalination, 80, 85 (1991).

M. Zhou, M. Persin, W. Kujawski and J. Sarrazin, Electrochemical preparation of
polypyrrole membranes and their application in ethanol-cyclohexane separation by

pervaporation, J. Membrane Sci., 108, 89 (1995).

100. M. Zhou, M. Persin, and J. Sarrazin, Methanol removal from organic mixtures by



16: 41 30 January 2011

Downl oaded At:

206 DUTTA, JI, AND SIKDAR

pervaporation using polypyrrole membranes, J. Membrane Sci., 117, 303 (1996).

101. N. Tanihara, K. Tanaka, H. Kita and K. Okamoto, Pervaporation of organic liquid
mixtures through membranes of polyimides containing methyl-substituted
phenylenediamine moieties, J. Membrane Sci., 95, 161 (1994).

102. M. Wessling, U. Werner and S.-T. Hwang, Pervaporation of aromatic Cg-isomers, J.
Membrane Sci., 57, 257 (1991).

103. C. Larchet, J.P. Brun and M. Guillou, Separation of benzene-n-heptane mixtures by
pervaporation with eleatomeric membranes. I. Performance of membranes, J.

Membrane Sci., 15, 81 (1983).

104. A. Tto and S.-T. Hwang. Permeation of propane and propylene through cellulosic
polymer membranes, J. Applied Poly. Sci., 38, 483 (1989).

105. M.S K. Chen, G.S. Markiewicz and K.G. Venugopal, Development of membrane
pervaporation TRIM "™ process for methanol recovery from CH;OH/MTBE/C, mixtures,
AIChE Symp. Ser., 85 (272), 82 (1989).

106. T. Masawaki, T. Ohno, M. Taya and S. Tone, Separation of butanoi from butanol-oleyl
alcohol mixture by Pervaporation with poly(dimethylsiloxane) hollow-fiber membrane. J.
Chem. Eng. of Japan. 25 (3), 257 (1992).

107. H. Okushita, M. Yoshikawa and T. Shimidzu, Pervaporation of
cyclohexane/cyclohexanone/cyclohexanol mixture through polyoxyethylene grafting nylon
6 membrane, J. Membrane Sci., 105, 51 (1995).

108. E. Ruckenstein and F. Sun, Hydrophobic-hydrophilic composite membranes for the
pervaporation of benzene-ethanol mixtures, J. Membrane Sci., 103, 271 (1995).

109. N. Tanihara. N. Umeo. T. Kawabata, K. Tanaka. H. Kita and K. Okamoto. Pervaporation
of organic liquid mixtures through poly(ether imide) segmented copolymer membranes, J.
Membrane Sci., 104, 181 (1995).

110. J.M. Duval, B. Folkers, M.H.V. Mulder, G. Desgrandchamps, C.A. Smolders, Separation



16: 41 30 January 2011

Downl oaded At:

PERVAPORATION 207

of a toluene/ethanol mixture by pervaporation using active carbon-filled polymeric
membranes, Sep. Sci. and Tech., 29, 357 (1994).

111. R.Y.M. Huang, “Pervaporation Membrane Separation Process”, Elsevier Publishers
B.V., Amsterdam, The Netherlands, 1991.

112. W.S. Winston Ho and K.K. Sirkar, “ Membrane Handbook”, Van Nostrand Reinhoid,
NY. 1992.

113. J.G. Crespo and K.W. Boddeker, “ Membrane Processes in Separation and Purification”,
Kluwer Academic Publishers, Boston, MA, 1994.

114. R. Gref, Q.T. Nguyen, and J. Neel, Influence of membrane properties on system
performances in pervaporation under concentration polarization regime, Sep. Sci.
Technol., 27, 467 (1992).

115. S.A. Netke, S.B. Sawant, J.B. Joshi and V.G. Pangarkar, Sorption and permeation of
acetic acid through zeolite filled membrane, J. Membrane Sci., 107, 23 (1995).

116. H. Okushita, M. Yoshikawa and T. Shimidzu, Synthesis of polyoxyethylene grafting
nylon 6 and the selective separation of cyclohexane/cyclohexanone/cyclohexanol mixture
through its membrane, J. Membrane Sci., 112, 91 (1996).

117. F. Suzuki and K. Onozato, Pervaporation of benzene-cyclohexane mixtures by poly
methyl-glutamate) membrane and synergistic effect of their mixture on diffusion rate, J.
Applied Polym. Sci., 27, 4229 (1982).

118. M.H.V. Mulder, T. Franken and C.A. Smolders, On the mechanism of separation of
ethanol/water mixtures by pervaporation. II. Experimental concentration profiles, J.
Membrane Sci., 23, 41 (1985).

119. M. Fels and R.Y.M. Huang, Diffusion coefficient of liquid in polymer membranes by a

desorption method, J. Applied Polymer Sci., 14, 523 (1970).

120. F. Suzuki and K. Onozato. Pervaporation of methanol-water mixtures by poly (methyl L-

gluconate) membrane and synergistic effect of their mixture on diffusion rate, J. Polym.



16: 41 30 January 2011

Downl oaded At:

208 DUTTA, JI, AND SIKDAR

Sci., 28, 1949 (1983).

[21. . Blume, P.J.F. Schwering, M.-H.V. Mulder and C.A. Smolders. Vapor sorption and
permeation properties of polydimethylsiloxane film, J. Membrane Sci.. 61, 85 (1991).
122. F. Sun and E. Ruckenstein. Sorption and pervaporation of benzene-cyclohexane mixtures
through composite membranes prepared via concentrated emulsion polymerization. J.

Membrane Sci., 99, 273 (1995).

123. J. Pouchly and A. Zinvy, Correlation of data on preferetial sorption using modified Flory-
Huggins equation, Makromol. Chem., 183, 3019 (1982).

124. B. Harrison and A. Asfour, A computer-aided experimental setup for studying sorption
kinetics, J. Applied Polym. Sci., 44, 181 (1992).

125. C. Bartels-Caspers, E. Tusel-Langer and R.N. Lichtenthaler, Sorption isotherms of
alcohols in zeolite-filled silicone rubber and in PV A-composite membranes, J. Membrane
Sci., 70, 75 (1992).

126. A. Heintz, H. Funke and R.N. Lichtenthaler, Sorption and diffusion in pervaporation
membranes, in *“Pervaporation Membrane Separation Process™, ed. by R.Y.M. Huang,
Elsevier Publishers B.V.. Amsterdam. The Netherlands, 1991. Chapt. 10.

127. P.J. Flory, "Principles of Polymer Chemistry”, Cornell University Press. Ithaca, NY,
1953.

128. H.H. Nijhuis, Removal of trace organics from water by pervaporation (A technical and
economic analysis), Ph.D. Thesis, University of Twente, Enschede, The Netherlands.
1990.

129. M.H.V. Mulder, Thermodynamic principles of pervaporation, in “Pervaporation
Membrane Separation Process”, ed. by R.Y.M. Huang, Elsevier Publishers B.V..

Amsterdam. The Netherlands, 1991, Chapt. 10.



16: 41 30 January 2011

Downl oaded At:

PERVAPORATION

130. J. -W. Rhim and R.Y.M. Huang, Prediction of pervaporation separation characteristics
for the ethanol-water-nylon-4 membrane system, J. Membrane Sci., 70, 105 (1992).

131. P.J. Flory and J. Rehner, Statistical mechanics of cross linked polymer networks. II.
Swelling, J. Chem. Phys., 11, 521 (1943).

132. R.N. Lichtenthaler, D.D. Liu, and J.M. Prausnitz, Ber. Bunsenges, 78, 470 (1974).

133. J.G.A. Bitter, “Transport mechanisms in membrane separation processes”, Plenum
Press, New York, 1991.

134. ]. M. Prausnitz, “Molecular Thermodynamics of Fluid-Phase Equilibria”, Prentice Hall,
1969.

135. R. Koningsveld and L.A. Kleintjens, Liquid-liquid phase separation in multicomponent
polymer systems. X. Concentration dependence of the pair-interaction parameter in the
system cyclohexane-polystyrene, Macromolecules, 4, 637 (1971).

136. E. Favre, P. Schaetzel, Q.T. Nguyen, R. Clement, and J. Neel, Sorption, diffusion and

209

vapor permeation of various penetrants through dense polv(dimethylsiloxane) membranes:

a transport analysis, J. Memrbane Sci., 92, 169 (1994).

137. E. Favre, Q.T. Nguyen, P. Schaetzel, R. Clement, and J. Neel, Sorption of organic
solvents into dense silicone membranes - validity and limitations of Flory-Huggins and
related theories, J. Chem. Soc. Faraday Trans., 89, 4339 (1993).

138. E. Favre, Q.T. Nguyen, R. Clement, and J. Neel, Application of Flory-Huggins theory to
ternary polymer-solvents equilibria: a case study, Eur. Plym. J., 32, 303 (1996).

139. D.S. Abrams and J. M. Prausnitz, Statistical thermodynamics of the liquid mixtures: a
new expression for the excess Gibbs energy of partly or completely miscible systems,
AIChE J., 21, 116 (1979).

140. A. Fredenslund, R.L. Jones and J.M. Prausnitz, Group-contribution estimation of

activity coefficients in nonideal liquid mixtures, AIChE J., 21, 1086 (1975).



16: 41 30 January 2011

Downl oaded At:

210 DUTTA. JI. AND SIKDAR

141. J. Gmehling, Fluid Phase Equilibria, Group contribution methods for the estimation of
activity coefficients, 30, 119 (1986).

142. T. Oishi and J.M. Prausnitz, Estimation of solvent activities in polymer solutions using a
group-contribution method, Ind. Eng. Chem. Process Des. Dev., 17, 333 (1978).

143. R. Goydan, R.C. Reid and H.-S. Tseng, Estimation of the solubilities of organic
compounds in polymers by group-contribution methods, Ind. Eng. Chem. Res., 28, 445
(1989).

144. W. Stephan and A. Heintz, Separation of aliphatic/aromatic mixtures by pervaporation
using polyurethane membranes. Model calculations and comparison with experimental
results, in “Proceedings of Sixth [nternational Conference on Pervaporation Processes in
the Chemical Industry”, Ottawa, Canada, September 27-30, 1992, p. 292,

145. L. Enneking, W. Stephan and A. Heintz, Sorption and diffusivity measurements of
cyclohexane/benzene and cyclohexane/toluene mixtures in polyurethane membranes and
modeling the pervaporation process, Ber. Bunsenges. Phys. Chem., 97, 912 (1993).

146. A. Heintz and W. Stephan, A generalized solution-diffusion model of the pervaporation
process through composite membranes. Part L. Prediction of mixture solubilities in the
dense active layer using the UNIQUAC model, J. Membrane Sci., 89, 143 (1994).

147. A. Heintz and W. Stephan, A generalized solution-diffusion model of the pervaporation
process through composite membranes. Part II. Concentration polarization, coupled
diffusion and the influence of the porous support layer, J. Membrane Sci., 89, 153 (1994).

148. D.J. Doong and W.S.W. Ho, Sorption of organic vapor in polyethylene, Ind. Eng. Chem.
Res., 30, 1351 (1991).

149. D.J. Doong, W.S. Ho and R.P. Mastondrea, Prediction of flux and selectivity in
pervaporation through a membrane, J. Membrane Sci., 107, 129 (1995).

150. P.J. Flory, Thermodynamics of polymer solutions, Discuss. Faraday Soc.,49, 7 (1970).



16: 41 30 January 2011

Downl oaded At:

PERVAPORATION 211

151. A.S. Michaels and R.W. Hausslein, Elastic factors controlling sorption and transport
properties of polyethylene, J. Polym. Sci., Part C, 10, 61 (1965).

152. H.J.C. te Hennepe, W.B.F. Boswerger, D. Bargeman, M.H.V. Mulder and C.A.
Smolders, Zeolite-filled silicone rubber membranes - experimental determination of
concentration profiles, J. Membrane Sci., 89, 185 (1994).

153. R.B. Long, Liquid permeation through plastic films, Ind. Eng. Chem. Fundam., 4, 445
(1965).

154. S.N. Kim and K. Kammermeyer, Actual concentration profiles in membrane separation,
Sep. Sci. and Technol., 5, 679 (1970).

155. R.K. Ghai, H. Ertl, and F.A.L. Dullien, Liquid diffusion of nonelectrolytes: part [, AIChE
J., 19, 881 (1987).

156. R.A. Shelden and E.V. Thompson, Dependence of diffusive permeation rates on
upstream and downstream pressures, J. Membrane Sci., 4, 115 (1978).

157. R.A. Shelden and E.V. Thompson, Dependence of diffusive permeation rates on
upstream and downstream pressures. IV. Computer simulation of nonideal systems, J.
Membrane Sci., 19, 39 (1984).

158. M.H.V. Mulder and C.A. Smolders, Pervaporation, solubility aspects of the solution-
diffusion model, Separation and Purification Methads, 15, 1 (1986).

159. T. Kataoka, T. Tsuru, S. Nakao and S. Kimura, Permeation equations developed for
prediction of membrane performance in pervaporation, vapor permeation and reverse
osmosis based on the solution-diffusion model, J. of Chem. Eng. in Japan, 24, 326
(1991).

160. C.K. Yeom and R.Y .M. Huang, Modeling of the pervaporation separation of ethanol-
water mixtures through crosslinked poly (vinyl alcohol) membrane, J. Membrane Sci., 67,

39 (1992).



16: 41 30 January 2011

Downl oaded At:

212 DUTTA, JI, AND SIKDAR

161. F. W. Greenlaw, W.D. Prince, R.A. Sheldon, and E.V. Thompson, Dependence of
diffusive permeation rates on upstream and downstream pressure. 1. Single component
permeant, J. Membrane Sci., 2, 141 (1977).

162. F.W. Greenlaw. R.A. Sheldon. and E.V. Thompson, Dependence of diffusive permeation
rates on upstream and downstream pressure. 11. Two-component permeant, J. Membrane
Sci., 2, 333 (1977).

163. O. Kedem, The role of coupling in pervaporation, J. Membrane Sci., 47, 277 (1989),

164. H. Fujita, A. Kishimoto and K. Matsumoto, Concentration and temperature dependence
of diffusion coefficients for systems polymethyl acrylate and n-alkyl acetates, Trans.
Fraday Soc., 36, 424 (1960).

165. S.M. Fang, S.A. Stern and H.L. Frisch, A free volume model of permeation of gas and
liquid mixtures through polymeric membranes, Chem. Eng. Sci., 30, 772 (1975).

166. C.K. Yeom and R.Y.M. Huang, A new method for determining the diffusion coefficients
of penetrants through polymeric membranes from steady state pervaporation experiments,
J. Membrane Sci., 68, 11 (1992).

167. R.Y.M. Huang and J.-W. Rhim, Theoretical estimations of diffusion coefficients, J.
Applied Polymer Sci., 41, 535 (1990).

168. R.Y.M. Huang and J.-W. Rhim, Prediction of pervaporation separation characteristics for
the methanol-pentane-nylon-6-poly (acrylic acid) blended membrane system, J. Membrane
Sei., 71,211 (1992).

169. S.J. Doong and W.S. W. Ho, Diffusion of hydrocarbons in polyethylene, Ind. Eng. Chem.
Res., 31, 1050 (1992).

170. K.W. Boddeker, Terminology in pervaporation, J. Membrane Sci., 51, 259 (1990).

171. R.A. Sferrazza and C. H. Gooding, Prediction of sorption selectivity in pervaporation
membranes, in “Proceedings of Third International Conference on Pervaporation

Processes in the Chemical Industry”, Nancy, France, 1988, p.54.



16: 41 30 January 2011

Downl oaded At:

PERVAPORATION 213

172. M.N. de Pinho, R. Rautenbach and C. Herion, Mass transfer in radiation-grafted
pervaporation membranes, J. Membrane Sci., 54, 131 (1990).

173. E.J. Jeon and S.C. Kim, Computer simulation for the pervaporation process of
water/ethanol mixture through interpenetrating polymer network (IPN) membranes, J.
Membrane Sci., 70, 193 (1992).

174. A. Jonquieres. A.R. Clement, D. Roizard and P. Lochon, Pervaporative transport
modeling in a temary system: ethyltertiarybutylether/ethanol/polyurethaneimide, J.

Membrane Sci., 109, 65 (1996).

175. J.G.A. Bitter, Effect of crystallinity and swelling on the permeability and selectivity of
polymer membrane, Desalination, 51, 19 (1984).

176. D.R. Paul, Further comments on the relation between hydraulic permeation and
diffusion, J. Polym. Sci., Polym. Phys. Ed., 12, 1221 (1974).

177. R. Rautenbach and R. Albrecht, The separation potential of pervaporation, Part 1.
Discussion of transport equations and comparison with reverse osmosis, J. Membrane
Sci., 25, 1 (1985).

178. E.L. Cussler, “Diffusion: Mass Transfer in Fluid Systems”, Cambridge University Press,

NY, 1989.

179. J.G. Wijmans and R.W. Baker, A simple predictive treatment of permeation process in
pervaporation, J. membrane Sci., 79, 101 (1993).

180. T. Okada, and T. Matsuura, A new transport model for pervaporation, J. Membrane Sci.,
59, 133 (1991).

181. T. Okada, and T. Matsuura, Predictability of transport equations for ervaporation on the
basis of pore-flow mechanism, J. Membrane Sci., 70, 163 (1992).

182. A. Ito, K. Watanabe, and Y. Feng, Swollen dry-layer model for the pervaporation of
ethanol-water solution through hydrophilic membranes, Sep. Sci. Technol., 30, no. 15,

3045 (1995).



16: 41 30 January 2011

Downl oaded At:

214 DUTTA, JI, AND SIKDAR

183. R.K. Tyagi and T. Matsuura, Concentration polarization occurring inside the
membrane during steady state pervaporation, Chem. Engng. Commun., 134, 157 (1995).

184. R.K. Tyagi, A.E. Fouda and T. Matsuura, A pervaporation model: membrane design,

Chem. Engng. Sci., 56, 3105 (1995).

185. J.M.S. Henis and M.K. Tripodi, Composite hollow fiber membrane for gas separation in
the resistance model approach, J. Membrane Sci., 8, 238 (1981).

186. W. Gudemnatsch. T. Menzel and H. Strathmann, Influence of composite membrane
structure on Pervaporation, J. Membrane Sci., 61, 19 (1991).

187. R.Y.M. Huang and X. Feng, Resistance model approach to asymmetric polyetherimide
membranes for pervaporation of isopropanol/water mixtures, J. Membrane Sci.. 84, 15
(1993).

188. M.G. Liu, J. M. Dickson and P. Cote, Simulation of a pervaporation system on the
industrial scale for water treatment. Part I: Extended resistance-in-series model, J.
Membrane Sci., 111, 227 (1996).

189. E. Bode. and C. Hoempler, Transport resistances through a composite membrane.
experiments and model calculations, J. Membrane Sci., 113, 43 (1996).

190. T. Shimidzu and H. Okushita, Selective separation of cyclohexane-cyclohexanone-
cyclohexanol mixtures through poly(N-vinylpyrrolidone-co-acrylonitrile) membranes, J.
Membrane Sci., 89, 113 (1988).

191. H.C. Park, R.M. Meertens. M.H.V. Mulder and C.A. Smolder, Pervaporation of alcohol-
toluene mixtures through polymer blend membranes of poly(acrylic acid) and poly(vinyl
alcohol), J. Membrane Sci., 90, 265 (1994).

192. C.D. Ihm, and 8.K. Ihm, Pervaporation of water-ethanol mixtures through sulfonated
polystyrene membranes prepared by plasma graft polymerization, J. Membrane Sci., 98,

89 (1995).



16: 41 30 January 2011

Downl oaded At:

PERVAPORATION 215

193. M. Marin, K. Kalantzi and H. Gibert, Pervaporation process: membrane conditioning and
experimental mass transfer analysis, J. Membrane Sci., 74, 105 (1992).

194. R.Y.M. Huang and N. R. Jarvis, Separation of liquid mixtures by using polymer
membranes. II. Permeation of aqueous alcohol solutions through cellophane and
poly(vinyl alcohol), J. Appl. Polym. Sci., 14, 2341 (1970).

195. R.Y.M. Huang and V .J.C. Lin. Separation of liquid mixtures by using polymer
membranes. 1. Permeation of binary organic liquid mixtures through polyethylene, J. Appl.
Polym. Sci., 12, 2615 (1968).

196. P. Radovanovic, S.W. Thiel and S.-T. Hwang, Transport of ethanol-water dimers in
pervaporation through a silicone rubber membranes, J. Membrane Sci., 48, 55 (1990).

197. R.Y.M. Huang and Y. Wei, Pervaporation with latex membranes. 1II. Sorption and
pervaporation properties: a comparison between latex and solvent-cast membranes, J.
Membrane Sci., 89, 9 (1994).

198. M. Yoshikawa. T. Wano and T. Kitao. Specialty polymeric membranes. 1. Modified
polybutadiene membranes for alcohol separation, J. Membrane Sci., 76, 155 (1993).

199. E. Ruckenstein and F. Sun, Anomalous sorption and pervaporation of aqueous organi
mixtures by poly(vinyl acetal) membranes, J. Membrane Sci., 95, 207 (1994).

200. A. Zinvy and J. Pouchly, Theoretical analysis of sorption of a binary solvent in a polymer
phase. I. Occurrence and character of inversion in preferential sorption, J. Polym. Sci., A-
2, 10, 1467 (1972).

201. R. Rautenbach, M. Franke and S.T. Klatt, Dehydration of organic mixtures by
pervaporation. Experimental and theoretical studies on temary-and multicomponent
systems, J. Membrane Sci., 61, 31 (1991).

202. M. Wesslein, A. Heints and R.N. Lichtenthaler, Pervaporation of liquid

mixtures through poly(vinyl alcohol) (PVA) membranes. II. The binary systems



16: 41 30 January 2011

Downl oaded At:

216 DUTTA, JI, AND SIKDAR

methanol/1-propanol and methanol/dioxane and the terary system water/wethanol/1-
propanol, J. Membrane Sci., 51, 181 (1990).

203. S. Goethaert, C. Dotremont, M. Kuijpers, M. Michiels and C. Vandecastelle, Coupling
phenomena in the removal of chlorinated hydrocarbons by means of pervaporation, J.
Membrane Sci., 78, 135 (1993).

204. J.G. Wijmans. A.L. Athayde, R. Daniels, J.H. Ly, H.D. Kamaruddin and . Pinnau, The
role of boundary layers in the removal of volatile organic compounds from water by
pervaporation, J. Membrane Sci.. 109, 135 (1996).

205. T. Madsuda, B.Z. Tang and Higashimura, Ethanol-water separation by pervaporation
through substituted polyacetylene membranes, Polymer J ..,l§, 565 (1986).

206. R. Rautenbach and R. Albrecht, Separation of organic binary mixtures
by pervaporation, J. Membrane Sci., 7, 203 (1980).

207. R. Rautenbach, C. Herion. M. Franke. A.F.A. Asfour, A B. Costa and E. Bo,
Investigation of mass transport in asymmetric pervaporation membranes, J. Membrane
Sci., 36, 445 (1988).

208. G. Qunhui, H. Ohya and Y. Negishi, Investigation of the permselectivity of chitosan
membrane used in pervaporation separation. I1. Influence of temperature and membrane
thickness, J. Membrane Sci., 98, 223 (1995).

209.1.Y. Lai, S. H. Li and K. R. Lee, Permselectivities of polysiloxanimide membranes for
aqueous ethanol in pervaporation, J. Membrane Sci., 93, 273 (1994).

210. H. Karlsson, O.E. and G. Tragardh, Aroma compound recovery with pervaporation- feed
flow effects, J. Membrane Sci., 81, 163 (1993).

211. H.H. Nijhuis, M.H.V. Mulder and C.A. Smolders, Removal of trace organics from
aqueous solutions. Effect of membrane thickness, J. Membrane Sci., 61, 99 (1991).

212. H.H. Nijhuis, M.H.V. Mulder, and C.A. Smolders, Modeling pervaporation membrane

performance in the removal of trace organics from water, in *“Proceedings of International



16: 41 30 January 2011

Downl oaded At:

PERVAPORATION 217

Congress on Membranes and Membrane Processes”, Vol. 1, Chichago, U.5.A., N.N. Li
(Ed.), North American Membrane Society, 319 (1990).

213. P.J. Hickey, and C.H. Gooding, Modeling spiral wound modules for the pervaporation of
VOCs from water, J. Membrane Sci., 88, 47 (1994).

214. R. Rautenbach and F.P. Helmus, Some consideration on mass transfer resistances in
solution-diffusion type membrane processes, J. Membrane Sci., 87, 171 (1994).

215. P.J. Hickey and C.H. Gooding, Mass transfer in spiral wound pervaporation modules, J.
Membrane Sci., 92, 59 (1994).

216. X. Feng and R.Y .M. Huang, Concentration polarization in pervaporation separation
process, J. Membrane Sci., 92, 201 (1994).

217. A.S. Michaels, Effects of feed-side solute polarization on pervaporative stripping of
volatile organic solutes from dilute aqueous solution: a generalized analytical treatment, J.

Membrane Sci., 101, 117 (1995).

218. P. Bo and A.B. Nielsen, Boundary conditions in pervaporation. Effect of gas phase
transport of permeants on the pervaporate side of the membrane, in “Proceedings of
Third International Conference on Pervaporation Processes in the Chemical Industry”,
Nancy, France, 1988, p. 71.

219. D. Beaumelle, and M. Marin, Effect of transfer in the vapor phase on the extraction by
pervapaoration through organophilic membranes: experimental analysis on model
solutions and theoretical extrapolation, Chem. Eng. & Proc., 33, 449 (1994).

220. J.G. Sikonia and F.P. McCandless, Separation of isomeric xylenes by permeation through

modified plastic films, J. Membrane Sci., 4, 229 (1978).

221. A.S. Michaels, R.F. Buddour, HJ. Bixler and C.Y. Choo, Conditioned polyethylene as a
permselective membrane, Ind. Eng. Chem. Process Des. Dev. 1, 14 (1962).

222. M.D. Heany and J.J. Pellegrino, Increased facilitated transport related to microstructural

changes in heat-treated ion exchange membranes, J. Membrane. Sci., 47, 143 (1989).



16: 41 30 January 2011

Downl oaded At:

218 DUTTA, JI, AND SIKDAR

223. V.M. Shah, D. Tuohey, J. Reale, Jr., and C.R. Bartels, Performance and utilization of
spiral wound elements for pervaporation, in “Proceedings of Seventh International
Conference on Pervaporation Processes in the Chemical Industry™, Reno, Nevada, p. 86
(1995).

224. W. Gudernatsch. and K. Kimmerle. New capillary modules for pervaporation, in
“Proceedings of Fifth International Conference on Pervaporation Processes in the
Chemical Industry”, Heidelberg, Germany, p. 259 (1991).

225. E. Merz and R.S. Danziger, A new industrial pervaporation module design combining a
high permeate flux and good servicability, in “*Proceedings of Seventh International
Conference on Pervaporation Processes in the Chemical Industry™, Reno, Nevada, 94
(1995).

226. R. Rautenbach and R. Albrecht, “Membrane Processes™, Otto Sale Verlag Gmbh.
Frankfurt, Germany, 1989.

227. R. Rautenbach and R. Albrecht, The separation potential of pervaporation, Part 2.
Process design and economics, J. Membrane Sci., 25, 25 (1985).

228. C.H. Gooding and K.G. Teague, Permeate pressure drop characteristics of hollow fiber
and spiral wound pervaporation modules, in “Proceedings of Fourth International
Conference on Pervaporation Processes in the Chemical Industry”, Ft. Lauderdale,
p-262 (1989).

229. P.J. Hickey and C.H. Gooding, Friction loss in spiral wound membrane modules, in

“Proceedings of Sixth International Conference on Pervaporation Processes in the
Chemical Industry”, Ottawa, Canada, p.153 (1992).

230. X. Feng and R.Y.M. Huang, Permeate pressure buildup in shell-side hollow fiber
pervaporation membranes, Can. J. Chem. Eng,, 73, 833 (1995).

231. R.W. Schofield, S.B. McCray, R.J. Ray and D.D. Newbold, Opportunities for

pervaporation in the water-treatment industry, in “Proceedings of Fifth International



16: 41 30 January 2011

Downl oaded At:

PERVAPORATION 219

Conference on Pervaporation Processes in the Chemical Industry”, Heidelberg, Germany,
March 11-185, 1991, p. 409.

232. W.Ji, A. Hilaly, S. K. Sikdar and S.-T. Hwang, Optimization of multicomponent
pervaporation for removal of volatile organic compounds from water, J. Membrane
Sci., 97, 109 (1994).

233. P. Hickey and C.H. Gooding, The economic optimization of spiral wound membrane
modules for the pervapaorative removal of VOCs from water, J. Membrane Sci., 97, 53
(1994).

234. H.L. Fleming, Integrating membrane systems with conventional separations: fast track to
commercialization, personal communication, (1993).

235. M.E. Goldblatt and C.H. Gooding, An engineering analysis of membrane-aided
distillation, AIChE Symposium Series, 82 (248), 51 (1986).

236. J. Bergdorf, Case study of solvent dehydration in hybrid processes with and without
pervaporation, in “Proceedings of Fifth International Conference on Pervaporation
Processes in the Chemical Industry”, Heidelberg, March 11-15, p.362 (1991).

237. R. Rautenbach and S. Klatt. Treatment of phenol-contaminated wastewater by a RO-PV
hybrid process, in “Proceedings of Fifth Intemational Conference on Pervaporation
Processes in the Chemical Industry”, Heidelberg, March 11-15, p. 392 (1991).

238. R. Ray, D. Friesen, R. Wytcherley and R. Schofield, Pervaporation-based hybrid systems,
in “Proceedings of Fourth International Conference on Pervaporation Processes in the
Chemical Industry”, Ft. Lauderdale, Florida, December 3-7, p. 200 (1989).

239. H.L. Fleming, Membrane Pervaporation: separation of organic/aqueous mixtures, Paper
presented at the International Conference on Fuel Alcohols and Chemicals,

Guadalajara, Mexico, February 2, (1989).

240. H.L. Fleming, Consider membrane pervaporaion. CEP, 88(7), 46 (1992).



16: 41 30 January 2011

Downl oaded At:

220 DUTTA, JI, AND SIKDAR

241. H.E.A. Bruschke, Removal of ethanol from aqueous streams by pervaporation,
Desalination, 77, 323 (1990).

242. J.L. Escoudiet. M. Le Bouar, M. Moutounet, C. Jouret and J.M. Barillere, Application
and evaluation of pervaporation for the production of low alcohol wines, in
“Proceedings of Third International Conference on Pervaporation Processes in the
Chemical Industry”, Nancy, France, p.387 (1988).

243. T. Asada, Pervaporation membrane plant, industrial experience and plant design in Japan,
in “Pervaporation Membrane Separation Process”, ed. R.Y.M. Huang, Elsevier Publishers
B.V., Amsterdam, The Netherlands, chapter 12 (1991).

244. P.J. Hickey and C. Stewart Slater, The selective recovery of alcohols from fermentation
broths by Pervaporation, Sep. Purif. Methods, 19, 93 (1990).

245. P.J. Hickey, and C.S. Slater, Pervaporation of dilute ethanol solutions through
hydrophobic membranes, in “Proceedings of Fourth International Conference on
Pervaporation Processes in the Chemical Industry”, Ft. Lauderdale, FL., Dec. 3-7, p.579
(1989).

246. H. Karlsson, and G. Tragarth, Pervaporation of dilute organic-waters mixtures. A
literature review on modeling studies and appiications to aroma compound recovery, J.
Membrane Sci., 76, 121 (1993).

247. W. Ji., and S K. Sikdar, Pervaporation using adsorbent-filled. membranes, Ind. Eng.
Chem. Res.. 33, 1124 (1996).

248. A. Yamasaki, T. Iwatsubo, T. Masuoka and K. Mizoguchi, Pervaporation of
ethanol/water through a poly(viny!l alcohol)/ciclodextrin (PVA/CD) membrane, J.
Membrane Sci., 89, 111 (1994).

249.X. Feng and R.Y.M. Huang, Pervaporation with chitosan membrane. 1. Separation of
water from ehtylene glycol by a chitosan/polysulfone composite membrane, J.

Membrane Sci., 116, 67 (1996).



16: 41 30 January 2011

Downl oaded At:

PERVAPORATION 221

250. D. Roizard, R. Clement, P. Lochon, J. Kerres and G. Eigenberger, Synthesis
characterization and transport properties of a new siloxane-phosphazene copolymer.
Extraction of n-butanol from water by pervaporation, J. Membrane Sci., 113, 151 (1996).

251. K. Richau, H.-H. Schwarz, R. Apostel and D. Paul, Dehydration of organics by
pervaporation with polyelectrolyte complex membranes: some considerations concerning
the separation mechanism, J. membrane Sci., 113, 31 (1996).

252. N. Scharnag], K.-V. Peinemann, A. Wenzlaff, H.-H. Schwarz and R. D. Behling,
Dehydration of organic compounds with SYMPLEX composite membranes, J. Membrane
Sci., 113, 1 (1996).

253. M.O. David, Q.T. Nguyen and J. Neel, Pervaporation membranes endowed with catalytic
properties based on polymer blends, J. Membrane Sci., 73, 129 (1992).

254. A. van der Padt, J.J.W. Sewalt and K. van’t Riet, On-line water removal during
enzymatic triglyceride synthesis by means of pervaporation, J. Membrane Sci., 80, 199
(1993).

255. A.B. Solovieva, N.V. Belkina and A.V. Vorobiev, Catalytic process of
alcohol oxidation with target product pervaporation, J. Membrane Sci., 110, 253 (1996).

256. Y. Zhu, R.G. Minet and T.T. Tsotsis, A continuous pervaporation membrane reactor for

the study of esterification reactions using a composite polymeric/ceramic membrane,
Chem. Eng. Sci,, 51, 4103 (1996).

257. A. Voilley, T. Lamar, T.Nguyen, and D. Simatos, Extraction of aroma compounds by
pervaporation technique, in “Proceedings of Fourth International Conference on
Pervaporation Processes in Chemical Industry”, R. Bakish (Ed.), Bakish Materials Corp.,
Engelwood, NJ, p.332 (1989).

258. C. -H. Park and K. Janni, Recent progress in simultaneous fermentation and separation of
alcohols using gas stripping and membrane processes, AIChE Symposium Series, 90

(300), 63 (1994).



16: 41 30 January 2011

Downl oaded At:

222 DUTTA, JI, AND SIKDAR

259. Y. Mori and T. Inaba, Ethanol production from starch in a pervaporation membrane
bioreactor using clostridium thermohydrosulfuricum, Biotechnol. Bioeng, 36, 849
(1991).

260. W. Zhang, X. Yu and Q. Yuan, Ethanol fermentation coupled with complete cell recycle
pervaporation system: dependence of glucose concentration, Biotechnology Techniques, 9, 299
(1995).

261. S.1. Nakao, F. Saitoh, T. Asakura, K. Toda and S. Kimura, Continuous ethanol extraction
by pervaporation from a membrane bioreactor, J. Membrane Sci., 30, 273 (1987).

262. M.Matsumura, S. Takehara and H. Kataoka, Continuous butanol/isopropanol
fermentation in down-flow column reactor coupled with pervaporation using supported
liquid membrane. Biotechnol. Bioeng., 39, 148 (1992).

263. S.K. Sikdar and S.S. Sawant, Ammonia removal from mammalian cell culture medium
by ion-exchange membranes, Sep. Sci. Technol., 29, 1579 (1994).

264. T.A. Barber and B.D. Miller, Pervaporation technology: fundamentals and environmental
applications, Chem. Eng., September, 88 (1994).

265.J.G. Wijmans, J. Kaschemekat, J.E. Davidson and R.W. Baker, Treatment of organic-
contaminated wastewater streams by pervaporation, Environ. Progress, 9, 262 (1990).

266. .M. Watson G.S. Zhang and P.A. Payne, The diffusion mechanism in silicone rubber, J.
Membrane Sci., 73, 55 (1992).

267. P.R. Brookes and A.G. Livingston, Aqueous-aqueous extraction of organic pollutants

through tubular silicone rubber membranes. J. Membrane Sci., 104, 119 (1995).

268. D. Penes and P. Birbara, An ultrapure water processing system utilizing membrane

pervaporation and catalytic oxidation technologies, SAE Trans., 100, 1926 (1991).

269. N. Rajagopalan and M. Cheryan, Pervaporation of grape juice aroma, J. Membrane Sci.,

104, 243 (1995).




16: 41 30 January 2011

Downl oaded At:

PERVAPORATION 223

270. N. Rajagopalan, M. Cheryan and T. Matsuura, Recovery of diacety! by pervaporation,
Biotechnol. Techniques, 8, 869 (1994).

271. E. Bengtsson, G. Tragardh and B. Hallstrom, Recovery and concentration of apple juice
aroma compounds by pervaporation, J. Food Eng., 10, 65(1989).

272. T.M. Aminabhavi, R.S. Khinnavar, S.B. Harogoppad, U.S. Aithal, Q.T. Nguyen and
K.C. Hansen, Pervaporation separation of organic-aqueous and organic-organic binary
mixtures, J.M.S., Rev. Macromol. Chem. Phys., C, 34, 139 (1994).

273.Y. Nagase, S. Mori and K. Marsui, Chemical modification of poly(substituted acetylene).
IV. Pervaporation of organic liquid/water mixture through poly(1-phenyl-I-
propyne)/polydimethylsiloxane graft copolymer membrane, J. Appl. Polym. Sci., 37,

1259 (1989).

274.Y. Nagase, A. Neruse and K. Matsui, Chemical modification of polysulfone. 2. Gas and
liquid permeability of polysulfone/polydimethylsiloxane graft copolymer membrane.
Polymer, 31, 121 (1990).

275. J. Schauer, P. Sysel, V. Marousek, Z. Pientka, J. Pokorny and M. Bleha, Pervaporation
and gas separation membranes made from polyimide/polydimethylsiloxane block
copolymer, J. Appl. Polym. Sci., 61, 1333 (1996).

276. A. Jonquieres, D. Roizard, J. Cuny, A. Vicherat and P. Lochon, Polarity measurements in
block copolymers (polyurethaneimide) and correlation with their pervaporation features, J.
Appl. Polym. Sci., 56, 1567 (1995).

277. A. Jonquieres, D. Roizard and P. Lochon, Polymer design for pervaporation membranes:
influence of the soft segment size of block copolymers (polyurethaneimides or
polyureaimides) on their pervaporation features, J. Membrane Sct., 118, 73 (1996).

278. G. Das, ans A.N. Banerjee, Role of methods of blending on polymer-polymer

compatibility, J. Appl. Polym. Sci., 61, 1473 (1996).



16: 41 30 January 2011

Downl oaded At:

224 DUTTA, JI, AND SIKDAR

279. L. Liang and E. Ruckenstein, Polyvinyl alcohol-polyacrylamide interpenetrating polymer
network membranes and their pervaporation characteristics for ethanol-water mixtures, J.

Mémbrane Sci., 106, 167 (1995).

280. T. Miyata, J.-1. Higuchi, H. Okuno and T. Uragami, Preparation of
polydimethylsiloxane/polystyrene polymer network membranes and permeation of
aqueous ethanol solutions through the membranes by pervaporation, J. Appl. Polym. Sci.,
61, 1351 (1996).

281. K. Jian and P.N. Pintauro, Integral asymmetric poly(vinylidene fluoride) (PVDF)
pervaporation membranes, J. Membrane Sci., 85, 301(1993).

282. K. Jian, P.N. Pintauro and R. Ponangi, Separation of dilute organic/water mixtures with

asymmetric poly(vinylidene fluoride) membranes, J. Membrane Sci., 117, 117(1996).



