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Abstract

A novel asymmetric ceramic-supported polymer (CSP) pervaporation membrane was developed using free-radical graft

polymerization of polyvinyl acetate (PVAc) onto a porous tubular silica substrate. The resulting membrane was characterized

by pervaporation removal of trichloroethylene (TCE) and chloroform from dilute aqueous solutions. PVAc was chosen since it

has a high af®nity for TCE and chloroform and a low af®nity for water, thus making the membrane permselective toward these

solutes. This study has shown, for the ®rst time, that pervaporation is possible even with a large substrate starting pore size

(�500 AÊ ) and where the active separation phase is a macromolecular layer of terminally anchored chains. Performance of the

CSP membrane was assessed at various hydrodynamic conditions and feed concentrations. Resistance of the PVAc/CSP

membrane was found to be negligible compared with the concentration boundary layer resistance. The enrichment factor,

de®ned as the ratio of total solute concentration in the permeate to that in the feed, increased with polymer graft yield. For a

given graft yield, the enrichment factor approached an asymptotic plateau value, as the tube-side Reynolds number was

increased due to increased water ¯ux in response to the rise in transmembrane pressure. Preliminary analysis suggests that the

CSP pervaporation membrane performance could be substantially increased by optimizing reaction conditions to produce a

higher polymer graft density. # 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

In pervaporation, removal of organic components

from an aqueous solution is achieved by selective

partitioning (solvation) into and diffusion through a

polymeric ®lm (i.e. membrane) followed by recovery

as condensed vapor on the permeate side. Applications

of pervaporation technology to industrial processes

include dehydration of alcohol±water streams [1±10],

removal of organic pollutants from dilute aqueous

wastes [11±17], separation of close boiling point

mixtures [18], and azeotropes [19±21]. To date, most

pervaporation studies have involved pure or asym-

metric composite polymer membranes with high

selectivities. There are, however, well-documented

drawbacks which include lack of physical stability

and chemical vulnerability to various industrial
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solvents. Conversely, ceramic membranes are known

to have excellent structural integrity and high chemi-

cal and thermal resistance [22]; however, these ben-

e®ts are largely offset by poor selectivity and a limited

selection of pore sizes. Such shortcomings can be

overcome by surface modi®cation of the ceramic

substrate with a polymeric active layer.

Attempts to blend ceramic and polymeric mem-

brane properties have been detailed in the literature.

These hybrid membranes have been synthesized by

adding ceramic or zeolite particles to the polymer

solution prior to casting of a membrane [23,24], dip-

coating a porous ceramic substrate in polymer solution

[10,25] with subsequent crosslinking [26], and pore-

®lling of a porous ceramic substrate with acrylamide,

followed by cross-linking [27].

A promising approach to active layer formation is

the grafting of a covalently bonded polymer surface

layer to the porous ceramic substrate. The thin poly-

mer layer provides the desired chemical selectivity

and allows controlled reduction of pore size near the

membrane surface. To demonstrate the concept of

CSP pervaporation membranes, this study focused

on the pervaporation removal of trace levels of tri-

chloroethylene (TCE) from aqueous mixtures. Perva-

poration of chloroform was also evaluated to

investigate the effects of solute diffusivity and to

verify pervaporation dependence on the concentration

boundary layer resistance. A nonselective silica mem-

brane was grafted with covalently bonded polyvinyl

acetate (PVAc) chains using a previously reported

method of graft polymerization [28,29]. PVAc poly-

mer was selected as the active membrane phase

because of its high solubility with TCE and chloro-

form. The performance of the PVAc CSP membrane is

presented here as a function of hydrodynamic ¯ow

conditions and the graft polymer density. These results

form the initial basis for future optimization of CSP

pervaporation membranes.

2. Analysis

2.1. Resistance-in-series model

Pervaporation can be described by the popular

resistance-in-series model or the pore-¯ow model

[30±32]. Although the resistance-in-series model does

not provide a detailed mechanistic description of the

pervaporation process, it is convenient for analyzing

the relative resistances involved in the process. Brie¯y,

the resistance-in-series model is typically described

by three regions as depicted in Fig. 1. Transport of

components from the feed solution to the vapor mix-

ture involves several stepwise processes [17]:

1. mass transfer from the feed bulk to the feed-

membrane interface;

2. partition of penetrants between feed and mem-

brane;

3. diffusion through the membrane (or membrane

layers in the case of a composite); and

4. desorption at the membrane-permeate interface

(usually neglected if a high vacuum is maintained

on the permeate side).

Based on the above steps, an expression for flux of a

given component through the membrane can be

derived as

Ji � 1

1

kf;i
� 1

sf;ikm;i
� 1

�sf;i=sp;i�kp;i

� Cb;i ÿ sf;i

sp;i
Cp;i

� �
;

(1)

where Ji is the molar flux of component i through the

boundary layer and kf,i, km,i, and kp,i are mass transfer

coefficients across tube-side concentration boundary

layer, membrane, and permeate film, respectively. Cb,i

and Cp,i are the molar concentrations for the bulk and

permeate sides and the partition coefficients sf,i and sp,i

Fig. 1. Schematic of the concentration profile for membrane

pervaporation.
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are defined as

sf;i � Cmf;i

Cf;i
; (2)

sp;i � Cmp;i

Cpm;i
; (3)

where Cf,i and Cmf,i, are the solution/membrane inter-

face concentrations and Cmp,i and Cpm,i are the mem-

brane/permeate interface concentrations of the solute

i, as shown in Fig. 1.

If suf®ciently low total pressure is maintained on

the permeate side, the permeate concentration and the

mass transfer resistance in the permeate ®lm (i.e. 1/

kp,i) [33] may be considered negligible. Therefore, the

¯ux as expressed in Eq. (1) is reduced to

Ji � kov;iCb;i; (4)

where kov,i, the overall pervaporation mass transfer

coef®cient for solute i, is given by

1

kov;i
� 1

kf;i
� 1

sf;ikm;i
: (5)

Diffusive mass ¯ux through the liquid concentration

boundary layer on the feed side of the membrane can

be expressed as:

Ji � kf;i�Cb;i ÿ Cf;i�; (6)

where the mass transfer coef®cient for transport across

the boundary layer, kf,i, may be obtained from pub-

lished Sherwood number correlations. For cross¯ow

pervaporation, these correlations are generally written

as

Sh � b Rec Scd dn

L

� �e

; (7)

in which Sh�kf,i dh/Di, Re�u dh/�, and Sc��/Di are

the Sherwood, Reynolds, and Schmidt numbers,

respectively. Di is the solute diffusivity in the bound-

ary layer, dh is the inside diameter of the membrane

tube, u the average ¯ow velocity through the tube and

� is the kinematic viscosity. The correlation para-

meters b, c, d, and e have been reported in the literature

for tubular geometry for different ¯ow regimes by

various investigators [34±38]. The correlation para-

meters used for the range of Reynolds numbers in this

study were b�1.62, c�0.33, d�0.33, and e�0.33

(Re<2000) and b�1.85, c�0.33, d�0.33, and

e�0.33 (2000<Re<4000).

2.2. Solute removal

As a given solute, i, permeates through the mem-

brane, a polarization layer on the liquid side of the

membrane is formed. Schematic representation of the

polarization phenomenon in a pervaporation process is

shown in Fig. 2. In order to derive the relevant mass

transfer equation for the time-dependent concentra-

tion in the feed reservoir, a number of simpli®cations

can be made for the speci®c operation of the present

membrane system:

1. The thickness of the polarization layer is small

compared with the radius of the tube;

2. There is no concentration polarization at the mem-

brane±gas interface (i.e. the permeate side is main-

tained at essentially zero solute partial pressure);

3. The mass transfer resistance in the permeate film

on the shell-side, 1/kp,i, and the permeate concen-

tration can be considered to be negligible due to the

high vacuum maintained on the permeate side (e.g.

<10 Torr);

4. The solute convective flux through the membrane

is negligible relative to the solute diffusive flux (i.e.

the radial Peclet number, Per, is small compared

with unity); and finally

5. We also note that in the present membrane system,

axial pressure drop is negligible (e.g. the pressure

Fig. 2. Schematic representation of transport in the neighborhood

and through a pervaporation membrane.
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between inlet and outlet of the membrane was less

than 1%).

Thus, the transmembrane flux can be approximated to

be constant along the length of the membrane.

Following the above simpli®cations the relationship

between inlet and outlet concentrations of the mem-

brane can be derived from a component mass balance

on a differential element along the membrane (Fig. 2)

d�QCb;i�
dz

� 2�RJi; (8)

where Ji is given by Eq. (6). As a result of simpli®ca-

tion (5) above, dQ/dz�ÿQp/L, where Qp is the total

permeate ¯ow rate and L is the length of the membrane

tube. Subsequent integration of Eq. (8), from the

membrane tube entrance to the exit, leads to the

following expression for the solute concentration at

the exit of the membrane tube

Ci;out � Ci;inp 1ÿ Qp

Qinp

� � 2�RKov;iL

Qp

� �
; (9)

where Ci,inp and Ci,out are the concentrations of i at the

inlet and outlet of the membrane, Qinp the feed ¯ow

rate at the inlet to the membrane, and R is the inside

radius of the membrane tube.

An overall solute balance on the feed reservoir

(Fig. 3) leads to

V
dCi;inp

dt
� ��Qinp ÿ Qp�Ci;out ÿ QinpCi;inp�; (10)

which in combination with Eq. (9) leads to the follow-

ing expression for the solute concentration decline in

the feed reservoir:

Ci;inp � Ci;0
V0

V0 ÿ Qt
p

 ! s
Qp

; (11)

where

S � �Qinp ÿ Qp� 1ÿ Qp

Qinp

� � kov;iA

Qp

� �
ÿQinp; (12)

Fig. 3. Pervaporation system.
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in which Ci,inp is the feed concentration at operation

time t, Ci,0 the initial feed concentration, and V0 is the

initial volume of the solution in the feed reservoir.

When the permeate ¯ow is assumed to be very small,

such that Qp/Qinp�1, Eq. (9) can be reduced to a

more familiar exponential relationship, Ci,out�Ci,inp

exp[2�RLkov/Qinp]. Consistent with the above approx-

imation, when Qpt/Vo�1, one can show that Eq. (11)

reduces to ln(Ci,inp/Ci,o)�ÿ(S/Vo)t, which indicates an

exponential decline of the solute concentration in the

feed reservoir.

The overall mass transfer coef®cient kov,i can be

determined from experimental pervaporation data by

Eq. (11) and the boundary-layer mass transfer coef®-

cient kf,i for the membrane can be obtained from

Eq. (7). This allows the calculation of 1/sf,i km,i, the

contribution of membrane resistance to the overall

mass transfer coef®cient, delineated by the third term

in Eq. (5). It is noted that if the membrane/solute

partition coef®cient is large (i.e. when the solute�s

af®nity for the membrane is high) the membrane

resistance term is expected to be much smaller than

the liquid boundary-layer resistance on the tube-side

of the membrane.

3. Experimental

3.1. Materials

The inorganic substrate for the CSP membranes

was porous silica in a tubular con®guration, 19 cm in

length and 0.4 mm in thickness, with a pore size

of 500 AÊ and surface area of 45.5 m2/g. The silica

membrane was supplied by the Industrial Research

Institute of Miyazaki, Tsunehisa, Japan. Surface

activation was achieved using a solution of vinyl tri-

methylsilane (98% pure, Aldrich, Milwaukee, WI)

and reagent-grade xylene solvent (Fisher Scienti®c,

Tustin, CA).

The polyvinyl acetate (PVAc) surface layer was

synthesized by graft polymerization using reagent

grade vinyl acetate monomer (Fisher Scienti®c,

Tustin, CA) in ACS-grade ethyl acetate solvent

(Fisher Scienti®c, Tustin, CA). The free radical

initiator used for graft polymerization was �,�0-
azobis(2,4-dimethylvaleronitrile) purchased from

Dupont (Wilmington, DE).

3.2. Membrane synthesis

Membrane selectivity is dependent mainly on pre-

ferential solubility of the permeating species in the

active polymer layer. In order to choose a polymer

with maximum selectivity, the Hansen solubility para-

meter approach was used. In this approach, the relative

af®nity of any permeating species to a given polymer

can be ranked using three solubility parameters: �d, �p,

and �h. These three parameters represent nonpolar,

polar, and hydrogen bonding interactions that can be

predicted using available polymer/permeate group

contributions [39]. Typically, the solubility parameters

are plotted orthogonally as axes on a three-dimen-

sional graph, producing a single point in the Hansen

solubility parameter space for each polymer and

permeate. An illustration of the Hansen solubility

parameter map for a selected group of polymers

and solvents is shown in Fig. 4. For a given solvent,

the distance from the polymers in Fig. 4 is propor-

tional to the quality of the solvent for the polymer. As

the distance between the solvent and polymer

decreases, the quality of the solvent for the polymer

increases [40]. Out of the various polymers investi-

gated, PVAc(�d�15.2, �p�11.5, and �h�7.6 (J/cm3)2)

was chosen for TCE (�d�14.5, �p�13.1, and �h�5.3

(J/cm3)1/2) and chloroform (�d�11.0, �p�13.7, and

�h�6.3 (J/cm3)2) pervaporation because its close

proximity to these solvents in the Hansen solubility

parameter space indicates a high af®nity for those

chemicals [41,42].

Surface modi®cation of the support membrane

was performed in three steps: pretreatment, surface

activation, and graft polymerization. The silica

substrate was ®rst treated with a 2% aqueous HCl

solution to clean the substrate and to fully hydroxy-

late the surface. In the surface activation step, the

hydroxyl groups were replaced with a silyl group

by means of an anhydrous silylation reaction using

vinyl trimethoxysilane [28,41±43]. This silylation

step produced covalently bonded vinyl groups neces-

sary for the polymerization step. Finally, PVAc was

grafted to the surface using vinyl acetate as a mono-

mer and ethyl acetate as a solvent. The graft

polymerization procedure followed the method of

Browne et al. [29] adapted for a tubular membrane

support [42]. Using the above modi®cation procedure

PVAc graft yields ranged from 0.17 to 0.43 mg/m2
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total surface area of the porous silica support

membrane.

It is emphasized that the CSP membrane is modi®ed

with a polymer layer which is grafted onto the tube-

side surface of the porous support. This active poly-

meric membrane phase consists of a layer of termin-

ally anchored chains. It is interesting to note that

previous studies on membrane pore-®lling graft poly-

merization reported signi®cantly higher graft yields

[46±49]. For example, Yamaguchi et al. [46] reported

poly(methyl acrylate) graft yields in excess of

20 000 mg/m2 for the modi®cation of a polyethylene

membrane. As apparent from reported TEM images

for the above membranes, this latter modi®cation

method results in the formation of both surface grafted

chains and pore-®lled homopolymer throughout the

membrane pore space. It appears that the membrane's

original thickness increased by a factor of about 1.5. It

is emphasized that the CSP membrane is produced by

a different process which results in a single layer of

tethered chains covalently bonded to the substrate

surface. Therefore, for the CSP membrane the area-

speci®c polymer graft yield, as expected, is lower than

for the pore-®lling graft polymerization modi®cation.

3.3. Pervaporation experimental procedures

Pervaporation of dilute aqueous TCE solutions

through the PVAc/silica membranes was carried out

experimentally using a bench-scale apparatus sche-

matically depicted in Fig. 3. Since TCE is a volatile

organic solvent, special precautions were necessary to

prevent uncontrolled volatilization. A tedlar bag

(Chromatography Research Supplies, Addison, IL)

containing approximately 1000 ml of feed solution

was used as a reservoir in order to eliminate TCE

loss by volatilization. Feed solution was pumped

through the tube-side of the module and the retentate

was recycled back to the feed tank with the ¯ow rate

measured by an on-line ¯ow meter. The gaseous

permeate was condensed and collected by means of

two vacuum traps immersed in liquid nitrogen. Low

Fig. 4. Hansen space solubility parameter map. Hansen space solubility parameters, �d, �p, and �h, represent nonpolar, polar, and hydrogen

bonding interactions and �v � ��2
d � �2

p�1=2
.
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pressure, approximately 2 Torr on the permeate side,

was maintained by a vacuum pump (Model M8C,

Fisher Scienti®c, Pittsburgh, PA). Transmembrane

pressure was measured by pressure transducers

(Model CD 223, Validyne, Northridge, CA) and a

vacuum gauge (Pirani Vacuum Gauges, Edwards,

Wilmington, MA) placed on the feed and permeate

sides of the membrane, respectively. All pervaporation

experiments were conducted at room temperature.

Prior to the pervaporation tests, a blank experiment

was conducted by pumping a TCE solution through

the entire ¯ow system but bypassing the membrane.

The feed was then periodically checked to verify that

there was no decline in TCE concentration. This test

was carried out to detect any possible TCE losses by

adsorption or permeation through the system compo-

nents. After the blank test demonstrated that there

were no volatilization losses or leaks, the feed bag was

®lled with the TCE solution and connected to the

system. The vacuum pump on the permeate side was

turned on for half-an-hour before the start of actual

data collection to evacuate any remaining air from the

system. The permeation rate was then determined by

monitoring the volume of condensed permeate in the

dewar ¯asks throughout the course of the experiment.

Samples were taken at 30 min intervals and were

analyzed immediately following withdrawal from the

feed bag. TCE analysis was carried out using a gas

chromatograph (Hewlett-Packard 5890A) equipped

with a ¯ame ionization detector, using a 60�1/800

stainless steel column packed with Carbograph Gra-

phitized Carbon Black 2AC (Alltech, Deer®eld, IL)

for halocarbons analysis.

4. Results and discussion

4.1. Hydraulic water permeability

Prior to pervaporation tests, the silica membranes

were characterized by hydraulic permeability mea-

surements with water. A series of measurements were

performed with the unmodi®ed, silylated and grafted

silica membranes. The silica membrane supports were

modi®ed with the goal of attaining a level of pore

reduction suf®cient for pervaporation. The average

hydraulic permeability, based on dead-end ®ltration

measurements for seven different unmodi®ed 500 AÊ

silica membrane, was 1.184�10ÿ15 cm2 with less than

15% deviation.

The silylated silica membranes were impermeable

to water up to a transmembrane pressure of 12 psia,

indicating that the membrane had become hydropho-

bic. The silylated membranes were subsequently mod-

i®ed by vinyl acetate graft polymerization. Mild

reaction conditions (i.e., 10% or 25% monomer con-

centration and 608C or 708C reaction temperature)

were employed to increase the contribution of graft

polymerization to the growth of surface chains, while

limiting the effect of polymer grafting [41,42,44].

Once grafted, the CSP membranes, like the silylated

membranes, exhibited negligible water permeability

up to a transmembrane pressure of 12 psia. Negligible

hydraulic water permeability for the CSP membrane,

as our experience has shown, is a prerequisite for a

suitable pervaporation membrane.

4.2. Pervaporation permeate flux

Tubular modi®ed membranes were also character-

ized by measuring pervaporation permeate ¯ux using

the apparatus shown in Fig. 3. The permeate ¯ux

ranged from 0.32 to 0.64 l/h m2 which is about one

order of magnitude higher than is commonly expected

for pervaporation membranes. This range of permeate

¯ux suggests a relatively open pore structure. There-

fore, the permeate ¯ux should decrease with increas-

ing polymer graft yield.

The permeate ¯ux is expected to depend upon the

polymer con®guration in the membrane pores, which

is in turn affected by solvent properties. To assess the

above possibility, the permeate ¯uxes for TCE/water

solution (Table 1) and pure water were measured

under identical pervaporation conditions, at a ®xed

Reynolds number of 610. The presence of TCE in the

aqueous solution decreased the permeate ¯uxes by

about 2% for the low graft polymer density membrane

(0.17 mg/m2) and 6% for high graft polymer density

membrane (0.43 mg/m2), when compared to the ori-

ginal pure water pervaporation permeate ¯ux. These

results support the argument that TCE, a solvent with

high af®nity for PVAc, causes the terminally-grafted

PVAc chains to swell, thus occupying a greater portion

of the membrane pore volume compared to the volume

occupied during exposure to pure water. In other

words, the solvent causes surface chains to extend
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away from the surface of the silica membrane pores,

thereby decreasing the effective pore radius and redu-

cing permeate ¯ow through the membrane. Therefore,

lower permeate ¯ux should be expected with increas-

ing polymer graft yield (Table 1).

4.3. Pervaporation of TCE/water and chloroform/

water binary mixtures

The membrane active separation layer must be

selected so as to maximize the af®nity of the organic

solute for the polymer active phase. This especially

important since water molecules are small in compar-

ison with most volatile organic molecules. According

to the Hansen solubility parameter approach, PVAc

exhibits good organophilicity for both TCE and

chloroform and is thus an ideal pervaporation separa-

tion phase for these chemicals [41,42]. Based on this

selectivity, PVAc-silica membranes were synthesized

for pervaporation studies of the TCE/water and

chloroform/water systems.

Results of pervaporation experiments for TCE

removal with the PVAc/silica membrane, for different

tube-side Reynolds numbers, are shown in Fig. 5

(PVAc-grafted CSP membrane: graft yield�
0.17 mg/m2). The results clearly show that TCE is

removed more ef®ciently as the tube-side Reynolds

number is increased. This is not surprising since the

tube-side mass transfer coef®cient also increases with

increasing tube-side Reynolds numbers (Table 1).

Indeed, the mass transfer coef®cients for this concen-

tration boundary layer controlled transport, obtained

from Eq. (7) with the correlation parameters reported

by Lipski and CoÃteÂ [37] and Karlsson and Tragardh

[38], closely match the experimentally determined

overall mass transfer coef®cients (Eq. (9)). The data

obtained over the range of Reynolds numbers studied

indicate that membrane resistance for TCE transport is

negligible relative to the tube-side boundary-layer

resistance.

In order to demonstrate the concentration indepen-

dence of the overall mass transfer resistance, a perva-

Table 1

Summary of TCE pervaporation results for silylated and PVAc-grafted ceramic membranes

Graft yield

(mg/m2)

Silylation coverage

(mg/m2)

Feed flow

rate (ml/min)

Re Permeate

flux (l/h m2)

C0,TCE

(ppm)

kf, TCE
a

(cm/s)

KM, TCE
b

(kM�Sf�km) (cm/s)

�c

0.17 0.69 120 610 0.439 (0.448)d 641 8.353�10ÿ4 Negligible 69

0.17 0.69 170 860 0.474 68 9.372�10ÿ4 Negligible 71

0.17 0.69 170 860 0.474 600 9.372�10ÿ4 Negligible 71

0.17 0.69 300 1260 0.518 653 1.064�10ÿ3 Negligible 75

0.17 0.69 550 2780 0.642 554 1.381�10ÿ3 Negligible 78

0.38 0.45 120 610 0.359 681 8.353x10-4 Negligible 86

0.43 0.66 120 610 0.319 (0.340)d 638 8.353�10ÿ4 Negligible 102

0.43 0.66 300 1260 0.366 457 1.064�10ÿ3 Negligible 106

± 0.69 120 610 0.439 550 8.353�10ÿ4 5.753�10ÿ3 65

± 0.69 170 860 0.474 591 9.372�10ÿ4 5.753�10ÿ3 66

a Determined by Eq. (11).
b Determined by Eq. (5).
c Enrichment factor, ��Cpermeate/Cfeed.
d Permeate flux was determined by pervaporation experiments at same flow conditions only with pure water.

Fig. 5. Relative concentration-time data for pervaporation. (PVAc-

grafted membrane: graft polymer density�0.17 mg/m2, C0 initial

feed concentration�500±700 ppm). Solid lines represent theore-

tical predictions Eqs. (11) and (7) for the mass transfer coefficient.
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poration experiment using a PVAc modi®ed CSP

membrane of 0.17 mg/m2 graft yield was conducted

with initial feed concentration of 68 ppm (relative to

>500 ppm initial concentration shown in Fig. 5), and a

feed ¯ow rate of 170 ml/min (Re�860). The overall

mass transfer coef®cient for this pervaporation experi-

ment (Fig. 6) was identical to that obtained for a

higher concentration using the same ¯ow conditions

(Fig. 5). These results con®rm that the performance of

the PVAc-silica membrane for TCE pervaporation was

independent of concentration over the range 30±

700 ppm.

A comparison of the removal of TCE using silylated

and PVAc membranes is shown in Fig. 7. The overall

mass transfer coef®cient for the silylated membrane

was lower than for the PVAc CSP membrane over the

range of Reynolds numbers studied (see Fig. 8). These

results indicate the presence of a non-negligible TCE

mass transfer resistance in silylated membranes (see

Table 1). It is interesting to note that the total permeate

¯ux for the silylated membrane, over the range of

Reynolds numbers studied, was nearly identical to the

PVAc grafted membrane at the same Reynolds num-

ber. Unlike the grafted membranes, however the sily-

lated membrane exhibited signi®cant membrane

resistance, possibly due to the low af®nity of TCE

for surface vinylsilane groups.

Chloroform was chosen as a second organic target

solute to con®rm the dominance of the tube-side

boundary-layer mass transfer resistance. The separa-

tion distances between chloroform and polyvinyl

acetate (��4.87(J/cm3)1/2) and TCE and polyvinyl

acetate (��2.89(J/cm3)1/2) on the Hansen solubility

parameter map (Fig. 4) are both in the range (�<5)

indicating high solute±polymer af®nity [39].

However, the diffusivity of chloroform in water is

about 18% higher than for TCE at the experimental

pervaporation temperature of 258C. Therefore, the

Fig. 6. TCE concentration in the feed reservoir: low concentration

regime. (PVAc-grafted membrane: graft polymer density�0.17 mg/

m2). Solid lines represent theoretical predictions Eqs. (11) and (7)

for the mass transfer coefficient.

Fig. 7. TCE concentration in the feed reservoir. (Silylated silica

membrane). Solid lines represent theoretical predictions Eqs. (11)

and (7) for the mass transfer coefficient.

Fig. 8. Overall mass transfer coefficients and overall resistance for

PVAc-grafted and vinyl-silylated (CSP) membranes. Rov (Overall

resistance)�1/kov. Solid lines represent theoretical predictions for

the mass transfer coefficient Eq. (7).

J.-D. Jou et al. / Journal of Membrane Science 162 (1999) 269±284 277



enrichment of chloroform in the permeate should be

higher relative to TCE at the same experimental

conditions. This behavior is illustrated for two differ-

ent Reynolds numbers in Table 2. We note that the

ratio of the TCE to chloroform diffusivity (in water)

raised to the 0.67 power ��DTCE=Dchloroform�0:67

� 0:893� accounts for the difference in the solute

pervaporation ¯ux for these two compounds. This

observation also supports the conclusion that the

concentration boundary-layer resistance is the domi-

nant resistance to pervaporation.

The TCE enrichment factor, � (�Cp,i/Cb,i), for

PVAc-silica and silylated-silica membranes, which

was in the range 65±106, was found to increase with

the tube-side Reynolds number as a consequence of

the reduction in the concentration boundary-layer

resistance with increasing Reynolds number (Figs. 8

and 9). The higher enrichment factor for PVAc-silica

membranes is attributed to the negligible membrane

resistance. As discussed earlier, the enrichment of the

solute in the permeate stream is controlled solely by

the tube-side boundary layer resistance to mass trans-

fer.

The enrichment factor appears to approach an

asymptotic value with increasing Reynolds number,

even though the overall mass transfer coef®cient

increases (Figs. 8 and 9). This behavior is linked to

the increase in water ¯ux in response to the unavoid-

able rise in transmembrane pressure with increasing

tube-side Reynolds number. The analysis of water

permeation and the design approach to increasing

the enrichment factor are addressed in the following

section.

4.4. Effect of graft polymer density on enrichment

factor and permeate flux

The enrichment factor, �, and the commonly used

membrane separation factor, �, are related through the

following expression:

� � xp;i=xpj

xf;i=xfj

� � �1ÿ xf;i�
�1ÿ xp;i� ; (13)

� � xp;o

xb;o
; (14)

where xp,i and xp,j are the mole fractions of species i

and j in the permeate and xf,i and xf,j the corresponding

mole fractions of i and j in the feed, xp,o the mole

fraction of organic in the permeate and xb,o is the mole

fraction of organic in the feed. We note that for an

dilute solution of i, ��� provided that xf,i, xp,i�1.

The enrichment factor in Eq. (14) can be expressed

as

� � Jo=�Jo � Jw�
�Cb;o=CT;feed� ; (15)

Table 2

Effects of solute diffusivity in water on pervaporation for a PVAc/silica CSP membrane

Reynolds number TCE Chloroform

kTCE (cm/s) �TCE kchloroform (cm/s) �chloroform

610 8.353�10ÿ4 102 9.353�10ÿ4 114

1260 1.064�10ÿ4 106 1.191�10ÿ4 118

PVAc-grafted CSP membrane: graft density�0.43 mg/m2.

DTCE�9.135�10ÿ6 cm2/s @ 258C, Dchloroform�1.081�10ÿ5 cm2/s @ 258C.

�TCE��chloroform.

k1ov;i�D0:67
i �.

Fig. 9. Enrichment factors for PVAc-grafted and vinyl-silylated

(CSP) membranes.
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in which Jo is the pervaporation molar ¯ux of organic

component, Jw the pervaporation molar ¯ux of water,

Cb,o the molar bulk feed concentration of the organic

component, and CT,feed is the total molar feed con-

centration including all species. The organic permea-

tion ¯ux in the present CSP pervaporation membranes

is given by Eq. (4), and substitution of this expression

into Eq. (15) results in:

� � kovCT;feed

kovCb;o � Jw

: (16)

For a given feed ¯ow rate (i.e., a ®xed tube-side

Reynolds number) and concentration, the enrichment

factor is controlled by the water ¯ux Jw. Eq. (16)

indicates that, for the CSP membrane, pervaporation

performance will increase with decreasing water ¯ux.

As a ®rst step, however, the membrane must not allow

the convection of liquid water. The unmodi®ed mem-

branes used in the present study could not ful®ll this

requirement due to excess liquid water permeability

under pervaporation conditions. However, once the

membrane was modi®ed, the polymeric phase served

to prevent liquid water permeation through the mem-

brane and to also increase the membrane resistance to

water vapor permeation.

In the absence of the polymeric layer, and in the

hypothetical case in which bulk water permeation can

be restricted by the support membrane, water perva-

poration ¯ux, which is controlled by diffusion resis-

tance of the support, can be approximated by

Jw � �Dw"=���Ps
w=RT ; (17)

where Dw is the diffusivity of water vapor (0.197 cm2/

s) at the permeate side which is at pressure of 2 Torr, �
the tortuosity, taken to be 1.5, " the membrane porosity

of 0.7, � the membrane thickness of 0.04 cm, T the

temperature, Ps
w the water saturation pressure at tem-

perature T, and R is the universal gas constant. For

example, the ¯ux of water vapor through the mem-

brane at 298 K, which occurs via Knudsen diffusion

through the porous support, as calculated from

Eq. (17) and expressed in terms of liquid water ¯ux

is 1.83 l/h m2 in comparison with the experimentally

measured water ¯ux of 0.42 l/h m2 for the CSP mem-

brane at Re 610. Clearly, the grafted polymer layer

which serves as a resistance to liquid water permeation

reduces water ¯ux through the membrane. We empha-

size that in reality, without the polymer phase, perva-

poration is not possible with the unmodi®ed support

due to permeation of liquid water. Water ¯ux reduction

for the current CSP membranes results in enrichment

factors one to two orders of magnitude lower than

those theoretically predicted for equilibrium binary

distillation, although distillation separation is

achieved at a much higher energy cost. In order to

identify an approach to improving performance of

future CSP pervaporation membranes, it is useful to

explore the effect of transmembrane pressure and the

graft yield on the pervaporation process.

At a given tube-side Reynolds number, increasing

polymer graft yield caused an increase in enrichment

factor and a decrease in total ¯ux. For example, over

the range of Reynolds numbers 600±3000, the total

permeate ¯ux decreased by up to 30% as the graft

yield increased from 0.17 to 0.43 mg/m2 (Table 1). As

the grafted polymer phase density increased, water

¯ux through the membrane decreased due to a reduc-

tion in the effective pore diameter for water permea-

tion. At the same time, TCE ¯ux through the

membrane was maintained, since the tube-side con-

centration boundary layer resistance dominated the

resistance to TCE transport. With increasing tube-side

Reynolds numbers, TCE ¯ux increased as the tube-

side mass transfer coef®cient increased, although

water ¯ux was also observed to increase. In the present

membrane system, as the transmembrane pressure

increases, with increasing tube-side Reynolds number,

so did the ¯ux of water through the membrane. In

accordance with the above behavior, pervaporation

transport through the CSP membranes can be approxi-

mated in terms of a linear combination of convective

and diffusive transport given by the following

expression:

Np� Qp

A
� k�P

��
�
Xm

i�1

kov;i
Mi

�i

�Ci � �P

Rc

�
X�Ci

Ri

;

(18)

where Np is the total permeate ¯ux (l of water/m2 h)

and A is the active area of the membrane. The ®rst term

on the right-hand side represents the total convective

¯ux as described by Darcy's law where k is the

permeability for the bulk solution permeating through

the open pore space, �P the transmembrane pressure,

� the solution viscosity and � is the thickness of the

membrane. The second term on the right-hand side of

Eq. (18) represents the sum of m component ¯uxes
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due to diffusion where ki is the overall mass transfer

coef®cient of species i, �Ci the difference between the

feed and permeate side concentrations for species i, Mi

the molecular weight of species i and �i is the density

of species i. For convenience it is useful to de®ne an

overall resistance to convective ¯ux, Rc���/k and an

overall diffusive resistance for each component,

Ri�(�i/Mi)/ki. In order to evaluate the permeation

characteristics of the membrane, pervaporation

experiments can be performed with pure water as

the sole permeant. Under such conditions, Eq. (18)

may be reduced to the following equation:

Nw � Qw

A
� �P

Rc

��Cw

Rd

; (19)

in which Nw is the volumetric water permeation ¯ux

(i.e., Nw�JwMw/�w) and �Pw is the transmembrane

pressure. Under reasonably high steady-state vacuum

on the permeate side, the permeate concentration is

nearly zero and �Cw, the concentration driving force

for water, may be assumed to be a constant approxi-

mately equal to the saturation vapor pressure of water

at the feed temperature; Rc the transport resistance for

water convection through the membrane and Rd is the

overall resistance to diffusive transport. It is expected

that the resistances Rc and Rd will increase with

polymer graft yield due to increased polymer volume

fraction in the membrane pores. Since the second term

in Eq. (19) represents diffusive transport which is not

expected to be a function of transmembrane pressure,

for the normal range of pervaporation conditions, it

should remain constant for a given temperature and

polymer graft density. Therefore, both Rc and Rd can

be determined by plotting the pervaporation water

¯ux, Nw, versus transmembrane pressure �Pw, if

the relationship between pure water ¯ux and trans-

membrane pressure is linear as described by Eq. (19).

The intercept of such a plot represents the diffusion

term �Cw/Rd. In other words, pure diffusive transport

of water will only occur when the transmembrane

pressure is negligible such that �P/Rc!0. Clearly,

this situation will not occur when the permeate side is

under vacuum. In principle, it is possible to operate

under a vanishing transmembrane pressure condition

by using sweep gas to keep the partial pressure of the

permeating component suf®ciently low.

The above analysis is illustrated in Fig. 10 for two

different membranes each with a different graft yield.

As the graft yield increased from 0.17 to 0.43 mg/m2,

the resistance to water transport by convection (Rc)

and diffusion (Rd) increased by 44% and 33%, respec-

tively. Correspondingly, the diffusive permeation ¯ux

of water decreased by about 24%. It is noted, as

discussed earlier, that the permeation ¯ux of the

organic solute is only slightly affected by the change

in water permeation ¯ux. Water ¯ux, in turn is reduced

with increased polymer graft yield. Therefore, it fol-

lows that in order to increase the membrane selectivity

Fig. 10. Water flux versus transmembrane pressure.
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for the organic solute, a higher polymer graft density

and possibly a smaller starting pore size for the

ceramic membrane support are required.

4.5. Membrane optimization

It is important to note that Nw represents the con-

tribution of both diffusive and pressure-driven trans-

port (Eq. (19). For the present CSP membranes it was

found that the water ¯ux decreased linearly with

increasing polymer graft yield, a result consistent with

the study of Castro et al. [45]. For a given membrane

substrate, feed concentration, and tube-side Reynolds

number, a relationship between � and the graft poly-

mer density can be constructed as illustrated in

Fig. 11. The shaded area in Fig. 11 represents graft

polymer density of current CSP membranes; accord-

ing to this example design curve, increasing the graft

polymer density from our current highest value of 0.43

to 1.15 mg/m2 would increase the achievable enrich-

ment factor from 100 to 800. Such a level of graft yield

is feasible with the present method of graft polymer-

ization [28,29]. Higher graft polymer densities can be

obtained by careful optimization of surface activation

and graft polymerization conditions. Current research

is ongoing to increase polymer graft density and

elucidate the relationship between graft polymer sur-

face characteristics and membrane performance.

5. Conclusion

A novel ceramic-supported polymeric (CSP) per-

vaporation membrane was developed wherein the

positive attributes of pure polymeric and ceramic

membranes have been combined into an asymmetric

composite that is both chemically and physically

stable. These membranes can be tailored for a variety

of separation applications through a proper selection

of the graft polymer phase and optimizing polymer-

ization conditions.

The active separation layer in these membranes

consists of a thin macromolecular layer of terminally

anchored polymer chains. For the range of Reynolds

numbers studied, membrane performance for the

separation of volatile solvents such as TCE and

chloroform from aqueous solutions is limited only

by the feed-side concentration boundary layer. The

enrichment factor for separation of TCE and chloro-

form from water varied from 69 to 106. It was also

found that the enrichment factor increased with

increasing polymer graft yield. Moreover, membrane

pervaporation performance was shown to be indepen-

dent of solute concentration and period of usage.

Current research is focused on exploring a higher

range of polymer surface densities and different

choices of grafted polymer. Efforts are directed at

optimizing CSP pervaporation membranes for

increased selectivity as well as elucidating the

mechanism of CSP pervaporation.

6. Nomenclature

A membrane active area (cm2)

Cb,i molar concentration of component i in feed

side bulk (mol/cm3)

Cf,i interfacial molar concentration of component

i in feed (mol/cm3)

Ci,0 initial feed tank concentration at start of

pervaporation (mol/cm3)

Ci,inp molar feed concentration of component i at

membrane inlet (mol/cm3)

Ci,out molar feed concentration of component i at

membrane outlet (mol/cm3)

Cmf,i interfacial molar concentration of component

i on feed side of membrane surface (mol/cm3)

Cmp,i interfacial molar concentration of component

i on permeate side of membrane surface (mol/

cm3)

Cp,i molar concentration of component i on

permeate side (mol/cm3)

Fig. 11. Design curve for CSP membrane pervaporation. (PVAc/

Silica CSP membranes).
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Cpm,i interfacial molar concentration of component

i on permeate side (mol/cm3)

CT,feed total feed concentration including all species

(mol/cm3)

dh inside diameter of the membrane tube (cm)

Di solute diffusivity of component i in boundary

layer (cm2/s)

Dw diffusivity of water in air (cm2/s)

Ji molar flux of component i through the

membrane (mol/cm2 s)

Jw molar flux of water through the membrane

(mol/cm2 s)

k permeability of the bulk solution through the

membrane (cm2)

kf,i tube-side mass transfer coefficient for the

transport of component i through concentra-

tion boundary layer (cm/s)

km,i mass transfer coefficient for the transport of

component i through the membrane (cm/s)

kov,i overall mass transfer coefficient of compo-

nent i (cm/s)

kp,i permeate-side mass transfer coefficient for

component i (cm/s)

L total effective length of membrane (cm)

Mi molecular weight of component i (g/mol)

Np total permeate flux through membrane (cm/s)

Nw water permeation flux expressed as liquid

water flux (cm/s)

Ps
i saturation vapor pressure of component i (Pa)

Q total volumetric flow through membrane feed

side (cm3/s)

Qinp volumetric flow rate at membrane inlet (cm3/

s)

Qp total permeate volumetric flow (cm3/s)

Qw permeate volumetric flow rate for water (cm3/

s)

R inside radius of membrane tube (cm)

Rc overall membrane resistance to convective

flux of water (g/cm2-s)

Rd overall membrane resistance to diffusive flux

of water (g/cm2-s)

Re Reynolds number

Ri overall membrane diffusive mass transfer

resistance for component i (mol s/cm4)

Sc Schmidt number

sf,i partition coefficient between feed and mem-

brane interface for component i

Sh Sherwood number

sp,i partition coefficient between membrane and

membrane surface on the permeate side for

component i

t pervaporation time (s)

u average flow velocity through membrane tube

(cm/s)

V feed tank volume (cm3)

V0 feed tank volume at start of pervaporation (cm3)

xb,i mole fraction of component i in the feed

xb,j mole fraction of component j in the feed

xb,o mole fraction of organic component in the

feed

xp,i mole fraction of component i in the permeate

xp,j mole fraction of component j in the permeate

xp,o mole fraction of organic component in the

permeate

� separation factor

� enrichment factor

�i density of component i (g/cm3)

�w density of liquid water (g/cm3)

� separation between polymer and solute in

Hansen space, � � ��2
d � �2

p � �2
h�1=2

�J=cm3�1=2

�Ci transmembrane concentration difference for

component i (mol/cm3)

�Cw transmembrane concentration difference for

water (mol/cm3)

� concentration boundary layer thickness (cm)

dd solubility parameter representing nonpolar

forces (J/cm3)1/2

�h solubility parameter representing hydrogen

bonding forces (J/cm3)1/2

�p solubility parameter representing polar forces

(J/cm3)1/2

�P transmembrane pressure (g/cm s2)

� solution viscosity (g/cm s)

� kinematic viscosity of feed solution (cm2/s)

� membrane tortuosity

� membrane thickness (cm)
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