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ABSTRACT

Ultrafiltration (UF) of polyvinyl alcohol from aqueous solution is studied in a batch cell over
a wide range of operating conditions. The unsteady state nature of the permeate flux decline
during UF is caused by changes in the hydraulic boundary condition at the membrane
surface due to gel layer formation. An unsteady state mass transfer model is developed for
gel-controlled UF in an unstirred cell starting from the basic fluid mechanical analysis of the
system. An integral method of solution is used for the solution of the concentration profile in
the developing mass transfer boundary layer. The model is used to predict the transient per-
meate flux decline profile. The transient state behavior in the presence of stirring is estimated
by using a model available in literature. The predictions are found to be in good agreement
with the experimental flux.
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1. Introduction

The textile industry uses synthetic wrap sizing
agents in cotton blends such as polyvinyl alcohol
(PVA), carboxymethyl cellulose, and various surfac-
tants in the weaving step which helps to smooth and
strengthen the fibers. After weaving, the size agents
must be washed out with water which produces large
volumes of wastewater (about 20% of the total textile
wastewater). The wastewater generated in the desiz-
ing step contains significant amount of most com-
monly used sizing agent PVA which is considered to
be a prevailing contributor of COD in the textile
wastewater. This sizing agent is, however, expensive
and nonbiodegradable in nature; thus, it poses chal-
lenging waste treatment and/or recovery problems.

The concentration of PVA, the major organic compo-
nent in desizing wastewater, is found to be typically
as high as 0.5% [1,2]. Recovery and reuse of valuable
and toxic PVA from textile effluent is a major concern
in the textile industry from the standpoint of both eco-
nomics and pollution control. Several techniques have
been investigated to reduce the PVA concentrations in
the wastewaters to meet stringent environmental legis-
lation. These techniques include electrochemical oxi-
dation [3], advanced oxidation [4], membrane
filtration [5–9], etc. Lin and Lan [5] have performed
batch experiments to investigate the effects of differ-
ent types of membrane and operating conditions on
the ultrafiltration (UF) performances for the PVA
recovery from simulated desizing wastewater. Chen
et al. [1] have used nanofiltration membrane on a pilot
scale cross flow cell for the treatment of desizing
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wastewaters from the bleaching and dyeing industry.
Porter [6] has investigated the recovery of PVA from
the textile process waste streams using tubular stain-
less steel membrane, tubular carbon membrane, and
spiral wound polyvinyl sulfone membrane. In addi-
tion, he has also discussed about the economics and
application of automated control to the PVA recovery
process. Saleh et al. [7] have investigated the effects of
various process parameters on the recovery of PVA
from simulated wastewater using polyethersulfone
(PES) hollow fiber UF membrane with the molecular
weight cut-off (MWCO) 20 kDa with and without
addition of carboxymethyl cellulose as synthetic warp
sizing agents. About 99% recovery of PVA from syn-
thetic desizing wastewater using bench scale polysulf-
one hollow fibre membrane (10–30 kDa) has been
reported by Lee et al. [8]. Sarkar et al. [9] have used
shear enhanced membrane module with inbuilt clean-
ing facility for the treatment of PVA containing desiz-
ing wastewater.

In the light of above brief discussion, it is now
accentuated that membrane separations and, in partic-
ular, UF are gaining importance for the treatment of
desizing wastewater. However, the major drawback of
employing UF in the treatment of wastewater contain-
ing PVA is the decline in permeate flux during opera-
tion i.e., reduction in throughput of the system. This
occurs due to concentration polarization i.e., buildup
of solute particles over the membrane surface which
causes membrane fouling by gel-type layer formation
over the membrane surface. Therefore, modeling of
UF process is essential for effective design and scale
up. It is well known that most of the industrial pro-
cesses are carried out under cross flow conditions, but
batch cell is convenient and is being used extensively
for laboratory scale experiments [10,11]. Moreover, the
estimated parameters obtained from batch cell seem
to be useful for the prediction of the performance of
the cross flow experiments in terms of permeate flux
[12]. Therefore, study of the filtration under batch
mode is essential. However, batch mode experiments
under stirring condition are more relevant due to
enhancement of permeate flux. Modeling of UF pro-
cesses in batch cell is generally based on the mass
transfer coefficient (k) which is usually derived from
the correlations obtained from heat and mass transfer
analogies for nonporous conduit [13,11]. However,
mass transfer coefficient for a batch cell is generally
empirical in nature. Hence, the use of standard corre-
lation leads to an inaccurate estimation of the mass
transfer coefficient and hence incorrect prediction of
flux decline. One way to avoid this is to solve the con-
vective-diffusive solute mass balance equations with
pertinent boundary conditions. Shen and Probstein

[14] have first presented a model for unstirred batch
UF and solved the governing convective-diffusive
equation numerically. Analytical solution of the gov-
erning convective-diffusive equation using integral
method is reported by Trettin and Doshi [15]. Gel
layer controlled filtration is very common in mem-
brane processes. This occurs in case of filtration of
many gel-forming solutes such as pectin, PVA, etc.
The modeling of unstirred batch system for quantifica-
tion of flux decline is outlined by Chudacek and Fane
[16] using gel-filtration theory. However, theoretical
model for the unstirred batch cell under the frame-
work of boundary layer theory for gel-controlled UF
is very scant in literature. Therefore, a model having
more fundamental basis is essential to quantify flux
decline during gel-controlled UF. In the present study,
transient flux decline profile is modeled from the first
principles in an unstirred batch cell under concentra-
tion mode considering resistance-in-series model
based on gel layer theory. The model includes the
developing mass transfer boundary layer over the gel
layer, which is the most realistic situation. Thus, this
model overcomes the shortcoming of conventional
film theory [17] that considers a constant mass trans-
fer boundary layer thickness. In the proposed model,
specific gel-layer resistance is the only parameter that
needs to be optimized using experimental data. In a
batch UF, the solute concentration varies with opera-
tion time. The developed model takes into account the
variation of bulk concentration and bulk volume with
the time of operation during batch mode of operation.
The proposed model is used to quantify the transient
flux decline as well as volume reduction factor (VRF)
during batch concentration mode of operation. The
model is successfully applied for the UF of aqueous
solution of PVA over a wide range of operating condi-
tions. The transient flux profile in the presence of stir-
ring is predicted using the model developed in our
previous study [18].

2. Theory

The models available in literature for quantifica-
tion of flux decline in case of gel-layer controlled UF
for unstirred cell are mostly derived from the filtration
theory [16,19]. In this case, bulk concentration is
assumed to be constant. However, the variation of sol-
ute concentration with operation time is an important
factor which affects the permeate flux. In the follow-
ing section, a model is developed from the first princi-
ples including the variation of solute concentration
with time for the prediction of transient flux decline
as well as the VRF.

7496 U. Balyan and B. Sarkar / Desalination and Water Treatment 52 (2014) 7495–7506



The aqueous solution of PVA to be filtrated is
charged in the batch cell and then pressurized over
the membrane surface to facilitate the water to pass
through the membrane. For fully retentive membrane
(Cp= 0), the solute mass balance in the cell results in
the following equation in dimensionless form as [18],

dC�
b

ds
¼ PewðsÞ m C�

b

V�
f

ð1Þ

where C�
b ¼ Cb

C0
; s ¼tD

R2; m ¼AR
V0
; Pew ¼ VwR

D , V�
f ¼ Vf

V0
.

The solution retained within the pores of the accu-
mulating gel volume on the membrane surface is
assumed to be negligible. The variation of retentate
volume with time can be obtained by writing the
material balance in the cell and can be expressed in
dimensionless form as [18],

dV�
f

ds
¼ �PewðsÞm ð2Þ

The two-dimensional unsteady state solute mass
balance equation within the mass transfer boundary
layer is written as,

oC
ot

þ vr
oC
or

þ vy
oC
oy

¼ D
o2C
oy2

ð3Þ

where C is the concentration of solute, vr and vy are
velocity components in the radial and axial directions,
respectively. D is the solute diffusivity (assumed as
constant). r and y are radial and axial coordinates,
respectively. The permeate flux is a function of radius
of the cell. The incorporation of the variation of per-
meate flux with radial position at a given time makes
the analysis complex and for the sake of simplicity,
the variation of solute concentration with radial posi-
tion is neglected. Assuming one-dimensional flow nor-
mal to the membrane surface, Eq. (3) is simplified and
can be written in dimensionless form as

oC�

os
� Pew

oC�

oy�
¼ o2C�

oy�2
ð4Þ

The Eq. (4) has the following initial and boundary
conditions,

At s ¼ 0; C� ¼ 1 ð5Þ

y� ¼ L� þ d�c ; C� ¼ C�
b ð6Þ

The liquid height in the cell (order of magnitude
of 10�2 m) is generally 4–5 order magnitude higher

compared to concentration boundary layer thickness
(order of magnitude of 10�6 m). Since the concentra-
tion boundary layer thickness is extremely small, most
part of the channel is outside of the mass transfer
boundary layer. Thus, the boundary condition (Eq.
(6)) used for the solution of Eq. (4) is valid at the edge
of the boundary layer. The gel-layer formation over
the membrane surface depends on the rate of solute
migration towards the membrane due to convection
and the rate at which the solutes migrate away from
the membrane due to back diffusion. This leads to fol-
lowing boundary condition at the gel–solution inter-
face,

At y� ¼ L�;
oC�

oy�
þ PewC

�
g ¼ q�

g

dL�

ds
ð7Þ

The diffusion coefficient is calculated using the
Stokes-Einstein equation as,

D ¼ KT

3plbdp
ð8Þ

where K, T, l, and dp are the Boltzmann constant,
absolute temperature, viscosity of the solution, and
equivalent spherical diameter of the particle, respec-
tively. The average diameter of the gel-forming PVA
molecule is estimated assuming spherical molecule
and using the following relationship [20].

Mx ¼ zd3p ð9Þ

where Mx is the average molecular weight of gel
forming material, the value of z is taken as
6� 1029 gm/gm-molem3 [20]. The corresponding
value of equivalent spherical diameter of PVA is
found to be 5.93� 10�9 m. For estimation of gel-layer
concentration of PVA, experiments are carried out
under steady state in the cross flow cell, using various
feed concentrations. The steady state permeate flux
can be expressed as,

Vss
w;CF ¼ k ln

Cg

C0

ð10Þ

where k is the mass transfer coefficient; C0 and Cg are
feed and gel concentration of PVA, respectively. Thus,
the variation of the steady state permeate flux with
feed concentration is a straight line in semi-log plot.
The straight line variation can be extrapolated in
order to obtain the gel-layer concentration [21]. Eq. (4)
is simplified using the integral approach, the follow-
ing concentration profile within the thin concentration
boundary layer is assumed:
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C� ¼ C

C0

¼ a1 þ a2
y�

dc�

� �
þ a3

y�

d�c

� �2

ð11Þ

where d�c ¼ dc
R ; L� ¼ L

R.
Eq. (11) satisfies the following boundary condi-

tions:

at y ¼ d�c ; C� ¼ C�
b ð12Þ

at y� ¼ d�c ;
oC�

oy�
¼ 0 ð13Þ

at y� ¼ L�; C� ¼ Cg

C0

¼ C�
g ð14Þ

where Cg is the gel concentration of solute. With the
help of the above boundary conditions, Eq. (11) can
be written as,

C� ¼ C�
g � 2 C�

g � C�
b

� � y�

d�c

� �
þ C�

g � C�
b

� � y�

dc�

� �2

ð15Þ

Substituting the partial derivative of C� with
respect to y� and s from Eq. (15) into the nondimen-
sional governing equation (Eq. (4)), the following
equation is obtained

2y�

d�2c
ðC�

g � C�
bÞ 1� y�

d�c

� �
dd�c
ds

þ dC�
b

ds
2y�

d�c
� y�2

d�2c

 !

þ 2

d�c
PewðC�

g � C�
bÞ 1� y�

d�c

� �

¼ 2

d�2c
ðC�

g � C�
bÞ ð16Þ

Multiplying both sides of the Eq. (16) by dy⁄ (tak-
ing zeroth moment) and then integrating across the
boundary layer thickness, i.e. from 0 to d�c , the follow-
ing expression is obtained:

C�
g � C�

b

� �
3

dd�c
ds

þ 2

3
d�c
dC�

b

ds
þ Pew C�

g � C�
b

� �
¼ 2

d�c
C�

g � C�
b

� �
ð17Þ

Substituting Eq. (1) into Eq. (17) and after simplifi-
cation, the following expression is obtained:

dd�c
ds

¼ 3

ðC�
g � C�

bÞ

 !

� 2ðC�
g � C�

bÞ
d�c

� 2

3
Pewd

�
c

C�
b

V�
f

m� PewðC�
g � C�

bÞ
� �

ð18Þ

Following equation is obtained by substituting the
partial derivative of C� with respect to y� from Eq.
(15) into the Eq. (7).

dL�

ds
¼ 1

q�
g

PewC
�
g �

2ðC�
g � C�

bÞ
d�c

� �
ð19Þ

The permeate flux during the gel-layer controlled
UF is expressed by a resistance in series formulation
including the flow resistance due to the membrane
itself and the deposited gel layer over the membrane
surface. The permeate flux at any time may be
expressed in dimensionless form as [18],

PewðsÞ ¼ Pe0w
ð1þ R�

gðsÞÞ
ð20Þ

where Pe0w ¼ DPR
lpRmD

, R�
g ¼ aL�, a ¼a0R

Rm
, and a0 ¼ 180

1�egð Þ2
e3gd

2
p

.

In order to solve the Eq. (18), one initial condition
is required and the obvious initial condition is at
s ¼ 0; d�c ¼ 0. But, this condition renders Eq. (18) inde-
terminate. Therefore, an asymptotic solution has been
sought to the limit, s ! 0. As s ! 0; c�b ! 1; d�c ! 0

under this condition, Eq. (18) becomes

dd�c
ds

¼ 6

d�c
ð21Þ

The solution of the above equation is

d�c ¼
ffiffiffiffiffiffiffi
12s

p
ð22Þ

A very small value of s is chosen (10�10) as
required for the stability of the solution and the corre-
sponding starting value of d�c is evaluated by Eq. (22).
Thereafter, the solution is performed for the whole
duration of experiment. For a given set of operating
conditions, the governing ordinary coupled differen-
tial and algebraic equations Eqs. (1), (2), (18), (19), and
(20) are solved using fourth-order Runge–Kutta
method. The specific gel-layer resistance (a) is
obtained by optimizing the experimental flux with the
model-calculated values. It needs to be pointed out
that the values of the specific gel resistance cannot be
calculated a priori, and the porosity eg can be a
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function of the operating conditions (e.g. transmem-
brane pressure).

2.1. For stirred cell

The time variation of the growth of the gel layer
thickness can be written in terms of dimensionless
form as [18]:

q�
g

dL�

ds
¼ C�

g � C�
bexp

Pew
Sh

	 

1� exp Pew

Sh

	 

" #

Pew ð23Þ

where L� ¼ L
R.

The following Sherwood number relationship [22]
was used in the stirred cell.

Sh ¼kR

D
¼ 0:285 Re0:55 Sc0:35b

lb

lg

 !0:14

Re\32; 000

ð24Þ

Re ¼qbxR
2

lb

; Scb ¼ lb

qbD
ð25Þ

Followings are the sequence of steps for calcula-
tion of permeate flux, gel layer thickness, and VRF as
outlined below:

(1) For known input parameters of operating con-
ditions, membrane parameter and physical properties
such as DP, C0, Rm, A, V0, R, Cg, l, dp, and qg; a value
of specific gel-layer resistance (a) is guessed.

(2a) For unstirred cell, assuming bulk diffusivity is
not a function of concentration, vcal

w is calculated by
solving the coupled differential and algebraic equa-
tions, Eqs. (1), (2), (18), (19), (20), and (22) with the fol-

lowing initial condition, at s ¼ 10�10, L� ¼ 0, C�
b ¼ 1,

and V�
f ¼ 1.

(2b) For stirred cell, vcalw is calculated by solving
the coupled differential and algebraic equations, Eqs.
(1), (2), (20), (23) and (24) with the following initial
condition, at s ¼ 0, L� ¼ 0, C�

b ¼ 1, and V�
f ¼ 1.

(3) The time, s, is increased to sþDs next.
(4) Steps 2 to 3 are repeated till s ¼ stotal

(5) If
PNtotal

i¼1
V

exp
w �Vcal

w

V
exp
w

� �2
� 0:001 the program is ter-

minated and transient profiles of permeate flux is
obtained. The corresponding value of a is recorded. If
not, another value of a is guessed in Step 1 and the
process is continued till the given convergence is
achieved. The profiles of permeate flux, gel-layer
thickness, gel-layer resistance, and VRF for both stir-
red as well as unstirred condition are obtained as a
function of time.

3. Materials and methods

3.1. Materials

Analytical grade PVA of average molecular weight
1,25,000 was procured from M/s, Merck India Ltd.,
Mumbai, India, and PES membrane of MWCO 30kDa,
obtained from M/S. Permionics, Boroda (India), were
used for the experiment.

3.2. Operating conditions

Filtration experiments were conducted taking into
account the effect of the three major conditions i.e., stir-
rer speed, transmembrane pressure, and feed concen-
tration on the transient flux decline. One parameter
was varied while the others were held constant to get
an exact picture of the dependence. The effect of trans-
membrane pressures on permeate flux was investigated
in the UF regime as 207, 345, 483, and 690 kPa. The stir-
rer speeds were chosen such that the effect of stirring
on system performance can be observed while main-
taining laminar flow regime during UF. Four stirring
speeds, 800, 1,000, 1,200, and 1,400 rpm, were used. The
corresponding values of Reynolds number are 15,166,
18,955, 22,755, and 26,544, respectively. The Reynolds
number for all the operating range of stirrer speed from
800 to 1,400 rpm is less than 32,000; that is, the hydro-
dynamic flow condition is in the laminar range [23]. In
desizing wastewater, the typical concentration of PVA
was found to be as high as 5 kg/m3 [1,2]. Therefore, in
the present investigation, the PVA concentrations in the
feed were selected as 1, 3, 5, and 8 kg/m3. The pH of
the PVA solution was kept constant at 7.0 in the present
study as pH of desizing wastewater was reported to be
about 7.0 [8]. The pH of the PVA solution was adjusted
by dropwise addition of 10mM NaOH and HCl. A total
of 26 experiments were performed including both stir-
red and unstirred conditions and subsequently experi-
mental data were used for comparison with the
theoretical model predicted results. For estimation of
PVA gel concentration, cross flow experiments were
conducted selecting PVA concentrations in the feed as
1, 10, 20, 30, and 40 kg/m3. Other operating conditions
such as pH, transmembrane pressure, and cross flow
velocity were fixed at 7.0, 552 kPa and 0.09m/s,
respectively. Physical properties of aqueous solution of
PVA are given in Appendix.

3.3. Experimental setup and experimental procedure

Two different experimental setups were used in
the present study. A batch (stirred and unstirred) cell
was used under the batch concentration mode to
observe the effects of the various operating conditions
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on permeate flux decline. A cross flow cell was used
to obtain the gel concentration of PVA.

3.3.1. Batch cell experiment

A batch cell made of stainless steel was used for the
UF experiments. The cell consisted of three detachable
parts. The top flanged section was with the stirring
arrangement; the middle part was the short cylindrical
shell; and the lower part was a grooved base where the
porous stainless steel support and the membrane were
placed. The inner diameter of the cell was 0.076m and
the effective filtration area of the circular membrane
was 32.15� 10�4m2. The feed chamber was connected
to a nitrogen cylinder to generate pressure in the cell.
The stirrer at the top of the cell was externally attached
to a motor through a belt. A voltage control device was
used to control the speed of stirrer and it was mea-
sured by a hand-held digital tachometer (Scientific
International, Delhi, India). The schematic of the exper-
imental setup is shown in elsewhere (18). The mem-
brane used in the experiments was a PES membrane of
MWCO 30kDa. The membrane was initially com-
pacted at a pressure of 828 kPa (higher than the maxi-
mum operating pressure used in this study, i.e.,
690 kPa) for 3 h using distilled water. The membrane
permeability was found to be 8.0� 10�11 m/Pa s. After
the water run, the cell was charged with 500mL of the
feed solution and was pressurized at the operating
pressure using a pressure regulator and a nitrogen cyl-
inder. It is very difficult to measure the permeate flux
along the radial position of the cell at a particular time.
Hence, the radial average permeate flux is measured
for different time of operation. During each experi-
ment, cumulative volume of permeate from different
radial position of the cell was collected in a measuring
cylinder as a function of time through a common outlet
from the bottom of the cell. From the slope of the
cumulative volume–time plot, the radial average per-
meate flux as a function of time was obtained. The
duration of each experiment was about 60min. All
experiments were conducted at 25 ± 2˚C. Each experi-
ment is repeated three times. All the experiments show
repeatability to within ±3% in terms of flux measure-
ment. However, it may be noted here that since the
experiments were conducted under batch mode, the
permeate stream was continuously taken out resulting
in an increase in solute concentration accompanied by
a reduction in feed volume with time of operation.

3.3.2. Cross flow cell experiment

The schematic of the continuous cross flow UF
unit similar type is shown elsewhere [24]. The feed

tank of 10 L. capacity was connected to a single cyl-
inder reciprocating pump. From the feed tank, feed
solution is pumped and allowed to flow tangentially
over the membrane surface through a thin channel
of 38 cm in length, 6 cm in width and 4.7mm in
height. Inside the rectangular channel, the mem-
brane is placed on a stainless steel porous support.
The retentate is recycled to the feed tank. A rotame-
ter in the retentate line measures the flow rate. Pres-
sure inside the UF cell is maintained by operating
the bypass valve and is measured by a pressure
gauge. Permeate is collected from bottom of the cell.
The permeate was collected from the bottom outlet
of the cell and it was recycled to the feed tank to
make the feed concentration constant. The effective
filtration area is 228 cm2.

3.3.3. Membrane cleaning protocol

At the end of each experiment, the membrane
module was dismantled and the membrane was taken
out and thoroughly washed with distilled water at
room temperature 25 ± 2˚C, followed by 45min of sta-
tic surfactant washing using sodium dodecyl sulfate
and finally membrane was washed with distilled
water. After such thorough washing, the cell was reas-
sembled and the membrane permeability was again
measured using distilled water. This procedure was
allowed for recovery of the pure initial water flux
within 95%. After this, the membrane cell was ready
for the next experiment. Freshly prepared PVA feed
was used for each experiment.

3.4. Analysis of the feed and permeate

PVA concentration in feed as well as permeate
was measured with a refractometer (Model DR 301-
95, A.Kruss Optronic, Germany). PVA content in the
permeate of all the experiments under present inves-
tigation was found to be nil. Viscosity of the sam-
ples was measured by Ostwald viscometer. Density
of feed solution and permeate was measured by
Density meter (Mettler Toledo, USA). pH of the feed
solution was determined by pH meter (M/S Accu-
max India).

4. Results and discussion

4.1. Estimation of gel concentration of PVA

For estimation of the gel-layer concentration,
experiments were carried out under steady state in
the cross flow cell at various feed concentrations and
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cross flow velocities for a fixed transmembrane pres-
sure. Fig. 1 represents the variation of steady state
permeate flux as a function of feed concentration for
different values of cross flow velocity. It is observed
from the figure that the gel-layer concentration is
about 65 kg/m3 by extrapolating the straight line vari-
ation. It is further noticed that gel concentration is
almost independent of cross flow velocity. It may be
noted here that the viscosity corresponding to gel con-
centration is extrapolated from Eq. (A1), and the value
is found to be 29� 10�3 Pa s.

4.2. Analysis of model predictions and comparison with
experimental observation

The profiles of permeate flux and gel-layer thick-
ness for different feed solute concentrations for fixed
value transmembrane pressure in the unstirred and
stirred batch cell have been shown in Figs. 2(a) and
(b), respectively. The symbols are the experimental
data and solid lines are the model predictions. Experi-
mental flux values show repeatability to within ± 3%
and are shown in these figures with error bar. The
concentration boundary layer profile for different feed
solute concentrations is shown in the inset of the
Fig. 2(a). For a fixed feed concentration, boundary
layer thickness increases rapidly with time initially
and gradually thereafter. Moreover, for higher feed
concentrations, concentration boundary layer thickness
is more at fixed time. The value of specific gel-layer
resistance (a) is evaluated by minimizing the sum of
the least squares between the experimental and the
calculated flux decline data. The value of a is esti-
mated as (11.22 ± 0.5)� 1015m/kg. It is observed that

model predictions are within ± 5% to the experimental
results. The value of specific gel-layer resistance is
found to be unaltered with changing the feed concen-
tration. Similar trends are observed in both stirred
and unstirred conditions. The sharp decline in perme-
ate flux observed at the beginning of filtration can be
attributed to the rapid development of concentration
polarization on the fully retentive membrane surface
as observed in the inset of the Fig. 2(a). As the time of
operation progresses, there is more accumulation of
solutes over the membrane surface leading to severe
concentration polarization. The slower flux decline at
later stages can be attributed to the formation of gel
layer on the membrane surface. This is a direct conse-
quence of the rapidly growing gel-layer thickness over
the membrane surface at the beginning of filtration
and gel layer growth is gradual as the time pro-
gresses. It is further noticed that with increase in sol-
ute feed concentration, concentration polarization
increases as evident from the inset of the Fig. 2(a)
resulting in an increase in gel-layer thickness over the
membrane surface. It is further noticed that an
increase in flux is observed with decrease in feed con-
centration keeping other operating conditions
unchanged. With increase in PVA feed concentration,
concentration polarization increases resulting in an
increase in gel-layer thickness over the membrane sur-
face. This leads to decrease in permeate flux with
thicker gel layers. For example, in the absence of stir-
ring (Fig. 2(a)), at the end of the operation, with an
increase in feed concentration from 1 to 7 kg/m3, for a
fixed pressure (483 kPa), the permeate flux decreases
from 3.6� 10�6m3/m2 s to 1.4� 10�6m3/m2 s. The
concentration boundary layer thickness and gel-layer
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thickness increases from 43 to 62.7lm and from 16.9
to 45.6lm, respectively, for the same increment of
feed concentration keeping other operating condition
unchanged. However, in the presence of stirring
(Fig. 2(b)), for the same increase in feed concentration,
for a fixed stirrer speed (1,000 rpm) and pressure
(483 kPa), the permeate flux decreases from
8.2� 10�6m3/m2 s to 3.1� 10�6m3/m2 s and gel layer
thickness increase from 6.5 to 20.25 lm.

Fig. 3 shows the variations of VRF with time for
different feed concentration. VRF is defined as the
ratio of initial feed volume to the retentate volume at
any time of filtration. Since the retentate volume
decreases continuously with the progress of the filtra-
tion as permeate is taken out without recycle, VRF
continues to increase with time as also observed in
Fig. 3. This is true for all PVA feed concentration. It is
also noticed that at any particular time of filtration,
the VRF is less for higher PVA feed concentration for
a fixed transmembrane pressure. This may be
explained by the fact that at higher PVA feed concen-
tration, the concentration polarization is more severe
leading to an increased gel-layer thickness over the
membrane surface. This results to a decrease in per-
meate flux. Therefore, VRF decreases with increase in
PVA feed concentration. For example, at the end of
the operation, with an increase in PVA feed concentra-
tion from 1 to 7 kg/m3 for a fixed pressure (483 kPa),
VRF decreases from 1.18 to 1.06 (i.e., about 11%). Fur-
thermore, one can see that the effect of pressure on
the VRF profile is negligible by comparing the curves
2 and 4.

The profiles of dimensionless gel-layer resistance
with time at various feed concentrations in absence of

stirring and in presence of stirring are shown in Figs. 4
(a) and (b), respectively. From the figure, it is evident
that for a fixed feed concentration, gel-layer resistance
increases steeply with time initially and gradually
thereafter. It is also evident from the figures that in
both stirred and unstirred conditions, gel-layer resis-
tance increases with increase in feed concentration at
a particular time of operation. The concentration
polarization increases with increase in feed concentra-
tion, resulting in higher gel-layer thickness and
thereby, increasing the value of gel layer resistance.
For example, in the absence of stirring (Fig. 4(a)), at
the end of the operation, with an increase in feed con-
centration from 1 to 7 kg/m3, for a fixed transmem-
brane pressure drop (483 kPa), dimensionless gel-layer
resistance increases from 10.4 to 28.6. However, in the
presence of stirring (Fig. 4(b)), for the same increase
in feed concentration, dimensionless gel resistance
increases from 4.0 to 12.46. It is also noticed from
Fig. 4(a) that with increase in pressure, gel-layer resis-
tance increases keeping other operating conditions
unchanged. This is simply because at higher trans-
membrane pressure, more solutes are convected
toward the membrane surface resulting in higher gel-
layer thickness and thereby, increasing the value of
gel-layer resistance. For example, in absence of stirring
(Fig. 4(a)), at the end of the operation, with an
increase in pressure from 483 to 690 kPa for a fixed
feed concentration (3 kg/m3), gel-layer resistance
increase from 18.3 to 24.9.

Fig. 5 illustrates the transient behavior of permeate
flux and growth of gel-layer thickness with time at
different operating transmembrane pressure for fixed
values of feed concentration. The symbols are the
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experimental data and solid lines are the model pre-
dictions. The value of specific gel-layer resistance (a)
is generally evaluated by minimizing the sum of the
least squares between the experimental and the calcu-
lated flux decline data. For a gel forming solute, the
specific gel-layer resistance, a, varies with transmem-
brane pressure which is observed in the present study
as well as other studies [10,22]. It is evident from the
present study that the value of a increases with
increase in transmembrane pressure as it causes com-
paction of the gel layer which facilitates further

growth of the layer. Gel compressibility appears in the
definition of gel-layer resistance, Rg ¼ a0L (Eq. (29)).
Where, the parameter a0 consists of specific gel resis-
tance (a), gel porosity (eg), particle diameter, and gel

density (qg). L is the gel-layer thickness. Out of these

parameters, gel density is the intrinsic property of the
gel layer, independent of the operating conditions.
Specific gel-layer resistance and gel porosity are pres-
sure dependent. At a constant pressure, specific gel-
layer resistance and porosity are also constant. Thus,
these parameters are considered to be constant and
invariant with operating time. The expression for the
prediction of permeate flux in case of gel layer con-
trolled UF for unstirred cell is available in literature
[16]. The specific gel-layer resistance of PVA gel can
also be obtained by fitting our experimental flux data
to the model expression proposed by Chudacek et al.

[16], (1=V2
w ¼ 1=V2

w;0 þ aut; where, u ¼ 2lC0=DP is

constant for a given pressure. The slope of 1=V2
w vs.

time curve for a given operating conditions, namely,
DP and C0 gives the value of specific gel resistance.
The evaluated values of specific gel resistance (a) are
correlated with operating transmembrane pressure by

a simple relation as a ¼ a0ðDPÞn where n and a0 are
the gel compressibility index and coefficient, respec-
tively. Transmembrane pressure (DP) is in kPa. For
compressible gel, n is less than 1 and it is 1 for incom-
pressible gel layer. In the present model, the values of
a0 and n are found to be 6.6� 1014 m/kg and 0.459,
respectively, with the correlation coefficient 0.998,
whereas using the flux expression proposed by Chud-
acek et al. [16], the values of a0 and n are found to be
6.4� 1014 m/kg and 0.423, respectively, with the
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correlation coefficient 0.99. Thus, the optimized values
obtained from both the modes are found to be in the
same order of magnitude. It can also be observed
from both the models that gel layer behaves like a
compressible one within the range of operating trans-
membrane pressure under investigation. Gel porosity
(eg) can be calculated using Kozeny–Carman equation

[10], where, a ¼ 180ð1� egÞ=e3gd2pqg: The evaluated val-

ues of a and eg for different operating pressures

obtained from both the modes are presented in
Table 1. It is observed from the Table 1 that the gel
porosity decreases from 0.57 to 0.50 with increase in
operating pressure from 207 to 690 kPa. It can be
observed from the figure that gel-layer thickness
increases with increase in operating transmembrane
pressure for a fixed feed concentration. As explained
earlier, increased pressure facilitates convective flux
toward the membrane resulting in higher rates of sol-
ute accumulation near the membrane surface leading
to more severe concentration polarization. This would
result in thicker gel layers at higher pressure. For
example, at the end of the operation, with an increase
in pressure from 207 to 690 kPa for a fixed feed con-
centration (3 kg/m3), gel-layer thickness increase from
23.15lm to 32.4 lm However, at the end of the opera-
tion, no significant change in permeate flux is
observed with increase in pressure. This is because
due to increase in pressure, the enhanced driving
force for solvent flux is almost fully compensated by
the resistance offered by the growing gel layer on the
membrane surface and/or due to compaction of the
gel layer. The pressure-independent permeate flux is a
strong indication of gel-controlled UF.

Fig. 6 describes the variation of permeate flux and
gel-layer thickness with time for different stirring
speed for a PVA feed concentration of 5 kg/m3 and
transmembrane pressure of 483 kPa. The symbols are
the experimental data and solid lines are the model
predictions. This figure shows a good agreement with
calculated profiles and the experimental data (±5%). It
is noticed that the value of specific gel-layer resistance

(a) is not affected with change in stirring speed. It may
also be observed that experimental results deviate
from model prediction during the initial period. This
behavior can be the consequence of the combination of
two reasons; first, experimental error margin involved
in initial permeate flux data is high as the system takes
some time to stabilize; second, the model is assumed
to be a true gel-controlled UF from the beginning of
the operation. However, in all stirring condition, long-
term flux decline data (which is more important from
a practical point of view) is predicted with high accu-
racy. At a fixed operating pressure and PVA feed con-
centration, with increase in stirrer speed, the permeate
flux increases with reduction of gel-layer thickness.
The sharp initial drop in permeate flux at the begin-
ning of the operation can be attributed to the sudden
formation of concentration polarization layer. As the
time of filtration progresses, there is more build up of
solutes over the membrane surface leading to severe
concentration polarization. The smoother and slower
flux decline at later stages can be attributed to gel-
layer formation on the membrane surface. As stirring
speed increases, the concentration polarization
decreases due to enhanced turbulence close to the
membrane surface, leading to an increase mass trans-
fer coefficient and, therefore, growth of the gel layer is
restricted due to more forced convection. This leads to
decrease in gel-layer thickness with increase in perme-
ate flux as observed from the figure. For example, at
the end of the operation, for transmembrane pressure
of 483 kPa and PVA feed concentration of 5 kg/m3, as
the stirrer speed increases from 800 to 1,400 rpm, per-
meate flux increases from 3.45� 10�6m3/m2 s to

Table 1
Optimized values of specific gel layer resistance a and gel
porosity eg of PVA gel for different operating pressures

DP
(kPa)

a� 10�15 (m/kg)
(present model)

e a� 10�15 (m/kg)
[Chudacek et al. 16]

eg

207 7.6 0.57 6.3 0.60

345 9.6 0.54 7.5 0.58

483 11.2 0.53 8.5 0.56

621 12.6 0.50 10.0 0.54
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4.65� 10�6 m3/m2 s and gel-layer thickness decreases
from 17.75 to 12.8lm.

Development of dimensionless gel-layer resistance
as a function of time for different stirring speed for
a PVA concentration of 5 kg/m3 and transmembrane
pressure of 483 kPa is shown in Fig. 7. As discussed
earlier, the reduction of gel-layer thickness is a
direct result of enhancement of turbulence in the
flow channel that increases the backward diffusion
of solutes from the gel layer to the bulk resulting in
decrease in concentration polarization over the gel
layer. This restricts the formation and growth of gel
layer on the membrane surface, leading to an
increase in permeate flux. Since the gel-layer charac-
teristics remain unaltered, the gel-layer resistance is
proportional to gel-layer thickness. Hence, the gel-
layer resistance varies with the operating conditions
similar to gel-layer thickness. Thus, gel-layer resis-
tance decreases with stirring speed. It is observed
from this figure that at the end of filtration, for
transmembrane pressure of 483 kPa and PVA feed
concentration of 5 kg/m3, the value of gel-layer
resistance lies between 7.9 to about 10.9 times of
membrane resistance in the range of stirring speed
considered herein.

5. Conclusions

A theoretical model based on integral method
assuming suitable concentration profile in the mass
transfer boundary layer is presented in this paper.
The effects of different process parameters such as
feed concentration, transmembrane pressure, and
stirring speed on permeate flux are investigated

during UF of PVA from aqueous solution using a
30 kDa flat sheet PES membrane in a batch cell. The
parametric studies conducted are consistent with the
basic understanding of the process. The proposed
model is used to predict the transient permeate flux
decline and growth of gel-layer deposition. The
present model requires a parameter, the specific gel-
layer resistance, which is estimated by optimizing
the experimental transient flux decline profile. The
estimated values of specific gel-layer resistance are
in the same order of magnitude as optimized by
other model available in the literature under various
operating conditions studied herein. The predicted
flux values using this optimized parameter are suc-
cessfully compared with the experimental results
under a wide range of operating conditions, con-
firming the increase of permeate flux with increase
in stirring speed and with decrease in feed concen-
tration. This proposed model which is validated
using experimental data is simpler and easy to use.
In addition, this model would be useful as a predic-
tive tool for investigating the effect of various oper-
ating parameters on the transient flux decline profile
during the start-up conditions in UF processes.

List of symbols

A — effective membrane area, m2

a1, a2, a3 — parameter used in Eq. (19), dimensionless

C — concentration of PVA, kg/m3

dp — equivalent diameter of PVA, m

D — diffusivity of PVA, m2/s

K — Boltzmann constant (1.38� 10�23), J/K

k — mass transfer coefficient, m/s

L — gel layer thickness, (m)

Mx — molecular weight, kg/kg mol

Ntotal — total number of data points,
dimensionless

Pew — water flux, dimensionless

Pe0w — pure water flux, dimensionless

R — radius of stirred cell, m

Rm — membrane hydraulic resistance, m�1

Rg — gel layer resistance, m�1

Re — Reynolds number at the bulk condition

Scb — Schmidt number at the bulk condition

Sh — Sherwood number at the bulk condition

T — absolute temperature, K

t — time of experiment, s

u — axial velocity, m/s

V — volume, m3

Vw — radial average permeate flux, m3/m2 s

Vexp
w — experimental permeate flux, m3/m2 s
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Vss
w;CF — steady state cross flow permeate flux,

m3/m2 s

Vcal
w

— calculated permeate flux, m3/m2 s

y — coordinate from the membrane, m

z — parameter in Eq. (13), kg/kmolm3

Greek letters

m — parameter used in Eq. (5), dimensionless

a — specific gel layer resistance, m/kg

x — angular speed of stirring, radian/s

l — viscosity of the solution, Pa s

dc — thickness of concentration boundary
layer, m

eg — gel porosity, dimensionless

DP — transmembrane pressure, kPa

qg — gel density, kg/m3

q — density, kg/m3

stotal — total operation time, dimensionless

s — operation time, dimensionless

Subscript

0 — initial condition

b — bulk condition

p — permeate

f — feed

g — gel

Superscript
⁄ — dimensionless
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Appendix

Viscosity: Viscosity of various PVA solutions at pH
7.0 and at 25˚C is experimentally measured and can be
expressed by the following polynomial (correlation
coefficient 0.998) as follows:

l ¼ 0:9ð1þ 6:3� 10�2Cþ 9:41� 10�3C2 þ 4:45

� 10�5C3Þ � 10�3
: ðA1Þ

where l is in Pa s and C is in kg/m3.

Density: Density of PVA solution has been taken as
1,000 kg/m3. The average gal layer density of PVA is
taken to be 1,500 kg/m3 [25].

Diffusivity: Diffusivity of PVA solution at feed
concentration of 1, 3, 5, and 8 kg/m3 are calculated
using Eq. (12) and are found to be 7.7� 10�11m2/s,
6.5� 10�11m2/s, 5.35� 10�11m2/s, and 4.4� 10�11m2/s,
respectively.
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