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Abstract

Considerable theoretical and experimental work has been published to explain the cause of flux decline in the ultrafiltration
(UF) of dextran. However, an experimental determination of resistance contributions due to polarization to the overall filtration
resistance has not been addressed. Also, the effects of feed concentration and applied pressure on membrane concentration and
boundary layer thickness and unsteady-state flux response to a step change in trans-membrane pressure have not been reported.
This work reports experimental results of the ultrafiltration of dextran with a fully retentive membrane along with a procedure to
determine the contributions of various resistances to filtration. It was observed that the ultrafiltration of dextran was osmotically
limited in our work. The contribution of polarization resistance was found to be dependent on applied pressures and initial bulk

feed concentrations whereas the boundary layer thickness of polarization was affected by feed concentration alone.
Crown Copyright © 2003 Published by Elsevier B.V. All rights reserved.
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1. Introduction

In the ultrafiltration (UF) of macromolecules, per-
meate flux increases with increasing applied pressure
until a critical value is reached where further increase
in applied pressure does not increase the permeate
flux. This is usually explained either by formation of
a gel layer or the build up of concentration due to
polarization on the membrane surface by rejected so-
lute. It has also been suggested that a decrease in the
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hydraulic driving force, due to additional resistances,
is responsible for the decline in permeate flux over
time. This decrease could be due to an increase in 0s-
motic pressure, formation of gel layer, concentration
polarization, solute adsorption on membrane and pore
plugging.

In ultrafiltration, solutes including macromolecules
are usually characterized by their propensities for
exerting osmotic pressure at the membrane surface.
Goldsmith [1] reported this phenomenon and sug-
gested that a degree of osmotic limitation must be
taken into account whenever macromolecular solutes
are ultra-filtered. Subsequently, several workers have
reported that the ultrafiltration of dextran is osmotic
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Nomenclature

C  solute concentration (kg/m?)

D diffusivity (m3/s)

Jy  water flux (m3/m2s)

Js solvent flux (m3/m?2 s)

k mass transfer coefficient (m/s)

AP trans-membrane pressure (kPa)

Ry filtration resistance (m~ ')

t time (s)

X distance from membrane or
gel surface (m)

Greek letters

1) thickness of polarization layer (m)
% solvent viscosity (kg/m s)

T osmotic pressure of solute (kPa)
Subscripts

b bulk

m membrane surface

X perpendicular distance from the

surface of the membrane

pressure limited [1-4]. Earlier, Clifton et al. [5] ex-
plained ultrafiltration flux in hollow fiber modules
through osmotic effects. In their work on resistance
to the permeate flux in unstirred ultrafiltration of
dissolved macromolecular solutions, Nakao et al.
[6] calculated the boundary layer concentration of
dextran and concluded that this concentration was
pressure dependent due to the compressibility of the
concentrated boundary layer. They further concluded
that no gel layer was found during the ultrafiltration of
dextran even with a very high solute concentration of
400kg/m3. Choe et al. [7] reported UF data for dex-
tran for totally retentive membranes in a stirred cell.
They measured permeate flux as a function of time for
sudden variations of trans-membrane pressures and
concluded that during ultrafiltration of dextran, only
the polarization layer is formed. This process takes
less than a minute and the osmotic pressure model
fits the dextran flux data. Choe et al. [7] also studied
the flux decline of dextran in UF and concluded that
the change in the driving force could be explained in
terms of osmotic pressure at the membrane surface.

Furthermore, they found that the mass transfer coeffi-
cient variation, with bulk concentration increase in the
cell, was insignificant during the batch concentration
process.

Karode [8] theoretically predicted the unsteady-state
flux behavior using dextran as a model solute. He
showed that the concentration at the surface of a
membrane is a function of operating parameters and
that it was possible to predict the membrane wall
concentration as a function of time. Furthermore, the-
oretical studies on unsteady-state flux response to a
step change in trans-membrane pressure showed that
a solute, which exerts osmotic pressure but does not
form a gel layer, exhibits a gradual flux decline over
time. This is followed by a reversible steady-state
flux for a sudden increase, followed by a decrease to
the initial value of the trans-membrane pressure [9].
Chudacek and Fane [10] also studied the dynamics
of polarization using the stirred and unstirred ultrafil-
tration of dextran and concluded that the polarization
time was a function of both concentration and pres-
sure. All of these studies suggested that flux decline in
ultrafiltration of dextran could be due to the osmotic
pressure at the membrane surface. Considerable theo-
retical and experimental work has been done over the
last 20 years. Most authors have explained the cause
of flux decline but none have experimentally deter-
mined the contribution of polarization resistance to
the total filtration resistance. Also, the effects of feed
concentration and applied pressure, on solute concen-
tration over the membrane, boundary layer thickness
and unsteady-state flux response to a step change in
trans-membrane pressure, have not been discussed.
This work reports experimental results for the ultrafil-
tration of dextran on a fully retentive membrane and a
procedure to determine contributions of polarization
resistance to total filtration resistance. The effects of
step changes in applied pressure on an unsteady-state
flux response are also reported.

2. Theory

The separation of solute and solvent takes place
at the membrane surface where the solvent passes
through the membrane and the retained solute causes
the concentration at the membrane surface to increase.
This effect is known as concentration polarization.
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Concentration polarization accounts for both the gel
layer and the solute rich layer at the membrane sur-
face. The relationship between applied pressure and
the rate of permeation (flux) for a pure solvent, usu-
ally water flowing under laminar conditions in tortu-
ous membrane channels, is modeled using Darcy’s law
where solvent flux is directly proportional to the ef-
fective pressure difference and inversely proportional
to the filtration resistance. The constant of proportion-
ality is the inverse of solvent viscosity [11]. Mathe-
matically, this can be written as:

7 AP 0

" R

where J, is the flux of pure water, AP the applied
pressure, Ry, the membrane resistance and u the sol-
vent viscosity.

If the membrane retains a solute, the driving force
and the flow resistance would be modified due to con-
centration polarization and/or gel layer formation. Per-
meate flux in such cases can be obtained using the
following model reported by Wijmans et al. [12].

_AP—Ax

2
R; 2)

N
where Js is the solvent flux, AP the applied pressure,
Ry the total filtration resistance, which is equal to the
sum of the membrane resistance (Ry,) and the resis-
tance offered by the polarization layer (Rp). A is the
osmotic pressure difference across the membrane.

In ultrafiltration of macromolecules, membrane re-
sistance might be calculated using Eq. (1). However,
this equation is not valid for estimating total filtration
resistance for those solutes that exert significant os-
motic pressure. There is a need of incorporating the
effect of osmotic pressure term in Eq. (1) for accurate
determination of various resistances. In order to esti-
mate total filtration resistance, Eq. (2), which includes
osmotic pressure term is differentiated with respect to
time to give the following equation:

dJs 1 [dAP dAxw AP — Am (dR¢
dr dr

dr - WR¢ n R% dr
3)
The second term on the right hand side of this equa-
tion can be neglected due to its very small contri-
bution of less than 0.5% in this case. By analysing

post-steady-state transient filtration data obtained by
reducing the driving pressure as a function of time,
the total filtration resistance can be calculated using
the following equation:

dJs 1 [dAP dAJT]

dr — R

dt dt @)

Utilizing unsteady-state permeation data, which was
obtained by reducing the applied pressure as a func-
tion of time, the total filtration resistance can be cal-
culated by determining the slope of a line obtained
by plotting dJs/df versus dA P/dt at a selected applied
pressure. The value of dArr/dt will be constant during
the short duration of transient filtration particularly at
the reducing applied pressure.

3. Experimental
3.1. Materials and apparatus

The UF membrane used in this work had a nomi-
nal molecular weight cut off (MWCO) of 6kDa and
was prepared in the laboratory on a 1079 backing
(Tyvek, Supplied by Du-Pont). The membrane cast-
ing formulation contained 25% polysulfone (Radel-R
Amoco, USA) and 21% polyvinylpyrrolidone (PVP)
(Sigma, USA) in N-methyl-2-pyrrolidinone (NMP)
(Anachemia, USA). The membrane was prepared by
the phase inversion method and characterized as de-
scribed elsewhere [13]. Dextran T40 (Polysciences
Inc., USA) with a molecular weight of 39 kDa was
used as the standard solute. The dextran concentra-
tion in feed solutions was varied from 0.2 to 5kg/m>.
These values were based on reported literature data.
Solutions were prepared by adding the required
amount of dextran to water followed by stirring for
15-20 min. The concentration of dextran in the feed
and the permeate stream was measured on the ba-
sis of total carbon (TOC) content. The TOC levels
were determined using a TOC Analyser (Shimadzu
Corporation, Japan).

3.2. Experimental set-up
Fig. 1 shows a schematic diagram of the experi-

mental set-up. As shown in Fig. 1, all experiments
were performed using a commercial ultrafiltration
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Fig. 1. A schematic line diagram of the experimental set-up.

stirred cell unit (Amicon, USA). For each experimen-
tal run, the feed chamber was purged with nitrogen.
The membrane was set up at the base of the feed
chamber and permeate was collected at the bottom of
the cell unit. In order to determine the transient flux
through the membrane, permeate weight was recorded
continuously using a standard balance (SARTORIUS
Model No: BP221S). The serial port communication
program (RS-232) from the balance was developed
using LabVIEW software. A static pressure trans-
ducer (Ashcroft, Model No: K5) was installed on the
feed side of the cell. The analog output of the static
pressure transducer was digitized using a National
Instrument PCI 6023E A/D card and a CB-68LP con-
necting block. A data acquisition system in LabVIEW
was developed to synchronize the pressure and mass
measurements. The rate of change in flux and pressure
were also plotted simultaneously in real-time with the
developed software to monitor the transient response.

3.3. Experimental procedure

Initially pure water permeation (PWP) was mea-
sured for new membrane. The mass of permeated
solvent was recorded every 2 s using the data acquisi-

tion software LabVIEW. An error of less than 0.1% in
measuring solvent flux was observed. The membrane
resistance for pure water was calculated using Eq. (1).
For a given feed solution, flux versus time data was
collected at a constant feed pressure until a steady
state was reached, i.e. when the flux values became
time independent. Once steady state was achieved, the
bypass valve (item 8 in Fig. 1) was opened a crack to
let the applied pressure decay as a function of time.
The unsteady-state filtration data was continuously
recorded using the data acquisition system.

3.4. Model parameters

The literature value for the diffusion coefficient of
dextran T40 in water at 20°C was 6.0 x 10~ m?/s
[18]. Several authors [2,15-18] have presented os-
motic pressure data for dextran of different molecular
weights and reported that there is no significant in-
fluence of molecular weight on osmotic pressure. We
have used the following relationship between osmotic
pressure and solute concentration for calculating os-
motic pressure [18]:

AT =35.5Cy 4+ 0.752C2 +76.4 x 1074C3 (5)
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Fig. 2. Variation of permeate flux as a function of time for various values of applied pressure for a bulk dextran concentration of 1kg/m?.
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Fig. 3. Variation of permeate flux as a function of time for various values of applied pressure for a bulk dextran concentration of 5kg/m?.



120
3.5. Data analysis

Solvent permeation data was recorded using the data
acquisition software LabVIEW. The data file was cre-
ated in text by the program on a selected drive. This
file was transferred to an Excel worksheet for calcu-
lating flux, total filtration resistance, osmotic pressure,
concentration of solute in polarized layer, thickness
of this layer, and filtration resistance using different
models. Concentration at the membrane surface, Cy,,
was calculated using Eq. (5), which relates osmotic
pressure and concentration. Utilizing this value of Cy,
and the steady-state flux (Js) the solute concentration
profile, as a function of distance perpendicular to the
membrane surface, was estimated using the film the-

ory.
4. Results and discussions

Permeate flux data for dextran T40 solutions are
shown in Figs. 2 and 3 for feed concentrations of 1 and

S.K. Zaidi, A. Kumar/Separation and Purification Technology 36 (2004) 115-130

5kg/m? at applied pressures of 135, 270 and 405 kPa,
respectively. It is clear from these figures that the per-
meate flux initially drops rapidly followed by a gradual
decrease. This sudden drop in flux at the beginning of
the experiment is explained with the osmotic pressure
model. A build up of the polarization layer at the mem-
brane surface leads to an increase of the solute con-
centration at the membrane surface. Consequently, the
osmotic pressure rises rapidly, resulting in a decrease
of the net driving force. This high concentration at the
membrane surface is due to the high rejection and the
low diffusion coefficient of dextran that considerably
reduces the rate of back transport. This leads to a fur-
ther increase in the concentration on the surface.

Fig. 3 shows flux as a function of time for a 5 kg/m>
dextran solution. Note that compared to the two cases
with lower dextran concentrations (0.2 and 1kg/m?),
steady-state values of flux are independent of ap-
plied pressure. This phenomenon is clearly shown
in Fig. 4 where flux is plotted as a function of ap-
plied pressure for different bulk feed concentrations.
The steady-state values of flux for the lower feed

6.00E-06
——0.2 kg/m3 —
5.00E-06 - —&-1 kg/m3
—A—5 kg/m3
4.00E-06 -
£ —
" 3.00E-06 -
=
=
=
2.00E-06 -
e —,
1.00E-06 -
0.00E+00 T T T T T T
0 50 100 150 200 250 300 350 400 450
Applied pressure (kPa)

Fig. 4. Steady-state permeate flux as a function of applied pressure for different feed concentration of dextran.
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concentration (0.2kg/m>) at different applied pres-
sures range between (3.25-5.30) x 10~ m3/m?s
while for the higher feed concentration (5 kg/m?) these
values range between (1.18-1.30) x 107 m3/m?s. It
is interesting to note that the UF of dextran was found
to satisfy the case of only osmotic pressure limited
flux even if flux, at higher concentration, was found
to be pressure independent. These observations are
similar to many reported in [3,18]. At lower applied
pressure and lower bulk feed concentration, the flux
indeed changes with a change in applied pressure
however, at higher pressure and higher concentration
flux appears to be pressure independent. This is prob-
ably due to higher osmotic pressure build up, which
leads to relatively constant driving force for different
applied pressures. The effects of bulk concentration
were also shown in Fig. 4. It is well known that an
increase in the bulk concentration of the solution
decreases permeate flux. Higher concentrations lead
to higher osmotic pressure, hence lower fluxes are
observed. Furthermore, higher concentrations may
be giving higher polarized layer resistance, which is

inversely proportional to flux. However, the trends of
the flux versus time curves are identical when bulk
concentration increased at a fixed pressure, as shown
in Figs. 2 and 3.

Fig. 5 shows the variation of the unsteady-state per-
meate flux as a function of reducing applied pressure
for initial feed concentration of 5kg/m>. This figure
clearly explains the concept of polarization layer build
up and its dependence on applied pressure and feed
concentration. It is clearly noted from this figure that
pressure decay from any higher value is slightly lower
than the flux at the same pressure when pressure de-
cay started from a lower initial value. This is due to
the accumulation of more solute at the membrane sur-
face when ultrafiltration was done using higher initial
solute concentrations and explains the pressure inde-
pendent flux concept. However, a negative flux was
not observed. It simply means that the osmotic pres-
sure was never higher than the applied pressure. These
transient data presented in Fig. 5 can be further ana-
lyzed by plotting the dJs/ds versus dA P/dr as shown
in Fig. 6. The slopes of these straight lines were used

1.60E-06

—0— 135 kPa
—B8-270 kPa
—A— 405 kPa

1.40E-06 A

1.20E-06

1.00E-06

8.00E-07

Flux (m3/m2.s)

6.00E-07 A

4.00E-07 A

2.00E-07 A

0.00E+00 T T T

0 50 100 150

250 300 350 400 450

Applied pressure (kPa)

Fig. 5. Post-steady-state transient permeate flux as a function of reducing applied pressure for bulk dextran concentration of 5kg/m?.
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Fig. 6. Post-steady-state transient flux (dJs/df) vs. transient applied pressure (dA P/dr) for the data presented in Fig. 5.
Table 1
Filtration resistance analysis of dextran T40 at initial bulk concentration of 5kg/m> and different applied pressures
AP (kPa) Ri = Rm + Ry (x1071% Rm (x10713) Ry (x1071%) Percentage due to R,
135 1.37 3.54 1.01 74.2
270 1.83 3.61 1.48 80.2
405 3.06 3.63 2.71 88.1
Table 2
Filtration resistance analysis of dextran T40 at initial bulk concentration of 1kg/m> and different applied pressures
AP (kPa) Rf = Ry + Ry (x1071%) Rm (x10713) R, (x10713) Percentage due to R,
135 0.51 3.61 1.61 29.6
270 1.02 3.61 6.73 64.6
405 1.50 3.64 11.5 75.7
Table 3
Filtration resistance analysis of dextran T40 at initial bulk concentration of 0.2kg/m® and different applied pressures
AP (kPa) Ri = Rm + Ry (x1071) Rm (x10713) Ry (x10713) Percentage due to R,
135 3.83 3.51 0.22 8.32
270 4.55 3.57 1.04 21.5

405 7.06 3.61 3.55 48.9
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to calculate total filtration resistance as described ear-
lier [14]. Filtration resistance was found to be a func-
tion of applied pressure and solute concentration. The
experimental and estimated values of actual filtration
resistance, membrane resistance and resistance offered
by polarization are given in Tables 1-3. Detailed filtra-
tion data is listed in these tables for different applied
pressures and initial bulk solute concentrations. It is
clear from theses tables that the membrane resistance
(Rym) was relatively constant with a standard deviation
of only 1.2%. The percentage of resistance offered by
polarization during the ultrafiltration of dextran (Rp) of
the total filtration resistance (Ry) however, was found
to be dependent on applied pressures as well as initial
bulk solute concentrations. It was assumed that there
was no pore plugging or adsorption of solute on the
membrane.

Table 4 shows the observed steady-state membrane
rejection (R) for the entire range of pressure and con-
centration values studied in this work. As can be seen
from this table, the steady-state solute rejection rate
was always greater than 90%. It was found to be a

98

Table 4
Steady-state rejection (%) of dextran T40 at different applied
pressures and bulk concentrations (Cp)

AP (kPa) 0.2 kg/m? 1 kg/m? 5kg/m?
135 97.0 95.9 95.1
270 94.3 93.4 91.2
405 92.1 90.9 90.1

function of applied pressure and feed concentration.
As shown in Fig. 7, steady-state dextran rejection de-
creased with an increase in flux. Maximum observed
rejection was for lowest concentration and pressure.
This observation clearly demonstrates that for the en-
tire flux range rejection values are influenced by con-
centration polarization. This is further confirmed by a
higher observed rejection for the 0.2 kg/m? solute con-
centration at 135kPa when compared to the 5kg/m?
solute concentration at an applied pressure of 405 kPa.

Figs. 8 and 9 show the unsteady-state permeate
fluxes as a function of time in response to a sudden
pressure change for dextran T40 with different initial

97 1

96

95 A

—

94 -

93 1

Rejection %

92 1

91 A

90

=6=().2 kg/m3
=81 kg/m3
=fr=5 kg/m3

89 T T
0.00E+00 1.00E-06 2.00E-06

3.00E-06

4.00E-06 5.00E-06 6.00E-06

Flux (m3/m2.s )

Fig. 7. Steady-state dextran rejection as a function of permeate flux.
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Fig. 8. Unsteady-state permeate flux as a function of time in response to a sudden change of applied pressure (pressure cycle) for a bulk

dextran concentration of 1kg/m3.

bulk feed concentrations. The sudden change of pres-
sure was defined as a pressure cycle when pressure
was changed according to the following sequence:

135kPa — 270kPa — 135kPa — 270kPa
— 405kPa — 135kPa.

The starting trans-membrane pressure (¢ = 0) was set
to 135kPa for all three cases. After the steady state
was reached, AP was increased to 270 kPa once steady
state was achieved again the pressure was dropped
to 135kPa and this procedure was repeated accord-
ing to the defined pressure cycle. This procedure was
used to predict unsteady-state flux response. As can
be seen from Figs. 8 and 9, for all solute concentra-
tions, an increase in AP results in a corresponding
increase in the steady-state permeate flux. However,
at the same time, an unsteady behavior was observed,
when the pressure was increased from 135 to 270 kPa
and then later returned to the lower pressure. For the
lower feed concentration of 1 kg/m3, it was found that

the 100% increase of the applied pressure increased
steady-state permeate flux by only 35-50%. More-
over this increment in steady-state flux was further
decreased by 2-5% when the pressure was increased
by additional 50%, from 270 to 405 kPa. In this cy-
cle, decreasing the pressure back to 135 kPa resulted
in a reversible decrease in the permeate flux to a value
slightly lower than the steady-state value obtained ini-
tially at 135 kPa. This flux behavior is well predicted
by the osmotic pressure model. The doubling of ap-
plied pressure does not lead to the doubling of perme-
ate flux. Here, an increase in applied pressure is partly
compensated by an increase in osmotic pressure and
similarly a 50-100% decrease in applied pressure does
not result in a proportionate decrease in the permeate
flux as evidenced in Figs. 8 and 9.

At both pressure changes, the concentration gradi-
ent at the membrane surface varied rapidly. However,
there was a gradual decrease in flux during the en-
tire experiment, which is again due to an increase of
the bulk concentration with time. These experimental
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Fig. 9. Unsteady-state permeate flux as a function of time in response to a sudden change of applied pressure (pressure cycle) for a bulk

dextran concentration of 5kg/m>.

observations are in agreement with theoretical studies
reported earlier [9].

The response of the flux to the sudden pressure
changes provides additional information, which is in-
dicative of the sole presence of a polarization layer.
It was shown experimentally that the steady-state flux
varies with a change in applied pressure, which clearly
indicates that only a polarization layer is present. How-
ever, for the higher feed concentration of 5 kg/m3, if
the fluxes have comparable values for both pressures
or the flux change is not very high, like the previous
cases, this in itself does not provide proof of the pres-
ence of a gel layer. Using experimentally measured
permeate flux at given bulk solute concentration and
applied pressure, followed by the determination of to-
tal filtration resistance as defined in Tables 1-3, the
osmotic pressure of an accumulated solute at the mem-
brane surface can be calculated using Eq. (2). This
calculated my, is plotted as a function of the unsteady
pressure for bulk solute concentrations of 1-5kg/m3
at different initial applied pressures in Figs. 10 and 11.

This analysis shows that for all bulk solute concen-
tration and applied pressures, the osmotic pressure of
dextran at the membrane surface was a function of ap-
plied pressure, which is clearly indicative of osmotic
limited ultrafiltration.

Wijmans et al. [12] and Van Oers [18] have used a
simple model for representing a flux reduction due to
concentration polarization. The osmotic pressure, Ty,
is determined by the solute concentration (Cp,) at the
membrane surface. It is assumed that the increase in
concentration at the membrane surface can be calcu-
lated according to the film theory. First 7y, was calcu-
lated using Eq. (2), then Cy,, could be calculated from
the concentration—osmotic pressure relationship given
in Eq. (5). Using this value of Cy, and steady-state
flux, Jg, a solute concentration profile as a function of
distance perpendicular to the membrane surface can
be estimated using the film theory and the following
equation [19-21]:

—Jsx
Cx=Cb+(Cm—Cb)eXp< D ) (6)
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Fig. 12. Dextran concentration profile as a function of distance perpendicular to the membrane surface for three different applied pressures

for dextran bulk concentration of 1kg/m?.

where D is diffusivity and is calculated using the lit-
erature correlation. The boundary layer thickness (§)
can then be estimated as that value of x at which the
solute concentration becomes equal to the bulk solute
concentration.

Figs. 12 and 13 show the steady-state solute con-
centration profile within the polarization layer for two
different feed concentrations (1 and 5kg/m?) for dif-
ferent applied pressures (135, 270 and 405 kPa). These
concentration profiles were plotted as a function of dis-
tance from the membrane surface. It is clear from these
figures that solute concentration increases sharply at
the initial stage of UF and flux drop is drastic during
this stage. Since the solute concentration at the mem-
brane surface is a function of time, applied pressure
and bulk solute concentration, the solute concentra-
tion increase at the membrane surface would be more
rapid with higher applied pressures and bulk solute
concentrations.

The boundary layer thickness was plotted as a func-
tion of bulk solute concentration for different applied
pressures in Fig. 14. It is evident that the boundary
layer thickness is independent of applied pressure but
varies with bulk solute concentration. Figs. 15 and 16
show the variation of steady-state solute concentra-
tion on the membrane surface and osmotic pressure
exerted by the solute present in the polarization layer
as a function of bulk solute concentration at different
applied pressures, respectively. It is clear from these
figures that at higher applied pressures and bulk solute
concentrations, the concentration of solute accumu-
lated in the polarization layer is higher. This is due to
the higher rejection and lower back diffusion of solute
in bulk solutions. Furthermore, variation of concentra-
tion with applied pressure also justifies the concept of
osmotic limited behavior of the solute. Since osmotic
pressure is a function of solute concentration, it also
varies with bulk solute concentration accordingly.
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Fig. 13. Dextran concentration profile as a function of distance perpendicular to the membrane surface for three different applied pressures
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5. Conclusions

In the ultrafiltration of dextran, flux declines grad-
ually with time followed by a reversible steady-state
value. In pressure cycling experiments, permeate flux
values did not change proportionately for a sudden
increase followed by a decrease of trans-membrane
pressure. It was concluded that the UF of dextran
was osmotically limited and no gel layer was formed
even in the case of a pressure independent flux
regime for the concentration range studied in this
work. The contribution of polarization resistance to
actual filtration resistance was dependent on applied
pressures and initial bulk solute concentrations. It
was further demonstrated that the thickness of the
polarization layer in the ultrafiltration of dextran
solutions could be significantly large. It was also
concluded that the thickness of the polarization layer
is a function of the bulk solute concentration and a
higher bulk concentration led to a thicker polarization
layer. The solute concentration in the polarization
layer and the osmotic pressure were also dependent
on the applied pressure and bulk solute concentra-
tion.
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