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a b s t r a c t

Membrane fouling in BSA/dextran binary suspension cross-flow microfiltration under various operating
conditions is studied. The mechanisms for membrane fouling based on the SEM and CSLM observations
under various suspension concentrations are proposed. BSA aggregates deposit onto the membrane sur-
face while dextran molecules adsorb into the membrane pores, resulting in filtration resistances. The
BSA deposition is mainly determined by the drag forces exerted on BSA aggregates on the membrane
surface. Dextran adsorption is affected by the dextran concentration and applied pressure. The concen-
embrane fouling
embrane filtration

io-separation

tration effects on the filtration flux and filtration resistance are also discussed. The filtration fluxes for
BSA/dextran mixtures are located between those for two pure substances and decrease with the increase
in either the BSA or dextran concentration. However, the dextran concentration impact is more signif-
icant because the filtration resistance caused by membrane blocking is much higher than that caused
by cake formation in most conditions. The filtration resistances due to concentration polarization, cake

inte
hods
formation and membrane
the semi-theoretical met

. Introduction

Membrane filtration has been widely used in the separation and
urification of biological products in biotechnology. This is because

t could have the advantages of high product selectivity, high sep-
ration efficiency and high system integration flexibility through
ptimum membrane selection and module design. However, mem-
rane fouling during a filtration may markedly reduce the filtration
ux, decrease product quality and consequently increase the oper-
ting costs. Alleviating membrane fouling is therefore the most
mportant course to achieve optimum operations. Membrane foul-
ng in membrane filtration is possible due to solute adsorption,
article deposition, membrane blocking, or concentration polar-

zation [1]. Because multiple components, such as microbial cells,
roteins, polysaccharides, or humic acids, always coexist in biolog-

cal products, the membrane fouling mechanisms are complex and
ependent on the physical and chemical characteristics of foulant
nd membrane. Thus, the fouling mechanisms caused by different
oulants, especially by bio-mixtures with different compositions,

ave not been well analyzed yet.

Many factors, such as membrane characteristics, particle or
olute properties, operating conditions, etc., affect membrane foul-
ng during a filtration [1]. In previous studies on the membrane

∗ Corresponding author. Tel.: +886 2 26215656x2726; fax: +886 2 26209887.
E-mail address: kjhwang@mail.tku.edu.tw (K.-J. Hwang).
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rnal fouling can be estimated directly from the operating conditions using
proposed in this study.

© 2010 Elsevier B.V. All rights reserved.

filtration of pure Bovine Serum Albumin (BSA), Tracey and Davis
[2] and Bowen et al. [3] indicated that the membrane pore size
and BSA concentration played important roles in membrane foul-
ing in microfiltration. The membrane fouling type changed from
internal blocking into cake formation after a period of filtration.
Huisman et al. [4] claimed that the interaction between BSA and
membrane determined the early stage membrane fouling, while
the later period performance of the cross-flow ultrafiltration was
dependent on the BSA interactions. Güell and Davis [5] studied the
ultrafiltration of protein mixtures using four kinds of membranes.
The membrane fouling was attributed to the interactions between
protein functional groups. Ouammou et al. [6] concluded that the
protein zeta potential was the most important factor affecting
membrane fouling in protein microfiltration. Iritani et al. [7] stud-
ied the ultrafiltration of protein mixtures including BSA and egg
white lysozyme. They also concluded that the protein electrostatic
interactions played an important role in determining membrane
fouling and filtration flux. Reducing cake formation using high shear
stresses or vortex flows was demonstrated as an efficient method to
enhance separation efficiency in the filtration of protein mixtures
[1,8].

Different approaches were also proposed in previous studies.

Blatt et al. [9] claimed that membrane fouling in protein ultra-
filtration could be divided into two pressure-dependent regimes.
The polarization concentration increased with increasing pres-
sure in the low pressure region, while a gel layer formation or a
reduction in membrane pore size occurred under high pressures.

dx.doi.org/10.1016/j.cej.2010.11.044
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:kjhwang@mail.tku.edu.tw
dx.doi.org/10.1016/j.cej.2010.11.044
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Nomenclature

C solute concentration in the bulk suspension (kg/m3)
C2 correction factor defined in Eq. (10)
D molecular diffusivity (m2/s)
dh hydraulic diameter of filter channel (m)
dm,o clean membrane pore diameter (m)
dm,b fouled membrane pore diameter (m)
dp diameter of particle (BSA aggregates) (m)
Fn drag force in normal (filtration) direction (N)
Ft drag force in tangential (cross-flow) direction (N)
H clearance of filter channel (m)
k mass transfer coefficient (m/s)
L cake thickness (m)
Lf length of filter channel (m)
MW molecular weight (Da)
q filtration flux (m3/m2 s)
qs pseudo-steady filtration flux (m3/m2 s)
Re Reynolds number
Rc filtration resistance due to filter cake (m−1)
Rcp filtration resistance due to concentration polariza-

tion layer (m−1)
Rif filtration resistance due to membrane internal foul-

ing (m−1)
Rf filtration resistance due to membrane fouling (m−1)
Rm filtration resistance of clean membrane (m−1)
Rt total filtration resistance (m−1)
Sc Schmidt number
Sh Sherwood number
t filtration time (s)
us cross-flow velocity (m/s)
wc cake mass (kg/m2)

Greek letters
˛av average specific cake filtration resistance (m/kg)
εav average cake porosity
ı thickness of fouling layer in the membrane pores

(m)
�P filtration pressure (Pa)
�o shear rate on the membrane surface (s−1)
� filtrate viscosity (kg/s m)

Subscripts

M
i
t
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m
t
b
[
c
w
m
t
M
e
[
d
c
v

ating conditions of this study by checking the size distribution. A
hydrophilic flat-sheet membrane made of mixed cellulose acetate,
manufactured by Millipore Co., USA (Cat. No.: VCWP14250), was
used in these experiments. The membrane possessed good BSA
B BSA
D dextran

oreover, the gel-polarization model was proposed for correct-
ng the formation of a gel layer on the membrane surface other
han a sole concentration polarization [10]. The filtration resistance
n dextran ultrafiltration was then accurately predicted using this

odel [11]. Based on the mass transfer concepts, the concentra-
ion polarization or gel layer resistance could be efficiently reduced
y increasing the cross-flow velocity [10,11]. Garcia-Molina et al.
12] studied the ultrafiltration of dextran suspensions. They indi-
ated that a fouling layer was always formed and the filtration flux
as increased by increasing filtration pressure. In the cross-flow
icrofiltration of red wine, Vernhet and Moutounet [13] found

hat the polysaccharides in red wind were the major foulants.
embrane fouling frequently occurred at the membrane pore
ntrances or on the membrane surface. Recently, Hwang and Huang
14] concluded that the membrane pore size reduction caused by
extran adsorption was the main membrane fouling type in the
ross-flow microfiltration of blue dextran. From the results in pre-
ious studies, the filtration flux in protein/polysaccharide mixture
ring Journal 166 (2011) 669–677

microfiltration was much lower than that containing only a sin-
gle component [15,16]. Susanto et al. [15] found that the fouled
layer morphology was markedly dependent on the polysaccharide
characteristics and was more compact compared to that formed
by pure proteins. Hwang and Sz [16] studied the membrane foul-
ing in cross-flow microfiltration of BSA/dextran binary suspensions.
They found that the membrane fouling was mainly due to dextran
adsorption into the membrane pores. The fouled membrane pore
size and fouled layer thickness under various conditions could be
estimated using a theoretical model based on the Hagen–Poiseuille
law.

In this study, membrane fouling causing by BSA/dextran mix-
tures in cross-flow microfiltration is studied. The membrane
fouling observed using SEM and CSLM under various suspension
concentrations is modeled in order to propose fouling mecha-
nisms. The filtration resistances causing by the deposition of BSA
aggregates onto the membrane surface and by the adsorption of
dextran molecules in the membrane pores are analyzed. The con-
centration effects on the filtration flux and resistance are also
semi-theoretically discussed according to the membrane fouling
mechanisms.

2. Materials and methods

BSA with a molecular weight of 67 kDa was purchased from
United State Biochemical Co., while the dextran used in these
experiments was manufactured by Sigma Chemical Co. in the USA
with a mean molecular weight of 2000 kDa. BSA and dextran were
dissolved in a 10 mM phosphate buffer solution to prepare sus-
pensions with different concentrations. The suspension pH and
temperature during filtration were set at 7.0 and 20 ◦C, respectively.
The suspension was continuously stirred for 1 h to reach a steady-
state of BSA aggregate formation. The BSA and dextran sizes were
measured using Malvern MRK528-01 Zetasizer Nano System and are
shown in Fig. 1. Although BSA molecules had a primary size of
8 nm, many aggregates with a size as large as 300 nm were found in
the suspension. Dextran had a size distribution from 21 to 300 nm
and a mean value of 90 nm. The BSA aggregation was observed to
be insignificantly affected by dextran concentration in the oper-
Fig. 1. Size distributions of (a) BSA, and (b) dextran.
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the membrane fouled by BSA/dextran binary mixtures with dif-
ferent concentrations, as shown in Fig. 5. In the filtration of pure
Fig. 2. A schematic diagram of the cross-flow microfiltration system.

ejection property. The mean pore diameter on the virgin mem-
rane surface was measured at 295 nm using a Power Image Analysis
ystem.

A schematic diagram of the cross-flow microfiltration system
s shown in Fig. 2. The clearance, width and length of the effec-
ive filtration region in the two-parallel-plate micro-filter were
.0 × 10−3 m, 2.0 × 10−2 and 5.5 × 10−2 m, respectively. Only the
ottom plate was permeable and installed with a filter mem-
rane. The suspension was prepared in a suspension tank, agitated
sing a magnetic mixer and kept isothermal using a thermostat.
he suspension was pumped into the microfilter using a Millipore
518-00 Peristaltic Pump. The measured results of protein size dis-
ributions indicated that the protein aggregation was not obvious
hange by the pumping shear. The cross-flow velocity and filtra-
ion pressure were adjusted using a rotameter and a needle valve,
espectively. The concentrate was pumped back to the suspension
ank, while the filtrate was collected into a flask and weighed using
load cell. The filtration data were then recorded on a personal

omputer for further calculation. When an experiment was termi-
ated, the filtrate viscosity was measured using Brookfield LVDV-II
iscometer. The fouled membrane was sent to perform Scanning
lectron Microscopy (SEM) using Leo-1530 Field Emission Scanning
lectron Microscopy or Confocal Scanning Laser Microscopy (CSLM)
sing Leica TCS-SP5 Confocal Spectral Microscope Imaging System.

n CSLM analysis, the selected fluorescent dyes for BSA and dex-
ran were Fluorescein-5-Isothiocyanate FITC “Isomer I” (FITC) and
oncanavalin A-Tetramethylrhodamine Conjugate (ConA), respec-
ively.

The sources of filtration resistances included concentration
olarization layer, membrane fouling and the virgin membrane.
hese resistances were measured in experiments. The virgin mem-
rane resistance was measured before each experiment by flowing
e-ionized water through the membrane, while the overall filtra-
ion resistance was calculated by substituting filtration flux and
ressure data into the basic filtration equation. As soon as an
xperiment was completed, the suspension flow was switched
nstantaneously to de-ionized water. Because the concentration
olarization layer was swept away from the region near the mem-
rane surface, the filtration flux was suddenly increased, and the
ltration resistance caused by concentration polarization layer
as calculated from the difference between the overall filtration

esistance before and after changing feeds. The dextran desorp-
ion from membrane pores in such a short period was negligible.

he resistance caused by membrane fouling was then calculated
sing the basic filtration equation once the other resistances were
btained.
ring Journal 166 (2011) 669–677 671

3. Results and discussion

Fig. 3(a)–(h) shows SEM photos of the membranes fouled by
different concentrations of BSA/dextran mixtures after 3-h filtra-
tion under us = 0.3 m/s and �P = 60 kPa. The top- and side-view of
the membrane fouled by pure BSA with a concentration of 1 kg/m3

are shown in Fig. 3(a) and (b), respectively. Fig. 3(a) illustrates
that some BSA aggregates several hundred nanometers in size are
retained on the membrane surface, forming a filter cake. The “gel-
like” cake layer is rather compact compared to those formed by
incompressible particles (e.g., glass beads, metal powders or some
polymeric particles) with a similar size. However, a few membrane
pores remained open on the surface after 3-h filtration. The side-
view of the fouled membrane, Fig. 3(b), indicates that the BSA fouled
layer is very thin (only several hundred micrometers) with no BSA
molecule adsorbed into the walls of the membrane pores. These
phenomena reveal that the resistance in pure BSA filtration is due
mainly to the thin cake layer formed on the membrane surface.

Fig. 3(c)–(h) is images of membranes fouled by BSA/dextran
mixtures with different concentrations. Fig. 3(c) and (d) shows the
top- and side-view, respectively, of the fouled membrane under
CB = 1 kg/m3 and CD = 0.5 kg/m3. BSA aggregates with an approx-
imate size of 300 nm form a “spot-like” thin cake layer on the
membrane surface. Only a part of the membrane surface area
is covered with deposited BSA after 3-h filtration. Some dex-
tran molecules are found to adsorb onto the sponge-like interior
membrane pores near the pore entrances. The membrane pores
are narrowed due to the dextran adsorption, which results in a
significant filtration resistance. When the dextran concentration
was doubled, the BSA cake structure and thickness were nearly
the same, as shown in Fig. 3(e) and (f). However, more dextran
molecules were found to adsorb into the membrane pores under
such higher dextran concentration. Because this effect causes the
pore size of the fouled membrane to be smaller, the filtration
resistance is expected to increase noticeably. When the BSA con-
centration was doubled but CD remains as 0.5 kg/m3, most of the
membrane surface area is covered with BSA aggregates, while the
cake thickness is still thin after 3 h, as shown in Fig. 3(g) and (h).
The aggregate size increases to 1–2 �m and the shape changes
to spheroidal in higher BSA concentration conditions. Because the
dextran adsorption was similar under the same dextran concentra-
tion, as shown in Fig. 3(d) and (h), the increase in overall filtration
resistance with increasing BSA concentration is mainly attributed
to more BSA deposition.

Applying fluorescent dye to fouled membrane sampling, BSA
and dextran in CSLM can be observed in green and red colors,
respectively. The results of pure BSA and dextran under a dead-end
filtration of �P = 20 kPa are shown in Fig. 4(a) and (b) as blanks.
Fig. 4(c) and (d) shows typical photos of CSLM under CB = 1 kg/m3,
CD = 0.5 kg/m3 and us = 0.1 m/s. The filtration pressures in Fig. 4(c)
and (d) are 20 kPa and 100 kPa, respectively. It can be seen that the
color on most of the membrane surface is green. This reveals that
BSA is the main constituent of the foulant on the membrane sur-
face. Furthermore, the green fluorescence is more intense and can
be detected in deeper locations under higher filtration pressure, as
those cross-sections shown on the right and bottom of Fig. 4(c) and
(d). This indicates that the BSA foul layer is thicker under higher
pressure.

According to the SEM and CSLM discussions on fouled mem-
branes shown in Figs. 3 and 4, a composite mechanism constituting
cake formation and membrane pore blocking is proposed to explain
BSA, BSA aggregation always occurs in the suspension [17,18].
The BSA aggregates will be retained on the membrane surface to
form a thin but compact cake layer, as shown in Fig. 5(a). The fil-
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ig. 3. SEM photos for the fouled membrane under us = 0.3 m/s and �P = 60 kPa. (a a
D = 1 kg/m3, (g and h) CB = 2 kg/m3, CD = 0.5 kg/m3.

ration resistance caused by cake formation is dominant in such
ondition. When dextran molecules co-exist in the suspension,
hey have the opportunity to be adsorbed into the membrane
ores. Referring to the SEM shown in Fig. 3 and the analysis in
he authors’ previous study [16], the dextran adsorption occurs
t the membrane pore entrances, leading to a reduction in the
ore size as well as an increase in filtration resistance, as shown

n Fig. 5(b). Because a lower filtration flux causes BSA aggregates
o deposit on the membrane surface more difficulty, the BSA cake
ayer only covers a part of the membrane surface and has a thick-

ess merely several times the size of a BSA aggregate. Therefore, the
ltration resistance for BSA/dextran mixtures is mostly attributed
o the pore size reduction by dextran adsorption. The dextran
dsorption layer is thicker under higher dextran concentrations,
s shown in Fig. 5(c). This implies that the filtration resis-
Pure BSA, CB = 1 kg/m3, (c and d) CB = 1 kg/m3, CD = 0.5 kg/m3, (e and f) CB = 1 kg/m3,

tance increases with increasing dextran concentration for a given
BSA concentration under fixed cross-flow velocity and filtration
pressure.

Fig. 6 shows the filtration flux attenuation during cross-flow
microfiltration of BSA/dextran mixtures with different concentra-
tions. The cross-flow velocity and filtration pressure are kept at
0.3 m/s and 100 kPa, respectively, during filtration. Similar to those
in most cross-flow microfiltration systems, the filtration fluxes
attenuate very quickly at the beginning of filtration and gradually
approach pseudo-steady values after a period of time. This trend

reveals that most membrane fouling occurs in the early filtration
period. Since the filter cake formed by BSA has a thickness only
approximately several times that of a BSA aggregate, the aggre-
gate deposition may occur in very early filtration periods. This fact
causes the filtration flux to decay more quickly under higher BSA
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Fig. 4. The 3D reconstruction of CSLM image stacks (10 × 100×) under CB = 1 kg/m3, CD = 0.5
(c) mixture, us = 0.1 m/s, �P = 20 kPa, and (d) mixture, us = 0.1 m/s, �P = 100 kPa.

Fig. 5. Schematic diagram for the mechanisms of the membrane fouled by
BSA/dextran mixtures with different concentrations. (a) Pure BSA, (b) BSA + dextran
(low concentration), and (c) BSA + dextran (high concentration).
kg/m3, (a) pure BSA, us = 0 m/s, �P = 20 kPa, (b) pure dextran, us = 0 m/s, �P = 20 kPa,

concentration, i.e., CB = 2 kg/m3. Comparing the data shown in Fig. 6,
the filtration flux would be the highest in pure BSA suspension fil-
tration. This is because the filtration resistance is solely due to cake
formation. When dextran molecules exist in the suspension, the
dextran adsorption causes the membrane pore size to reduce as
well as a filtration resistance increase. As a result, the filtration flux

decays quicker at the initial stage and decreases with increasing
dextran concentration. Comparing the data from a solid circle and
square, it is inferred that the lower flux for higher BSA concen-
tration before 1000 s is caused by more BSA aggregate deposition,
while the lower steady flux for higher dextran concentration after
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BSA/dextran mixtures with different concentrations.



674 K.-J. Hwang, P.-Y. Sz / Chemical Engineering Journal 166 (2011) 669–677

10080604020
0x10

0

1x10
-5

2x10
-5

3x10
-5

4x10
-5

5x10
-5

q
s  

(m
3
/m

2
. s

)

BSA + Dextran, us = 0.3 m/s

CB=1 kg/m
3

CB=1 kg/m
3
, CD=0.5 kg/m

3

CB=2 kg/m
3
, CD=0.5 kg/m

3

CB=1 kg/m
3
, CD=1 kg/m

3

CD=0.5 kg/m
3

F
s

t
p

s
v
m
b
m
B
i
c
t
c
i
h
e
B
t
fi
i
f
t
a
t
t
t
s

m

q

w
c
b
p
b

110100908070605040302010
0.0x10

0

4.0x10
11

8.0x10
11

1.2x10
12

1.6x10
12

2.0x10
12

R
c
p  

(m
-1

)

BSA + Dextran, us = 0.3 m/s

CB=1 kg/m
3
, CD=0.5 kg/m

3

CB=1 kg/m
3
, CD=1 kg/m

3

CB=2 kg/m
3
, CD=0.5 kg/m

3

CB=1 kg/m
3

CD=0.5 kg/m
3

D

ΔP (kPa)

ig. 7. Effects of suspension concentration and filtration pressure on the pseudo-
teady filtration flux.

hat time is due to more dextran adsorption into the membrane
ores.

Fig. 7 shows the suspension concentration and filtration pres-
ure effects on the pseudo-steady filtration flux. The cross-flow
elocity is fixed at 0.3 m/s. According to the membrane fouling
echanism shown in Fig. 5, BSA aggregates deposit onto the mem-

rane surface while dextran molecules adsorb onto the walls of the
embrane pores resulting in filtration resistances during filtration.

ecause the filtration resistance caused by membrane internal foul-
ng is much higher than that caused by cake formation in most
onditions, the filtration flux for pure BSA is 4-fold higher than
hat for pure dextran suspensions. The filtration fluxes for pure
omponents are relatively insensitive to filtration pressure. This
mplies that the membrane fouling becomes more severe under
igher pressure and increasing filtration pressure may not be an
fficient strategy to enhance filtration flux. For the filtration of
SA/dextran mixtures, the filtration fluxes are located between
hat of two pure substances. The fluxes are more sensitive to
ltration pressure compared to those of pure suspensions, but

t increases less than 2 times when the pressure is increased
rom 20 to 100 kPa. This is possible due to the competition of
wo constitutive membrane fouling mechanisms, cake formation
nd membrane pore blocking. Comparing the filtration fluxes for
hose mixtures with different concentrations, it can be found that
he flux decreases with the increase in BSA or dextran concen-
ration. However, the impact of dextran concentration is more
ignificant.

The basic filtration equation based on resistance-in-series
odel can be written as:

= �P

�Rt
= �P

�(Rcp + Rf + Rm)
(1)
here q is filtration flux, �P is filtration pressure, � is filtrate vis-
osity, and Rt is the overall filtration resistance which can be given
y summing the filtration resistances caused by concentration
olarization layer, Rcp, membrane fouling, Rf, and the virgin mem-
rane, Rm. The methods for filtration resistance measurements have
ΔP (kPa)

Fig. 8. Pressure effect on the Rcp value for different mixed BSA/dextran composi-
tions.

been described in previous section. Because the existence of BSA
and dextran in the filtrate causes a 2–10% increase in viscosity,
the filtrate viscosity should be measured and used in resistance
calculation. Fig. 8 shows the pressure effect on the Rcp value for dif-
ferent mixed BSA/dextran concentrations. An increase in filtration
pressure leads to higher Rcp value for a given suspension concentra-
tion. The Rcp value for pure BSA is lower than that for pure dextran.
A linear relationship between Rcp and �P can be found for these
two pure substances. This trend is the same as that of pure sub-
stances in previous studies, e.g., Cheng et al. [11]. However, the
linear relationship does not exist for the mixtures, and some Rcp

values for mixtures exceed the sum of two pure substances. This
is because BSA and dextran molecules have different mass transfer
properties and filtration resistances even under a given operating
condition, which will be discussed later. From the experimental
data, however, the Rcp value increases with increasing BSA or dex-
tran concentration, but the impact of the dextran concentration is
more significant.

Analogizing with heat transfer for laminar flow through a chan-
nel, an empirical equation to relate Sherwood number, Sh, and other
dimensionless groups can be expressed as [10]:

Sh = k · dh

D
= 1.86Re0.33Sc0.33

(
dh

Lf

)0.33

(2)

where k is the mass transfer coefficient, dh is the hydraulic diameter
of the channel, D is the macromolecular diffusivity, Re is Reynolds
number, Sc is Schmidt number, and Lf is the channel length. Conse-
quently, the mass transfer coefficient can be estimated using Eq.
(2) once the molecular diffusivity and other operating variables
are known. The diffusivity can be estimated using the Einstein
equation or some available empirical equations. For instance,
the BSA diffusivity is calculated by Stokes–Einstein equation as
5.91 × 10−11 m2/s based on the mean size of BSA [19], while the dex-
tran diffusivity, DD, can be estimated using the following empirical
equation [20]:

D = 2.8 × 10−9 · MW−0.401 (3)
in which MW is the molecular weight of dextran. Therefore, the
diffusivity of dextran used in this study is ca. 8.326 × 10−12 m2/s.

According to the principles of transport phenomena, the con-
vection mass flux and the back diffusion mass flux in the filtration
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irection are theoretically proportional to C × qs, and C × k, respec-
ively. In fact, the prediction of the filtration resistance caused by
he concentration polarization layer from operation parameters is
ather difficult. However, it is reasonable to assume that Rcp is in
roportion to the polarized solute concentrations and is a linear
unction of C × qs/k for a pure substance. The following empirical
quations can be regressed using the experimental data of cross-
ow microfiltration of pure BSA and dextran suspensions with
ifferent concentrations (not shown), respectively:

cp,B = 8.96 × 109CB · qs/kB (4)

cp,D = 8.14 × 1010CD · qs/kD (5)

When filtration is operated in the pressure control region, the
ltration flux linearly increases with increasing filtration pressure.
hus, the filtration resistance caused by concentration polarization
ayer is always proportional to filtration pressure under fixed sus-
ension concentration and cross-flow velocity. This trend is found

n Fig. 8 and just fit with the experimental results of previous stud-
es, e.g., Cheng et al. [11]. Therefore, the Rcp values for pure BSA
nd dextran under a given condition can be estimated using Eqs.
4) and (5), respectively, once qs is measured in experiment and k
s calculated using Eq. (2).

When two components co-exist in the suspension, the contribu-
ions came from both components should be considered to obtain
he overall Rcp value. The empirical equations obtained from pure
omponents, Eqs. (4) and (5) are then summed to obtain the Rcp

alue in mixture filtration by neglecting the solute interactions.
ig. 9 shows a plot of the experimental Rcp versus calculated Rcp val-
es for different suspension concentrations. The cross-flow velocity

s fixed at 0.3 m/s, while the data for a given BSA/dextran composi-
ion are obtained under various filtration pressures. The auxiliary
traight line means agreement between the experimental and cal-
ulated values. The deviations between most experimental Rcp and
alculated values are smaller than 20% except for a few data points.
owever, this method provides a convenient way to estimate Rcp

or mixtures directly from the operating conditions and solute con-
entrations.

The filtration resistances caused by membrane fouling, Rf,
ncluding cake formation and membrane pore blocking, for dif-

erent mixed BSA/dextran concentrations under various filtration
ressures are measured and shown in Fig. 10. It can be found that
he Rf values are much higher than the Rcp values, as shown in Fig. 8
nder the same conditions. This trend agrees with those in most
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ig. 9. A plot of experimental Rcp versus calculated Rcp values for different suspen-
ion concentrations.
ΔP (kPa)

Fig. 10. Effects of BSA/dextran concentrations and filtration pressure on the mem-
brane fouling resistance.

previous studies [1,10,14]. The membrane fouling in pure BSA fil-
tration is due mainly to cake formation, while that in pure dextran
filtration is due to sole membrane pore blocking according to the
mechanisms proposed by this study. The Rf value for pure BSA is
therefore the lowest and that for pure dextran is the highest among
the data shown in Fig. 10, and the difference of Rf between two pure
substances increases with increasing filtration pressure. Because
cake formation may more or less prevent the following membrane
pore blocking during BSA/dextran mixture filtration, the Rf values
for mixtures are located between those for two pure substances.
An increase in the BSA or dextran concentration leads to higher Rf
value, but the impact of dextran concentration is more significant.

To understand the weights of cake formation and membrane
blocking on fouled membrane filtration resistance in the cross-
flow microfiltration of BSA/dextran mixtures, the cake properties
in “dead-end” filtration of pure BSA with the same concentra-
tions as this study were measured. The filtration curves were
analyzed using the method proposed by Hermia [21] and the results
indicated that membrane fouling was attributed to cake forma-
tion. The measured average specific cake filtration resistance, ˛av,
and average cake porosity, εav, can be expressed as the following
pressure-dependent power-type empirical equations:

˛av = 6.22 × 1011�P0.72 (6)

1 − εav = 0.0012�P0.36 (7)

Therefore, the cake mass, wc , under a constant pressure filtration
can be estimated from the measured cake filtration resistance, Rc,
because Rc = ˛av × wc .

In a cross-flow filtration, the deposition of BSA aggregates is
restrained by the tangential shear stress due to the suspension flow.
Because the fluid velocity near the membrane surface is very low,
the tangential drag force exerted on a BSA aggregate staying on the
membrane surface can be estimated using the modified Stokes law
[22,23], that is,

Ft = 2.176��d2
p,B�o (8)

where dp,B is the diameter of BSA aggregate. The shear rate acting on

the membrane surface, �o, in a two-parallel-plate cross-flow filter
can be estimated by [23],

�o = 6
usH

(H − L)2
= 6

us

H
(when L � H) (9)
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resistance data and expressed as [16]:

dm,b =
(

d2
m,o

Rm
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)0.5
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ig. 11. A plot of calculated cake mass versus qsR0.4
c /usd0.2

p,B
L0.4 in cross-flow filtration

f pure BSA suspension under various filtration velocities.

here us is the mean cross-flow velocity, L is the cake thickness,
nd H is the clearance of the filter channel. Therefore, Ft ∝ d2

p,Bus in
hin cake conditions. The drag force in the filtration direction can
lso be calculated using the modified Stokes law:

n = 3��dp,BqsC2 (10)

The correction factor, C2, is introduced due to the existence of
he filter cake and can be obtained by [24]

2 = 0.36

(
Rcd2

p,B

4L

)0.4

(11)

Therefore, Fn ∝ qsR0.4
c d1.8

p,B/L0.4. The results in previous studies
22,23] concluded that the particle deposition is determined by the
atio of force in the filtration to that in the tangential (cross-flow)
irections. In other words, the force ratio of Fn/Ft, which is propor-
ional to qsR0.4

c /usd0.2
p,BL0.4, is an important factor affecting the cake

ormation.
Fig. 11 is a plot of calculated cake mass versus qsR0.4

c /usd0.2
p,BL0.4

n cross-flow filtration of pure BSA suspension under various fil-
ration velocities. Most data can be regressed to a straight line
hough a few data have large deviation for about 35% under
ow force ratios of Fn/Ft. The result reveals that the cake mass
ncreases with increasing the force ratio of Fn/Ft, i.e., increasing
he particle stability on the membrane surface. The linear relation-
hip also indicates that the drag forces play the most important
ole in determining BSA deposition. However, the regressed dash
urve under low qsR0.4

c /usd0.2
p,BL0.4 values deviates from the straight

ine. This implies that the interaction between BSA aggregates
ncreases its weighting when the drag force due to perme-
te flow is small. The repulsive interaction due to hydrophobic
ature of BSA causes less BSA deposition in such conditions, and
his effect becomes more significant under lower force ratios of
n/Ft.

For the filtration of BSA/dextran mixtures, the cake mass formed
y BSA aggregates can be estimated using the empirical relation-
hip shown in Fig. 11, and the cake resistance Rc can be calculated
sing the product of ˛av × wc in which ˛av is obtained using Eq. (6).

he filtration resistance caused by internal membrane fouling (or
ays membrane pore blocking), Rif, is then calculated by subtracting
c from Rf values. Fig. 12 shows the calculated Rif values for three
ifferent BSA/dextran mixture concentrations under various filtra-
ion pressures. Because the main contributor on membrane internal
Fig. 12. Effects of BSA/dextran mixture concentrations and filtration pressure on
the internal membrane fouling resistance.

fouling is dextran, increasing dextran concentration leads to higher
Rif value. This effect is more significant under higher filtration pres-
sures. Furthermore, more dextran molecules have opportunities to
penetrate into the membrane pores under higher filtration flux,
which results in more serious membrane internal fouling under
higher pressures. The Rif value increases more than 5 times as pres-
sure increases from 20 to 100 kPa. The data shown in Fig. 12 also
indicates that the BSA concentration has no obvious effect on the
Rif value. The membrane internal fouling is mainly determined by
the dextran concentration and filtration pressure.

In the authors’ previous study [16], the relationship among fil-
tration flux, fouled membrane pore size, and pressure drop through
the membrane fouled layer at steady state was modeled by the
Hagen–Poiseuille law. The increase in filtration resistance was
attributed to the reduction in membrane pore size or the increase in
fouled layer thickness. According to the analysis, the mean pore size
of the fouled membrane, dm,b, can be estimated using experimental
12080400

ΔP (kPa)

40

Fig. 13. A plot of ı versus �P under various operating conditions.
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here dm,o is the mean pore size of the virgin membrane. There-
ore, the dextran adsorption layer thickness, ı, can be calculated by
dm,o − dm,b)/2.

Fig. 13 is a plot of ı versus �P under various operating condi-
ions and two different dextran concentrations. The trend is similar
o normal adsorption isotherms, in which the adsorption amount
s proportional to the dextran concentration and applied pressure.
his effect is more significant under low pressures or with a thin
extran adsorption layer. Moreover, the data for a given dextran
oncentration can be regressed to a unique curve whatever the
ross-flow velocity. This result indicates that the dextran adsorp-
ion in the membrane pores is mainly determined by the dextran
oncentration and applied pressure. The empirical relationships
btained from Fig. 13 provide a way to predict membrane pore size
eduction and membrane internal fouling directly from operating
onditions.

. Conclusions

The membrane fouling mechanisms in cross-flow microfil-
ration of BSA/dextran mixtures were studied. BSA aggregates
eposited on the membrane surface to form a thin cake layer, while
extran molecules adsorbed in the pores near the membrane sur-
ace to narrow the pore size and result in a dominant filtration
esistance. The BSA deposition was mainly determined by the drag
orces exerted on the BSA aggregates. The cake mass increased
inearly with increasing Fn/Ft force ratio. On the other hand, the
extran adsorption in the membrane pores was increased by the

ncreases in dextran concentration and applied pressure, which
as similar to most adsorption isotherms. The BSA and dextran

oncentration effects on the filtration flux and resistance were also
iscussed. The filtration fluxes for BSA/dextran mixtures decreased
ith increasing BSA or dextran concentration. However, the impact

f the dextran concentration was more significant because the fil-
ration resistance caused by membrane blocking was much higher
han that caused by cake formation. The filtration resistances due to
oncentration polarization, cake formation and membrane internal
ouling could be estimated directly from the operating conditions
sing the semi-theoretical methods proposed in this study.
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