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Abstract
The comparative behavior of particle deposition in the dead-end as well as the cross-flow filtrations was investigated with the latex
colloid under different particle concentrations, where the repulsive interaction exists between membranes and particles. We found that the
time evolution of the electrokinetic streaming potential during the filtration of colloids can provide useful real-time information on particle
deposition onto the outer surfaces of membranes. With the progress of filtration, the magnitude of streaming potential in fully retentive pores
at the dead-end mode becomes evidently decreased, whereas the opposite behavior is shown at the cross-flow one. Experimental results of
the filtrate flux concerning the streaming potential indicate that both the cake layer thickness and the particle concentration in the cake layer
for dead-end case show higher values than those of cross-flow one. Regardless of the filtration modes, these properties are increased with
the increase of particle concentration. Compared to the dead-end filtration with flat-plate membrane, the cross-flow characteristic allows the
particles to stay in a suspended state above the outer surface of hollow-fibers instead of being deposited.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
Numerous studies have been devoted to understand the
behavior of filtrate flux decline due to the particle deposition
onto membrane surfaces. In the fully retentive membranes,
whether we employ a dead-end mode or a cross-flow mode,
the retained solute particles at the membrane surface build
up with time as a cake layer. The retained solutes above the
cake layer result in a concentration polarization (CP) layer
with the spatially variable solute concentration [1–4].
Complicated physicochemical properties of the bulk suspension of charged colloids are closely related to the development of CP layer. Besides the long-range interaction between the membrane surface and the particles, the colloidal
∗
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interaction energies are necessarily involved in multiparticle
interactions. Many attempts have been made at examining the
osmotic pressure for colloidal suspensions with multiparticle
interactions [5–7]. As a relevant study underlying these interactions, Chun et al. [8] presented effects of the expanded
double layer around particle surfaces on the dead-end filtration properties, based on the estimations of the cake porosity
and the cake compressibility.
Surface properties of the filtration membranes have been
shown to influence filtrate flux, membrane fouling, and solute
rejection. Measuring the flow-induced streaming potential
based on electrokinetic phenomena became the widely used
technique to characterize the electric properties of both the
pore surfaces and the outer surface of the membrane [9–17].
Both the cake layer and the concentration polarization layer
developed on the outer surface of the membrane influence
upon the streaming potential, which suggests the significance
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of the time evolution of the streaming potential to a monitoring the fouling [18].
In this study, we investigate an explicit comparison on the
cake layer formation due to particle deposition between the
dead-end and the cross-flow filtrations measuring the electrokinetic streaming potential with the progress of filtration
time. The mechanism of filtrate flux decline is considered
based on a transient flux model. Commercially available
membranes of both the flat-plate and the hollow-fiber types
were chosen, and colloidal suspensions of polystyrene
latex were prepared with different particle concentrations.
Experimental observations are carried out for solutions at
pH 8.6, in which the electrostatic repulsion exists between
the fully retentive membrane pore and the particles with
the same (i.e., like) charged condition. In special, observing
the axial-position-dependent streaming potential identifies
the effect of the concentration polarization layer generated
during the cross-flow filtration.
2. Basic considerations on membrane ﬁltrations of
colloids
The streaming potential arises when a pressure difference
is applied across the membrane, causing the electric double
layer (EDL) to shear due to the flow of electrolyte solution
which displaces the electric charges of the diffuse part of
the double layer. The charge characteristics of the membrane
pore walls were observed by applying the apparent streaming
potential, in which the surface charges of the pore wall affect
both the long-range electrostatic interactions and the formation of cake layer. Moreover, the evolution behavior of the
streaming potential is available to usefully explain the flux
change during the filtration of colloids.
Several mechanisms such as dissociation of surface functional groups, adsorption of ions, and adsorption of charged
molecules account for the surface charge of membranes contacted with aqueous solutions. In an electric field governed
by the Poisson–Boltzmann (P–B) equation, the thickness
of the EDL at the phase boundary can be quantified by
the 
Debye length. The inverse Debye length κ is defined



by
e2 NA i ci0 Zi2 /εkT . Note that e is the elementary
Coulombic charge, NA the Avogadro’s number, ε a dielectric
constant, kT the Boltzmann thermal energy, ci0 the concentration of ion species i in the bulk solution (in moles per unit
volume), and Zi its valence. We consider here the condition
of overall electroneutrality in an equilibrium solution. For
aqueous solutions of monovalent electrolytes at 25 ◦ C, the
Debye length κ−1 (nm) is given by (solution ionic strength
(mol))−1/2 /3.278. For a low surface potential (i.e., less than
kT/e = 25.69 mV) with a 1:1 electrolyte system, the P–B equation may be linearized, which is called the Debye–Hückel
equation [19,20].
Once the electrolyte solution flows through the membrane
pores by means of pressure P, the ions are stripped off along
the shear plane, and a streaming current is formed. Charge

accumulation at the downstream side generates an electric
field that causes a backflow of ions until a steady state is
reached. Direct information about the electrostatic charge
at the EDL shear plane is obtained in terms of the electrokinetic streaming potential E [21]. For surfaces with low
surface conduction compared to the solution conduction, the
fundamental relationship between the measured streaming
potential E and the membrane zeta potential ζ is reasonably
given by the well-known Helmholtz–Smoluchowski (H–S)
equation, E/ P = εξ/ηλ0 , where η is the solution viscosity
and λ0 the solution conductivity [22]. The linear relationship
between E and P can be obtained from the streaming
potential difference E measured with variations of the
transmembrane pressure drop P.
When the EDL thickness exceeds the pore radius, a rigorous analysis in terms of the H–S formula is inevitably limited.
The overlap of EDL inside the membrane pore results in a
concentration gradient across the pore, and subsequently the
solution conductivity at the pore region will deviate from
its bulk value. The membrane potential caused by this concentration gradient is added to the pressure-induced streaming potential, on which the ‘filtration potential’ has been acknowledged recently [23]. The streaming potential defined in
this study means the apparent one, however, which allows us
favorably to examine its behavior or trends in the membranes
without complicated calculations.
In the membrane filtrations shown in Fig. 1, the filtrate flux
v incorporating with the boundary layer model is described
by the Darcy’s law for the overall hydraulic resistance in
terms of membrane, cake, and polarization resistance in series. With employing the effective pressure drop on both the
membrane and the cake layer, the general filtration equation

Fig. 1. Schematic representation of the dead-end filtration with flat-plate
membrane and cross-flow filtration with hollow-fiber membrane.
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Table 1
Characteristics of membranes

can be expressed as [2,8]
v=

P − Pp
η(Rm + Rc )

(1)

where P is the transmembrane pressure drop imposed
across the cake and the membrane, Pp the pressure drop
on the CP layer, Rm (= P/ηvwater ) a resistance of the clean
membrane, and Rc the cake resistance. When a cake layer
is present on the membrane surface, the Pp is maintained
at a critical value. This critical pressure is, independent of
the applied pressure and the filtrate flux, solely determined
by the thermodynamic properties of the suspensions. For a
monodispersion, the critical pressure is determined by [24]
Pp =

3kT
NFc
4πa3
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(2)

where a is the particle radius and NFc the critical filtration
number, which is 15 for uniform rigid spherical particles at a
cake concentration Cc of 0.64. The particle accumulation in
the cake layer provides an additional resistance to the filtrate
flow, from which this resistance causes the filtrate flux to decline. When the particle diameter is larger than the pore one
like the case of fully retentive, the cake resistance is likely to
change alone. The cake resistance is a product of the specific
cake resistance and the cake thickness, where the specific
cake resistance is estimated with the Carman–Kozeny equation. Then, we have


45
Cc2
Rc = R̂c δc =
(3)
δc
a2 (1 − Cc )3
We adopt the assumption that the initial filtrate flux decline
is independent of the longitudinal flow. This can be explained
by the fact that, at the initial stages of cross-flow filtration,
most particles brought to the membrane surface by filtrate
flow deposit in the cake layer and the longitudinal transport of
excess particles by cross-flow is negligible. Also, the particle
accumulation in the CP layer is mostly assumed to reach
steady state in a very short time. Then, a dead-end filtration
theory provides a good approximation for the transient flux
decline of cross-flow filtration.

3. Experiments

Membrane

PM10 (flat-plate)

PM10 (hollow-fiber)

Hydrophilicity
Molecular weight
cut-off (Da)
Mean pore diameter
(nm)
Solute rejection (%)
Polystyrene latex
(2a = 0.05 m)
Bovine serum
albumin (BSA)
protein

Hydrophobic
1 × 104

Hydrophobic
1 × 104

3.8

3.1

Above 98

Above 98

95

95

3.1 nm, respectively [18]. Each membrane was rinsed with
distilled water to remove the wetting agent prior to use.
Surface chemical characterization was carried out by Xray photoelectron spectroscopy (XPS) using a Physical Electronics PHI 5800 spectrometer with a non-monochromatic Al
K␣ radiation (350 W, 15 kV, 1253.6 eV) as excitation source.
High-resolution spectra were recorded at a take-off angle of
45◦ by a concentric hemispherical analyzer operating in constant pass energy mode (at 187.85 and 23.5 eV for wide and
narrow scan, respectively), using a 400 m diameter analysis area. Membranes were irradiated for a maximum time of
15 min to minimize sample damage. Atomic concentration
percentages were determined from the different measured
spectral regions by taking into account the corresponding
area sensitivity factor.
As a model colloid, monodisperse polystyrene latex
(Emulsion Polymer Institute, Seoul, South Korea) with a
mean diameter of 0.05 m was used. The zeta potential of
latex colloid, determined using a Zeta-Plus (Brookhaven Instrument Co., NY) was calculated from the mobility values
based on a Doppler principle together with the particle velocity obtained by Smoluchowski formula. Filtration experiments were carried out using latex suspensions with 1.0 mM
KCl electrolyte of pH 8.6. The rejection for latex suspension was determined by a comparison of latex concentrations
in the feed and in the filtrate using a UV detector (Rainin,
Model Dynamax UV-1, CA). Its value results in above 98%,
justifying a fully retentive behavior of PM10 membranes.
3.2. Simultaneously monitoring apparatus for ﬁltrate
ﬂux and streaming potential

3.1. Membranes and model colloid
We used both the PM10 flat-plate membrane (Amicon,
currently Millipore, MA) and the PM10 hollow-fiber membrane (Koch Membrane System Inc., MA), which are made
from polysulfone. The characteristics of these asymmetric
membranes are given in Table 1. The morphology of a crosssection was observed with a field emission scanning electron
micrograph (FE-SEM, Hitachi Ltd., S-4200). The molecular
weight cut-offs correspond to 10 kDa, and the mean diameters of the pore in the skin layer are estimated as 3.8 and

Each of the apparatus for flat-plate as well as hollow-fiber
membranes was properly developed in our laboratory, with
which both the in situ streaming potential and the filtrate flux
could be measured simultaneously [25]. The effect of latex
concentration has been examined with simultaneously monitoring as a time progress. Except for the streaming potential
cell, both the dead-end and the cross-flow filtrations measured
the filtrate flux with the same method. Pressure was supplied
by a high-precision metering pump (M920, YoungLin Co.,
Seoul) and precisely measured by a transducer and a digital
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readout. Transmembrane pressure was adjusted up to 0.3%
of the maximum flow rate using a micrometer capillary valve
(Gilmont Inst., IL). The amount of filtrate collected over time
was determined by continuously weighing it on an electronic
balance (Mettler, Model PG 502, Switzerland), and then it
was registered simultaneously by data acquisition program
(BalanceLink Version 2.20, Mettler-Toledo AG).
Regarding a device for streaming potential of dead-end
mode, details of the system and procedure have been described elsewhere [10,11]. The streaming potential cell consists of upper and lower parts, in which a flat-plate membrane
situated between them has an effective area of π(1.75)2 cm2 .
The streaming potential cell equipped with a single hollowfiber has dimensions 0.31 cm in inner diameter and 12 cm
in effective length, wherein the ends of the cell were potted
with cured epoxy resin in order to place a hollow-fiber. The
hollow-fiber membrane has inner diameter of 0.11 cm and
outer diameter of 0.21 cm. The Ag/AgCl electrodes were prepared by anodic deposition of chloride on silver with a DC
power supply (Consort E832, Belgium) at 0.4 mA/cm2 for
40 min. The rod-type electrodes 3 mm in diameter installed
in each part of the dead-end cell is desirably spaced no greater
than 0.02 cm from the flat-plate membrane. Due to the origin of cross-flow through the inner channel of hollow-fiber, a
measurement of the axial-position-dependent streaming potential is necessary. For this purpose, pairs of Ag/AgCl electrodes were installed very carefully both inside and outside
inlet as well as outlet positions of a hollow-fiber. Actually,
inlet and outlet positions are set at the locations of 1.0 cm
apart from each end of the hollow-fiber. A wire-type electrode with 0.25 mm in diameter installed inside the hollowfiber takes about 6% of the internal cross-sectional area of the
hollow-fiber to allow an undisturbed flow condition. A spiral
electrode is suitably installed on the corresponding external
positions of the hollow-fiber so that it can detect the minute
streaming potential difference.
After the system was stabilized at a given P, the
streaming potential difference E across the membrane
pore was detected using a multi-channel digital multimeter (HP34970A, Hewlett-Packard Co., CA) connected to the
pairs of electrodes. In case of the cross-flow filtration, E between the inside and outside of the hollow-fiber was measured
for two pairs of electrodes at both inlet and outlet positions.
The streaming potential difference was measured with variations of the transmembrane pressure drop, for which several
discrete pressures (i.e., 4 or 5) around 2.5 bar were generated, with the system allowed to equilibrate at each pressure.
Solution conductivity λ0 was measured using a conductivity
meter (Model 32, YSI, OH).

Table 2
Surface atomic concentrations estimated by XPS experiments
Sample

C (%) N (%) O (%) S (%)

PM10
Flat-plate (outside of skin layer)
Flat-plate (outside of support layer)

76.8
81.6

1.5
1.8

19.2
13.9

2.5
2.7

PM10
Hollow-fiber (outside of skin layer)
75.0
Hollow-fiber (outside of support layer) 79.9

1.7
2.4

21.1
15.3

2.2
2.4

UDEL®

1.1

11.6

2.5

84.8

in Table 2. The existence of N was obtained, and it can be
seen a difference between relative percentages for the outside
of the skin layer and that of the support layer. The values of
C and O obtained for PM10 differ somewhat from the values
either obtained for UDEL polysulfone (Union Carbide, CT)
or reported in the literature [26].
We found that measurements of streaming potential were
highly reproducible and a linear relationship between P and
E can be seen for the range from 0.1 to 0.38 bar. The apparent zeta potentials of membranes related to the electrokinetic
properties of the pore take the variability of less than 8%.
The concentration gradient across the pore of hollow-fiber
results in an initial non-linearity observed in P of less than
0.1 bar. This initial non-linearity also caused by a shift in
the zero-pressure intercept, due to small asymmetries in the
electrodes. The conductivity of the bulk solution λ0 shows a
minimum value of 1.32 × 10−2 −1 m−1 at pH 7.0, while it
is increased with either pH decreasing or pH increasing [18].
Fig. 2 exhibits that the PM10 membranes are considered to
be weakly charged compared to either the polystyrene latex
or the BSA protein. The latex surfaces are always negatively
charged, where its magnitude of zeta potential was greater
than that of the membrane pore. The isoelectric points of pore

4. Results and discussion
4.1. Surface charge characterization
Relative percentages of atomic concentrations for the
polysulfone characteristic elements (C, O, S) are provided

Fig. 2. The zeta potential characterization of polystyrene latex, bovine serum
albumin (BSA) protein, and model membranes in 1.0 mM KCl solution; zeta
potential for model membranes represents the apparent one.
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Fig. 3. Changes in the filtrate flux of flat-plate membrane during the deadend filtration with different latex concentrations (=Cb ) at pH 8.6 and 1.0 mM
KCl.

surfaces for flat-plate and hollow-fiber are formed around pH
6.0 and 7.4, respectively.
4.2. Comparisons between dead-end and cross-ﬂow
modes
The ionic concentration of 1.0 mM of KCl electrolyte at
25 ◦ C corresponds to the Debye length of 9.7 nm, which is
larger than the mean pore radius. We consider here the time
evolution behavior instead of the rigorous estimation of the
zeta potential. The surfaces of the latex particle and the pore
wall employ a same-charged condition with negative charges
at pH 8.6. Fig. 3 displays the variations of the filtrate flux in
flat-plate membrane with the filtration time at different latex
concentrations. We can recognize that the latex concentration
of 10 ppm corresponds to sufficiently dilute case. As the latex
concentration increases the filtrate flux decreases, in which
the corresponding flux decline is also considerable.
Comparing the time evolution of the streaming potential
for the same solution environments can be an efficient method
of examining the filtrate flux. Fig. 4 indicates that, as the
time proceeds, the absolute values of the streaming potential
coefficient (= E/ P) tend to decrease. This trend is possibly due to the direct deposition of all latex particles brought
to the membrane by dead-end filtration onto the surface of
the flat-plate membrane. Once the latex particles deposit, the
electrokinetic flow through the fully retentive nanopore is reduced due to a development of the cake layer. With increasing
the latex concentration, the absolute value of the streaming
potential becomes decreased resulting from a formation of
dense cake layer.
Fig. 5 shows the flux decline of the hollow-fiber membrane
with cross-flow filtration mode. For dilute concentrations of
10 and 25 ppm, we observe that the filtrate flux is almost con-
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Fig. 4. Changes in the streaming potential coefficient of flat-plate membrane
during the dead-end filtration with different latex concentrations (=Cb ) at pH
8.6 and 1.0 mM KCl.

stant. Fig. 6 indicates that, in contrary to the dead-end filtration, the absolute value of the streaming potential coefficient
tends to entirely increase as the time proceeds. This explains
that the negatively charged latex particles hardly deposit onto
the outer surface of the negatively charged hollow-fiber, since
the electrostatic repulsion is effective in cross-flow filtration
mode. Instead, they exist mainly as a suspended state above
the hollow-fiber surface, which forms the concentration polarization layer. Large amounts of ionic charges originating in
the counter-ions exist in the concentration polarization layer
and/or cake layer, which provide an increasing effect of the
concentration gradient. The absolute values of the streaming potential coefficient at an outlet of the hollow-fiber are

Fig. 5. Changes in the filtrate flux of hollow-fiber membrane during the
cross-flow filtration with different latex concentrations (=Cb ) at pH 8.6 and
1.0 mM KCl.
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Fig. 6. Changes in the streaming potential coefficient of hollow-fiber membrane during the cross-flow filtration with different latex concentrations
(=Cb ) at pH 8.6 and 1.0 mM KCl.

higher than those found at an inlet, since the development of
axial-dependent concentration polarization of latex particles
increases as it goes to the outlet position.
As the latex concentration increases, the absolute value of
the streaming potential coefficient at an inlet of the hollowfiber increases, and its time evolution displays an increasing
trend. This behavior results from the absence of cake layer
at an inlet. At an outlet, the thickness of concentration
polarization layer is larger than at an inlet, and further the
cake layer may be formed for higher concentration of the
latex particle. Therefore, it is observed that the value of
streaming potential coefficient decreases at an outlet, and its
increasing trend as the time progress is gradually disappeared
as shown in Fig. 6. For longer filtration time, the decreasing behavior can be expected like the case of dead-end
filtration.

Fig. 7. The variation of cake layer thickness for both dead-end and crossflow modes with filtration time at different latex concentrations.

where
Ξ=

2R̂c Cb ( P − Pp )
(Cc − Cb )ηR2m

(6)

The membrane resistance Rm is determined from the water flux, depending on the mean pore radius and the surface
porosity.
Fitting the variations of filtrate flux with Eq. (4) determines the factor Ξ, and then we favorably obtain the cake
layer thickness δc (t) as well as the particle concentration in
the cake. The variations of δc (t) with the filtration time at different particle concentrations are shown in Fig. 7, in which the
dead-end mode has higher δc (t) compared to the cross-flow
one. The trend of growing a cake layer can be understood

4.3. Cake layer characteristic
Since a trend of flux decline provides information on the
concentration polarization as well as the cake layer developments during the colloid filtrations, we consider the mechanism of filtration flux. From the mass balance of particles during the dead-end filtration, an ordinary differential equation
for cake layer thickness δc (t) is generated [2,3]. Performing
the integration in terms of dδc (t)/dt with the initial condition
yields the filtrate flux and the cake thickness:
v(t) =
δc (t) =

P − Pp
1
√
ηRm
1 + Ξt
Rm √
[ 1 + Ξt − 1]
R̂c

(4)

(5)

Fig. 8. The variation of cake porosity with latex concentration for both deadend and cross-flow filtrations, where the log–log scale is used.
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from Eq. (5), which means a t1/2 dependence of the cake
layer thickness. The cake layer thickness increases as the
latex concentration Cb increases, owing to a fully retentive
characteristic of PM10 membrane for latex particles.
The increased latex concentration leads to increasing of
the cake layer thickness as well as of the packing density in the
cake layer (i.e., Cc ), and accordingly the filtrate flux decreases
with higher flux decline. As expected, Fig. 8 shows that the
cake porosity (i.e., void fraction of the cake layer) in crossflow mode is higher than in dead-end one, identifying the
development of loosely packed cake layer during the crossflow filtration. The decreasing behavior of the cake porosity
shows a power s dependency of latex concentration Cb (i.e.,
Cbs ), where the absolute value of s is estimated as 0.056 and
0.071 for dead-end and cross-flow filtrations, respectively.

5. Conclusions
The charge characteristics of the membranes were
observed by applying the apparent streaming potential based
on the H–S equation. The susceptible time evolution of the
electrokinetic streaming potential allows us to explicitly
understand the behavior of particle deposition onto fully
retentive membrane surfaces associated with both the concentration polarization and the cake layers. Note that there
is a competing aspect in the streaming potential evolution.
A weak electrokinetic flow through the flat-plate membrane
pores due to a stronger development of the cake layer results
in the decreasing of magnitude of streaming potential with
the progress of dead-end filtration of latex colloids. In
contrast, the characteristic of the cross-flow has the charged
latexes exist mainly in the concentration polarization layer
instead of being deposited onto the outer surface of the
charged hollow-fiber. As a consequence, the increasing effect
of the concentration gradient prevails in cross-flow filtration.
The cake formation due to particle deposition can be evaluated from experimental results of filtrate flux, with which
the trend of streaming potential is faithfully identified. We
observed both the cake layer thickness and the particle concentration in the cake layer for dead-end case show higher
values compared to those for cross-flow one. In any case, the
decreasing behavior of the cake porosity shows the power
dependence of latex concentration. We also found that the
axial-position-dependent streaming potential for dilute particle concentration becomes generally increasing as it goes to
the downward direction of the hollow-fiber.
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Nomenclature
a
particle radius (m)
ci0
concentration of ion species i (mol/m3 )
C
particle volume fraction (–)
Cb
particle volume fraction in the bulk (–)
Cc
particle volume fraction in the cake layer (–)
e
elementary electrostatic charge (C)
E
streaming potential (V)
k
Boltzmann’s constant (J/K)
NA
Avogadro’s number (mol−1 )
NFc
critical filtration number (–)
P
transmembrane pressure drop (N/m2 )
pressure drop on the polarization layer (N/m2 )
Pp
cake resistance (m−1 )
Rc
specific cake resistance (m−2 )
R̂c
Rm
membrane resistance (m−1 )
s
power index (–)
t
filtration time (s)
T
absolute temperature (K)
v
filtrate flux (m/s)
Zi
valence of ion species i (–)
Greek letters
cake layer thickness (m)
δc
ε
dielectric constant (C/(V·m))
ζ
zeta potential (V)
η
viscosity of the solution (kg/(m·s))
κ
inverse Debye length (m−1 )
λ0
bulk solution conductivity (S/m)
Ξ
a factor defined in Eq. (6) (s−1 )
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