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Abstract

An experimental investigation of the electrokinetic streaming potentials of both fully and partially retentive nanopores as compa
the filtration progress of dilute globular protein solution under different surface charge conditions was performed using hollow fib
streaming potential is generated by the electrokinetic flow effect within the electric double layer of the charged surface. Dependi
solution pH, both the protein and the pore wall can be either repulsive or attractive due to the long-range electrostatic interac
repulsive electrostatic interaction allows the protein particles to stay in a suspended state above the outer surface of hollow fibers
being deposited. The apparent streaming potential value at partially retentive pores is larger than that at fully retentive pores for the
charged case; however, the opposite behavior is shown for the same-charged case. The axial-position-dependent streaming poten
observed in order to explore the development of a concentration polarization layer during the cross-flow filtration. The time evoluti
streaming potential during the filtration of protein particles is related to the filtrate flux, from which it can be found to provide useful re
information on particle deposition onto the outer surfaces of hollow fibers.
 2003 Elsevier Inc. All rights reserved.

Keywords:Streaming potential; Electrokinetic flow; Nanopore; Bovine serum albumin; Electrostatic interaction; Hollow fibers; Filtration flux
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1. Introduction

There has been considerable interest in the charac
zation of surface properties of filtration membranes. Th
properties have been shown to influence filtrate flux, m
brane fouling, and solute rejection. Different methods ba
on electrokinetic phenomena have been used to deter
the electric properties of membranes. Among them, mea
ing the flow-induced streaming potential became the m
widely used technique, because it can be easily used to
acterize the electric properties of both the pore surfaces
the outer surface of the membrane [1–10].

Three kinds of situations can be considered in the
periments with filtration membranes, where the pore s
has a nanometer order. The first one is that the fluid fl
through the pore, and there is no particle deposition onto
membrane surface [4,7]. Once the particle suspension fl
through the pore, there exist two cases, full retention
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0021-9797/03/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9797(03)00352-7
-

partial retention, according to the pore size compared to
particle size. Full retention becomes partial retention w
the pore size is larger than the particle size. In the case of
tially retentive filtration, the interaction between the parti
and the pore wall should be considered [5,9,10]. Whate
situations are undertaken, the evolution of the streaming
tential behavior during the filtration of particles is importa
Both the cake layer and the concentration polarization la
developed on the outer surface of the membrane influe
upon the streaming potential, which suggests the pos
application of the streaming potential to a monitoring
fouling.

Due to the electrostatic interaction, the streaming po
tial behavior can be changed by the surface charge co
tions of both the pore wall and the particles. The electrost
repulsion exists between the pore wall and the particles
the same (i.e., like) charged case, whereas electrostat
traction is involved for the oppositely charged case. T
surface charge conditions are determined by the solution
which means that the surface is positively charged or n
tively charged around the isoelectric point.

http://www.elsevier.com/locate/jcis
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[10].
In this work, an explicit comparison of streaming p
tential behavior between the fully retentive and the p
tially retentive nanopores with the time progress of hollo
fiber filtration is investigated. A dilute suspension of bov
serum albumin (BSA) protein was prepared and comm
cially available hollow fibers were chosen. The stream
potentials are examined for solutions at pH 6.0 as we
10.0, since the pH changes the surface charge condi
of both the protein particle and the pore wall. The ax
position-dependent streaming potential was also observ
order to identify the effect of the concentration polarizat
layer generated during the cross-flow filtration. We point
that most studies on the streaming potential measurem
have been devoted to flat-plate or tubular membranes, s
Unlike these types, a hollow-fiber membrane is not adva
geous in that it has a very narrow internal diameter, and
fact results in really difficulty in installing internal electrod
and also becomes liable to damage the hollow fiber. In
respect, a challenge to streaming potential measuremen
nanopores of hollow fiber reasonably rises to a significa
guaranteeing the technique.

2. Flow-induced streaming potential principle

The electric double layer (EDL) that is formed at t
phase boundary between a solid and a liquid determine
electrokinetic properties of solid materials. Several me
anisms such as dissociation of surface functional gro
adsorption of ions, and adsorption of charged molecules
count for the surface charges of polymeric membranes
tacted with aqueous solutions. In an electric field gover
by the Poisson–Boltzmann (P–B) equation, the thicknes
the EDL at the phase boundary can be quantified by the
bye length. The inverse Debye lengthκ is defined by

(1)κ =
[

2ni,bZ
2
i e

2

εkT

]1/2

,

whereni,b is the concentration of the typei ion in the bulk
solution, Zi the valence of the typei ion, e the elemen-
tary charge,ε the dielectric constant, andkT the Boltzmann
thermal energy. For a dimensionless low potential ofΨ � 1
(i.e., less thankT /e = 25.69 mV) with a 1:1 electrolyte sys
tem, the P–B equation may be linearized, which is called
Debye–Hückel equation [11].

When the electrolyte solution is forced to flow throu
a solid channel by means of external pressure, an ele
potential difference or streaming potential between the
ends of the channel can be measured. The ions are str
off along the shear plane due to the pressureP , and a stream
ing current is formed. Charge accumulation at the do
stream side generates an electric field that causes a bac
of ions until a steady state is reached. The electrokin
streaming potentialE gives direct information about th
electrostatic charge at the EDL shear plane [12,13].
s

s
.

r

d

w

The fundamental relationship between the meas
streaming potentialE and the zeta potentialζ is given by the
well-known Helmholtz–Smoluchowski (H–S) equation [1

(2)
�E

�P
= εζ

ηλ0
,

whereη is the solution viscosity andλ0 the solution conduc
tivity. The linear relationship between�E and�P can be
obtained from the streaming potential difference�E mea-
sured with variations of the trans-pore pressure drop�P .
Equation (2) is reasonably applied to surfaces with low
face conduction compared to the solution conduction.
zeta potential, defined as the potential at the shear p
between the Stern layer and the mobile diffuse layer, is c
monly used as the electrokinetic value.

It should be noted that, when the EDL thickness exce
the pore radius, a rigorous interpretation in terms of
H–S formula is inevitably limited. The overlap of EDL in
side the pore results in a concentration gradient acros
pore, and subsequently the solution conductivity at the p
region will deviate from its bulk value. The membrane p
tential caused by this concentration gradient is added to
pressure-induced streaming potential, on which the filtra
potential has been acknowledged very recently [15].
streaming potential defined in this study means the appa
one, which allows us favorably to examine its behavio
trends in the hollow fiber without complicated calculation

3. Experiments

3.1. Model globular protein and hollow fiber

Bovine serum albumin (BSA), used as a model prot
was purchased from Sigma Chemical Co. (St. Louis, M
This was prepared from fraction V (A-3059) and then cr
tallized and lyophilized. The BSA particle has been ev
uated as a prolate ellipsoid of 14.1 × 4.1 × 4.1 nm with
average molecular weight 6.9 × 104 Da. The equivalen
hydrodynamic radius of the BSA particle is known to
3.2 nm, which is taken as the particle radius plus the
tance to the outer Helmholtz plane as the particle mo
through the electrolyte solution [16]. The zeta potentia
BSA protein, determined using a Zeta-Plus (Brookhaven
strument Co., NY) was calculated from the mobility valu
based on a Doppler principle together with the particle
locity obtained by Smoluchowski formula. Filtration expe
ments were carried out using 90 ppm BSA suspensions
1.0 mM KCl electrolyte. The pH was adjusted by the ad
tion of 0.05 M HCl and 0.05 M NaOH aqueous solutions

We used the commercially available hydrophobic po
sulfone PM10 and PM100 (Koch Membrane System I
MA) hollow fibers, with inner and outer diameters of 0.
and 0.21 cm. The molecular weight cut-offs correspond to
and 100 kDa, and the mean diameters of the pore in the
layer are estimated as 3.1 and 11.0 nm, respectively
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The hollow fibers were rinsed with distilled water to remo
the wetting agent prior to use. The rejection for the BSA s
pension was determined by a comparison of BSA concen
tions in the feed and in the filtrate using a refractive ind
detector (RI 2000, Schambeck SFD GmbH, Germany).
rejection of the PM10 hollow fiber shows 98.5% for pH
and 99% for pH 10, indicating fully retentive behavior. T
PM100 results in 35 and 37% rejections for pH 6 and
respectively, reflecting partially retentive behavior.

3.2. Surface composition and morphological
characterization of hollow fiber

Surface chemical characterization was carried out by
ray photoelectron spectroscopy (XPS) using a Physical E
tronics PHI 5800 spectrometer with non-monochrom
Al K α radiation (350 W, 15 kV, 1253.6 eV) as excitatio
source. High-resolution spectra were recorded at a tak
angle of 45◦ by a concentric hemispherical analyzer ope
ing in constant pass energy mode (at 187.85 and 23.5 eV
wide scan and narrow scan, respectively), using a 400-
diameter analysis area. Hollow fibers were irradiated fo
maximum time of 15 min to minimize X-ray induced samp
damage. Atomic concentration percentages were determ
from the different measured spectral regions by taking
account the corresponding area sensitivity factor.

Atomic force microscopy (AFM) imaging allows expec
ing a comparison of the surfaces of the virgin hollow fib
before the BSA filtration and the fouled one after the B
filtration. The AFM used was an Autoprobe CP (Park Sci
tific Instruments, CA) in double-layer mode with a scan r
of 1 Hz at 256× 256 resolution in 1.0 mM KCl solution
The cantilevers used were Si3N4 microlevers with a speci
fied spring constant of 0.563 N/m. For surface images an
line profiles the AFM imaging software was employed.

3.3. Streaming potential and filtrate flux measurements

Except for the streaming potential cell equipped w
a single hollow fiber, detailed descriptions of the syst
shown in Fig. 1a are similar to those in previous stud
(e.g., [2,4,9,10]). The streaming potential cell has dim
sions 0.31 cm in inner diameter and 12 cm in effect
length, wherein the ends of the cell were potted with cu
epoxy resin in order to place a hollow fiber. For the strea
ing potential differences at inlet as well as outlet positio
of a hollow fiber, pairs of Ag/AgCl electrodes were i
stalled very carefully both inside and outside each posi
as schematically illustrated in Fig. 1b. The Ag/AgCl ele
trodes were prepared by anodic deposition of chloride
silver with a DC power supply (Consort E832, Belgium)
0.4 mA/cm2 for 30 min. A wire-type electrode 0.25 mm
diameter installed inside the hollow fiber takes about 6%
the internal cross-sectional area of the hollow fiber to al
an undisturbed flow condition. A spiral electrode is suita
(a)

(b)

Fig. 1. (a) Experimental setup for in situ measurements of both local str
ing potential and filtrate flux. (b) Scanning image of field emission scan
electron microscopy (FE-SEM, Hitachi, S-4200) for cross-sectional vie
PM10 hollow fiber and a schematic of the locations of the inner and o
electrodes.

installed on the corresponding external positions of the
low fiber so that it can detect the minute streaming poten
difference.

After the system was stabilized at a given�P , the
streaming potential difference between the inside and
side of the hollow fiber was measured using a digital mu
meter (HP34970A, Hewlett-Packard Co., CA) connecte
the two pairs of electrodes at both inlet and outlet positio
Pressure was supplied by a high-precision metering p
(M920, YoungLin Co., Seoul) and measured by a transdu
and a digital readout. Trans-pore pressure was adjuste
to 0.3% of the maximum flow rate using a micrometer c
illary valve (Gilmont Inst., IL). The streaming potential di
ference was measured with variations of the trans-pore p
sure drop, for which several discrete pressures (i.e., 4 o
around 2.5 bar were generated, with the system allowe
equilibrate at each pressure. Solution conductivity,λ0, was
measured using a conductivity meter (Model 32, YSI, OH
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The amount of BSA filtrate collected over time was d
termined by continuously weighing it on an electric b
ance (Mettler, Model PG502, Switzerland), and then it w
registered by data acquisition program (BalanceLink V
sion 2.20, Mettler-Toledo AG). The effect of the soluti
pH upon both the streaming potential and the filtration fl
has been examined with simultaneous monitoring of t
progress. We also measured the axial-position-depen
streaming potential of the pore due to the origin of the cro
flow through the inner channel of hollow fiber.

4. Results and discussion

4.1. Surface charge characterization

Relative percentages of atomic concentrations for
polysulfone characteristic elements (C, O, S) are give
Table 1. The existence of N was obtained, and it can be
a difference between relative percentages for the outsid
the skin layer and that of the support layer. The values o
and O obtained for PM10 differ somewhat from the val
either obtained for UDEL polysulfone (Union Carbide, C
or reported in the literature [17].

We found that measurements of streaming potential w
highly reproducible, confirming the precision. For the ran

Table 1
Surface atomic concentrations determined by XPS experiments

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

PM10
(outside of skin layer) 75.0 1.7 21.1 2.2
(outside of support layer) 79.9 2.4 15.3 2.4

UDEL 84.8 1.1 11.6 2.5

Fig. 2. The apparent streaming potential (�E) versus transpore pressu
difference (�P ) with different pH at 1.0 mM KCl electrolyte solution fo
PM100.
t

f

Fig. 3. The zeta potential characterization of BSA protein and model ho
fibers; zeta potential for hollow fibers represents the apparent one.

from 0.1 to 0.4 bar, a linear relationship between�E and
�P can be seen in Fig. 2. Applying Eq. (2) determines
apparent zeta potential of the hollow fiber related to the e
trokinetic properties of the pore, where the variability
the zeta potential values is less than 8%. The concentr
gradient across the pore results in an initial nonlinearity
served in�P of less than 0.1 bar. This initial nonlineari
was also caused by a shift in the zero-pressure interce
shown in pH 10.0 and 11.1 due to small asymmetries in
electrodes. The conductivity of the bulk solutionλ0 shows
a minimum value of 1.32× 10−2 �−1 m at pH 7.0, while it
is increased with either pH decreasing or pH increasing
3.42× 10−2 �−1 m at pH 3.0 and 1.96× 10−2 �−1 m at pH
10.0.

Figure 3 shows that the zeta potentials of both the p
surfaces and the BSA change from positive to negative
the increase of solution pH. The isoelectric points of p
surfaces for PM10 and PM100 are formed around pH
and 9.3, respectively. As observed in the literature [18],
creasing pore size gives a shift of the isoelectric poin
lower pH values due to a difference in the number of char
The isoelectric point of BSA appears around pH 4.9, wh
agrees with the value widely reported in the literature [1
The variance range of the zeta potential of BSA particl
larger than that of the pore surfaces; therefore, both P
and PM100 are considered to be weakly charged comp
to BSA.

4.2. Comparisons between fully retentive
and partially retentive pores

Two series of results for full and partial retention were
tained with PM10 and PM100, respectively. The variati
of the streaming potential coefficient (= �E/�P ) as the
time progresses were observed for the solutions of pH
and 10.0. The ionic concentration of 1.0 mM of KCl ele
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Fig. 4. Changes in the streaming potential of a fully retentive pore (PM
during the filtration of 90 ppm BSA solution for same-charged (pH 10
and oppositely charged (pH 6.0) cases, with 1.0 mM KCl concentration

trolyte at 25◦C corresponds to the Debye length of 9.7 n
using Eq. (1), which is larger than the mean pore radius.
consider here the time evolution behavior instead of the
orous estimation of the zeta potential. A variation of solut
pH leads to a displacement of the surface acid–base e
librium, and subsequently the net charge of the surfac
modified, as provided in Fig. 3. While the surfaces of
BSA particle and the pore wall become oppositely char
at pH 6.0, they employ a same-charged condition with ne
tive charges at pH 10.0.

Figure 4 indicates that, as the time proceeds, the stre
ing potential coefficient for pH 6.0 tends to decrease tow
zero at the inlet position, whereas its sign is reversed f
positive to negative at the outlet position about 100 min
ter the start of the filtration. This change is possibly due
the deposition of BSA particles onto the outer surface of
hollow fiber. The streaming potential equals zero when
positive charges of the surface are neutralized by the s
number of negative charges of the particle. The positiv
charged pore wall is ultimately overwhelmed by the ne
tive charges resulting from the BSA protein.

Compared to the case of pH 6.0, the increase of
absolute value of the streaming potential coefficient
pH 10.0 as the time progresses is more pronounced fo
outlet position. This indicates that the negatively char
BSA particles do not deposit onto the outer surface of
negatively charged hollow fiber, due to the electrostatic
pulsion at pH 10.0. Instead, they exist mainly as a suspen
state above the hollow-fiber surface, which forms the c
centration polarization layer. Once the cake layer is form
due to BSA deposition, it is hard to observe the incre
of streaming potential because of reduction of the electr
netic flow through the fully retentive pore. Large amounts
ionic charges existing in the concentration polarization la
-

-

Fig. 5. Changes in the filtrate flux of fully retentive pore (PM10) during
filtration of 90 ppm BSA solution for same-charged (pH 10.0) and op
sitely charged (pH 6.0) cases, with 1.0 mM KCl concentration.

provide an increasing effect of the concentration gradi
As a result, the streaming potential value becomes increa
shown in the case of pH 10.0. The absolute values of
streaming potential coefficient at an outlet of the hollow fi
are higher than those found at an inlet, since the develop
of axial-dependent concentration polarization of BSA pa
cles increases as it goes to the outlet position.

Comparing the filtrate flux can be an efficient meth
of examining the time evolution of the streaming potent
since a trend of flux decline provides information on
concentration polarization as well as the cake layer deve
ments during the colloid filtrations [20,21]. Figure 5 displa
the variations of the filtrate flux with the filtration time. Th
flux decline is more considerable in the oppositely char
case of solution pH 6.0 than in the same-charged cas
pH 10.0. This behavior is identical to the role of attract
electrostatic interaction resulting in a cake layer by BSA
position onto the outer surface. As shown in Fig. 4, a redu
electrokinetic flow through the pore owing to BSA depo
tion leads to a decrease of the streaming potential coeffic
in contrary to the same charged case.

The BSA deposition on the skin layer surface of the h
low fiber was investigated by AFM imaging with variatio
of surface topography at nanoscale resolution, as show
Fig. 6. Surface roughness is related to membrane fou
Root mean square (RMS) roughness was estimated as
7.1, and 5.6 nm for Figs. 6a, 6b, and 6c, respectively.
roughness of the BSA-deposited hollow-fiber is greater t
that for the unfouled virgin one. The BSA more uniform
covers the same charged hollow-fiber surface where a re
sive interaction exists.

As shown in Fig. 7, the streaming potential coefficient
partial retention with PM100 at pH 6.0 demonstrates a s
ilar trend in the case of full retention, but an earlier cha
from positive to negative appears at about 50 min after
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tion at
(a)

(b)

(c)

Fig. 6. AFM images of the PM10 hollow-fiber taken for the unfouled virgin fiber (a), after BSA filtration at solution pH 6 (b), and after BSA filtra
solution pH 10 (c); filtration time was 40 min.
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Fig. 7. Changes in the streaming potential of the partially retentive
(PM100) during the filtration of the 90 ppm BSA solution for same-char
(pH 10.0) and oppositely charged (pH 6.0) cases, with 1.0 mM KCl con
tration.
start of the filtration. Higher values of the streaming poten
coefficient (ca.−30 mV/bar) are obtained at an outlet po
tion for pH 6.0, which suggests that BSA particles ads
on the pore wall. As the time proceeds, the absolute valu
the streaming potential coefficient for pH 10.0 is increa
gradually, which also may result from the partial retent
property. Again, we observe that the absolute values o
streaming potential coefficient at an outlet of the hollow fi
are higher than those found at an inlet. Figure 8 shows
the flux decline of the oppositely charged case (i.e., pH
is more significant than that in the same-charged case
pH 10.0), due to the electrostatic attraction. Compared to
case of full retention provided in Fig. 5, the flux reducti
decline for pH 6.0 occurs evidently at the initial stage a
then the filtrate flux is almost constant.

The ratio of the streaming potential coefficient of par
retention to full retention can be estimated as provide
Fig. 9. Except for filtration time around 50 min, a stream
potential coefficient shows a larger value at partially ret
tive pores for the oppositely charged case of solution
6.0, and the increase gets larger as the filtration proceed
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Fig. 8. Changes in the filtrate flux of the fully retentive pore (PM100) d
ing the filtration of 90 ppm BSA solution for same-charged (pH 10.0)
oppositely charged (pH 6.0) cases, with 1.0 mM KCl concentration.

Fig. 9. The ratio of the streaming potential coefficient between partia
tention and full retention versus filtration time for same-charged (pH 1
and oppositely charged (pH 6.0) cases.

the partially retentive pore, the BSA particles approach e
ily to the entrance of the oppositely charged pore and t
flow through the pore channel. For the same-charged ca
pH 10.0, in contrast, a streaming potential coefficient sh
a lower value at the partially retentive pore. Compared to
case of pH 6.0, the BSA particles hardly flow through
channel of the same-charged pore, which results in accu
lation of the BSA in the concentration polarization layer
explained above. Greater concentration gradients due t
effect of ionic charges in the concentration polarization la
incorporated with smaller pore size are expected to incr
the streaming potential coefficient.
f

-

5. Conclusions

The charge characteristics of the pore walls of holl
fibers were observed by applying the apparent stream
potential based on the H–S equation, in which the sur
charges of the pore wall affect both the long-range elec
static interactions and the membrane fouling. In the fu
retentive nanopore, the interaction between the protein
ticles and the outer surface of the hollow fiber determi
the particle movement and eventually the streaming pote
related to the electrokinetic flow. The streaming potential
havior in the partially retentive nanopore indicates the c
tribution of the additional effect of the interaction betwe
the particles and the pore wall.

The time evolution of streaming potential coefficient
the oppositely charged case of a solution at pH 6.0 show
change of charge condition, resulting from BSA deposit
onto the outer surface of the hollow fiber. The absolute va
of the streaming potential coefficient for the same-char
case of pH 10.0 was considerably increased with the fi
tion progress. One can say that the electrostatic repu
allows the BSA particles to exist mainly in the concentrat
polarization layer instead of being deposited onto the o
surface of the hollow fiber. In any case, the time evolution
the streaming potential is closely related to the filtrate fl
decline.

For the oppositely charged case, where the electros
attraction occurs between the positively charged pore
negatively charged BSA particles, the streaming poten
gets a larger value at a partially retentive pore than at a f
retentive one. In contrast, the opposite behavior is obta
for the same-charged case, where the electrostatic repu
is involved. It should be noted that the development of a c
centration polarization layer occurring during the cross-fl
filtration affects the streaming potential behavior of the h
low fiber. We also found that the streaming potential of
hollow fiber depends on the axial position, which becom
generally increasing as it goes to the downward direction
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