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Abstract

An experimental investigation of the electrokinetic streaming potentials of both fully and partially retentive nanopores as compared with
the filtration progress of dilute globular protein solution under different surface charge conditions was performed using hollow fibers. The
streaming potential is generated by the electrokinetic flow effect within the electric double layer of the charged surface. Depending on the
solution pH, both the protein and the pore wall can be either repulsive or attractive due to the long-range electrostatic interaction. The
repulsive electrostatic interaction allows the protein particles to stay in a suspended state above the outer surface of hollow fibers instead of
being deposited. The apparent streaming potential value at partially retentive pores is larger than that at fully retentive pores for the oppositely
charged case; however, the opposite behavior is shown for the same-charged case. The axial-position-dependent streaming potential was al
observed in order to explore the development of a concentration polarization layer during the cross-flow filtration. The time evolution of the
streaming potential during the filtration of protein particles is related to the filtrate flux, from which it can be found to provide useful real-time
information on particle deposition onto the outer surfaces of hollow fibers.
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1. Introduction partial retention, according to the pore size compared to the
particle size. Full retention becomes partial retention when

There has been considerable interest in the characterithe pore size is larger than the particle size. In the case of par-
zation of surface properties of filtration membranes. These tially retentive filtration, the interaction between the particle
properties have been shown to influence filtrate flux, mem- and the pore wall should be considered [5,9,10]. Whatever
brane fouling, and solute rejection. Different methods based situations are undertaken, the evolution of the streaming po-
on electrokinetic phenomena have been used to determingential behavior during the filtration of particles is important.
the electric properties of membranes. Among them, measur-Both the cake layer and the concentration polarization layer
ing the flow-induced streaming potential became the most developed on the outer surface of the membrane influence
widely used technique, because it can be easily used to charupon the streaming potential, which suggests the possible
acterize the electric properties of both the pore surfaces andapplication of the streaming potential to a monitoring the
the outer surface of the membrane [1-10]. fouling.

Three kinds of situations can be considered in the ex-  pue to the electrostatic interaction, the streaming poten-
periments with filtration membranes, where the pore size tial behavior can be Changed by the surface Charge condi-
has a nanometer order. The first one is that the fluid flows tjons of both the pore wall and the particles. The electrostatic
through the pore, and there is no particle deposition onto theepyision exists between the pore wall and the particles for
membrane surface [4,7]. Once the particle suspension flowsihe same (i.e., like) charged case, whereas electrostatic at-
through the pore, there exist two cases, full retention and .4ction is involved for the oppositely charged case. The

surface charge conditions are determined by the solution pH,
* Corresponding author. which means that the surface is positively charged or nega-
E-mail addressmschun@kist.re.kr (M.-S. Chun). tively charged around the isoelectric point.
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In this work, an explicit comparison of streaming po- The fundamental relationship between the measured
tential behavior between the fully retentive and the par- streaming potential’ and the zeta potentialis given by the
tially retentive nanopores with the time progress of hollow- well-known Helmholtz—Smoluchowski (H-S) equation [14],
fiber filtration is investigated. A dilute suspension of bovine

. ) &
serum albumin (BSA) protein was prepared and commer- — = ——, (2)
cially available hollow fibers were chosen. The streaming AP ko
potentials are examined for solutions at pH 6.0 as well as Wherey is the solution viscosity ankb the solution conduc-
10.0, since the pH changes the surface charge conditiondivity. The linear relationship betweenE and AP can be
of both the protein particle and the pore wall. The axial- obtained from the streaming potential different& mea-
position-dependent streaming potential was also observed insured with variations of the trans-pore pressure dsap.
order to identify the effect of the concentration polarization Equation (2) is reasonably applied to surfaces with low sur-
layer generated during the cross-flow filtration. We point out face conduction compared to the solution conduction. The
that most studies on the streaming potential measurementgeta potential, defined as the potential at the shear plane
have been devoted to flat-plate or tubular membranes, so farbetween the Stern layer and the mobile diffuse layer, is com-
Unlike these types, a hollow-fiber membrane is not advanta- monly used as the electrokinetic value.
geous in that it has a very narrow internal diameter, and this It should be noted that, when the EDL thickness exceeds
fact results in really difficulty in installing internal electrodes  the pore radius, a rigorous interpretation in terms of the
and also becomes liable to damage the hollow fiber. In this H=S formula is inevitably limited. The overlap of EDL in-
respect, a challenge to streaming potential measurements fofide the pore results in a concentration gradient across the
nanopores of hollow fiber reasonably rises to a significance Pore, and subsequently the solution conductivity at the pore
guaranteeing the technique. region will deviate from its bulk value. The membrane po-
tential caused by this concentration gradient is added to the
pressure-induced streaming potential, on which the filtration
2. Flow-induced streaming potential principle potential has begn acknow]edg_ed very recently [15]. The
streaming potential defined in this study means the apparent
one, which allows us favorably to examine its behavior or

The electric double layer (EDL) that is formed at the ) X . : .
ver ( ) etrends in the hollow fiber without complicated calculations.

phase boundary between a solid and a liquid determines th
electrokinetic properties of solid materials. Several mech-
anisms such as dissociation of surface functional groups,
adsorption of ions, and adsorption of charged molecules ac-
count for the surface charges of polymeric membranes con-
tacted 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 De-
bye length. The inverse Debye lengths defined by

3. Experiments
3.1. Model globular protein and hollow fiber

Bovine serum albumin (BSA), used as a model protein,
was purchased from Sigma Chemical Co. (St. Louis, MO).
This was prepared from fraction V (A-3059) and then crys-

Zni,bZ,»Zez 1/2 tallized and lyophilized. The BSA particle has been eval-
K= [7} ; (1) uated as a prolate ellipsoid of 14x 4.1 x 4.1 nm with
average molecular weight.$x 10* Da. The equivalent
wheren; ;, is the concentration of the tygeion in the bulk  hydrodynamic radius of the BSA particle is known to be
solution, Z; the valence of the type ion, e the elemen- 3.2 nm, which is taken as the particle radius plus the dis-
tary chargeg the dielectric constant, arid” the Boltzmann  tance to the outer Helmholtz plane as the particle moves
thermal energy. For a dimensionless low potentiaPof 1 through the electrolyte solution [16]. The zeta potential of
(i.e., less thai T /e = 25.69 mV) with a 1:1 electrolyte sys-  BSA protein, determined using a Zeta-Plus (Brookhaven In-
tem, the P—B equation may be linearized, which is called the strument Co., NY) was calculated from the mobility values
Debye—Huickel equation [11]. based on a Doppler principle together with the particle ve-

When the electrolyte solution is forced to flow through locity obtained by Smoluchowski formula. Filtration experi-
a solid channel by means of external pressure, an electricments were carried out using 90 ppm BSA suspensions with
potential difference or streaming potential between the two 1.0 mM KCI electrolyte. The pH was adjusted by the addi-
ends of the channel can be measured. The ions are strippedion of 0.05 M HCl and 0.05 M NaOH aqueous solutions.
off along the shear plane due to the pressirand a stream- We used the commercially available hydrophobic poly-
ing current is formed. Charge accumulation at the down- sulfone PM10 and PM100 (Koch Membrane System Inc.,
stream side generates an electric field that causes a backfloMA) hollow fibers, with inner and outer diameters of 0.11
of ions until a steady state is reached. The electrokinetic and 0.21 cm. The molecular weight cut-offs correspond to 10
streaming potentiaE gives direct information about the and 100 kDa, and the mean diameters of the pore in the skin
electrostatic charge at the EDL shear plane [12,13]. layer are estimated as 3.1 and 11.0 nm, respectively [10].
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The hollow fibers were rinsed with distilled water to remove
the wetting agent prior to use. The rejection for the BSA sus-
pension was determined by a comparison of BSA concentra-
tions in the feed and in the filtrate using a refractive index
detector (RI 2000, Schambeck SFD GmbH, Germany). The
rejection of the PM10 hollow fiber shows 98.5% for pH 6
and 99% for pH 10, indicating fully retentive behavior. The
PM100 results in 35 and 37% rejections for pH 6 and 10,
respectively, reflecting partially retentive behavior.

3.2. Surface composition and morphological
characterization of hollow fiber

Surface chemical characterization was carried out by X-
ray photoelectron spectroscopy (XPS) using a Physical Elec-
tronics PHI 5800 spectrometer with non-monochromatic
Al Kea radiation (350 W, 15 kV, 1253.6 eV) as excitation
source. High-resolution spectra were recorded at a take-off
angle of 48 by a concentric hemispherical analyzer operat-
ing in constant pass energy mode (at 187.85 and 23.5 eV for
wide scan and narrow scan, respectively), using a 400-um-
diameter analysis area. Hollow fibers were irradiated for a
maximum time of 15 min to minimize X-ray induced sample

damage. Atomic concentration percentages were determined

from the different measured spectral regions by taking into
account the corresponding area sensitivity factor.

Atomic force microscopy (AFM) imaging allows expect-
ing a comparison of the surfaces of the virgin hollow fiber
before the BSA filtration and the fouled one after the BSA
filtration. The AFM used was an Autoprobe CP (Park Scien-
tific Instruments, CA) in double-layer mode with a scan rate
of 1 Hz at 256x 256 resolution in 1.0 mM KCI solution.
The cantilevers used weresBls microlevers with a speci-
fied spring constant of 0.563 /M. For surface images and
line profiles the AFM imaging software was employed.

3.3. Streaming potential and filtrate flux measurements

Except for the streaming potential cell equipped with
a single hollow fiber, detailed descriptions of the system
shown in Fig. 1la are similar to those in previous studies
(e.g., [2,4,9,10]). The streaming potential cell has dimen-
sions 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. For the stream-
ing potential differences at inlet as well as outlet positions
of a hollow fiber, pairs of Ag/AgCl electrodes were in-
stalled very carefully both inside and outside each position
as schematically illustrated in Fig. 1b. The Ag/AgCl elec-
trodes were prepared by anodic deposition of chloride on
silver with a DC power supply (Consort E832, Belgium) at
0.4 mA/cn? for 30 min. A wire-type electrode 0.25 mm in
diameter installed inside the hollow fiber takes about 6% of
the internal cross-sectional area of the hollow fiber to allow
an undisturbed flow condition. A spiral electrode is suitably

Interface Science 264 (2003) 195-202 197
Inlet outlet
hollow-fiber ¢! 5
\ / concentrate

|

sl\ AgiAgtl  _—
il outer electrode filtrate
\ balance
‘ Ag/AgCl -——"
teeeriblE Inner electrode :
(BSA solution) !

digital multimeter
@

15.8kY X4@.

(b)

Fig. 1. (a) Experimental setup for in situ measurements of both local stream-
ing potential and filtrate flux. (b) Scanning image of field emission scanning

electron microscopy (FE-SEM, Hitachi, S-4200) for cross-sectional view of

PM10 hollow fiber and a schematic of the locations of the inner and outer
electrodes.

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

After the system was stabilized at a givexP, the
streaming potential difference between the inside and out-
side of the hollow fiber was measured using a digital multi-
meter (HP34970A, Hewlett-Packard Co., CA) connected to
the two pairs of electrodes at both inlet and outlet positions.
Pressure was supplied by a high-precision metering pump
(M920, YoungLin Co., Seoul) and measured by a transducer
and a digital readout. Trans-pore pressure was adjusted up
to 0.3% of the maximum flow rate using a micrometer cap-
illary valve (Gilmont Inst., IL). The streaming potential dif-
ference was measured with variations of the trans-pore pres-
sure 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 conductivigy,was
measured using a conductivity meter (Model 32, YSI, OH).
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The amount of BSA filtrate collected over time was de- 00— i ——
termined by continuously weighing it on an electric bal- e *+ BSAprotein
ance (Mettler, Model PG502, Switzerland), and then it was 40 - 2 ﬁmgo ]
registered by data acquisition program (BalanceLink Ver- , *
sion 2.20, Mettler-Toledo AG). The effect of the solution ; .
pH upon both the streaming potential and the filtration flux

has been examined with simultaneous monitoring of time

zeta potential, (mV)

progress. We also measured the axial-position-dependent <>
streaming potential of the pore due to the origin of the cross- ©
flow through the inner channel of hollow fiber. 20 ¢ + |
.
-40 1

4. Resultsand discussion I Tt

. . -60 L 1 ' I ) 1 L I )
4.1. Surface charge characterization 2 4 6 8 10 12

solution pH

Relative percentages of atomic concentrations for the
polysulfone characteristic elements (C, O, S) are given in Fig. 3. The zeta potential characterization of BSA protein and model hollow
Table 1. The existence of N was obtained, and it can be Seer-fibers; zeta potential for hollow fibers represents the apparent one.
a difference between relative percentages for the outside of
the skin layer and that of the support layer. The values of C from 0.1 to 0.4 bar, a linear relationship betwet& and
and O obtained for PM10 differ somewhat from the values A P can be seen in Fig. 2. Applying Eq. (2) determines the
either obtained for UDEL polysulfone (Union Carbide, CT) apparent zeta potential of the hollow fiber related to the elec-
or reported in the literature [17]. trokinetic properties of the pore, where the variability of
We found that measurements of streaming potential werethe zeta potential values is less than 8%. The concentration
highly reproducible, confirming the precision. For the range gradient across the pore results in an initial nonlinearity ob-
served inA P of less than 0.1 bar. This initial nonlinearity

Table 1 was also caused by a shift in the zero-pressure intercept as
Surface atomic concentrations determined by XPS experiments shown in pH 10.0 and 11.1 due to small asymmetries in the
Sample C®%) N®%) O®%) S%) electrodes. The conductivity of the bulk solutiap shows
oM10 a minimum value of B2 x 1072 Q=1 m at pH 7.0, while it
(outside of skin layer) 75.0 1.7 211 292 is increased with either pH decreasing or pH increasing, to
(outside of support layer) 79.9 2.4 15.3 2.4 342x102Q ImatpH3.0and P6x 10 2Q 1 matpH
UDEL 84.8 11 11.6 2.5 10.0.
Figure 3 shows that the zeta potentials of both the pore
30 - . : . : . : . surfaces and the BSA change from positive to negative with
< pH ] the increase of solution pH. The isoelectric points of pore
3 sull © 3.0 | surfaces for PM10 and PM100 are formed around pH 7.4
ﬂ Z g; - and 9.3, respectively. As observed in the literature [18], de-
g v 70 N creasing pore size gives a shift of the isoelectric point to
S 18 & 80 7 lower pH values due to a difference in the number of charges.
@ o 90 gv 0o ] The isoelectric point of BSA appears around pH 4.9, which
T 4ol 1‘11? Dv'.‘i':'l:‘ o | agrees with the value widely reported in the literature [19].
K i LA e The variance range of the zeta potential of BSA particle is
§ ,A@_V_i,f.--o&":.__o,. ............ 0 | larger than that of the pore surfaces; therefore, both PM10
g 6r Bg o 1 and PM100 are considered to be weakly charged compared
2 1 to BSA.
g Or RO .
g B 4.2. Comparisons between fully retentive
® . . . . @ . and partially retentive pores
0.0 0.1 0.2 0.3 0.4

Two series of results for full and partial retention were ob-
tained with PM10 and PM100, respectively. The variations
Fig. 2. The apparent streaming potential ) versus transpore pressure Qf the streaming potential COEffICIGhi:(AE/A_P) as the
difference (\ P) with different pH at 1.0 mM KCl electrolyte solution for ~ time progresses were observed for the solutions of pH 6.0
PM100. and 10.0. The ionic concentration of 1.0 mM of KCI elec-

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

Fig. 4. Changes in the streaming potential of a fully retentive pore (PM10)
during the filtration of 90 ppm BSA solution for same-charged (pH 10.0)
and oppositely charged (pH 6.0) cases, with 1.0 mM KCI concentration.

provide an increasing effect of the concentration gradient.

trolyte at 25°C corresponds to the Debye length of 9.7 nm  As 3 result, the streaming potential value becomes increased,
using Eq. (1), which is larger than the mean pore radius. We shown in the case of pH 10.0. The absolute values of the
consider here the time evolution behavior instead of the rig- streaming potential coefficient at an outlet of the hollow fiber
orous estimation of the zeta potential. A variation of solution zre higher than those found at an inlet, since the development
pH leads to a displacement of the surface acid—base equi-f axial-dependent concentration polarization of BSA parti-
librium, and subsequently the net charge of the surface iscles increases as it goes to the outlet position.
modified, as provided in Fig. 3. While the surfaces of the  Comparing the filtrate flux can be an efficient method
BSA particle and the pore wall become oppositely charged of examining the time evolution of the streaming potential,
at pH 6.0, they employ a same-charged condition with nega- since a trend of flux decline provides information on the
tive charges at pH 10.0. concentration polarization as well as the cake layer develop-

Figure 4 indicates that, as the time proceeds, the stream-ments during the colloid filtrations [20,21]. Figure 5 displays
ing potential coefficient for pH 6.0 tends to decrease toward the variations of the filtrate flux with the filtration time. The
zero at the inlet position, whereas its sign is reversed from flux decline is more considerable in the oppositely charged
positive to negative at the outlet position about 100 min af- case of solution pH 6.0 than in the same-charged case of
ter the start of the filtration. This change is possibly due to pH 10.0. This behavior is identical to the role of attractive
the deposition of BSA particles onto the outer surface of the electrostatic interaction resulting in a cake layer by BSA de-
hollow fiber. The streaming potential equals zero when the position onto the outer surface. As shown in Fig. 4, a reduced
positive charges of the surface are neutralized by the sameelectrokinetic flow through the pore owing to BSA deposi-
number of negative charges of the particle. The positively tion leads to a decrease of the streaming potential coefficient
charged pore wall is ultimately overwhelmed by the nega- in contrary to the same charged case.
tive charges resulting from the BSA protein. The BSA deposition on the skin layer surface of the hol-

Compared to the case of pH 6.0, the increase of the low fiber was investigated by AFM imaging with variation
absolute value of the streaming potential coefficient for of surface topography at nanoscale resolution, as shown in
pH 10.0 as the time progresses is more pronounced for theFig. 6. Surface roughness is related to membrane fouling.
outlet position. This indicates that the negatively charged Root mean square (RMS) roughness was estimated as 5.2,
BSA particles do not deposit onto the outer surface of the 7.1, and 5.6 nm for Figs. 6a, 6b, and 6c, respectively. The
negatively charged hollow fiber, due to the electrostatic re- roughness of the BSA-deposited hollow-fiber is greater than
pulsion at pH 10.0. Instead, they exist mainly as a suspendedhat for the unfouled virgin one. The BSA more uniformly
state above the hollow-fiber surface, which forms the con- covers the same charged hollow-fiber surface where a repul-
centration polarization layer. Once the cake layer is formed sive interaction exists.
due to BSA deposition, it is hard to observe the increase  As shown in Fig. 7, the streaming potential coefficient for
of streaming potential because of reduction of the electroki- partial retention with PM100 at pH 6.0 demonstrates a sim-
netic flow through the fully retentive pore. Large amounts of ilar trend in the case of full retention, but an earlier change
ionic charges existing in the concentration polarization layer from positive to negative appears at about 50 min after the
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Fig. 6. AFM images of the PM10 hollow-fiber taken for the unfouled virgin
solution pH 10 (c); filtration time was 40 min.
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Fig. 7. Changes in the streaming potential of the partially retentive pore
(PM100) during the filtration of the 90 ppm BSA solution for same-charged
(pH 10.0) and oppositely charged (pH 6.0) cases, with 1.0 mM KCI concen-
tration.

fiber (a), after BSA filtration at solution pH 6 (b), and after BSA filtration at

start of the filtration. Higher values of the streaming potential
coefficient (ca—30 mV/bar) are obtained at an outlet posi-
tion for pH 6.0, which suggests that BSA patrticles adsorb
on the pore wall. As the time proceeds, the absolute value of
the streaming potential coefficient for pH 10.0 is increased
gradually, which also may result from the partial retention
property. Again, we observe that the absolute values of the
streaming potential coefficient at an outlet of the hollow fiber
are higher than those found at an inlet. Figure 8 shows that
the flux decline of the oppositely charged case (i.e., pH 6.0)
is more significant than that in the same-charged case (i.e.,
pH 10.0), due to the electrostatic attraction. Compared to the
case of full retention provided in Fig. 5, the flux reduction
decline for pH 6.0 occurs evidently at the initial stage and
then the filtrate flux is almost constant.

The ratio of the streaming potential coefficient of partial
retention to full retention can be estimated as provided in
Fig. 9. Except for filtration time around 50 min, a streaming
potential coefficient shows a larger value at partially reten-
tive pores for the oppositely charged case of solution pH
6.0, and the increase gets larger as the filtration proceeds. In
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5. Conclusions

The charge characteristics of the pore walls of hollow
] fibers were observed by applying the apparent streaming
- potential based on the H-S equation, in which the surface
] charges of the pore wall affect both the long-range electro-
static interactions and the membrane fouling. In the fully
1 retentive nanopore, the interaction between the protein par-
ticles and the outer surface of the hollow fiber determines
| the particle movementand eventually the streaming potential
_ related to the electrokinetic flow. The streaming potential be-
1 havior in the partially retentive nanopore indicates the con-
T tribution of the additional effect of the interaction between
] the particles and the pore wall.
0 50 100 150 200 250 300 350 The time evolution of streaming potential coefficient for
the oppositely charged case of a solution at pH 6.0 showed a
change of charge condition, resulting from BSA deposition
Fig. 8. Changes in the filtrate flux of the fully retentive pore (PM100) dur- onto the outer surface of the hollow fiber. The absolute value
ing thg filtration of 90 ppm BSA solut!on for same-charged (pH.10.0) and of the streaming potential coefficient for the same—charged
oppositely charged (pH 6.0) cases, with 1.0 mM KCl concentration. case of pH 10.0 was considerably increased with the filtra-
tion progress. One can say that the electrostatic repulsion
, ‘ ‘ , —— allows the BSA particles to exist mainly in the concentration
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(1 02cm¥cm? min bar)
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polarization layer instead of being deposited onto the outer
S .. e surface of the hollow fiber. In any case, the time evolution of
g 10 o E the streaming potential is closely related to the filtrate flux
g S o decline.
= Q. ..Ooo For the oppositely charged case, where the electrostatic
o, .9 g e attraction occurs between the positively charged pore and
g 9o a7 tively charged BSA particles, the streaming potential
g AQ .~ Py negatively charge particles, the streaming potentia
o A gets a larger value at a partially retentive pore than at a fully
5 A retentive one. In contrast, the opposite behavior is obtained
E‘c‘i 10" i for the same-charged case, where the electrostatic repulsion
ﬂ pHEO0: ® (nlet) O (outlet) is mvolyed. It shpulq be noted that the devglopment of a con-
4 _ : centration polarization layer occurring during the cross-flow
pH 10.0: A (inlet)) A (outlet) . . . ; .
filtration affects the streaming potential behavior of the hol-
100 : : : : : : low fiber. We also found that the streaming potential of the
0 50 100 150 200 250 300 350 hollow fiber depends on the axial position, which becomes
filtration time (min) generally increasing as it goes to the downward direction.

Fig. 9. The ratio of the streaming potential coefficient between partial re-
tention and full retention versus filtration time for same-charged (pH 10.0)
and oppositely charged (pH 6.0) cases. Acknowledgment
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