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Abstract

Membrane charge can have alarge effect on the performance of many ultrafiltration processes. Previous studies of membrane
charge have generally been performed using solutions of simple monovalent salts; however, the effective surface charge can
be strongly influenced by the binding or adsorption to the membrane surface of specific buffer ions present in actual process
solutions. Experimental data were obtained for the zeta potential of both standard and positively-charged polyethersulfone
ultrafiltration membranes in the presence of a variety of monovalent and multivalent buffer ions. The zeta potential of the
positively-charged membrane was very strongly dependent upon the buffer, with the adsorption of di- and tri-valent anions
causing a large reduction in the zeta potential. Changes in buffer composition also caused long transients in the membrane
zeta potential under some conditions due to the slow kinetics for the displacement of strongly bound ions from the membrane
surface. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction the solute and membrane have opposite net charge.
Nakao et al. [5] and van Reis et al. [6] showed that the
There has been considerable recent interest in eval-membrane surface charge can be exploited to improve
uating the surface charge characteristics of ultrafil- the selectivity of protein separation processes by ad-
tration membranes. For example, Nystrom et al. [1] justing the magnitude of the electrostatic interactions
showed that changes in membrane charge (evaluatedoetween charged proteins and the charged membrane.
from streaming potential data) could be used to study The most common technique for evaluating the
the rate and extent of protein adsorption and fouling membrane surface charge is to determine the stream-
during ultrafiltration. Nabe et al. [2] used membrane ing potential as a function of the applied pressure.
charge as a tool for studying the effectiveness of differ- Data can be obtained with the flow either through the
ent surface modification techniques. Several investiga- pores or along the membrane surface. The streaming
tors have used the membrane surface charge as a corpotential develops because of the excess convective
relating parameter to study the fouling characteristics flux of oppositely charged counterions through the
of different ultrafiltration membranes [3,4], with the membrane pore. This is discussed in more detail sub-
greatest fouling typically seen under conditions where sequently. In order to simplify the data analysis, all
of the studies mentioned above were performed using
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charge of a polymeric membrane arises not only from
the dissociation of specific ionizable groups on the
base polymer, but also from the preferential adsorp-
tion of specific ions from the bulk electrolyte solution.
Data obtained with KCI solutions are unable to pro-
vide any information on the different extents of ion
adsorption that may occur with the wide range of salts
encountered in commercial ultrafiltration systems.
The effects of ion adsorption on the electrical
properties of colloidal materials has been studied
quite extensively for more than 50 years [7]. Fig. 1
shows a schematic of a typical ion distribution near
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Rutgers and de Smet [9] evaluated the zeta potential
of glass capillaries in different electrolyte solutions
using both streaming potential and electro-endosmosis
data. The zeta potential in 0.1 mM salt solutions
ranged from —115mV in KCI| to +145mV in
Th(NGs)s. This charge reversal was attributed to the
strong adsorption of the tetravalent thorium ion to
the glass surface, which led to a positive charge at
the surface of shear even though the glass itself was
negatively charged. Rosenberg et al. [10] observed
similar behavior for the surface charge of ion ex-
change membranes determined from measurements

a positively-charged surface. The Stern surface (also of water transport in response to an applied voltage.
referred to as the outer Helmholtz plane) is drawn The membrane charge increased monotonically with
through the center of those ions which are effectively increasing cation valence, with a charge reversal seen
adsorbed to the surface [8]. The extent of ion adsorp- between trivalent lanthanum and tetravalent thorium.
tion is determined by electrical and other long-range Beg and Saxena [11] reported large changes in the
interactions between the individual ions and the mem- surface charge of ion exchange membranes made
brane surface. The ions outside of the Stern layer from manganese ferrocyanide impregnated parch-
form the diffuse double layer, which is also referred ment paper in the presence of both divalent (barium,

to as the Gouy—Chapman layer. The surface of shearcalcium, and magnesium) and trivalent (chromium,

defines the region at which the fluid becomes mo-
bile and is coincident with or just beyond the outer
Helmholtz plane [8]. The electrical potential at the
surface of shear is defined as the zeta potentjand
this is the value that is typically used to characterize
the electrical properties of the surface.
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Fig. 1. Schematic representation of ion distribution near a
positively-charged surface.

aluminum, and lanthanum) cations.

These studies of ion interactions were focussed
on the behavior of multivalent cations because of
the importance of these interactions in ion exchange
systems for water deionization. However, multivalent
anions like phosphate and citrate are of much greater
importance in bioprocessing and food applications
because of their buffering capacity. The only reported
data on the zeta potential of ultrafiltration membranes
in different buffers is the study by Lee and Hong [12]
on the electroosmobility of polysulfone membranes.
Zeta potential data in acetate and tris, both of which
are monovalent anions, showed no statistically sig-
nificant differences. Anion-binding interactions have,
however, been studied quite extensively in chromato-
graphic systems. For example, Jenke [13] determined
the retention times for monovalent (tris), divalent
(phthalate), and trivalent (citrate) anions in a Dionex
AS-1 anion exchange column as 1.0, 3.8, and 6.3 min,
respectively. The increase in retention time with in-
creasing ion valence suggests a stronger interaction
between the positively-charged resin and the multi-
valent anions. Sosimenko and Haddad [14] reported
retention times on a functionalized polymethacry-
late anion exchange resin of 6.22min for acetate,
9.47 min for chloride, and 19.41 min for chlorate (all
monovalent anions), and 32.14min for the trivalent
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phosphate. The different results for the monovalent
anions is likely due to specific chemical interactions
between the different anions and the base polymer.
The objective of this study was to obtain quantita-
tive data for the effect of different ionic species, and in
particular different multivalent anions in biologically
significant buffers, on the surface charge character-
istics of polyethersulfone ultrafiltration membranes.
Polyethersulfone ultrafiltration membranes were ex-
amined since this polymer is used quite extensively for
both food and bioprocessing applications. Data were
obtained with both negatively- and positively-charged Fig. 2. Schematic drawing of the streaming potential apparatus.
membranes, each produced from the same base poly-
mer, with the zeta potential evaluated from streaming
potential measurements using different electrolyte ~ Asymmetric polyethersulfone Biom&% mem-
solutions. The results show large differences in zeta branes were provided by Millipore Corporation (Bed-
potential in the presence of different ionic species, ford, MA) with nominal molecular weight cutoffs of
even for data obtained at the same pH and solution 30, 100 and 300kD. Limited data were also obtained
ionic strength, with these differences arising from with Omega 100kD membranes provided by Filtron
the different affinity of the ions for the membrane Technology Corp. (Northborough, MA). Detailed in-
surface. formation on the nature of any fixed charge groups
on these polyethersulfone membranes is not avail-
able. Prototype positively-charged polyethersulfone
membranes were also supplied by Millipore. These
membranes were prepared by chemical attachment of
quaternary amine groups to the base Biohthmem-
solutions were prepared by dissolving brane. All membranes were flushed with 1004/m

Ag/AgCl Electrodes

2. Materials and methods

KCI

pre-weighed amounts of KCI (EM Science, Gibb-
stown, NJ) in deionized distilled water obtained
from a Nanopure water purification system (Barn-
stead, Dubuque, IA) with conductivity less than

distilled water to remove wetting agents prior to use.
Streaming potential measurements were performed

using the device shown in Fig. 2, which consisted

of two Plexiglas chambers, each 2cm in diameter

5.6x10-°>mS/cm. Solutions were buffered at the de- and approximately 2.4 cm in length. The ends of the
sired ionic strength by adding pre-weighed amounts chambers were threaded so that they could be screwed
of potassium hydrogen phthalate, potassium phos- together to give a tight seal. Ag/AgCl electrodes were
phate monobasic, sodium borate, sodium acetate,screwed tightly into the ends of the chambers to en-
sodium citrate (Fisher Scientific, Pittsburgh, PA), or sure reproducible placement relative to the membrane
tris(hydroxymethyl)aminomethane (Sigma Chemical surface. The electrodes were sealed using O-rings
Co., St. Louis, MO). LiCl, NaCl, and Caglwere  to prevent leakage. The Ag/AgCl electrodes were
obtained from Fisher Scientific. The solution pH was first prepared by placing a 1 mm diameter silver wire
measured to within 0.01 pH units using an Acumet (Sigma) and a reducing electrode in a 1M KCI so-
915 pH meter (Fisher Scientific) and adjusted by addi- |ution. The wire and electrode were connected to a
tion of small amounts of either 10mM HClor 10mM  DC power source, and the current was maintained at
KOH solutions as required. Solution conductivity was 10 mA for approximately 20 min to deposit a uniform
then measured using an ES-12 conductivity meter Ag/AgCl layer on the wire surface.

(Horiba, Kyoto, Japan). All solutions were prefiltered  The device was assembled with the membrane care-
through 0.20m pore size Sup@—zoo membranes  fully sealed between the two chambers. The chambers
(Gelman Sciences, Inc., Ann Arbor, MI) to remove were slowly filled with the desired salt solution tak-
any particles prior to use. ing care to remove any entrapped air bubbles. A feed
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reservoir, containing the same buffer solution, was 100 membrane in 10 mM KCI at pH 6.5. The surface
then attached to one of the chambers, with the exit charge on the membrane causes an accumulation of
from the second chamber directed to the drain. The counterions in the double layer within the pore. Fluid
system was pressurized by adjusting the height of the flow through the pore thus initially generates a net
feed reservoir or by air pressurization. The system was excess flux of counterions through the membrane.
allowed to stabilize for approximately 30 min at which The accumulation of these counterions at the pore
point the transmembrane voltage,; was measured  exit causes an electrical (streaming) potential to de-
using a high impedance 8060A True RMS Multimeter velop across the membrane. This streaming potential
(Fluke Corporation, Everett, WA) connected to the two then produces an electrophoretic flux of counterions
electrodes. Streaming potential measurements wereback through the membrane. At steady state, these ion
obtained at several discrete pressures up to 35 kPa withfluxes are exactly in balance so that the entire system
the system allowed to equilibrate at each pressure. maintains electroneutrality.
Wilbert et al. [15] have shown that this approach gives  The streaming potential data in Fig. 3 are for two
more accurate and reproducible data than using a con-separate Bioma® membranes (open and filled sym-
tinuous pressure ramp as employed in most commer- bols). Repeat measurements with the same membrane
cial zeta potential devices. The entire apparatus waswere highly reproducible with only a small constant
then emptied and thoroughly rinsed with a new buffer displacement in the data due to a shift in the zero pres-
solution to evaluate the zeta potential in different salts. sure intercept. The displacement of the zero pressure
intercept is due to small asymmetries in the Ag/AgCI
electrodes and thus varied in magnitude from run to
3. Results run. The electrodes were recoated whenever the abso-
lute value of this zero pressure intercept was greater
than 3 mV. Somewhat greater deviations in the results
were seen between different membrane samples due to
the inherent variability in membrane properties. How-
ever, in each case the data are highly linear (correla-
tion coefficients off2>0.98) with slopes differing by
less than 20%.

In order to rigorously evaluate the membrane zeta
potential from the streaming potential data one would
need to account for: the overlap of electrical double
layers within the cylindrical pore [16,17], the effects
of surface conduction [18,19], the change in conduc-
tivity due to ion exclusion from the charged pore [20],
the presence of a significant pore size distribution
[21], and the detailed morphology and connectivity of
the pore structure. Since detailed information on these
phenomena are largely unavailable, the data were
analyzed in terms of the apparent zeta potentig) (
which was calculated from the streaming potential
using the Helmholtz—Smoluchowski equation [8]:

Fig. 3 shows typical experimental data for the
measured streaming potentidt,] as a function of
the transmembrane pressur&R) for a BiomaX™

Streaming Potential, E, (mV)

Transmembrane Pressure, AP (kPa) ( dEz ) = fotréa (1)
dapP nho
Fig. 3. Sample data for the streaming potential of a BioHfax wherey is the solution viscosityA, is the solution
membrane in a 10 mM KCI solution at pH 6.5. The open symbols L. . .
represent repeat measurements with a single membrane. The closecponducuvn_y’go IS_ the permittivity of free_ space, and
symbols represent data for a second Biofaxmembrane under  &r iS the dielectric constant of the solution. The data

identical conditions. in Fig. 3 for the three repeat runs with the same
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membrane yielded 5 from —9.2 to —9.4 mV, while

the data for the second Biom2% membrane yielded
£a=—9.3£0.2mV. Similar reproducibility was ob-
tained under other solution conditions, although the
variability between membrane samples could be as
large as 20%.

Experimental data for the apparent zeta potential of
the different standard polyethersulfone membranes are
shown in Fig. 4. The data were obtained using 10 mM
KCI solutions buffered with 1 mM phthalate (for pH
2.2-5.8), 1 mM phosphate (pH 5.8-8), 1 mM tris (pH
8-9), or 1 mM borate (pH 9-10). The polyethersul-
fone membranes all have a negative zeta potential for
pH>2.4, with the absolute value of the zeta poten-
tial increasing with increasing pH. This behavior is
very similar to that reported previously by Nystrom
et al. [3], Hinke and Staude [22], and Causserand et al.
[23] for other polyethersulfone membranes. The data
for the different molecular weight cut-off Biom&¥
membranes are very similar, with only a small discrep-
ancy seen with the Bioma¥ 300 at the lowest pH val-
ues. This discrepancy is likely due to the greater ratio
of the pore radius to the double layer thickness and/or
the greater error involved in measuring the stream-
ing potential for this larger pore size membrane. The
data for the polyethersulfone Omega 100,000 MWCO
(Filtron Technology Corp., Northborough, MA) mem-
brane were similar to the results for the Bionm¥x
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Fig. 4. Apparent zeta potential for different standard polyethersul-
fone membranes in buffered 10 mM KCI solutions.

43
20 T T T T T T
! phthalate ! phosphate i tris | borate
3 = ° ° ° %
S 10f |® ® 1
| :
= 1
= i
8 :
S '
& ofopT T T TiT T T T T~ R
3 OO H
Nl o i
i Coi
c‘; H (@] i
& “10f ' O E -
<« i | O Biomax™ i
@® BiomaxT™(+) H
0 1 H 1 E
2 4 6 8 10
Solution pH

Fig. 5. Apparent zeta potential for the Bionidx and
Biomax™™(+) membranes in buffered 10 mM KCI solutions. The
dashed lines delineate the buffers used in each pH region.

membranes, suggesting that this pH dependence is an
inherent property of the polyethersulfone membranes.
The zeta potential data for the standard polyether-
sulfone membrane and the positively-charged ver-
sion are compared in Fig. 5. The surface modified
positively-charged Bioma¥(+) membrane (pre-
pared by chemical attachment of quaternary amine
groups to the base Biom&8% membrane) shows a
positive zeta potential that is relatively independent
of solution pH for 3.5<pH<9.5. However, the data
show considerable scatter, which appears to be at least
partially attributable to the use of different buffers
over the different pH ranges. The effect of different
buffers on the membrane zeta potential is examined
in more detail in Table 1. Results are shown at pH

Table 1

Apparent zeta potential of Biom& and BiomaX™(+) mem-
brane at pH 5 and 7 in 10mM KCI solutions with 1 mM ionic
strength buffer

Buffer BiomaxX'™M, ¢, (mV) Biomax™ (+), ¢a (MV)
pH 5 pH 7 pH 5 pH 7
No buffer —-5.6+£0.3 -15.1+0.8 10.Z40.3 8.9t0.5
Tris —5.240.3 —-12.9t0.6 9.5-0.2 8.9£0.3
Acetate —4.940.2 —-14.0:0.3 9.9£0.2 9.0t0.2
Phosphate —5.0+0.3 —13.9+0.2 8.9t0.1 5.9t0.5
Phthalate —7.4+0.4 -11.6+0.5 7.740.3 4.5t0.1
Citrate —5.1+0.3 —-16.0£0.4 10.6t0.2 4.1H0.2
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5 and 7 for a single standard and a single surface 1015 ' i ' '
modified membrane. Data were again obtained using
10 mM KCI with 1 mM of the appropriate buffer. The
apparent zeta potential for the standard Biohthx
membrane was relatively independent of the buffer,
varying from —4.9+£0.2mV to —5.6£0.3mV at pH
5 and —12.9+0.6 mV to —16.0:0.4mV at pH 7
for the phosphate, tris, acetate, and citrate buffers.
The one exception was phthalate which yielded a
somewhat less negative zeta potential at pH 7 but a
more negative potential at pH 5. The results for the
positively-charged membrane show a much greater
variation in zeta potential for the different buffer ) L )
solutions, with the values in citrate, phthalate, and 00 20 40 60 80 100
phosphate at pH 7 being well below the values in
pure KCI, tris, and acetate. The variations in zeta po- Tonic Strength Contribution from Phosphate (%)
tential were smaller at pH 5, although the_phthalate Fig. 6. Apparent zeta potential of a Bionfd+) membrane at
buffer again yielded a smaller zeta potential. These pH 7 measured in 10mM ionic strength solutions prepared with
differences in zeta potential were not due to changes different amounts of KCI and phosphate.
in either the solution conductivity (which varied by
less than 10%) or the ionic strength, but were instead ) o ) )
likely associated with different extents of ion binding Y the adsorption or binding of the di- and tri-valent
by the positively-charged membrane. anions. The data for the positively-charged membrane
Table 2 shows theK, values of the different an- &t PH 5 show a weaker dependence on the buffer an-
ions examined in this study. At pH 7 citrate is present 10N Since none of the anions are fully di- or tri-valent
primarily in trivalent form, phthalate is almost entirely &t this pH. The lowest zeta potential at pH 5 is found
divalent, phosphate exists as a mixture of mono- and with _phthalate which is abogt 28% in divalent form
di-valent ions, acetate is almost entirely monovalent, &t this pH (phosphate and citrate have less than 10%
and tris is largely uncharged. The zeta potentials in divalentions). The large change in valence of the cit-
tris (neutral) and acetate (monovalent) buffers were at€ ion (from primarily trivalent at pH 7 to primarily
almost identical to that measured in unbuffered KC| Monovalent at pH 5) causes a large increase in charge
(which has monovalent chloride ions). In contrast, the 1" 90ing from pH 7 where 3=4.1£0.2mV to pH 5
presence of the divalent or trivalent ions (phosphate, WNeré¢a=10.0:0.2mV. , _
phthalate, and citrate) causes a significant reduction All Of the data in Table 1 were obtained with
in the zeta potential at pH 7, with the magnitude of 10MM KCl using 1mM concentration of the added
this reduction being directly related to the anion va- Puffer. Fig. & shows experimental data for the
lency. This behavior is likely attributable to the reduc- POSitively-charged membrane at pH 7 using mixtures

tion in the positive charge on the membrane caused of potassium chloride and potassium phosphate with
10 mM total ionic strength but with different amounts

of chloride and phosphate. In each case the ionic

Apparent Zeta Potential, {, (mV)
W
T
O

Table 2 strength |, was calculated as:
pKa values for buffer ions
— 2
Buffer PKas PKaz ke 1 =20GA @
Tris [24] 8.0 - - The concentrations of the charged phosphate ions
Acetate [24] 4.76 - - were determined from the Henderson—Hasselbalch
Phosphate [24] 2.12 7.21 1267 . quation:
Phthalate [25] 2.95 5.41 - a :
Citrate [24] 3.13 5.93 6.38

[A_n] = [H37nA_(n+l)] X 100H_pKan (3)
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where A is the phosphate anion concentratiog, JA form) to a value of—0.7mV at pH 8 (where citrate
is the hydrated phosphate anion concentration,rand is present in 97% trivalent form). Thus, at high pH
is the anion valence. TheKp values for the differ- the adsorption/binding of the trivalent citrate ion com-
ent anion valencies are given in Table 2 [24,25]. The pletely masks the positive charge of the quaternary
results are plotted as a function of the percentage of amine groups, giving the membrane a small net nega-
the total ionic strength associated with the phosphate tive charge in 10 mM citrate compared to thé3 mV
ions. The zeta potential in pure KQl{=9.3+-0.3 mV) measured at this same pH in 10 mM KCI. This charge
was consistent with that seen for the membrane usedreversal cannot be accounted for by purely electro-
for the experiment in Fig. 5 and Table 2. The zeta static interactions, but instead suggests the presence
potential decreases with increasing phosphate concen-of specific attractive interactions between the citrate
tration, approaching a value of approximately 3.5mV ion and the positively-charged membrane surface [7].
when the percentage of the ionic strength due to phos- Table 3 shows data for the effect of different cations
phate reaches 100%. Similar behavior was seen with (Lit, KT, Nat, and Ca2) on the apparent zeta poten-
phthalate and citrate, with the zeta potential decreas- tial of the BiomaX™ and BiomaxXM(+) membranes
ing from about 14 mV in 10 mM ionic strength KClto  at pH 7. The zeta potential for the Biom&k mem-
2.5mV in 10 mM ionic strength phthalate and 0.2mV brane was very similar in the LiCl, KCI, and NaCl,
in citrate. The much greater effect of the phthalate and which is consistent with the absence of any significant
citrate anions on the zeta potential is again consistention-binding interactions for these monovalent salts.
with the greater valency of these anions at pH 7. The zeta potential in the CagL$olution was slightly
The large effect of citrate on the zeta potential of less negative than that in the other salts, which could
the BiomaxX™(+) membrane is examined in more de- be due to the depression of the electrical double layer
tail in Fig. 7 which shows; 4 as a function of pH and/or to the adsorption/binding of the divalent cation.
in a pure citrate solution of 10mM ionic strength. In The zeta potential for the Biom&¥(+) membrane
sharp contrast to the data in Fig. 5 (which were ob- shows a stronger dependence on the salt type, with the
tained in buffered KCI solutions), the zeta potential in zeta potential ranging from 8.3 mV in KCl to 16.1 mV
citrate decreases from slightly more than 6 mV at pH in CaCh. The high zeta potential in Cagk likely due
4 (where citrate is present in about 87% monovalent to the lower chloride concentration since the 10 mM
ionic strength CaGlsolution only has a 6.7 mM con-
centration of Ct compared to the 10 mM concentra-
I . T tion of CI~ with the monovalent salts.
All of the data presented up until this point were
ok c} i obtained after the membrane had equilibrated with
the given buffer solution. Fig. 8 shows data for the ap-
parent zeta potential of the Bioma%(+) membrane
4r T as a function of time after a 24 h storage of the mem-
brane in either hydrochloric or phosphoric acid at pH
i 1 2.5. The zeta potential was measured using 10 mM
2 KCI buffered with 1 mM tris at pH 7. The time axis
{ o ] refers to the time after removal of the membrane from
o------=-=--- O - - the acid storage solution evaluated at the midpoint of
{ Q the zeta potential determination. The first data point
is att=30 min due to the time required to fill the so-
2 ' ' ' lution chambers, set the transmembrane pressure, and
then evaluate the streaming potential at four different
Solution pH pressures (required to calculatgfrom Eq. (1)). The
Fig. 7. Apparent zeta potential of a Bionf¥(+) membrane in initia_l zetg potential measured after storgge in phos-
10mM ionic strength solutions of sodium citrate as a function of Phoric acid wast-39 mV. The zeta potential decayed
solution pH. to +20 mV after 120 min and eventually t913 mV

Apparent Zeta Potential , {, (mV)
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Table 3

Apparent zeta potential of Biom&¥ and BiomaXM(+) membranes measured in 10 mM ionic strength solutions with different cations
Salt Ao (MS/cm) [Anion] (mM) [Cation] (mM) BiomaX™, ¢4 (MV) Biomax™(+), ¢a (MV)

KCI 141 10.0 10.0 —7.8+0.3 11.2+0.2

NaCl 1.18 10.0 10.0 —7.7+0.4 11.#0.1

LiCl 1.05 10.0 10.0 —7.6+£0.1 8.3t0.1

CaCb 0.71 6.7 3.3 —-5.1+0.1 16.10.5

after 16 h. This final asymptote is in good agreement factor that could affect the observed behavior is the
with the data in Fig. 5, which were obtained on a fresh partitioning of unionized phosphoric acid into the
membrane without any exposure to either phosphoric pore during storage at pH 2.5. The unionized phos-
or hydrochloric acid. In contrast to the data obtained phoric acid within the pore will tend to deprotonate
after storage in phosphoric acid, the zeta potential upon exposure to the pH 7 KCI solution, releasing
measured after storage in HCl was nearly constant at positively-charged H ions into the pore. The reduc-
a value of+12.1+0.2mV. This value is essentially tion in zeta potential with time would thus be the result
identical to the steady-state value obtained after stor- of a transient ion-exchange phenomenon. Small tran-
age in the phosphoric acid indicating that the mem- sients were also seen upon switching between some
brane surface charge and surrounding double layer buffer solutions, although the zeta potential generally
eventually attain equilibrium with the 10mM KCI equilibrated to its steady-state value within 30 min.
solution. Thus, the very different behavior observed
after storage in hydrochloric or phosphoric acid was
not due to any irreversible alteration in the membrane 4. Discussion
surface chemistry or pore structure. Instead, the slow
transient seen after storage in phosphoric acid may Although the effects of ion adsorption/binding on
be due to the slow kinetics of Cladsorption to the  the surface charge of colloidal materials are well ap-
positively-charged membrane in this system. Another preciated, there has been almost no work on the effects
of specific buffer ions on the charge characteristics of
ultrafiltration membranes. Data obtained in this study
40 T — with the surface-modified Bioma¥ (+) membrane
T Storage Solution yielded zeta potentials at pH 7 that varied by more
0| phosphoric acid than a faptor of 2 even in the presence of only 1 mM
@/ hydrochloric acid b_uffer_ (Wlth 10mM _KCI) du_e to the s_trong adsorp-
30t é . tion/binding of the di- and tri-valent anions to the sur-
face of the positively-charged membrane. Even more
dramatic effects were seen using 10 mM ionic strength
(} solutions of citrate. In this case, the zeta potential for
ol é 1 the BiomaXM(+) membrane at pH 8 in citrate was
—0.7mV compared te+-13mV in pure KCI or KCI
buffered with 1 mM tris at this same pH. This type of
Jf charge reversal has been seen with multivalent cations

Apparent Zeta Potential, {; (mV)

on ion exchange materials [9,10], but has never been
3 reported for the type of ultrafiltration membranes ex-
amined in this study.
Time After Storage (min) The very different behavior seen with the standard
Fig. 8. Apparent zeta potential of a Bionf&+) membrane in and positive!y—chargeq polyethersylfone mempraqes is
10 mM KCl buffered with 1 mM tris after 24 h adsorption in either ~ dU€ to the difference in the potential-determining ions
phosphoric or hydrochloric acid. for these membrane systems. The surface charge of the

10 !

10
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standard Bioma¥! membrane is determined by the like the positively-charged quaternary amines on the
presence of ionogenic groups on the membrane sur-Biomax™ (+) membrane. The effects of membrane
face (probably weakly acidic carboxylic or phenolic charge on protein transport will be examined in more
groups), with the extent of ionization of these groups detail in a forthcoming study [28].
a strong function of the local hydrogen ion concen-  The data obtained with the Biom8%(+) mem-
tration (i.e. the solution pH). Multivalent anions (like brane also showed the presence of a long transient
phosphate and citrate) have little effect on the surface in the zeta potential upon switching from phosphoric
charge of the Bioma® membranes since these an- acid (pH 2.5) to 10 mM KClI buffered with 1 mM tris at
ions are largely excluded from the double layer. In pH 7. This transient was apparently due to some type
contrast, the charge on the Biom&X+) membranes  of ion exchange phenomenon involving the phospho-
is due to the attached quaternary amine groups, with ric acid. This type of transient could have a significant
the extent of ionization (and thus the net charge) be- effect on membrane performance during diafiltration
ing independent of pH (as seen in Fig. 5). Multiva- processes used for buffer exchange [29]. In addition,
lent anions will be potential-determining ions for these phosphoric acid (among a number of other strong
membranes due to the strong adsorption of these an-acids and oxidizing agents) is often used as a storage
ions to the positively-charged surface. Thus, the pH agent to prevent bacterial growth. The results obtained
dependence of the zeta potential for the Biof4-) in this study indicate that under some conditions it
membrane seen in Fig. 7 is really an indirect effect could take as much as 6-10 h for the membrane sur-
associated with the change in the valence of the cit- face charge to equilibrate with the process buffer after
rate ion (as opposed to a direct protonation of charged prolonged storage in these chemical solutions. The
groups on the membrane surface). resulting changes in membrane charge could have
A detailed study of the effects of ion adsorption on profound effects on membrane fouling as well as
the performance of ultrafiltration membranes is be- solute transmission during ultrafiltration processes.
yond the scope of the current investigation. However,
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