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A Parametric Study on Protein-Membrane-
Ionic Environment Interactions for
Membrane Fouling

Sema Salgin, Serpil Takac, and Tuncer H. Ozdamar
Ankara University Faculty of Engineering, Department of Chemical
Engineering, Ankara, Turkey

Abstract: This work reports on protein-membrane-ionic environment interactions on the
basis of chemical and electrochemical features of ultrafiltration membranes and the protein
in the solution that affects the extent of protein adsorption onto the membrane, which is a
measure of membrane-fouling. Bovine serum albumin (BSA) was chosen as the model
protein; and 10 kDa of hydrophobic polyethersulfone (PES) and hydrophilic cellulose tria-
cetate (CTA) ultrafiltration membranes at the solution pH values of 3.78, 4.78, and 6.80,
and ionic-strengths of 0.01 M and 0.1 M were employed. Isotherms for BSA adsorption
on both types of membranes were correlated by the Freundlich equation. More BSA
was adsorbed on hydrophobic PES membranes than was adsorbed on hydrophilic CTA
membranes. The highest degree of adsorption on PES membranes was obtained at
pH = 3.78 whereas the minimum adsorption occurred at the isoelectric point (IEP)
(pH = 4.78) of BSA. With increasing ionic strength, the adsorbed protein on both
membranes decreased. The zeta-potentials of the membranes and protein were determined
by streaming potential measurements and theoretical calculations, respectively; and the
electrostatic interactions and van der Waals energies between the membranes and the
protein were calculated using the Deryagin-Landau/Verivey-Overbeek (DVLO) theory.
To detect the structural changes that occurred, membrane surfaces were analyzed by
Fourier transform infrared-attenuated total reflectance (FTIR-ATR) measurements, and
scanning electron microscopy (SEM) and atomic force microscope (AFM) images.

Keywords: Ultrafiltration membranes, protein, BSA, adsorption, membrane fouling,
protein-membrane interactions, interaction energy, DLVO theory
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INTRODUCTION

Ultrafiltration membranes are widely used in the separation of proteins in
biotechnological processes; however, membrane fouling, which is mainly
caused by adsorption and/or aggregation, is an influential phenomenon in
separation and purification of macro-biomolecules using ultrafiltration
systems. Although adsorption often has been explained through complicated
interactions among the membrane, protein, and solution components, an
in-depth insight related to the interfacial forces that control the protein adsorp-
tion onto the membrane surface is required in order to clarify the origin of this
phenomenon. In the present study, we carried out systematic and comparative
research to meet the requirement of a more detailed understanding of the inter-
facial forces occurring between two types of ultrafiltration membranes and
protein bovine serum albumin (BSA) under the physicochemical influence
of its microenvironment.

Several research results have been published to describe the adsorption
characteristics of BSA on different types of membranes over a range of pH
and ionic strengths. Although the literature has a consensus that the ionic
environment strongly affects the extent of adsorption, the results reported
on the effect of pH on membrane fouling are not fully converged. Matthiasson
(1) studied the adsorption kinetics of BSA on different kinds of membranes as
well as the amount adsorbed and the hydraulic resistance of the adsorbed
layer, reported that the adsorption increased with decreasing pH of the
solution, and hydrophilic cellulose acetate membrane adsorbed less protein
than did hydrophilic polyamide and hydrophobic polysulfone membranes
Aimar et al. (2), reported that the amount of adsorbed BSA on polyacrylo-
nitrile membranes increased with decreasing pH, with increasing bulk concen-
tration, and contact time. Burns and Zydney (3) investigated the effect of
solution pH on the transport of globular proteins with different surface-
charge characteristics through polyethersulfone (PES) membranes and
obtained the maximum protein-sieving coefficient near the protein isoelectric
point. The authors postulated that the nonlinear dependence of the sieving
coefficient on pH was due to the nonlinear dependence of the BSA charge
on solution pH. Moreover, attractive electrostatic interactions occurred
when the protein and membrane had large opposite charges, causing a
second maximum in transmission at a pH at the isoelectric-points of the
protein and membrane. Mdckel et al. (4) studied the influence of membrane
hydrophilicity, pH, and ionic strength on the static adsorption of cys-BSA,
protein ultrafiltration performance, and cleanability. The authors found that
BSA adsorption showed a maximum at its IEP and the increase in ionic
strength led to stronger static adsorption and greater flux reduction for pH
values on either side of the IEP. It was asserted that besides the electrostatic
aspects, hydrophilicity played an important role on the static adsorption;
and ultrafiltration flux reduction decreased and cleanability increased with
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increasing level of functionality. Menon and Zydney (5) investigated the
effect of specific ionic composition on the rate of BSA transport through
PES membranes over a range of solution pH and salt concentrations; and
they emphasized significant impact of electrostatic interactions on protein
transmission. The effects of specific ions on BSA sieving were attributed to
differences in net protein charge arising from differences in ion-binding
affinity to protein surface and to differences in electrostatic shielding associ-
ated with differences in ion valence. Huisman et al. (6) studied protein-
protein and protein-membrane interactions to explain the membrane fouling
during the ultrafiltration of BSA solution over PES membranes. The exper-
iments were carried out at pH values within a wide range using membranes
of different cut-off values. The authors reported that protein-membrane
interactions influenced the fouling behavior in the initial stages of the fil-
tration; however, in the later stages of the process, protein-protein interactions,
which dictated the overall performance as the less retentive membranes,
resulted in weaker interactions. The extent of coverage of membrane with
protein was analyzed by the measurement of the streaming potential and by
using atomic force microscopy (AFM), and the structure of the fouling
layer was found to depend strongly on pH. Recently, Xu et al. (7) investigated
the adsorption of BSA on porous polyethylene membrane as a function of the
pH of the solution in addition to several parameters such as concentration,
time, and agitation speed. They observed the maximum adsorption at the iso-
electric point of the protein since the molecular size of a disordered protein
was at its lowest value.

The studies on the intermolecular interaction theories, which examined
particularly in-flow systems, also gain attention in the literature. Zydney
and Pujar (8) discussed the application of hard-sphere, electrical, and van
der Waals interaction theories to membrane systems; and they presented
new calculations for the transport of charged solute through the membrane
pores based on the charge regulation model. The authors suggested that
long-range colloidal interactions could have a dramatic effect on the rate of
protein transport through porous membranes. Thereafter, Burns and Zydney
(9) studied the rate of protein transport through porous charged membrane
taking into consideration both thermodynamic (solute partitioning) and hydro-
dynamic (frictional) interactions; they quantitatively compared predictions of
theoretical models with experimental data for ovotransferrin transport through
charged PES membranes over a range of solution conditions. The authors
asserted that the model predicted the complex effects of solution pH and
ionic strength on protein transmission in the presence of both attractive and
repulsive electrical interactions. Although the nature of interaction forces
causing protein adsorption and eventual fouling is discussed in the literature,
there is no general insight into interfacial forces that are dominant in adsorp-
tion. The aim of this work is to examine the membrane fouling in terms of
intermolecular interactions between the membrane and the protein, with the



09: 53 25 January 2011

Downl oaded At:

1194 S. Salgm, S. Takag, and T. H. Ozdamar

adsorption data complemented by scanningelectron microscopy (SEM),
atomic force microscopy (AFM), and Fourier transform-infrared (FTIR-
ATR) measurements. In the parametric experimental study, BSA as the
model protein and two different kinds of ultralfiltration membranes, i.e. hydro-
phobic PES and hydrophilic cellulose triacetate (CTA) membranes were used.
Based on the hydrophobic and hydrophilic characters of the membranes, the
influences of the properties of protein solution such as pH and ionic
strength on the degree of static adsorption were investigated. Moreover, the
qualitative dependence of the membrane fouling on ionic environment was
explained by showing that the changes occurred on the membrane surface
after the adsorption using FTIR-ATR spectra, SEM, and AFM images; and
the quantitative dependence of interfacial interactions on adsorption was
explained by calculating the interaction energies between the membrane
and the protein.

INTERACTION ENERGIES: THEORY

Various types of interactions occur between the membrane and the protein,
and specific contributions such as polarization may be important besides the
nonspecific dispersion and repulsion interactions (10). In the present study,
electrostatic and van der Waals interaction energies were considered as the
major nonspecific interaction energies and calculated using the DVLO
theory developed for colloids. According to the theory, electrostatic effects
are governed by the interactions between the diffuse ion atmosphere outside
the charged surfaces (11). The electrostatic energy between an infinitely
thick flat surface, i.e., membrane, and a sphere, i.e., protein, can be
evaluated by Eq. (1); and, the van der Waals energy between a membrane
and a protein molecule can be evaluated by Eq. (2).

2015 [1 + exp(—«H)

E. =g, (4 + {%){ 5 ] +In[1 — exp(—2KH)]}

P+ & |1 —exp(—«kH)
(1

_ A[2r(H+r1) H+2r
W__E[H(H+2r)_ln< H ﬂ @

Interaction energies can be either a repulsive or an attractive one depending
on chemical structure, medium properties, and surface potential. Therefore,
the sum of the electrostatic energy and van der Waals energy predicts
whether repulsion or attraction forces are dominant between the membrane
and protein.
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The Debye screening length, k', is calculated by using Eq. (3) [Ref. (3)]:

P2 —1/2
—1 2
= 2, 3
) <sosrRTZZ' > ®

The membrane zeta potential ({;) to be used in Eq. (1) can be calculated
by inserting experimentally evaluated streaming potentials into the
Helmbholtz-Smoluckowski equation, Eq. (4) [Ref. (3)]:

dE;  €,&,(
dAP A,

(4)

On the other hand, the zeta potential at the BSA surface ({,) can be
calculated by Eq. (5) [Ref. (5)]:

e/

¢= 411eg,r(1 + kr)

®)

The net BSA charge, Z, is evaluated by taking into account the effects of
both charge regulation and chloride ion binding. The calculations include the
dissociation equilibria for six distinct types of amino acid residues (12) and
three specific C1™ binding sides (13). The net charge on BSA can be calculated
from the differences in H' and CI~ binding as described by Pujar and Zydney
(14) [see Eq. (6)]:

— 96— K" < miKACl ] exp(ed/kT)
7= ZKS“‘+[HJ Jexp(—eg/kT) =1+ Kj[Cl-]exp(e{/kT)

(6)

In Eq. (6), yis the activity coefficient of C1  and the value of 96 is the net
charge on BSA at very low pH where all sites are protonated (14). The number
(n;) and intrinsic equilibrium constants (Ki-m) of titratable amino acids on BSA
as well as the parameter values for CI' binding (m; and Kj) are also given by
Pujar and Zydney (14) By solving Eq. (5) and Eq. (6) together, the actual zeta
potential on BSA is calculated.

EXPERIMENTAL
Materials

The PES (pH =2-14) and CTA (pH = 4-8) ultrafiltration membranes
(Sartorious, Germany) with nominal cut-off values of 10kDa and diameters
of 25mm were used in the experiments. Before all experiments, the
membranes were rinsed with MilliQ (Millipore, USA) deionized distilled
water to remove preservatives. All solutions were prepared by using
deionized water with the resistivity of 18 MQcm. BSA (Sigma: A5674)
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with the molecular weight of 67kDa and IEP of 4.7-4.9 was used as the
model protein. The BSA solutions of different ionic strengths were prepared
using different concentrations of KCl solution. The pH and conductivity of
solutions were measured with a Sartorius PP-50 Ion-meter, and pH of the
medium was adjusted with either 0.01 M HCI or 0.01 M KOH solutions.

Static Adsorption Experiments

Static adsorption experiments of BSA on PES and CTA membranes were
carried out in 150 mL. Erlenmeyer flasks in an orbital shaker (Gallenkamp,
UK) operated at 200 strokes min~ ' and 30°C. Membranes were brought
into contact with BSA solution until equilibrium was reached. The BSA con-
centration in the solution was determined with a spectrophotometer
(Shimadzu UV-160A) at 277nm and the amount of adsorbed protein per
unit of membrane mass was calculated by the protein mass balance. Adsorp-
tion experiments were performed for the concentrations of 0.1-2.8 gdm >
BSA. After adsorption, membranes were rinsed with distilled water to
remove unbounded BSA and dried at room temperature for 24 h.

Streaming Potential Measurements

Experiments to characterize the membrane charge streaming potential
measurements, which depend on the measurement of the electrical potential
between two surfaces provided by moving the electrolyte solution through
the porous membrane by an external pressure (3), were performed. These
experiments were accomplished by means of a device of two chambers in
which Ag/AgCl electrodes were inserted through the ends. The membranes
were first stabilized with KCI solutions to be used and then the streaming
potentials were measured as a function of the pressure difference. The
membrane zeta potentials were calculated by the Helmholtz-Smoluckowski
equation, Eq. (4), using the measured streaming potential values.

FTIR-ATR Measurement, SEM, and AFM Images

The surface of ultrafiltration membranes was characterized by FTIR-ATR
spectroscopy (Perkin-Elmer 040520) to detect chemical changes after
protein adsorption. The clean and used membranes were rinsed with
deionized water three times and completely dried at room temperature
before analyses. The ATR accessory of the FTIR contained a ZnSe crystal.
The surface of membranes was also examined with a scanning electron micro-
scope (SEM; LeoVP35) before and after protein adsorption. The AFM images
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of the clean and used membranes were obtained using an atomic a force micro-
scope (AFM Nanoscope IlI-a, Digital Instruments, Inc., Santa Barbara, CA,
USA) in tapping mode.

RESULTS
Effect of pH and Ionic Strength on Adsorption

Isotherms for BSA adsorption on hydrophobic PES membranes were obtained
at the pH values of 3.78, 4.78 (isoelectric point, pI), and 6.80 in 0.01 M KCl
solution; and at the pH values of 4.78 and 6.80 in 0.1 M KCI solution (Fig. 1).
The amount of BSA adsorbed was the lowest at its IEP where the maximum
adsorption was obtained below the IEP of the protein. The increase in ionic
strength provided by KCl solutions decreased the amount of BSA adsorbed.
The equilibrium data fit the Freundlich isotherm (15). The parameters of the
isotherm were determined by a nonlinear regression program and given in
Table 1.

Isotherms for BSA adsorption on hydrophilic CTA membranes were
obtained at the pH values of 4.78 (pI) and 6.80 in 0.01 M and 0.1 M KCl
solutions (Fig. 2). More BSA was adsorbed above the IEP of the protein;

100
& pH=3.78, 1=0.01M
O pH=4.78, 1=0.01M

80 -| ® pH=478 1=01M
o O pH=6.80, I=0.01M a
5 m  pH=6.80
3
5 60
£
[s)]
\C
5
40
jo R
()]
£
o

20

0 1 1 1 1 1

0,0 0,5 1,0 1,5 2,0 2,5 3,0

C*, mg/ml

Figure 1. Adsorption isotherms for BSA on PES membranes at different pH and ionic
strength values.
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Table 1. Freundlich equations for BSA adsorption on ultrafiltration membranes

Adsorption isotherms

pH 0.01M KC1 0.1IM KCl1

378  q=4121(CH"? R*>=0.99 —
PES 478  q=1584(C*"** R*=098 q=13.09(C*)*" R*=0.99
680  q=236.74C"*® RZ=099 q=30.76(C*)*% R?>=0.99
478  q=1452(C)*32 R?*=098  q=13.75(C***® R?>=0.99

CTA (80 q=12427(CH*7 R?=0.99 q=16.59C*"* R>=0.99

and the decrease in the ionic strength of the protein solution increased the
adsorption (15). The isotherms showed a good agreement with the Freundlich
equation (Table 1).

Interaction Energies During Adsorption
The pH and ionic strength dependences of the zeta potentials for PES and CTA

membranes found by Eq. (4) are given in Table 2. It was found that PES and
CTA membranes were both negatively charged under all the conditions

50
O pH=4.78,1=0.01M
® pH=478,1=0.1M
40 | O pH=6.80,1=0.1M
2 B pH=6.80, 1=0.01M
g
E
2 30
E
=
£
2
e 20
S
o
E
c
10
D | 1 1 1 1
0,0 0.5 1,0 1,5 2,0 2,5 3.0

C*, mg/ml

Figure 2. Adsorption isotherms for BSA on CTA membranes at different pH and
ionic strength values.
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Table 2. Zeta potentials for ultrafiltration membranes at different pH and ionic
strength values

10kDa PES 10kDa CTA
0.01M KClI 0.1IM KCl 0.01M KC1 0.1IM KCl
pH {(mV) { (mV) { (mV) { (mV)
3.78 —34.40 —20.99 — —
4.78 —43.66 —23.07 —18.20 —13.65
6.80 —48.33 —-33.71 -259 —-19.83

applied; and, the zeta potential of hydrophobic PES membrane was higher
than was that of hydrophilic CTA membrane. The increase in pH increased
the zeta potential of the membranes whereas the increase in ionic strength
decreased the zeta potential. The zeta potentials for BSA at different pH
and ionic strength values were calculated by Egs. (5) and (6) (Table 3). In
the calculations, the radius of BSA, r, was taken as 3 x 10™m (16) and H
was assumed to be 1 x 10~ °m. The zeta potential of the protein was
minimum at the IEP, negative at the higher pH than at the IEP; contrariwise,
positive at the lower pH than at the IEP. The van der Waals interaction energy
was calculated by Eq. (2) taking Hamaker coefficients for PES and CTA
membranes to be A = 0.18kT and A = 1.96 kT, respectively (8).

The calculated electrostatic energy, the van der Waals energy, and total
interaction energy between the protein and the membranes are given in
Tables 4 and 5. The results revealed that the electrostatic energy was the
minimum at the IEP of the protein for both membranes. At pH = 3.78 and
4.78, the attraction forces were dominant; however, at pH = 6.80, the repulsion
forces were dominant, except for CTA membranes at high ionic strength.

Structural Changes on Membrane Surfaces after Adsorption

The PES and CTA membrane surfaces were analyzed using the FTIR-ATR
spectra to detect the structural chemical changes originated by the protein
adsorption. The FTIR-ATR spectra of PES and CTA membranes at
different pH values are shown in Fig. 3 and Fig. 4, respectively. Two

Table 3. The zeta potentials of BSA at different pH and ionic strength values

pH=3.78 pl =4.78 pH = 6.80

Zeta potential (V)-0.01M 0.0394 0.0052 —0.0283
Zeta potential (V)-0.1M 0.0264 —0.0001 —0.0236




09: 53 25 January 2011

Downl oaded At:

1200 S. Salgm, S. Takag, and T. H. Ozdamar

Table 4. The electrostatic, the van der Walls, and total interaction energies between
BSA and PES membranes

pH
3.78 478 6.80

Ee (J) 0.01 M KClI —1.45 x 1072 —4.69 x 10721 5.58 x 1072
Ee (J) 0.1 M KCl —2.04 x 1072 —1.43 x 1072 1.99 x 1072
Ew (J) —8.86 x 10722
Total energy (J; DLVO theory)

0.01M KCl —1.54 x 1072 —5.58 x 107! 3.69 x 1072

0.1 M KCl -133x 1072 —1.03 x 1072! 1.10 x 1072

characteristic peaks were inspected as the evidence of the adsorption of BSA
on the membrane surfaces, the amide I band, which was observed at
1650cm ™', and the amide II band, which was seen at 1540cm !. The
spectra of the two membranes at all pH values revealed the presence of the
amide I band. However, the amide II band appeared only on PES
membrane at pH = 3.78 where the highest extent of protein adsorption was
obtained (Fig. 3a). The lowest intensity of the amide I band was observed
on the membrane fouled at the IEP (4.78) (Fig. 3c), where the adsorption
degree was the lowest (Fig. 1). On the other hand, the intensity of the
amide I peak was lower on the CTA membranes than that observed on PES
membranes related to less adsorption. The lowest intensity of the amide I
band on CTA membranes was observed at the IEP of the protein (Fig. 4a).
The SEM images of clean and protein-fouled PES and CTA membranes
are given in Figs. 5 and 6, respectively. More membrane fouling was seen on
PES membrane surfaces than was obtained on CTA membranes, which
coincided with the adsorption results. The AFM images of the PES

Table 5. The electrostatic, the van der Walls, and total interaction energies between
BSA and CTA membranes

pH
4.78 6.80
Ee (J) 0.01 M KClI —-1.27 x 10721 3.31 x 1072
Ee (J) 0.1 M KCl —4.85x 1073 1.19 x 1072
Ew (J) —2.00 x 1072
Total energy (J; DLVO theory)
0.01M KCl —3.27 x 1072 1.31 x 1072

0.1 M KCI —2.05 x 10721 —8.10 x 10722
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Figure 3. FTIR-ATR spectra of clean and protein-fouled PES membranes in 0.01 M KClI at a) pH = 3.78; b) pH = 4.78; c¢) pH = 6.80.
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Figure 5. SEM images of clean and protein-fouled PES membranes in 0.01M KCl at
pH = 3.78.

membrane surfaces taken after protein fouling are shown in comparison with
the clean membrane surfaces in Fig. 7. The AFM images also showed that the
membranes were covered by a different extent of protein layers depending on
the solution pH during adsorption. The lowest and the highest protein
coverage were seen on the membranes fouled at pH = 4.78 and pH = 3.78,
respectively, which agreed well with the adsorption data.
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Figure 6. SEM images of clean and protein-fouled CTA membranes in 0.01 M KCl at
pH = 6.80.

DISCUSSION AND CONCLUSIONS

Since adsorption is one of the characteristics of membrane fouling, static
adsorption of BSA on PES and CTA membranes was investigated at
different ionic conditions. Hydrophobic forces were the first determinative
factor for the dissimilarity in protein adsorption on different membrane
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[ ™

Figure 7. AFM images of PES membranes in 0.01 M KCI at a) clean membrane
b) protein-fouled at pH = 3.78, c) protein-fouled at pH = 4.78, d) protein-fouled at
pH = 6.80.

surfaces. More BSA was adsorbed on hydrophobic PES membranes than it
was on hydrophilic CTA membranes at all the pH and ionic strength values
studied. The hydrophobic interactions between the PES membrane and
protein surfaces resulted in a high degree of adsorption. In addition,
protein-membrane interactions could cause changes in the structure of
adsorbed molecules. The globular structure of BSA adsorbed on the surface
of hydrophilic membranes changes little according to the native state in free
solution. However, on the surface of hydrophobic membranes, the protein
appears long and filamentous, more open and denaturated (17), which can
increase the extent of adsorption. Another reason for the higher adsorption
on PES membranes was the higher surface charges of hydrophobic
PES membranes compared with those of hydrophilic CTA membranes
(Table 2).
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The PES and CTA membranes used in this study are asymmetric
membranes, which are characterized by a thin skin on the surface. Protein
adsorption on asymmetric membranes is reported to occur only at the
membrane surface and maybe at the pore entrance, because of their ultrastruc-
ture (17). On the other hand, since the molecular weight of BSA was higher
than was the MWCO (molecular weight cut-off) value of the membranes,
the adsorption within the membrane pores seems to be difficult. Therefore, it
can be concluded that the adsorption occurs mainly on the membrane surface.

Membranes gain charge due to the ionization of polar groups at their
surfaces or due to the adsorption of electrolyte ions from the surrounding
solution onto the membrane surface. Therefore, besides the protein charge
that is dependent on pH and ionic strength of the solution, the charge and
density of the membrane surface affect the extent of adsorption. The zeta
potentials of hydrophobic PES and hydrophilic CTA membranes showed
that both membranes were negatively charged at all pH and ionic strength
values; moreover, the zeta potential of the membranes increased with increas-
ing pH (Table 2). Since the increased absolute value of zeta potential of the
membrane decreases the hydrophobicity (6), less adsorption was observed
on PES membranes at pH = 6.80 compared with the adsorption at
pH = 3.78 (Fig. 1). On the other hand, the sign of zeta potential of the
protein surface changed with the solution pH (Table 3). Below the IEP, i.e.,
at pH = 3.78, BSA had a positive charge; contrariwise, PES membrane had
a negative charge. Therefore, below the IEP for PES membrane, attraction
forces were dominant over repulsion forces and the protein showed a
tendency to be adsorbed. Above the IEP of the protein, i.e., at pH = 6.80,
the surfaces of the PES and CTA membranes as well as the protein had
negative charges. Although less adsorption was expected at this pH in com-
parison with pH = 4.78 due to the repulsion forces; a considerable amount
of adsorption was observed. Robertson and Zydney (18) also reported that
proteins could be adsorbed quite strongly even to surfaces with the same
charge as the protein. In addition, at the pH values above IEP, BSA is
reported to undergo an expansion due to intramolecular electrostatic
repulsion between electrical charges of the same sign. Less of this larger
BSA can fit on the membrane surface (19). This behavior shows that the
adsorption is not only due to electrostatic and van der Waals interactions
that is considered by DLVO theory; but it is also due to hydrophobic, hydro-
philic, structural, and steric interactions between the protein and the
membrane as well as between protein molecules. The unexpected attraction
forces found at pH = 6.80 and 0.1 KCI conditions for CTA membranes
(Table 5) are therefore, due to the lack of such interactions in the DLVO
theory. At the IEP of BSA, the degree of adsorption was minimum related
to mainly low electrostatic interactions.

The ionic strength of the medium also affects the extent of adsorption.
With increasing ionic strength, the adsorbed protein on both membranes
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decreased as the membrane and protein surface charges became more shielded
by the counterions in the solution resulting in a decrease in electrostatic inter-
actions. The decrease in total interaction energy with increasing ionic strength
is seen in Tables 4 and 5.

The comparison of the membrane surfaces using FTIR-ATR spectra
before and after adsorption showed the presence of the amide-I and amide-
II bands on the fouled membranes, which originates from the C=0 stretching
vibration of the peptide groups and is a characteristic of the bending of N-H
groups of the protein in the plane, respectively. The variation in the
intensity of the amide-I peak with the solution pH was in agreement with
the variation in the degree of adsorption (Figs. 3 and 4). On the other hand,
the amide-II band was not seen at all the conditions. The intensities of the
bands observed on hydrophobic PES membranes were higher than were
those observed on hydrophilic CTA membranes, as the result of more
fouling on the PES membranes. The SEM images of the membranes also
showed that the deposition of protein molecules on the PES membrane
surfaces were higher than they were on the CTA membranes. In addition,
AFM images of the PES membranes fouled at different solution pH values
clearly showed that the adsorbed protein layer was higher at the pH values
above and below the IEP of BSA than the adsorbed protein layer that was
observed at the IEP; and the highest protein layer was observed at pH = 3.78.

The results of the present work are evidence that electrostatic forces are as
important as hydrophobic interactions in membrane fouling with proteins.
Protein-membrane interaction was found to be a strong function of the
solution pH and ionic strength for both hydrophobic and hydrophilic
membranes since protein molecules and membrane surfaces change their
charged states with alterations in their ionic environment. The results also
revealed that the adsorption data did not agree entirely with the calculated
interactions energies under all the conditions studied and that the intermolecu-
lar interactions of protein should be included in the energy calculations.

ABBREVIATIONS

A Hamaker coefficient of system that describes the net van der Waals
interactions between the protein, membrane surface and solvent

BSA Bovine serum albumin

Ci the concentration of ionic species

CTA cellulose triacetate

e the electronic charge

E. electrostatic interaction energy (J)

Ew van der Waals interaction energy (J)

E, streaming potential (V)

F Faraday constant (96,500 C mol_l)
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H separation distance (m)

[Hi'] bulk hydrogen ion concentration (M)

IEP isoelectric point

K a parameter value for chloride ion binding
K™ intrinsic equilibrium constant of the titratable amino acids on BSA
m a parameter value for chloride ion binding
n the number titratable amino acids on BSA
PES polyether sulfone

r the radius of the protein (m)

R gas constant (8.314 J mol 'K

T absolute temperature (K)

Z; the valance of ion

€, permittivity of vacuum (8.85 x 10°2¢cviimh
€, dielectric constant of the solution

K the inverse Debye screening length (m ™)
e the zeta potential of the membrane (mV)
0H the zeta potential of the protein (mV)

AP applied pressure difference (N m™?)

n viscosity of the solution (kgm ™ 's™")

A conductivity of the solution (S m )

0% the activity coefficient of chloride ion
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