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Abstract

In arecent paper [Susanto, Ulbricht, J. Membr. Sci. 266 (2005) 132], we showed that dextran does foul polyethersulfone (PES) ultrafiltration (UF)
membranes by contact of the solution with the membrane surface without flux through the membrane. In this work, dextran fouling was visualized
using atomic force microscopy (AFM) and quantified by ATR-IR spectroscopy and by the mass balance in simultaneous diffusion—adsorption
measurements (SDAM). Good correlations have been found between the water flux reduction due to dextran adsorption and the quantitative data
for bound dextran on the PES membranes. Further, a pronounced effect of dextran size on adsorptive membrane fouling was identified. Contact
angle and zeta potential measurements with non-porous films, where solute entrapment in pores can be ruled out, gave additional clear evidence
for dextran binding on the PES surface. Complementary data for adsorption and fouling of porous membranes and non-porous films by the protein
myoglobin indicated that the larger fouling tendency for protein than for dextran is due to a higher surface coverage of PES by the adsorbed
biomacromolecule layer. Data for batch UF confirm the conclusions from the static contact experiments because significant fouling is observed
for PES membranes (more severe for myoglobin than for dextrans), while no fouling is seen for a cellulose-based UF membrane with the same
nominal cut-off. Finally, two mechanisms for the attractive PES—dextran interaction — multiple hydrogen bonding involving the SO, groups of PES

and “surface dehydration” of the relatively hydrophobic PES — are discussed.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Along with the increasing number and scale for applica-
tions of UF, studies of polysaccharide fouling of polymeric
membranes have become an important issue. Such investiga-
tions were concerned with extracellular polysaccharides (EPS)
[2,3], wine polysaccharides [4] or juice polysaccharides [5].
Recently, it was also found that there were significant interac-
tions between UF membranes and fluorescent-labeled dextrans,
with areduced permeability and a changed retention of the mem-
branes as consequences; but the causes were not identified [6].
In all the previously mentioned examples, it is probable that
the interactions between the polysaccharide and the polymeric
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membrane were driven by “sticky” charged or hydrophobic
groups conjugated with the carbohydrate. With unmodified and
neutral dextran, which is commonly used for the characteriza-
tion of UF membranes, there were considerable disagreements
between different investigators on the question whether dextran
fouls or does not foul UF membranes [7,8]. However, we have
clearly shown that dextran — by contact of an aqueous solu-
tion with the membrane surface without any flux through the
membrane — fouled commercial PES UF membranes (nominal
cut-off 10 kg/mol) but did not foul commercial cellulose-based
UF membranes with similar cut-off [1]. That result is supported
by the recent study of Kweon and Lawler [9]. They reported that
dextran fouls polysulfone UF membranes. However, the mech-
anism of the membrane—dextran interaction is still not clear.
Furthermore, quantifications of the amounts of dextran attached
to the membrane and of the factors affecting the fouling are also
still missing.

In the present study, we focus on the visualization of dex-
tran fouling by AFM and the quantification of dextran amounts
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attached on PES UF membranes by IR spectroscopy and the
mass balance from SDAM. In addition to various dextrans with
different average molar mass, a relatively small protein (myo-
globin, with molar mass of 16.7kg/mol) was also used (as
“benchmark”) in order to further estimate the extent and driving
force for the adsorptive dextran fouling. Adsorption experiments
with non-porous PES films were performed to clarify the mech-
anism of interaction. The results of this study demonstrate that
adsorptive fouling of PES UF membranes by dextran is signif-
icant and, hence, they contribute to a better understanding of
polysaccharide fouling and its consequences for ultrafiltration
performance.

2. Materials and methods
2.1. Materials

Two commercial polyethersulfone (PES) membranes
(GR81PP and SG146.39) donated by Alfa Laval, Denmark,
and Sartorius, Germany, and one commercial cellulose-based
membrane obtained from Sartorius (SC144.39 “Hydrosart™;
as a reference) were used. Important characteristics for the
original membranes are given in Table 1. All membranes have
a nominal cut-off of 10kg/mol. Fresh membranes were used
in all experiments. To avoid the effect of membrane sample
variability, the initial pure water flux (cf. Section 2.3) was used
as a selection criterion, i.e. only membrane samples that had
initial water permeability in the range +10% relative to the
average values were used for the experiments (cf. [1] for the
selection procedure). Before use, the membranes were soaked
overnight in water to remove impurities from the manufacturing
process or additives used for stabilization. Dextran T-4, T-15,
T-35, T-100 and T-200 (the numbers indicating molar mass in
kg/mol) from Serva Feinbiochemica GmbH&Co., Heidelberg,
Germany, and dextran T-10 and T-70 from Pharmacia Fine
Chemicals, Uppsala, Sweden, were used as polysaccharides.
Myoglobin from horse skeletal muscle (95-100% purity) was
from Sigma—Aldrich Chemie GmbH, Steinheim, Germany. The
myoglobin solutions (in phosphate buffer pH 7) were always
freshly prepared and then pre-filtered through a 0.45 wm micro-
filtration membrane (Sartorius, Germany) to remove suspended
material. Potassium dihydrogen phosphate (KH,PO4) and dis-
odium hydrogen phosphate dihydrate (Na,HPO4-2H,0) were
purchased from Fluka Chemie AG (Buchs, Germany). Nitrogen
gas from Messer Griesheim GmbH, Krefeld, Germany, was
of ultrahigh purity. Water purified with a Milli-Q system from

Oriel) of glass coverslips with solutions of PES (1%, w/w,
in methylene chloride) at 523.6rad/s (5000rpm) for 1min
and subsequent drying overnight at ~60 °C (cf. [10] for more
details).

2.2. Dextran and protein analyses

The concentration of dextran as well as the molar mass
distribution in solution was analyzed using gel permeation chro-
matography (GPC). A “Suprema” (PSS, Mainz, Germany) and
a “Hema 40” (MZ Analytik, Mainz, Germany) column in series
were used. Calibrations were performed using different dextran
molar mass standards (PSS). The concentration of myoglobin
was determined from its UV absorbance at 230 nm measured
using the UV—vis spectrophotometer CARY-50 Probe (Varian,
Germany).

2.3. Water flux measurement, adsorptive fouling and
ultrafiltration procedures

The experimental set-up and procedures for analyz-
ing membrane—solute interactions (adsorptive fouling) and
membrane—solute—solute interactions (UF) have already been
described in detail in the previous work [1]. Briefly, the exper-
iments were carried out using a dead-end filtration system
(Amicon cell models 8010 and 8050, for adsorptive foul-
ing and UF experiments, respectively). Relative flux reduction
(cf. Eq. (1)) was calculated by measuring the water flux at
the same pressure (300kPa for adsorptive fouling, either 20
or 40kPa for UF) before and after fouling experiments. For
static adsorption experiments, a solution of either dextran or
myoglobin was added to the cell and the outer membrane
surface was exposed for 3h without any flux at a stirring
rate of 31.416rad/s (300rpm). Afterwards, the solution was
removed, and the membrane surface was rinsed two times
by filling the cell with pure water (5mL) and shaking it for
30s. The UF of dextran (1 g/L) and protein (0.1 g/L, pH 7 in
phosphate buffer) solutions was conducted at a constant pres-
sure of 20kPa for SG-PES membrane and of 40kPa for SC
cellulose-based membrane (in order to obtain similar initial
water flux) for 3 h of filtration. The flux profile over time was
monitored online gravimetrically. Thereafter, the solution was
removed, and the membrane surface was externally rinsed by
two times filling the cell with pure water (25 mL) and shaking it
for 30s.

Millipore was used for all experiments. Non-porous PES RFR = Jo—Ja % 100% (1
films were prepared by spin-coating (SCI-30 spin coater, LOT Jo

Table 1

Observed characteristics of the UF membranes used in this study

Parameter SG-PES GR-PES SC-cellulose-based
Water permeability (L/m? h kPa) 0.905 £0.106 0.080£0.016 0.468 £0.021
Rejection of dextran (T4/T10/T15/T100) (%) 7/78/83/100 20/85/89/100 28/92/96/100
Surface porosity from AFM (%) 13.2+44 64+4.4 11.0£5.2
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2.4. Atomic force microscopy (AFM)

AFM topography images were obtained using a MultiMode
AFM with Nanoscope IIla controller and equipped with a 10 pm
scanner from Digital Instruments, Santa Barbara, CA, USA.
The tapping mode was applied using an oscillating cantilever
with a silicon tip having a radius of <10nm. Dry membrane
samples of about 25 mm? area were mounted on a steel disc
with double sided sticky tape and subjected to analysis in air
under room temperature conditions. The cantilever oscillation
was tuned to a frequency between 250 and 325 kHz. For the anal-
ysis of morphology, surface porosity and roughness, the AFM
image processing program (NanoScope software) was used to
zero out waviness of the surface topography. Average rough-
ness (R,) and root-mean-square roughness (Ry,s) were obtained

at surface areas of 1 um?.

2.5. Attenuated total reflection infrared spectroscopy
(ATR-IR)

ATR-IR spectroscopy using a Bruker Equinox 55 instrument
(Bruker Optics Inc., Billerica, MA, USA) equipped with a liquid
nitrogen detector was applied to analyze the surface chemistry
of the membrane. A total of 64 scans were performed at a reso-
lution of 4 cm™! using a diamond crystal; the temperature was
21 +1°C. A program written for the Opus software from Bruker
was used to calculate difference spectra versus the corresponding
background spectra.

2.6. Contact angle (CA) and zeta potential (ZP)
measurements

CA and ZP experiments were performed for characterization
of non-porous PES film. The apparatuses used were the same
as in the previous study [1]. CA was measured using sessile
drop method, whereas ZP was calculated from data of tangential
streaming potential measurements.

2.7. Simultaneous diffusion—adsorption measurements
(SDAM)

The SDAM method was used to quantify the amount of solute
bound to/in the membrane as well as the effective diffusion coef-
ficient. The diffusion cell consisted of two half-cells, i.e. the
upstream cell (high concentration) and the downstream cell (low
concentration). Each cell was equipped with a stirring system.
The membrane with an effective area of 12.56 cm? was placed
between the two cells and sealed with O-rings. The upstream
and downstream cells were filled at the same time with 120 mL
of a solution of either dextran (10 g/L in 0.01 M sodium azide) or
myoglobin (400 mg/L, in phosphate buffer pH 7) and 120 mL of
either 0.01 M sodium azide solution or phosphate buffer (pH 7),
respectively. Even though Lebrun and Junter [11] had reported
that for diffusion of dextran through porous media, the mass
transfer resistances at the liquid—solid interfaces were negligi-
ble, the two half-cells were stirred at the same stirring rate in
order to minimize the resistance of boundary layers. The dif-

fusion of the solute through the membrane was monitored by
measuring their concentrations in both half cells at certain times
for up to 4 h. The effective diffusion coefficient was calculated
from the initial diffusion rates, and the amount of solute adsorbed
on/in the membrane was deduced from the mass balance.

3. Results

3.1. Effect of dextran molar mass on adsorptive fouling and
comparison with adsorptive protein fouling

While in the previous work, dextrans with My, of 4.5, 9 and
16 kg/mol had been used [1], a much larger variation of average
dextran molar mass was performed here. As presented in Fig. 1,
it was clearly seen that as the molar mass dextran was increased,
the RFR would firstly rise up to molar mass of ~70 kg/mol and
beyond that value the RFR data decrease again. In addition,
the SG-PES membranes showed a smaller flux reduction at low
molar masses, but a larger flux reduction at high molar masses
when compared to the GR-PES membranes. For comparison, the
SG-PES membrane was also exposed to the myoglobin solution,
and much higher RFR was observed, i.e. 58% and ~50% for
concentrations of 10 and 1 g/L, respectively.

3.2. Visualization of adsorptive dextran fouling by atomic
force microscopy

AFM was used to visualize the membrane morphology before
and after exposing to the dextran solution. The results are pre-
sented in Fig. 2. Images of the native membranes after washing
with water and drying at room temperature were used here
in order to take into account the effect of wetting the mem-
branes with aqueous solution and subsequent drying prior AFM
onto surface morphology (cf. [10] for a discussion why using
dry samples). Results in Fig. 2 first suggest that the SG-PES
membrane had greater number of pores per surface area than
GR-PES membrane. Second, significant changes in surface mor-
phology were observed for both PES membranes, and increases
in heterogeneity were much more pronounced for the GR-PES
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Fig. 1. Effect of dextran molar mass on RFR for PES membranes after static
adsorption (solute concentration 10 g/L, time of exposure 3 h).
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® 5

Fig. 2. AFM images of SG-PES and GR-PES membranes and effects of adsorptive fouling on membrane surface morphology. Left: (a) visualization of pores of
SG-PES membrane from representative topography images, (b) SG-PES membranes after washing, (c) SG-PES membrane after exposing to dextran T10 solution;
right: (d) visualization of pores of GR-PES membrane from representative topography image, (¢) GR-PES membrane after washing (f), GR-PES membrane after

exposing to dextran T10 solution.

membrane. The average surface roughness (R,) changed from
0.94-1.12t0 0.64-0.73 nm and from 1.09-1.23 to 1.40-1.51 nm
for SG-PES membrane and GR-PES membrane, respectively.
The different response with respect to the average surface rough-
ness (decrease for SG-PES and increase for GR-PES) might be
due to a difference in structure of adsorbed solute on the mem-
brane surface. These results are qualitatively supported by data
of Kweon and Lawler [9]. By using SEM, they observed dif-

ferent surface morphology of fresh and fouled (with dextran)
polysulfone UF membranes.

3.3. Characterization of adsorbed dextran using ATR-IR
spectroscopy

ATR-IR spectroscopy was used to confirm the dextran foul-
ing on the membrane surface. Both PES membranes showed
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Fig. 3. ATR-IR spectra of fresh and fouled GR-PES membranes (fresh mem-
branes were washed with water, fouled membrane was obtained by exposing to
10 g/L of dextran T10 solution for 3 h).

typical aromatic bands at ~1578 and ~1485cm™! (due to ben-
zene ring C=C bond stretch). Also, the aromatic ether band at
around 1240cm™! was strongly observed. In addition, a sig-
nificant absorbance band at ~1660cm™! was found in both
PES membranes, and the assignment to a primary amide stretch
(CO—-NH) was supported by the appearance of another band
at ~3360-3340 cm™ . This band was presumably from poly-N-
vinylpyrrolidone (PVP), which is a well-established additive for
the manufacturing of UF membranes from PES. After washing
with water, the IR band of this additive was completely absent
for the GR-PES membranes but only reduced in intensity for SG-
PES membranes (Fig. 3; IR spectra for SG-PES and IR spectra
before washing are not shown).

Fig. 3 shows an example of IR spectra of PES membranes
before and after dextran adsorption. The observed changes in
IR spectra — in the ranges ~3600-3130 cm™! (due to O—H glu-
cosidic groups) and ~3100-2800 cm ™! (due to C—H glucosidic
groups) —indicate the presence of dextran on the outer membrane
surface or in the about 2 pm thick layer sampled by ATR-IR.

Furthermore, a quantitative analysis was done by calculating
the absorbance band area (in the range 3600-3130 cm™!) using
an integration method and subtracting the respective absorbance
band area of the native membrane (after washing with water).
As can be seen in Fig. 4, the increase in dextran concentration
up to 5 g/L increased the IR band area of the fouled membrane.
Beyond that concentration, the increase in band area is slowed
down by further increasing the concentration especially for GR-
PES membrane. It is also observed that the increase in band area
was larger for the GR-PES than for the SG-PES membrane.

3.4. Quantification of adsorbed dextran by simultaneous
diffusion—adsorption measurements

SDAM experiments were used to quantify the amount of dex-
tran and myoglobin attached on the membrane as well as their
ability to diffuse through the membrane barrier as expressed by
the effective diffusion coefficient. In all experiments using dex-

7
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Fig. 4. Increase in ATR-IR band area (in the range 3130-3600cm~") for PES
membranes after exposing to various concentrations of dextran solution T10
(3 h), relative to ATR-IR spectra for native membranes.

tran T10 and myoglobin, the solute concentration in the high
concentration (upstream) half-cell decreased with increasing
contact time whereas the solute concentration in the downstream
half-cell increased. This indicates that these solutes could pene-
trate through the pores in the membrane barrier. In contrast, with
the dextran T100 no permeation through the membranes could
be detected.

The effective diffusion coefficients for various solutes in the
two PES membranes are given in Table 2. Dextran diffusion
was much faster through the SG-PES membrane when com-
pared to the GR-PES membrane. Diffusion of myoglobin was
much slower than diffusion of dextran (measured for the SG-
PES membrane). Due to the smaller characteristic pore size of
the membranes used for the study, the dextran diffusion coeffi-
cients obtained in this study were smaller than those obtained by
Lebrun and Junter [11]. The significant difference between the
amounts of solute released by the upstream half-cell and received
by the downstream half-cell indicates that solute adsorption on
or solute binding in the membranes also occurred. The amounts
of dextran and myoglobin bound to the membranes as deduced
from the mass balance are shown in Fig. 5. After an initial time
delay, the bound amount of dextran increased significantly, but
beyond a contact time of 3h the data seemed to approach a
plateau value. No significant differences with respect to dex-
tran accumulation on the membrane and effective diffusion
coefficient were seen for the same membrane type in inverse
orientation. For myoglobin, it was observed that the bound mass
increased largely between 0 and 1 h whereas the further increases

Table 2
Effective diffusion coefficients (m?/s) of dextran and myoglobin through differ-
ent UF membranes

Membrane Dextran T10 Dextran T100 Myoglobin
SG-PES 4.8 x 10712 No diffusion 9.4x 10713
SG-PES, inverse 52 x 10712 n.d. n.d.
GR-PES 2.4 x 10712 n.d. n.d.

n.d.: not done.
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Fig. 5. Amount of dextran and myoglobin bound on/in the PES membranes
(dextran T10 concentration 10 g/L, “SG-10-INV” . .. data from diffusion exper-
iment with dextran T10 through membrane in inverted orientation; myoglobin
concentration 400 mg/L at pH 7).

between 1 and 2 h were relatively small, and beyond 2 h a plateau
condition seemed to be reached (~75 mg/m?). Assuming that
the available surface area on the membranes is similar for dex-
tran and for myoglobin, the surface coverage by myoglobin is
~5 times greater than by dextran (calculated from the ratio of
bound amounts).

Fig. 6 shows — again for the SG-PES membrane where both
time-dependent data were available — that there is a good correla-
tion between the RFR values from pure water flux measurements
and the bound dextran amounts obtained from the SDAM exper-
iments.

3.5. Solute adsorption on non-porous PES film surface
In order to eliminate the effect of pore structure on the
interaction between solute and membrane surface, additional

experiments were done using non-porous PES films. The effects
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Fig. 6. Correlation between RFR and the amount of dextran attached on mem-
brane as a function of exposure time for SG-PES membranes (dextran T10,
10g/L).

Table 3
Static contact angles measured by sessile drop method using water of non-porous
PES film surface

PES film After exposing to dextran® After exposing to myoglobin®

75.9+2° 71.7£2° 67.0£1.1°

4 Dextran T10 solution (10 g/L) in water (3 h exposure).
b Myoglobin solution (1 g/L) in phosphate buffer pH 7 (3 h exposure).

of adsorption were evaluated by measuring contact angles
(Table 3) and zeta potential (Fig. 7).

Overall, exposing the PES film to both dextran and protein
solutions reduced the CA and absolute ZP significantly. These
CA and ZP reductions for non-porous PES films agree well with
results of the previous study using PES UF membranes [1]. The
reduction of CA was larger after exposing to the myoglobin
than to the dextran. Both biomacromolecules are hydrophilic,
and therefore, the apparent hydrophilization of the PES surface
strongly indicates solute adsorption. A similar phenomenon, i.e.
a decrease in CA after adsorption of a protein (BSA), had also
been reported by Swerdya-Krawiec et al. [12]. That the change
had been smaller in our study may be related to the smaller and
more compact protein. The reduction of negative ZP for pH> 5.8
was larger for myoglobin than for dextran, and for pH < 5.8 the
ZP after myoglobin adsorption was even positive. The latter
can be explained considering the isoelectric point (IEP) of the
myglobin (pH ~ 7), i.e. an excess of positive surface charge was
introduced via the protein.

3.6. Fouling during dead-end stirred ultrafiltration

UF experiments at constant trans-membrane pressure were
conducted using both dextran (1 g/L) and myoglobin (0.1 g/L,
pH 7) solutions (Fig. 8). It should be noted that the experiments
were performed at very low pressure (20 kPa for SG-PES mem-
brane or 40kPa for SC-membrane) and using 10 times lower
solute concentration compared to the conditions used in the

3 4 5 6 7 8 9 10 1
30

—O— virgin
—B—dextran
10 4 —A— protein

20

-10 4

£(mv)

-20 4

-304

-40 4

-50

Fig. 7. Zeta potentials (ZP), ¢, calculated from tangential streaming potentials,
as a function of pH (using 0.001 mol/L KCl) for non-porous PES film surfaces
before and after exposing to the solutions of dextran T10 (10 g/L) and myoglobin
(1g/L) for 3h.
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Fig. 8. Flux profile as function of UF time for solution of various dextrans
(1 g/L) and myoglobin (0.1 g/L, pH 7) using SG-PES and SC-cellulose-based
membranes at a trans-membrane pressure of 20 and 40 kPa, respectively.

Table 4
RFR after ultrafiltration and observed rejection for different solutes with SG-PES
and SC-cellulose-based membranes?®

Solute SG-PES membrane SC-cellulose membrane
RFR (%) Rejection (%) RFR (%) Rejection (%)

Dextran T4 9.2 35.3 n.d n.d

Dextran T10 8.2 73.8 ~0 82.3

Dextran T70 10.3 99.2 n.d n.d

Myoglobin 47.0 76.5 n.d n.d

n.d.: not done.
% Some data presented in this table are slightly different from previous results
(cf. [1]) due to differences in ultrafiltration conditions.

adsorption/RFR studies. In addition, the solute rejection and the
RFR after UF were also measured (Table 4).

The fluxes through the PES UF membrane dropped very
rapidly in the beginning of filtration for both dextran and myo-
globin solutions. The resulting permeate fluxes were much
smaller than the water fluxes. The decreases in fluxes were in the
following order: T10 < T4 < T70 <« Myo. In contrast, the perme-
ate fluxes for dextran T10 through the cellulose-based membrane
were almost identical to the water flux.

The solute rejections during UF were consistent with the dif-
ferences in (average) solute molar mass (cf. Table 4). The water
fluxes through the PES membrane after UF and external rins-
ing were in all cases significantly smaller than the initial water
fluxes, and the RFR for myoglobin was much larger than the
respective values for the three dextrans (cf. Table 4). In contrast,
for the cellulose-based membrane the original water flux was
regained after external rinsing.

4. Discussion

4.1. Membrane—solute and membrane—solute—solute
interactions

All data from the different experiments with the PES UF
membranes in contact with dextran and protein solutions indi-

cate that there is significant solute binding to the membranes
(while dextran binding to the cellulose-based UF membranes
appeared to be not significant [1]). Our earlier study also
demonstrated significant dextran fouling of PES membranes by
filtration experiments (RFR, sieving) and by qualitative changes
in surface properties (contact angle and zeta potential) [1]. This
study is mainly focused on visualization and quantitative anal-
ysis of this dextran fouling in order to identify the mechanism
of interaction.

Quantitative data for bound dextran on the PES membranes
in contact with a solution (no convective flux through the mem-
brane) were obtained with two different methods. The ATR-IR
data showed clearly the influence of dextran concentration, with
aplateau beyond 5 g/L (cf. Fig. 4), and this was similar to the con-
centration dependency of the RFR data (cf. Fig. 2 in [1]). Also,
the effects for fouled GR-PES membranes (with T-10 (10 g/L):
IR ratio=6.5, cf. Fig. 4; RFR = 13%, cf. Fig. 1) were larger than
for SG-PES membranes (with T-10 (10 g/L): IR ratio=2, cf.
Fig. 4; RFR=10%, cf. Fig. 1). Hence, the amount of dextran
adsorbed on the GR-PES membrane should be higher. Indeed,
the bound amounts of dextran T10 obtained from SDAM exper-
iments (after 3.5 h) were larger for GR-PES (21 mg/mz) than for
SG-PES membranes (15 mg/mz). Again, this result was in line
with previous RFR results (cf. Fig. 1 in [1]). It is very important
to note that a good correlation was obtained between data for
bound dextran and the RFR for the same membranes (cf. Fig. 6).

Further, the bound amount of solute obtained from SDAM
was much higher for myoglobin than for dextran (cf. Fig. 5),
and this correlated also with a much higher RFR value. These
results indicate that myoglobin had a larger affinity than dextran
of similar size, that a higher coverage of the accessible mem-
brane surface by the protein (>5 times higher than for dextran)
was reached at high solution concentration, and that pore nar-
rowing and blocking were much more severe after protein than
after dextran adsorption. A high affinity of protein to PES mem-
branes and large fouling effects had been reported by many other
authors (e.g., [13]).

When comparing the correlation of both quantitative meth-
ods (SDAM and IR) with RFR data, larger deviations to higher
values were observed for the IR method. This could be explained
with the surface selectivity of the method (sampling depth into
the membrane only about 2 pum); i.e. the accumulation of dextran
in the active layer region is selectively detected with this method.
In this context, the data for dextran fouling visualization using
AFM are very interesting. The changes in surface morphology
due to dextran adsorption were significant and much larger for
GR-PES than for SG-PES membrane (cf. Fig. 2). The ultimate
reason might be the difference in the ability to disperse the dex-
tran on the outer surface during drying (note that drying the
membrane with an adsorbed hydrophilic polymer on the surface
will also involve dehydration of the hydrophilic polymer and
can lead to aggregation). The different behaviour is presumably
caused by different surface porosities (cf. Fig. 2(a) and (d)):
the lower porosity of the GR-PES membrane leads to a smaller
number of larger dextran aggregates (cf. Fig. 2(c) and (f)).

A better correlation of RFR with the SDAM data (cf. Fig. 6)
would indicate that solute binding deeper in the selective layer
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of the PES UF membrane is also involved in flux reduction. A
contribution to the fouling by the penetration of dextran with
low molar mass into the pores has already been discussed in
our previous study [1]. Because diffusion of the dextran T10
through the membranes was observed and was not influenced
by membrane orientation (cf. Table 2), this explanation is rea-
sonable. The complex effects of dextran molar mass on RFR by
adsorption to PES membranes (cf. Fig. 1) can then be analyzed
based on the relationship of membrane pore size and dextran
size. For average molar masses up to 70kg/mol, bound dex-
tran molecules could either narrow or (completely) block the
membrane pores. With increasing ratio between dextran size
and pore size the probability for pore blocking will increase. It
should be noted that the pore blocking will yield a higher contri-
bution to membrane resistance than pore narrowing [14]. Ye et
al. [3] found similar results during their study of cross-flow fil-
tration using alginate, i.e. smaller pore diameters gave a higher
resistance caused by fouling. However, beyond a molar mass of
70kg/mol, the dextran could not penetrate into the membrane
pores, as confirmed by complete rejection in UF (cf. Table 1)
and no diffusion for the dextran T100 (cf. Table 2). Hence, even
though dextran is a flexible coil polymer and is able to deform
within the membrane pores [15], the PES membrane pores are
too small for dextran of this size. As a result, the extent of dex-
tran fouling was reduced with increasing molar mass. Further,
the differences in adsorptive fouling (extent and consequence)
between the two PES membranes can again be explained with
their different surface morphology (cf. Fig. 2): for the SG-PES
membrane with larger surface porosity and average pore size,
the effects for smaller dextran size were smaller (less effects of
adsorption on pore narrowing), but for larger dextran size they
were larger (more effective pore blocking) than for the GR-PES
membrane.

The much lower UF permeate fluxes as compared to the water
fluxed seemed to indicate that the concentration polarization
at the membrane surface was significant during UF with the
PES membrane (cf. Fig. 8). However, the small flux decline for
the SC membrane shows that concentration polarization was in
fact quite low for this membrane (note that the UF was per-
formed at low transmembrane pressure and almost identical
initial water flux for both membranes). Consequently, the higher
flux decline for the SG-PES membrane was largely caused by
fouling. This was also supported by the significant water flux
reductions after UF and external rinsing for the PES, but not
for the cellulose-based membrane (cf. Table 4). Similar to the
effects of static adsorption, the accessibility of the pores for dex-
tran of different size seemed to contribute to the fouling effects as
well.

4.2. Mechanism of interactions

Based on the results of this and our previous study [1], it is
reasonable that the differences in membrane surface coverage
caused by different mechanisms of interaction were the reasons
for the different fouling behavior of the two different solutes
(dextran versus protein) with the two different membranes (PES
versus cellulose-based).

The low binding properties of cellulose-based materials are
well known (cf., e.g., [16]), and the fouling resistance of the
SC membrane is due to the swollen, hydrogel-like morphology
of the UF-selective barrier layer. Mechanisms of interactions
between the membrane polymer PES and proteins have been dis-
cussed in many phenomenological or mechanistic studies (see,
for example, [17,18]). The main driving force at a pH around the
isoelectric point of the protein is hydrophobic attraction between
PES and protein. However, in contrast, an attractive interac-
tion between the relatively hydrophobic PES and the neutral
hydrophilic dextran is counter-intuitive.

It should be noted, that also in the adsorption experiments
without convective flux through the membrane (cf. Section 2.3),
there is a concentration gradient between the bulk solution and
the water in the membrane, i.e. “behind” the active layer. There-
fore, it could be possible that the dextran accumulation on/in
the membrane is caused by diffusion into the membrane and
mechanical entrapment in the pore structure. Such a scenario
would be more probable for the smaller dextrans which can
penetrate the active layer (cf. Figs. 1 and 5). In order to rule
out such effects, additional experiments with non-porous PES
films were performed (cf. Fig. 7 and Table 3). Both CA and ZP
data clearly indicate that the surface of the PES film have been
modified by solute adsorption for protein and dextran, and the
surface coverage seemed to be larger for the protein than the
dextran. The CA and ZP results for dextran with the non-porous
PES films agree well with the previous data for porous PES UF
membranes [1]. Therefore, the significant changes in PES sur-
face structure upon contact with dextran solution can only be
explained by adsorption of the solute to the polymer surface.

Two possible mechanisms are proposed to contribute to these
attractive interactions. First, the binding of dextran to PES can
be due to hydrogen bonding between free hydroxyl groups in
the dextran (as donor) and oxygen atoms projecting from the
SO, group in PES (as acceptor). Multiple hydrogen bonds can
be formed between one dextran molecule and the membrane
polymer surface, and this could provide a significant enthalpy
contribution to a negative free enthalpy for adsorption. Second,
water structure and reactivity at solid surfaces should also be
considered. While binding of water to a hydrophilic surface is
too strong to be displaced by a solute [19], the binding of water
to hydrophobic surfaces is weaker. The adsorption to hydropho-
bic surfaces is mainly driven by the increase in entropy via
replacement of water molecules at the surface by adsorbed solute
(“surface dehydration) [20]. This process would also provide
a contribution to a negative free enthalpy for adsorption of a
hydrophilic polysaccharide on a hydrophobic polymer surface.

5. Conclusions

A comprehensive membrane characterization and an analysis
of the impact of membrane characteristics on polysaccha-
ride and protein fouling in UF have been performed. The
membrane—solute interactions were strongly influenced by the
membrane characteristics (cellulose-based versus PES, pore
structure) and solute properties (polysaccharide versus protein,
solute molecular mass, solute concentration). It was clearly
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observed that both protein and polysaccharides were bound to
the PES membranes and caused significant fouling. The PES
membrane surface coverage by protein was much greater than
membrane surface coverage by polysaccharides, and as a con-
sequence fouling caused by protein was also more severe. The
experiments using nonporous PES films confirmed that dextran
adsorbed to the PES surface with a surface coverage that was
lower than for myoglobin. The hydrophobic interaction was the
main driving force for PES—protein interaction in this study.
Two possible mechanisms, i.e. multiple hydrogen bonding and
changes in water structure at the membrane polymer surface,
were proposed to explain the attractive PES—dextran interac-
tion. Nevertheless, the pore structure of the membrane skin layer
in relation to the average size of the dextran also contributed
to the extent of pore narrowing or blocking due to adsorptive
fouling. Overall, this work provides fundamental information
about a previously overlooked or underestimated problem, and
it makes a significant contribution to a better understanding of
polysaccharide fouling in general.
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