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4.4.2.1. MWCO determination for the UF membranes 
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4.4.2.2. Rejection capability of NF membranes 
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UV-Photo Graft Functionalization of Polyethersulfone Membrane
with Strong Polyelectrolyte Hydrogel and Its Application for
Nanofiltration
Roy Bernstein,† Enrique Antoń,†,‡ and Mathias Ulbricht*,†

†Lehrstuhl für Technische Chemie II, Universitaẗ Duisburg-Essen, 45117 Essen, Germany
‡Department of Chemical and Environmental Engineering, University of Oviedo, 33006 Oviedo, Spain

ABSTRACT: A strong polyelectrolyte hydrogel was graft
copolymerized on a polyethersulfone (PES) ultrafiltration (UF)
membrane using vinyl sulfonic acid (VSA) as the functional
monomer, and N,N′-methylenbisacrylamide (MBAA) as the cross-
linker monomer. This was carried out in one simple step using the
UV photoirradiation method. The effect of the polymerization
conditions on the degree of grafting (DG) was investigated using
the gravimetric method which measures the total hydrogel grafted
on the membrane, and with ATR-FTIR spectroscopy which
indicates the functional monomer fraction in the hydrogel layer.
The VSA could not graft polymerize without the cross-linker as
comonomer. An increase in the cross-linker fraction from 0.25 to 2.5 mol % (relative to the functional monomer VSA) resulted
in a higher DG. Although the surface morphology changed upon modification, the resulting surface roughness as measured by
AFM was very low. From the monitoring of DG with UV time (4.5−30 min) at constant conditions, it was deduced that during
the early stages of the polymerization mainly the cross-linker was grafted, thus inducing the graft copolymerization of the
functional monomer. Polymerization using a higher monomer concentration (12.5−40% VSA) at constant monomer/cross-
linker ratio resulted in a higher VSA fraction in the grafted hydrogel, although the gravimetric DG was similar. Ion exchange
capacity and X-ray photoelectron spectroscopy measured after modification under the different conditions supported these
findings. The new membranes were tested under nanofiltration (NF) conditions. A NF membrane could be obtained when the
MBAA fraction was above 0.25%. The Na2SO4 rejection was 90−99% and the permeability 10−1 L m−2 h−1 bar−1 when the
MBAA fraction increased from 0.75 to 2.5%. The order of rejection of single salts solution was Na2SO4 > MgSO4 ≈ NaCl >
CaCl2, as expected on the basis of Donnan exclusion for negatively charged NF membranes. An increase in the salts rejection
with increasing degree of cross-linking and VSA fraction was attributed to an increase in the membrane charge density and to
steric exclusion that also resulted in an increase of rejection for uncharged solutes such as sucrose or glucose. The new membrane
presented a high, essentially unchanged Na2SO4 rejection (>97%) in the range of salt concentrations up to 4 g/L, and only
slightly reduced rejection (>92%) at a concentration of 8 g/L; this can be related to its high barrier layer charge density measured
by ion exchange capacity. In addition, because poly(vinyl sulfonic acid) (PVSA) is a strong polyelectrolyte the membrane
separation performance was stable in the range of pH 1.5 to pH 10.

KEYWORDS: nanofiltration membrane, polyelectrolyte hydrogel, photografting, membrane modification, surface modification,
vinyl sulfonic acid

■ INTRODUCTION
The feasibility of charged nanofiltration (NF) membranes
fabrication using polyelectrolytes as the active layer is being
explored in the past few years.1 This is primarily done through
two methods. The first one is synthesis of a polyelectrolyte,
either inside the pores of an ultrafiltration (UF) base
membrane, thus obtaining a pore-filling composite membrane,2

or on the outer surface of an UF membrane, resulting in a thin-
film composite membrane.3−5 The second method is through
the deposition of polyelectrolyte, the “layer by layer” (LBL)
technique, on or within a porous polymeric support,6,7 or
inorganic support.8 Both techniques have already demonstrated
that a NF membrane for ions separation as well as for other

applications including, for instance, forward osmosis,9−11 can
successfully be produced using various polyelectrolytes. Yet,
these membranes still have some drawbacks compared with the
commercially available NF membranes that withhold their
further expansion.
One of the key factors in the evaluation of the performance

in membrane technology is the trade-off between the
membrane selectivity and permeability. For polyelectrolyte
NF membranes, the rejection of charged solutes is governed
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mainly by the Donnan exclusion,12 which is a consequence of
the fixed charge density of the membrane active layer. The
steric exclusion, which is directly proportional to the ratio
between the size of a solute and the membrane pore size13 and
to the ratio between the active layer thickness and porosity,14 is
responsible for the rejection of uncharged solutes and also
contributes to the rejection of charged solutes.15 To obtain a
polyelectrolyte NF membrane with high separation ability, a
dense and a “defect free” high charge density polyelectrolyte
active layer must be obtained. Therefore, the number of the
polyelectrolyte layers deposited on the porous membrane, or
the degree of functionalization, should usually be high.
However, since membrane permeability is controlled by the
active layer pore size distribution, thickness and swelling,16,17

the consequence is a membrane with reduced permeability. The
trade-off between rejection and permeability of polyelectrolyte
membranes can be optimized by changing the fabrication
conditions and the active layer composition.2,8 Nevertheless,
the performance of the majority of the previously presented NF
membranes fabricated by the polymerization method was not
better than the commercial ones. On the other hand, the “LBL”
method, which can produce a membrane having high
performance, is time-consuming, requires several steps, and
still presents a challenge to scale-up for commercial
application.9,18

A different approach to the fabrication of charged NF
membrane may be graft copolymerization of a polyelectrolyte
hydrogel on a UF support.19 A hydrogel is a cross-linked
polymer network (via chemical or physical interaction), swollen
with water, yet insoluble because of the high cross-linking
degree. For in situ polymerized hydrogels, swelling, which
influences membrane permeability, is mainly controlled by the
ratio between the cross-linker monomer and the functional
monomer.19 Therefore, the reduced permeability following
surface modification using hydrogel as the active layer might be
adjusted. Hydrogels are also well recognized for their relatively
small mesh size, which can assist in promoting the membrane
selectivity by sieving.20 In addition, using a charged monomer
for the hydrogel synthesis, a highly charged active layer, and
thus a high Donnan exclusion may be attained.21

The photoirradiation-induced radical graft copolymerization
technique was recently successfully applied for surface
modification of hydrogels on UF membranes.22,23 This
technique has several advantages: it generates a rapid reaction
and is performed under mild conditions with various
monomers using simple equipment at a relatively low cost.
The polymerization using this technique is mostly surface
specific−it is limited to a narrow region close to the outer
membrane surface. This technique can also be implemented for
commercial production.24 Moreover, when the modification is
performed using a UV-active UF membrane, i.e., the membrane
polymer undergoes a homolytic chain cleavage resulting in free
radicals on its surface (such as polyethersulfone, PES), the
polymerization does not require photoinitiator agents.24

In this research, the possibility to graft polymerize a strong
polyelectrolyte hydrogel on a commercial PES UF membrane
through the photoinitiation technique was investigated. Two
charged monomers, vinyl phosphonic acid and vinyl sulfonic
acid, with N,N′-methylenbisacrylamide as a cross-linker
monomer, were evaluated for the polymerization of the
polyelectrolyte hydrogel (Scheme 1). These monomers were
selected on the assumption that a swollen, high charge density
polyelectrolyte hydrogel, which will also be ionizable

throughout the entire pH range, will be obtained. In addition,
the content of cross-linker monomer was varied in order to
identify its effects onto charge density and sieving. To the best
of our knowledge, these monomers were not used previously
for fabrication of a NF membrane using the radical graft
copolymerization technique. Therefore, this research inves-
tigated the feasibility of using these monomers for fabrication of
a polyelectrolyte hydrogel membrane and the effect of the
polymerization conditions on the modification efficiency as well
as on the membrane characteristics. Then, the new membranes
were tested for their performance under NF conditions, also at
various pH values and at different salinities.

■ EXPERIMENTAL SECTION
Materials. The PES membranes were supplied by Sartorius AG

(Germany) with nominal molecular weight cut off (MWCO) of 30
kDa as reported by the manufacturer. It should be noted, however,
that it was recently found that for these membranes the reported
MWCO is different from the MWCO measured with dextran mixtures
and that the 30 kDa membrane has a measured MWCO of
approximately 90 kDa.25 Prior to the modification, the membranes
were cut with a 56 mm diameter punch hole and washed in methanol
for 1 h, then thoroughly washed with Milli-Q water and left in Milli-Q
water until used. Vinylsulfonic acid sodium salt (VSA; 25%) from
Sigma-Aldrich and vinyl phosphonic acid (VPA) from BASF were used
as monomers, and N,N′-methylenbisacrylamide (MBAA) from Sigma-
Aldrich was used as the cross-linker (Scheme 1).The monomers and
cross-linkers were used as received. To obtain monomer solution with
40% VSA, we concentrated the 25% VSA solution under reduced
pressure at 37 mbar and 45 °C. The monomer concentration was 40%
when the solution density was 1.32 g/L. MgSO4, NaCl, Na2SO4, and
CaCl2 and glucose were purchased from Sigma-Aldrich. Sucrose was
purchased from Acros, Geel, Belgium. These test substances were used
without purification. All experiments were done with purified water
from a Milli-Q system from Millipore.

Modification Procedure. A water-wet membrane was placed in a
glass holder, leaving only the outer surface of the membrane (diameter
54 mm) in contact with the solution, and remained covered with Milli-
Q water until modification. The water was then wiped off with a tissue
paper and the membrane surface was covered with 5 mL modification
solution (previously degassed with nitrogen for 10 min). Thereafter,
the sample was placed inside a UV system (UVA Cube 2000, Hönle
AG, Germany, equipped with a 20 cm long mercury lamp, allowing a
homogeneous irradiation of 0.1 m2 area via reflecting walls). The
membrane was thereafter irradiated at 55 ± 5 mW/cm2, unless stated
otherwise, for different times (2−35 min). The UV wavelength was
narrowed to λ = 315−400 nm, by using a special filter glass in order to
avoid membrane degradation.26 At the end of the modification, the
membrane was washed with Milli-Q water for 24 h at room
temperature. To verify chemical grafting, we washed a few membranes
at 50 °C for 48 with Milli-Q water or with ethanol. Negligible
differences in performance were found for membranes which were
washed at the different conditions. The modification was performed
with VSA or VPA as the functional monomers and MBAA as the cross-
linker monomer. No modification occurred when VPA was used as a
monomer under all conditions tested. Therefore, only results with
VSA are presented.

Degree of Grafting. The degree of grafting (DG) was calculated
using the gravimetry (DGg) and spectrometry (DGs) methods.

Scheme 1. Chemical Structure of the Functional Monomers
and Cross-Linker Monomer Used in This Research: (a)
VSA, (b) VPA, and (c) MBAA

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am300426c | ACS Appl. Mater. Interfaces 2012, 4, 3438−34463439



DGs was determined by attenuated total reflection Fourier
transform infrared (FTIR-ATR) spectroscopy (Varian 3100, USA
equipped with a one reflection KRS-5 crystal, 45°, 64 scans were taken
for each spectrum at a resolution of 4 cm−1) and defined as follows:

= I
I

DGs
mon

mem (1)

where Imon is the intensity of the 1040 cm−1 band assigned to the
symmetric stretching of the VSA sulfonate group and Imem is the
intensity of the 1577 cm−1 band, a C−H peak from the aromatic ring
in the base PES membrane which does not appear in the monomer or
the cross-linker IR spectra. The reported values are the average values
of at least 5 distinct samples for every condition and every sample was
measured at three different locations and the errors being standard
deviations.
For the determination of DGg, unmodified and modified

membranes were cut with the same punch-hole (either 7 or 25
mm), dried for 24 h at 40 °C in a vacuum, and left in a desiccator for
few hours before weighing. The DGg was obtained using

= −m m
A

DGg
modified PES

(2)

where mmodified is the weight of a modified membrane, mPES is the
average weight of at least three unmodified PES membranes, and A is
the membrane area. DGg was calculated under the assumption that
samples from a specific unmodified membrane cut with a punch-hole
at the same diameter have the same weight. This was found very
accurate; for example, the weight of 7 different samples from pristine
PES membranes was (7.036 ± 0.050) mg (i.e., less than 7% variation).
The reported values are the average of at least 3 distinct membranes
when at least two samples were cut from each membrane. Samples
from the same membrane with more than 10% difference were
excluded.
The gravimetric method was used since it was found that drying the

membrane before modification results in a change of its properties.
Additionally, the DGs is directly correlated with the newly introduced
polymer concentration on the surface, whereas, the DGg is an
indication of the total mass of the modification layer. Hence, the cross-
linker content in the modification layer may be estimated from the
difference in the DG measured using the two methods.
Membrane Characterization. Ion Exchange Capacity (IEC).

Modified and pristine membranes that were cut with a punch-hole (25
mm diameter), were submerged in 1 M HCl solution for 24 h. The
solution was replaced once during this time in order to ensure
complete conversion of the sulfonic group to its acid form. After 24 h,
the membranes were washed with Milli-Q water and immersed for 24
h in 10 mL 2 M NaCl solution to convert the sulfonic acid group to its
Na+ form. The solution was replaced 5 times, so that a total solution of
50 mL was collected. The solution was then titrated with 0.01 N
NaOH using a Mettler Toledo (T90) titrator. The membranes were
then washed thoroughly with Milli-Q water, dried for 24 h in a vacuum
oven at 40 °C and weighed. The IEC [mequiv g−1] was calculated
using:

= −V V c
w

IEC
( )0

(3)

where V is the volume of NaOH [mL] needed for the back-titration,
V0 is the average volume for the titration of three PES control samples,
c is the NaOH concentration [M] and w is weight of the modification
layer [g], measured as the difference between the weight of the
modified and the unmodified control PES membrane.
X-ray Photoelectron Spectroscopy (XPS). XPS general survey

spectra and high-resolution spectra were recorded using ESCALAB
250 (Thermo Fisher Scientific Inc., Waltham, UK) with Al X-ray
source and monochromator. Binding energies for probed elements
were corrected for the charging effect with reference to the 285 eV C1s
peak.
Atomic Force Microscopy. (AFM) images of a dry pristine and a

dry modified membrane were obtained using a MultiMode AFM with

Nanoscope IIIa controller and equipped with a 10 μm scanner from
Digital Instruments, Santa Barbara, CA, USA. The measurements were
performed in a tapping mode with a silicon tip having a radius of <10
nm. Average root-mean-square roughness (rms) of 3 distinct samples
was obtained at surface areas of 2 μm × 2 μm.

Membrane Performance. The membranes were cut with a punch
hole (44 mm) and placed in a dead end cell (Amicon 8050) connected
to a reservoir. Salt rejection and permeability were measured at 2−4
bar (pressurized with nitrogen) at 600−700 rpm stirring rate. Salt
rejection was calculated by

= −
C

C
rejection 1 p

f (4)

where Cf and Cp are the salt concentration in the feed and permeate,
respectively. Salt concentration was measured using conductometry.
Membrane permeability (Lp) using Milli-Q water was determined by

=L
V
AtPp (5)

where V is the water volume collected (L), A is the membrane area
(m2), t time (h), and P is the applied pressure (bar).
Sucrose and glucose rejection, separately, were measured at the

same conditions as the salt rejection experiment, and at a
concentration of 1 mM. The solute concentrations in the feed and
in the permeate were measured by TOC analyzer (Shimadzu, Japan,
Model: TOC-VCSH).

The effect of salt concentration on rejection was determined at four
Na2SO4 concentrations (1−8 g/L). The experiments were conducted
at the same trans-membrane pressure (TMP) of 3.1 bar, except for the
experiment at 8 g/L which was done at TMP of 1.5 bar. This was
because the maximum operating pressures allowed using the Amicon
8050 cell is ∼5 bar, and the osmotic pressure of 8 g/L Na2SO4 is
approximatly 3.5 bar.

Membrane stability and performance were tested at three pH values
(1.5−2, 7 and 10) by soaking six analogous modified membranes (25%
VSA, 1.5% MBAA, t = 18 min, I = 55 mW/cm2) in solutions of low
and higher pH, three in Milli-Q water at pH 2 and three in Milli-Q
water at pH 10. Every 24 h, one membrane was removed from the
solution and its performance was measured once (the last membrane
was measured after 6 days). Every membrane was tested at the three
pH values as follows: first the flux and rejection were measured at the
pH that it was soaked in (the membrane that was soaked at pH 2 was
measured at pH 1.5), then it was washed with Milli-Q water and
thereafter it was tested with salt solutions at the other two pH values.
The membranes were tested with 1 g/L Na2SO4 and at a pressure of 4
bar. The pH was adjusted using H2SO4 or NaOH.

■ RESULTS AND DISCUSSION
Degree of Functionalization As Function of Mod-

ification Conditions. Figure 1 presents the IR spectra,
measured using ATR-FTIR, of the pristine and the modified
membranes with 25 wt % VSA as monomer and with different
cross-linker concentrations (mole%, relative to VSA).
A new band assigned to the stretching vibration of the

sulfonic acid group of the monomer is seen at 1040 cm−1. The
intensity of this band increases with cross-linker concentration
indicating an increase in the modification degree. The other
band marked at 1577 cm−1 is of the base membrane and is used
for the DGs calculations (eq 1). Two bands attributed to the
cross-linker are observed at 1543 cm−1 and at 1662 cm−1 and
are ascribed to the amide I (CO) and the amide II (N−H)
absorption, respectively. The former appears only at high cross-
linker concentration. The latter also appears in the pristine PES
membrane spectrum, although at a much lower intensity, and it
also shifts to 1680 cm−1. This is probably as a result of poly-N-
vinylpyrrolidone (PVP) added to the PES by the manufac-
turer.27 Another new band resulting from the modification is
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seen in Figure 1 in the range 3000−3400 cm−1 and is attributed
to hydrogen bonds.28

Figure 2 shows the degree of modification obtained at
different cross-linker concentrations under otherwise constant
modification conditions.

The degrees of modification measured by the two techniques
have a similar trend: a linear increase in the DG with cross-
linker concentration. The DG without cross-linker was very
low. This is probably a consequence of wetting or diffusion
limitation due to incompatibility between the charged
monomer and the hydrophobic surface.29,30 Figure 2
demonstrates that by adding the cross-linker as a comonomer
at a low concentration, the VSA can easily be graft
copolymerized on a PES membrane. This contrasts a previous
report which argued that radical co-polymerization of VSA with
MBAA (using ammonium peroxydisulfate as initiator) to form
a hydrogel cannot occur.31 Furthermore, although the
copolymerization of VSA and MBAA is similar to copoly-
merization of VSA with other hydrophilic monomers, due to
the low concentration of the MBAA, a hydrogel with high
PVSA content can be obtained. In contrast, the VSA fraction
when copolymerized with acrylic acid (AA) could only be as
high as 25 wt %, and copolymerization of VSA with AA and
divinyl benzene resulted only in a 5% PVSA fraction in the gel,
regardless of the VSA content used during the polymer-
ization.31,32

It was interesting to find out that despite the similar structure
of VSA and VPA (Scheme 1) a hydrogel using VPA as a
monomer could not be obtained. The reason was not
investigated in this research, but it is known that polymerization
of VPA by radical polymerization is very difficult and occurs
only at high temperature.33,34 This may be related to the fact
that the charge density of VPA is even higher than that of VSA,
and that chain propagation is hindered by electrostatic
repulsion. Moreover, no report of surface grafting of VPA
using radical polymerization was found in the literature.
Figure 3 describes the modification progress with mod-

ification time with 1.5 and 2.5% cross-linker fraction under

otherwise constant conditions. The increase of the DGs with
modification time is monotonic. However, the DGg rises fast in
the early stages and then the increase moderates. Moreover, the
rise and the moderation occur faster with the higher cross-
linker concentration. Therefore, it can be assumed that in the
early stages it is mainly the cross-linker monomer that is grafted
to the surface, and then, either because of the cross-linker’s two
double bonds or a change in the surface properties, the
functional monomer (VSA) grafting is enhanced. This
facilitating role of MBAA was also recognized by Wu et al.35

using the functional monomer N-vinyl-2-pyrrolidone, which
can be graft copolymerized without a cross-linker at higher
degree than VSA.
The effect of the monomer concentration was also

investigated by comparing the ratio of the modification degree
measured using the two techniques (Figure 4). The data labels
in Figure 4 indicate the cross-linker concentration (mole%).
The cross-linker concentration when the modification was
carried out without the functional monomer (0% VSA) was the
same as for modification with 25% VSA.
The ratio between the DGs and the DGg using the 12.5%

VSA solutions is much lower than with 25 and 40% VSA,
although the modification time was higher (18 and 35 min for
12.5 and 25 and 40% VSA, respectively). This can be explained
by a higher cross-linker fraction in the modification layer when
using 12.5% VSA in comparison with modification at 25% VSA.
The ratio between DGg and DGs for 25% VSA and 40% VSA is
similar (Figure 4). However, to achieve a similar modification
degree, the required cross-linker concentration using 40% VSA
is lower.
The effect of the irradiation intensity on the modification,

using similar energy doses, is described in Figure 5. Considering
the low modification degree with only VSA, the experiments
were conducted mainly at a high intensity (55 mW/cm2) and

Figure 1. ATR-FTIR of the pristine and modified membranes
prepared with different cross-linker concentration. Modification
conditions: 25% VSA, t = 18 min, I = 55 mW/cm2.

Figure 2. Degree of grafting measured using the spectroscopic (DGs)
and gravimetric (DGg) methods after modification at different cross-
linker fractions (mole %). Modification conditions: 25% VSA, t = 18
min, I = 55 mW/cm2, n ≥ 5.

Figure 3. Modification progress presented as the DGs (solid markers)
and DGg (empty markers) at two cross-linker fractions (1.5 and 2.5%
MBAA). Modification conditions: 25% VSA, I = 55 mW/cm2, n ≥ 3.
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with high energy doses. Nevertheless, Figure 5 clearly shows
that irradiation at low intensity (16 mW/cm2) results in high
modification compared with irradiation at high intensity.
Generally, it is accepted that the polymerization rate can
increase with irradiation intensity.36,37 However, polymerization
at too high intensities can be monomer diffusion limited
immediately in the early stages, due to the high initiator radicals
concentration, whereas for polymerization at low UV
intensities, the diffusion limitation occurs at later stage.38

This can change the monomer conversion,39 and hence, the
modification degree as well as the modification layer structure
and properties.40 It was also demonstrated, for membrane
modification using redox radical polymerization, that when a
too high initial radical concentration was used, lower
modification degrees were measured, probably because of
enhanced efficiency of the termination reaction over the
propagation reaction.41 Additionally, high intensity may result
in membrane degradation,23 which might also influence the
modification degree.
Surface Characterization. The IEC of membranes

modified at different conditions is shown in Table 1.
Modification without a cross-linker resulted in an IEC similar
to the theoretical value of PVSA (9 mequiv g−1), but it was
difficult to determine exactly because of the low degree of
modification.

The IEC for membranes prepared with a cross-linker was
lower than the theoretical value for PVSA at all conditions,
indicating a relatively high cross-linker fraction in the active
layer, as was also reported previously for other functional
monomers.40 Still, these IEC values are rather high compared
to other charged NF membranes,40,42 prompting a high
Donnan exclusion. Surprisingly, the IEC values at 25% VSA
were similar at the different cross-linker concentrations. Thus, it
may be speculated that the cross-linker fraction is not very
different in the modification layer obtained after varied
conditions. On the other hand, increasing the VSA concen-
tration to 40% (at same MBAA concentration, 1.5%, and UV
time, 8 min; cf. Table 1) resulted in a higher IEC, i.e., higher
VSA fraction in the modified layer. This can be explained by the
effect of monomer ratio onto chain propagation and also
illustrates that by altering some of the polymerization
conditions the VSA fraction in the copolymer hydrogel can
be increased.
The IEC at the various modification times and at a constant

MBAA concentration (1.5%) is also presented in Table 1. The
IEC in the early stages is low and it increases with the
modification progress, until it levels off (at 18 min). This
reflects the increase in the VSA content during the modification
progress, as discussed before (cf. Figure 3).
The increased cross-linker fraction in the modification layer

at lower monomer concentration and at the early stages of the
modification was also established using elemental analysis of
the modified layer at the three monomer concentrations and
the different modification times as presented in Table 2.
The pristine PES membrane contains nitrogen, probably

because of modification with the additive PVP.27 The C:O ratio
of the modified membranes is much higher than the theoretical
value for the VSA. This confirms that the modification layer has
relatively high cross-linker fraction because this ratio is much
higher for MBAA than for VSA. High resolution XPS revealed
the disappearance of the C1s band at 291.1 eV associated with
aromatic π−π* carbon and was recorded at 3% only on the
unmodified PES membrane, demonstrating complete coverage
of the surface of the PES base membrane. The N:S and C:O
ratios decrease with modification time and with monomer
concentrations for membranes having similar DGg. This
concurs with the previous assumption that the modification
layer has a higher cross-linker fraction at these conditions
because the functional monomer VSA does not contain
nitrogen.

Figure 4. DGs vs DGg following modification obtained with different
monomer concentration (0, 12.5, 25, and 40% VSA), different cross-
linker fraction (0.25−5% MBAA), and different modification times (18
and 35 min); modification conditions: I = 55 mW/cm2, n ≥ 3.

Figure 5. Effect of high (I = 55 mW/cm2, empty marker) and low (I =
16 mW/cm2, solid marker) irradiation intensities on spectroscopy
degree of grafting at different cross-linker concentrations (0.75−2.5%
MBAA) and energy doses, n ≥ 3.

Table 1. Ion Exchange Capacity of Modified Membranes
with Similar DGg Prepared at Different Cross-Linker
Fractions, Different Modification Time, and Different
Monomer Concentrationa

VSA (%) MBAA (mole %) modification time (min) IEC (mequiv g−1)

25 0.25 18 3.2 ± 0.2
25 0.75 18 2.8 ± 0.3
25 1.5 18 3.1 ± 0.4
25 2.5 18 3.1 ± 0.1
25 1.5 4.5 1.4 ± 0.4
25 1.5 9 2.2 ± 0.2
25 1.5 35 3.3 ± 0.2
12.5 2.5 35 1.9 ± 0.4
40 1.5 18 4.3 ± 0.7

aModification conditions: I = 55 mW/cm2, n ≥ 3.
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Surface Morphology. The change in the membrane
surface morphology between the pristine PES membrane and
the PES membrane after grafting at high DGs (0.6) is evident
in the AFM images in Figure 6. Because the UV light can
penetrate into the PES membrane, some modification takes
also place within the membrane pores.22 Recently, the
modification depth under analogous conditions had been
analyzed by scanning electron microscopy and energy
dispersive X-ray spectroscopy and found to be up to 5 μm.27

Therefore, the membrane barrier layer structure can also be
described as pore-filling hydrogel composite combined with a
thin film hydrogel on the outer surface.
Surprisingly, although the surface morphology changed, the

surface roughness which usually increases following graft
copolymer modification,6,11,41,43 decreased from 6 ± 3 nm to
4 ± 2 nm. This is lower than the roughness of most NF
membranes.4,10,11,44 Because the membrane roughness pro-
motes fouling phenomena in NF45 the very low roughness
might reduce the novel membranes’ propensity to fouling and
biofouling. The low roughness also illustrates the uniform
coverage of the membrane surface by the grafted polymeric
hydrogel.41,43

Nanofiltration Membrane Performance. Figure 7
presents the membrane permeability and salt rejection
following modification with 25% VSA at different cross-linker
concentrations and of a commercial NF membrane (NF 270
Dow Filmtec).44,46

A NF membrane was successfully obtained (defined herein
when the Na2SO4 rejection was higher than 90%) when the
cross-linker fraction was 0.75%. The salt rejection increased,
whereas the permeability decreased with increasing cross-linker

concentration, and this was in agreement with increased DG
(cf. Figure 2).
The salt rejection was in the order Na2SO4 > MgSO4 ≈ NaCl

> CaCl2, as expected for rejection based on Donnan exclusion
for negatively charged NF membranes.47 The higher rejection
at a higher cross-linker concentration can be attributed to steric
exclusion, because the IEC was similar following modification
above 0.75% MBAA (see Figure 3 and Table 1). Because
rejection of uncharged solutes with charged NF membranes
derives mainly from steric exclusion,48 the increased rejection of
the uncharged sucrose and glucose with increasing cross-linker

Table 2. Elemental Composition (in atomic percent) and Ratios Obtained by XPS for Pristine and Modified PES Membranesa

%C (285.0 eV) %O (531.7 eV) %S (168.0 eV) %N (399.8 eV) N/S C/O DGs DGg (μg/cm
2)

PES theoretical 75.0 18.8 6.2 3.99
PES pristine 72.2 18.0 4.7 4.9 1.04 4.30
VSA theoretical 33.3 50.0 16.7 0.67
MBAA theoretical 64.0 18.0 18.0 3.56
25% VSA, 1.5% MBAA, t = 9 min. 71.6 18.7 4.0 5.6 1.40 3.83
12.5% VSA, 2.5% MBAA, t = 18 min 73.0 18.6 3.1 5.4 1.74 3.92 0.110 438
25% VSA,1.5% MBAA, t = 18 min. 63.4 23.6 6.1 7.0 1.14 2.69 0.636 337
40% VSA,1.5% MBAA, t = 18 min. 62.0 26.7 6.9 4.4 0.64 2.32 0.440 490

aModification conditions: I = 55 mW/cm2.

Figure 6. AFM images of unmodified PES membrane (left) and modified PES membrane (right, DGs = 0.6). Modification conditions: 1.5% MBAA,
25% VSA, t = 18 min.

Figure 7. Salt rejection and permeability of membranes following
modification at different cross-linker fractions. Modification con-
ditions: I = 55 mW/cm2, t = 18 min. Filtration conditions: P = 4 bar,
salt concentration 1 g/L, n ≥ 3. Commercial thin-film polyamide
composite membrane for comparison.
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concentration (Figure 8), supports the increased steric
influence by the more tightly cross-linked polyelectrolyte
hydrogel.

The salt rejection of the new membrane is comparable to
that of various other types of NF membranes presented
before.2,4,6,8,46,49−52 However, the permeability is still lower
than that of polyelectrolyte membranes fabricated using the
“LBL” method and of a commercial polyamide-based
membrane (Figure 7). Because the Donnan potential of
polyelectrolyte membranes is higher than that of polyamide
membranes the better performance of the latter can be
attributed to the dielectric phenomena53 which are probably
not significant for polyelectrolyte membranes. Nevertheless, the
hydrogel polyelectrolyte membranes have an optimization
potential. For example, by increasing the monomer concen-
tration, the IEC (and therefore the Donnan potential) also
increased (Table 2). Moreover, such optimization was already
demonstrated for polyelectrolyte membranes fabricated using
the “LBL” method. These membranes presented a very low
permeability when first introduced.54,55 The performance was
then successfully optimized, almost surpassing that of the
polyamide membranes.9 The effect of the various functionaliza-
tion parameters including the influence of the base membrane
pore structure and permeability on the composite membrane
performance is the subject of a subsequent report.
Influence of the Salt Concentration and pH Value on

NF Performance. Figure 9 describes the influence of the
concentration of the Na2SO4 on the membrane rejection.

The salt rejection was stable with increased salt concen-
tration up to 4 g/L Na2SO4 (28 mM) and then decreased at 8
g/L (56 mM). The reduced rejection is probably caused by a
decrease in Donnan exclusion. However, the rejection remains
high due to the high IEC which suppresses the effect of the salt
concentration on the membrane rejection. The lower rejection
at 8 g/L is also a result of the lower permeate flux due to the
lower TMP (for reasons, see Experimental Section), which can
reduce the rejection significantly.51 Although it is difficult to
compare the effect on the salt rejection obtained in this study to
other studies because of various operation conditions and the
use of different salts, it seems that the influence of salt
concentrations on the rejection of new membrane is lower than
for many other NF membranes fabricated by various
methods.40,44,51,55−57

The effects of the feed pH on the rejection of Na2SO4, as
well as the stability of membrane performance after being
soaked in alkaline and acidic solutions are demonstrated in
Figure 10.

The rejection at pH 10 and pH 7 was similar, and it
decreased slightly in acidic pH 1.5. However, it is noted that
because the pH was adjusted with H2SO4 the SO4

2−

concentration at pH 1.5 was similar to the one obtained
between 4 − 8 g/L Na2SO4 (as was also confirmed by
conductivity measurement), thus, it can be estimated that the
rejection was almost not influenced due to the low pH value.
Moreover, salt rejection of membranes that were first tested in
pH 1.5 and then at pH 7 was similar to the one measured for
membranes that were left only in Milli-Q water (were not
soaked in pH 2) before the filtration tests. The high rejection at
low pH values and the stability of the membrane in acidic pH is
due to the strong polyelectrolyte hydrogel. This is usually not
observed for weak or uncharged NF membranes including
commercial polyamide-based membranes.7,46,58

■ CONCLUSIONS
A strong polyelectrolyte hydrogel was graft copolymerized on a
PES UF membrane using vinyl sulfonic acid as the monomer
and N,N′-methylenbisacrylamide as the cross-linker monomer.
The modification was carried out in one simple step, in aqueous
solution and at room temperature using the photoirradiation
method. The cross-linker and the functional monomer
concentration had a significant influence on the polymerization.
As the cross-linker concentration increased both the DGg and
DGs increased simultaneously. It was also demonstrated that
during the early stages of the modification, mainly the cross-
linker was grafted, which then facilitated the graft copoly-

Figure 8. Sucrose and glucose rejection of membranes following
modification (25% VSA, I = 55 mW/cm2, t = 18 min) with different
cross-linker fractions. Nanofiltration conditions: P = 4 bar, 1 mM
sucrose or glucose in water, n ≥ 3.

Figure 9. Na2SO4 rejections at various salt concentrations.
Modification conditions: 25% VSA and 1.5% MBAA, I = 55 mW/
cm2, and t = 18 min. Filtration conditions: For 1−4 g/L, trans-
membrane pressure (TMP) 3.1 bar; for 8 g/L, TMP 1.5 bar.

Figure 10. Rejection of Na2SO4 at pH 1.5, pH 7, and pH 10.
Modification conditions: 25% VSA, 1.5% MBAA, I = 55 mW/cm2, and
t = 18 min. Filtration conditions: P = 4 bar, 1 g/L Na2SO4.
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merization of the functional monomer. In contrast, when the
monomer concentration was low, the DGs was substantially
lower compared with the DGg. This was explained as a result of
a higher cross-linker fraction in the hydrogel. XPS and IEC
supported these findings. In addition it was found that when
the modification was carried out using low UV intensity the
modification degree and the membrane performance were
better than for modification at high UV intensity.
A NF membrane was successfully fabricated using the

proposed method. The order of rejection of single salts was
Na2SO4 > MgSO4 ≈ NaCl > CaCl2, as is expected for the
Donnan exclusion of negatively charged NF membranes. A
further increase in the salt rejection with modification degree
was attributed to an increase in the steric exclusion: The higher
degree of modification also induced an increased rejection of
uncharged solutes and a corresponding characteristic decrease
in the membrane permeability. One advantage of conducting
the polymerization using VSA as a functional monomer was
evident by the very low surface roughness as measured using
AFM which was lower than for most commercial or previously
reported NF membranes. The strong acidity of the VSA
monomer enabled the membrane to be stable while
maintaining a high selectivity at low pH value. The ion
exchange capacity was higher than for most charged NF
membranes reported in the literature. As a consequence the
new membrane had a high salt rejection (especially for sulfate),
which was also maintained at relatively high salt concentrations.
These features, together with the many possibilities for tailoring
the membrane properties and performance, make the here
reported material a promising membrane for NF as well as for
other applications, for instance forward osmosis. The
optimization of the polymerization conditions, the influence
of the base membrane pore structure (MWCO) and their
effects on membrane performance will be presented in a
following paper.
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(49) Nilsson, M.; Trag̈ar̊dh, G.; Östergren, K. J. Membr. Sci. 2008,
312, 97−106.
(50) Malaisamy, R.; Bruening, M. L. Langmuir 2005, 21, 10587−
10592.
(51) Bason, S.; Kedem, O.; Freger, V. J. Membr. Sci. 2009, 326, 197−
204.
(52) Stanton, B. W.; Harris, J. J.; Miller, M. D.; Bruening, M. L.
Langmuir 2003, 19, 7038−7042.
(53) Szymczyk, A.; Fievet, P. J. Membr. Sci. 2005, 252, 77−88.
(54) Tieke, B.; Van Ackern, F.; Krasemann, L.; Toutianoush, A. Eur.
Phys. J. E 2001, 5, 29−39.
(55) Jin, W.; Toutianoush, A.; Tieke, B. Langmuir 2003, 19, 2550−
2553.
(56) Schaep, J.; Vandecasteele, C.; Wahab Mohammad, A.; Richard
Bowen, W. Sep. Purif. Technol. 2001, 22, 169−179.
(57) Van Gestel, T.; Vandecasteele, C.; Buekenhoudt, A.;
Dotremont, C.; Luyten, J.; Leysen, R.; Van der Bruggen, B.; Maes,
G. J. Membr. Sci. 2002, 209, 379−389.
(58) Nanda, D.; Tung, K. L.; Li, Y. L.; Lin, N. J.; Chuang, C. J. J.
Membr. Sci. 2010, 349, 411−420.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am300426c | ACS Appl. Mater. Interfaces 2012, 4, 3438−34463446





Tuning the nanofiltration performance of thin film strong polyelectrolyte
hydrogel composite membranes by photo-grafting conditions

Roy Bernstein a, Enrique Antón a,b, Mathias Ulbricht a,c,n

a Lehrstuhl für Technische Chemie II, Universität Duisburg-Essen, 45117 Essen, Germany
b Department of Chemical and Environmental Engineering, University of Oviedo, 33006 Oviedo, Spain
c Centre for Water and Environmental Research (ZWU), University of Duisburg-Essen, 45141 Essen, Germany

a r t i c l e i n f o

Article history:

Received 31 July 2012

Received in revised form

12 September 2012

Accepted 19 September 2012
Available online 26 September 2012

Keywords:

Nanofiltration membrane

UV-photo polymerization

Polyelectrolyte hydrogel

Membrane modification

a b s t r a c t

Polyethersulfone ultrafiltration membranes were converted into charged nanofiltration membranes

having a strong polyelectrolyte hydrogel as selective barrier layer through the UV-photo initiated graft

polymerization technique. This was accomplished by using vinyl sulfonic acid as the functional

monomer and N,N0-methylenbisacrylamide as a cross linker monomer (Bernstein et al., ACS Applied

Materials & Interfaces, 4 (2012) 3438–3446). In this research the resulting composite membranes were

further characterized using different methods (ATR-FTIR spectroscopy, zeta potential, contact angle,

scanning electron microscopy). ATR-FTIR data were used to quantify the degree of grafting. The

composite membranes’ zeta potential was negative throughout the pH range and as high as �70 mV.

The hydrogel composite membranes were also very hydrophilic with a contact angle of 111. The

membrane performance—salt rejection and water permeability—obtained at varied functionalization

conditions—molecular weight cut-off of the base membrane, monomer concentration, cross linker

fraction, UV irradiation intensity and time—was systematically investigated and the results were

correlated to the membrane characterization data. Separation performance was also tested using mixed

salt solutions. Larger composite membrane samples were prepared and long-term stability of

nanofiltration (NF) performance was evaluated in cross-flow experiments. The performance of the

best of the newly fabricated composite membranes was comparable to other polyelectrolyte-based NF

membranes as well as to some commercial NF membranes presented in the literature.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

The separation properties of nanofiltration (NF) membranes
are between those for materials used for reverse osmosis (RO) and
ultrafiltration (UF). These membranes are characterized by high
rejection of multivalent ions and uncharged solutes (above 300 g/
mol), high flux at a relatively low pressure and low operational
and maintenance costs [1].

NF membranes are used today in many applications, including
water softening [2], and removal of dissolved organic matter from
natural [3], municipal [4], and industrial [5] water sources.
Because of their advantages, the use of such membranes for other
applications is also being explored [6–8]. Yet, the current com-
mercial NF membranes have some shortcomings [1], therefore,
new NF membranes are being developed.

NF membranes are usually made from polymeric materials,
though ceramic membranes are also available [9]. The most common
commercial polymeric NF membrane is a composite structure

with a thin selective barrier layer made of a slightly negatively
charged polyamide fabricated by interfacial polymerization. These
membranes have a high salt rejection but they have a poor
resistance to chlorine and similar oxidative disinfectants [10],
and a high fouling and biofouling propensity [11], because of their
relatively high hydrophobicity. This type of membrane is also
sensitive to temperatures higher than 40 1C, to extreme pH values
(pHo2 or pH412), and to organic solvents. Other commercially
available NF membranes are made from positively charged poly-
amide and negatively charged sulfonated polyethersulfone. The
latter membranes have better stability, but usually a lower
separation performance.

For the past years many attempts have been made to fabricate
NF membranes that will overcome the aforementioned drawbacks.
These include the improvement of the current NF membranes
[12,13], the synthesis of NF membranes from new materials
[14–16] and the use of new fabrication techniques [17–19].

NF membranes having a polyelectrolyte as a selective barrier
layer presented promising results, especially thin-film composite
membranes which were fabricated using the ‘layer by layer’ (LBL)
deposition technique [17,20–22]. However, this method is still
complicated and difficult to up-scale for commercial usage
[23,24]. Another appealing and easy method for obtaining a
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polyelectrolyte-based membrane is by surface graft copolymer-
ization of a thin film of a suited charged polymer on a UF base
membrane, most preferably using the UV-photo irradiation
method. This method was successfully applied for modification
of UF to NF membranes [25–29]. Yet, many of these membranes
had either low rejection or low permeability. Another way which
might result in an improved polyelectrolyte NF membrane while
still using the relatively simple photo-initiated graft copolymer-
ization method is the fabrication of a hydrogel as a selective
barrier layer. This can be realized by copolymerization of a
functional monomer and a cross linker monomer on a UF support
membrane. Functionalization of UF membranes with hydrogel
layers by UV-photo initiated graft copolymerization was already
performed for other applications such as pervaporation [30], the
improvement of protein separation [31] and the reduction of
fouling and biofouling propensity for UF and RO membranes
[32–34].

In a previous paper, we had explored the possibility of broad-
ening this approach and functionalizing an UF membrane with a
polyelectrolyte hydrogel, thus converting it into a NF membrane
[35]. It was shown that a negatively charged strong polyelec-
trolyte hydrogel can be successfully fabricated on a polyethersul-
fone (PES) UF membrane by means of UV-photo initiated graft
polymerization using vinyl sulfonic acid (VSA) as functional
monomer and N,N0-methylenebisacrylamide (MBAA) as a cross
linker monomer. In addition, it was demonstrated that the
fabricated membrane had significant advantages over other NF
membranes: a very low surface roughness, a stable salt rejection
with increased salt concentration which only slightly reduced at
high concentration (up to 8 g/L Na2SO4), and a stable performance
at low and high pH values (pH 1.5 and pH 10). While the focus of
the previous work had been onto the functionalization and its
mechanism and the application potential, in the current study,
the polyelectrolyte hydrogel composite NF membranes were
further characterized and their separation performance as func-
tion of different fabrication conditions was investigated in detail.
Ultimately, correlations between preparation conditions, surface
and barrier structure and separation performance were estab-
lished, and the membranes were compared with other NF
membranes reported in the literature.

2. Experimental

2.1. Materials

The polyethersulfone (PES) membranes were supplied by
Sartorius Stedim Biotech S.A. (Göttingen, Germany) with nominal
molecular weight cut off (MWCO) in the range from 10 kDa to
300 kDa. It is noted that in a previous report the MWCO of these
membranes measured using dextrans as probes was found higher
for all membranes [36]. Prior to the modification the membranes
were cut with a 56 mm diameter punch hole and washed in
methanol for 1 h, then thoroughly washed with Milli-Q water and
left in Milli-Q water until used.

Vinylsulfonic acid sodium salt (VSA; 25% in water), N,N0-methy-
lenbisacrylamide (MBAA), MgSO4, NaCl, Na2SO4 and CaCl2 and
glucose were purchased from Aldrich and used without purification.
Sucrose was purchased from Acros, Geel, Belgium. As reference
substance for the ATR-FTIR spectra polyvinylsulfonic acid (PVSA;
25%, Sigma-Aldrich) was used and air dried before the
measurement.

In order to obtain a monomer solution with 40% VSA, the 25%
VSA solution was concentrated under reduced pressure at 37 mbar
and 45 1C. The monomer concentration was 40% when the solution
density was 1.32 g/L.

All experiments were done with purified water from a Milli-Q
system from Millipore.

2.2. Modification procedure

The modification was carried out as described in our previous
report [35]. Briefly, 5 mL monomer/ cross linker solution (which had
been deaerated with nitrogen for 10 min) was placed on the surface
of a PES membrane (56 mm). The membrane was covered with a
special glass filter to narrow the UV wavelength to l¼315–400 nm,
was put inside the UV photo reactor (UVA Cube 2000, Hönle AG,
Germany; equipped with a 20 cm long mercury lamp, allowing a
homogenous irradiation of 0.1 m2 area via reflecting walls) and was
immediately irradiated for various times (4.5–35min) and at 16 or
at 50 mW/cm2 irradiation intensity. Thereafter, the membrane was
washed with Milli-Q water for 24 h at room temperature and stored
in Milli-Q water until further used.

For the long term NF experiment a 30 kDa PES membrane having
an effective area of 84 cm2 was covered with a filter paper to attain a
homogenous distribution of the monomer solution over the mem-
brane. The monomer/ cross linker mixture (25% VSA and 1.5% MBAA,
in water) was poured over the filter paper soaking it up completely
and the membrane was UV-irradiated at 50 mW/cm2 for 18 min.

2.3. Degree of grafting

The degree of grafting (DGs) was determined by attenuated
total reflection Fourier transform infrared (ATR-FTIR) spectro-
scopy (Varian 3100, USA equipped with a one reflection KRS-5
crystal, 451; sixty-four scans were taken for each spectrum at a
resolution of 4 cm�1) and defined as follows:

DGs ¼ Imon=Imem, ð1Þ
where Imon is the intensity of the 1040 cm�1 band assigned to the
symmetric stretching of the VSA sulfonate group and Imem is the
intensity of the 1577 cm�1 band, a C-H peak from the aromatic
ring in the base PES membrane which does not appear in the
functional monomer or the cross linker IR spectra.

2.4. Membrane characterization

Zeta potential was measured using a SurPASS streaming
current analyzer (Anton Paar GmbH, Graz, Austria) with an
adjustable gap cell that was set to 100 mm and at pressure
differentials of 0–400 mbar. Prior to measurement the mem-
branes were soaked for few hours in 1 mM KCl solution. Three
distinct samples were measured; each sample was measured in
two cycles at each direction and was rinsed 10 minutes at each
new pH value. The background solution used was 1 mM KCl and
the pH was adjusted using HCl (0.1 M) and NaOH (0.1 M). The
zeta potential was calculated using the Fairbrother-Mastin
equation.

Contact angle was determined using the captive bubble
method with an optical measurement system (OCA 15 Plus,
Dataphysics GmbH, Filderstadt, Germany). An air bubble of 5 mL
was released from a stainless steel needle onto the inverted
sample with its separation layer surface immersed into Milli-Q
water. The reported values are the average of at least 2 distinct
membrane samples and 5 measurements on each sample.

Scanning electron microscopy (SEM) images of the modified
membranes surface and cross section were examined with a ESEM
Quanta 400 FEG instrument (FEI) at standard high-vacuum condi-
tions. A K 550 sputter coater (Emitech, U.K.) was used to coat the
outer surface of the sample with gold. The cross section images were
obtained by cutting the membrane in liquid nitrogen.
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2.5. Membrane performance

Salt rejection and permeability were measured using a dead-
end cell (Amicon 8050, Millipore) connected to a reservoir at
2–4 bar (pressurized with nitrogen) at 600–700 rpm stirring rate.
Single salt concentration was typically 1 g/L. Salt rejection (R) was
calculated by:

R¼ ð12Cp=Cf Þn100%, ð2Þ
where Cf and Cp are the salt concentrations in the feed and
permeate, respectively. Actual salt concentrations were obtained
from conductivity analyses.

Membrane permeability (Lp) using Milli-Q water was deter-
mined by:

Lp ¼ V=ðAntnPÞ, ð3Þ
where A is the membrane area (m2), t time (hour), P applied
pressure (bar) and V the water volume collected (L).

Sucrose or glucose rejection, separately, were measured at the
same conditions as for the salt rejection and at a concentration of
1 mM. The solute concentrations in the feed and in the permeate
were measured by TOC analyzer (Shimadzu, Japan; Model: TOC-
VCSH) and the rejection was calculated using Eq. (2).

Mixed-salt experiments were carried our similarly to the experi-
ments with the single salt solutions at 4 bar applied pressure. The
solutions composition, the total dissolved salt concentration (TDS),
and the ions concentrations are listed in Table 1.

It is noted that due to the different osmotic pressure of the mixed
salt solutions the concentration polarization is different and the
performance between the solutions can only roughly be compared.

Ion concentrations of the mixed electrolyte solutions were
measured with the ion chromatograph 883 Basis IC plus
(Metrohm). For the cation analysis a Metrosep C4-100/4.0 column
was used and the eluent was 1.7 mM HNO3 and 0.7 mM pyridine-
2,6-dicarboxylic acid. For the anion analysis the column was a
MetrosepA Supp4 250/4.0 and the eluent was 1.8 mM Na2CO3 and
1.7 mM NaHCO3 in a 0.8/0.2 V/V Milli-Q water/acetonitrile solu-
tion. Eluent flow was fixed at 1 mL/min for both ions analyses.

Long time stability experiment (6 days) was conducted with a
cross flow laboratory scale unit (LSta05-2 laboratory CF filtration,
Simatec, Germany) in a close loop mode (circulating the permeate
and the concentrate back to the feed tank). The filtration test was
done with 1 g/L Na2SO4 at 4 bar, 25 1C and a cross flow velocity of
40 mL/min corresponding to a linear velocity of 0.314 m/s. The
flux and the feed and permeate conductivity were measured
every 12 h.

3. Results and discussion

3.1. Membrane characterization

3.1.1. ATR-FTIR spectroscopy

Fig. 1 presents the ATR-FTIR spectra of the functional polymer
(PVSA), the unmodified 30 kDa PES membrane (PES), one modified
membrane (PES-g-PVSA-co-PMBAA), and the cross linker monomer
(MBAA). The marked peak at 1577 cm�1 is characteristic of the PES

membrane, is assigned to the aromatic ring in PES, and does not
appear in the MBAA or the PVSA spectra. The second marked peak at
1040 cm�1 is the characteristic band of the sulfonic acid group of
the PVSA which is not present in the MBAA or the PES spectra. Both
bands are visible in the spectrum of the newly fabricated membrane
(PES-g-PVSA-co-PMBAA); therefore, these bands can indicate a
successful modification and were used for the calculation of the
DGs (see section 2.3).

3.1.2. Zeta potential

Fig. 2 presents the zeta potential of the modified membranes
synthesized at different cross linker fractions. It is noted that the
zeta potential in Fig. 2 is a representative one for each condition,
but the three measurements for each condition were similar in
all cases.

The pristine PES membrane has an isoelectric point at pH
�3.5, similar to the one found for other PES or polysulfone
membranes [33,37–39]; whereas, the zeta potential of the mod-
ified membranes is negative throughout the pH range, even for
those prepared without a cross linker (0% MBAA). The relatively
high negative surface charge of the pristine PES membrane at
pH44 can be attributed to the preferred adsorption of the less
hydrated anions to the uncharged membrane surface [33,37–39].
The high negative zeta potential of the modified membranes
throughout the pH values may be expected because of the strong
acidic sulfonic acid group in PVSA and the high charge density of
the functional monomer VSA. The zeta potential becomes less
negative with a decrease in the pH following modification using a
cross linker concentration below 1.5%, due to a relatively low
DGs [35], leading to a lower charge density of the outer mem-
brane surface. After functionalization with 1.5% (not shown) and
2.5% MBAA the zeta potential is highly negative (approximately
�70 mV) and almost constant throughout the pH values. This
indicates a high charge density of the newly introduced barrier

Table 1
Mixed salt solution compositions, their total concentrations (TDS) and the specific ions concentrations.

Salt TDS (ppm) Naþ (ppm) Cl� (ppm) SO4
2� (ppm) Mg2þ (ppm)

Na2SO4 and NaCl 1563 563 500 500 –

Na2SO4 and MgCl2 1750 250 728 522 250

Na2SO4 and MgSO4 2010 250 – 1510 250

NaCl and MgCl2 1613 250 1113 – 250
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Fig. 1. ATR-FTIR spectra of polyvinylsulfonic acid (PVSA), the pristine 30 kDa PES

UF membrane (PES), N,N0-methylenbisacrylamide (MBAA) and one modified

membrane (PES-g-PVSA-co-PMBAA). Modification conditions: 25% VSA, 1.5%

MBAA, I¼50 mW/cm2, t¼18 min.
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layer as was also displayed by the high ion-exchange capacity of
the grafted PVSA-based hydrogels reported previously [35]. Zeta
potential following modification with 12.5% VSA was also nega-
tive at the different pH values (results not shown), but it was less
negative than with 25% VSA, consistent with the high cross linker
fraction found in the hydrogel using this VSA concentration [35].
Consequently, the evaluation of NF performance was focused onto
thin-film hydrogel composite membranes prepared at the higher
VSA concentration(s).

3.1.3. Contact angle

The effect of the modification on the membrane characteristics
was further investigated by contact angle using the captive
bubble method. The contact angle of the control PES 30 kDa
membrane was (3576)1 which is lower than that observed
previously for a pristine PES 30 kDa [40]. This was probably
because the control membrane had been irradiated with UV in
Milli-Q water prior to the measurement [41], to allow the
identification of effects of photo-grafted polymer onto surface
wettability. At a low cross linker fraction (0.25% MBAA) the
contact angle did not change significantly due to the low degree
of modification (DGs). However, the contact angle decreased from
(3576)1 for the irradiated control membrane to (1176)1 for the
modified membrane (1.5% MBAA and 25% VSA). Moreover, the
contact angle of a membrane modified with 12.5% VSA and 5%
MBAA was (2474)1, probably due to the relatively high cross
linker fraction in the modification layer as discussed before
(section 3.1.2 and [35]).

3.1.4. Morphology from electron microscopy

The cross section morphology of the pristine PES membrane
and the membranes modified with VSA at different cross linker
concentrations was analyzed using SEM and the results are
presented in Fig. 3a-d.

The barrier layer of the modified membranes appears to be
denser than that of the pristine membrane, and its thickness
increases with the cross linker concentration used during
functionalization.
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Fig. 3. SEM images of cross sections for pristine PES 30 kDa membrane (a) and modified PES 30 kDa membranes obtained with 0.75% (b), 1.5% (c) and 2.5% (d) cross linker

(MBAA) concentration. Modification conditions: 25% VSA, t¼18 min, I¼50 mW/cm2.
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The outer surface morphology also changed during the modifica-
tion, as seen in the SEM images in Fig. 4a-d. The pristine membrane
is presented in Fig. 4a. After functionalization without addition of
cross linker no change in the membrane surface was seen (image is
not shown). After functionalization at a low cross linker concentra-
tion (0.25% MBAA, DGs¼0.06 and 0.75% BMAA, DGs¼0.17) the
membrane pores are still visible (Fig. 4b and c) and eventually
disappear at higher cross linker concentration (1.5% BMAA,
DGs¼0.29, Fig. 4d). The changes in the barrier layer and on the
outer surface of the composite membranes can be very well

correlated with an increasing DGs at higher cross-linker fraction at
otherwise identical functionalization conditions (cf. [35]).

3.2. Membrane performance with single salt solution

The membrane performance was influenced by the different
fabrication conditions examined during this study and typically
changed in agreement with the DGs. It is also important to note
that each parameter was examined by itself while the others
usually remained constant. Therefore, further investigation by

Fig. 4. SEM images of unmodified PES 30 kDa membrane (a) and modified PES 30 kDa membranes prepared with 0.25% (b), 0.75% (c), and 1.5% (d) cross linker (MBAA)

concentration. Modification conditions: 25% VSA, I¼50 mW/cm2, t¼18 min. The scale bar in (a) represents 500 nm, all images are in the same magnification.
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simultaneous parameter variations would still be possible. Never-
theless, it will be shown that by changing the various parameters
the membrane performance can be altered considerably and that
there is still room for further optimization.

3.2.1. Effect of irradiation time

The salt rejection and the membrane permeability following
modification using 25% VSA and 1.5% MBAA at different irradia-
tion times are summarized in Fig. 5a and b, respectively.

From Fig. 5a it is seen that a NF membrane (defined herein
when the Na2SO4 rejection was higher than 90%) was already
obtained after 4.5 min of UV irradiation. Although it had been
found that under this condition the DGs is relatively low [35], a
NF membrane could be obtained due to the high Donnan
potential generated by the strong negatively charged polyelec-
trolyte barrier layer. However, the rejections of sodium chloride,
magnesium sulfate and calcium chloride are relatively low at the
early stages of the modification because they are less influenced
by the Donnan potential. The rejection of these salts improves
with the modification progress. This is attributed to the increasing
contribution of steric exclusion, that was caused by a higher DGs

with a cross-linked hydrogel [35]. Parallel effects with increasing
UV irradiation time are lower permeability (Fig. 5b) and increased
rejection of uncharged glucose and sucrose (Fig. 6) which are only
affected by the size exclusion and the steric hindrance.

3.2.2. Effect of the base membrane MWCO

The effect of the MWCO of the base PES membrane on the Na2SO4

rejection at various cross linker fractions is presented in Table 2. It is
seen that only above 0.75% MBAA a NFmembrane could be obtained,
regardless of the MWCO of the base membrane. Moreover, as the
MWCO increased, a higher cross linker fraction was required to
obtain a NF membrane. The salt rejection of composite membranes
fabricated using base membranes with MWCO 10–50 kDa and 1.5%
or 2.5% MBAA was comparable, while the permeability was reduced
with decreasing MWCO. On the other hand, the rejection was much
lower and the permeability higher when a PES membrane with
MWCO of 100 kDa was used. For the latter, a NF membrane could
only be obtained when 2.5% MBAA was used. Furthermore, when a
base membrane with MWCO of 300 kDa was used the modification
did not result in a NF membrane under any conditions.

Modification under identical conditions using a base membrane
with MWCO of 100 kDa lead to higher degree of grafting (DGs)
compared to the other membranes but still the salt rejection was
significantly lower (Table 2). Therefore, it may be assumed that the

different performance with increased MWCO of the base membrane
derives from the differences in the base membranes morphology. PES
membranes with MWCO 5–50 kDa have a different cross section
structure and a lower barrier layer porosity than those with MWCO
100–300 kDa [42]. Since the modification occurs both on the outer
membrane surface and inside the pores of the outer surface region
[33,35,40], the degree of modification using membranes with a large
MWCO can be higher. However, as shown in Table 2 and as was also
observed in other work [20], this may not be advantageous for
obtaining a NF membrane, since it probably results in a loose and
‘defect’-prone barrier layer. From Table 2 it may also be concluded
that based on the tradeoff between rejection and permeability the
composite membranes based on the membrane with MWCO 10 kDa
have the lowest performance while the membranes fabricated
using the one with MWCO 50 kDa have the highest one: At the
same rejection, the permeability is at least twofold larger for the
composite membranes based on MWCO 50 kDa compared to 10 kDa
(@ R¼97%: 5.2 vs. 2.4 to 1.5 L m�2 h�1 bar�1; @ R499%: 1.3 vs.
0.6 L m�2 h�1 bar�1; cf. Table 2).

3.2.3. Effect of monomer concentration

The membrane performance following modification with
3 monomer concentrations (12.5%, 25% and 40%) and the varied
cross linker concentrations was examined and the results for the
25% and 40% VSA are presented in Fig. 7. The salt rejection (Na2SO4)
using 12.5% VSA was lower than 80% (Lp�4 L m�2 h�1 bar�1),
therefore, data is not presented. The low performance obtained
with this concentration can be expected due to the relatively high
cross linker fraction in the barrier layer, leading to relatively low
ion-exchange capacity and hence Donnan exclusion [35]. The cross
linker fraction in the monomer solutions with 40% VSA could not be
higher than 1.5% MBAA, probably due to the ‘salting out’ effect by
the strong electrolyte VSA. This limited solubility was seen visually
and was also evident from the similar performance of composite
membranes fabricated using the two cross linker fractions (Fig. 7).

The salt rejection of composite membranes which were
fabricated using 25% VSA was usually higher while the perme-
ability was lower even when the DGs was similar (e.g., 25% VSA
and 2.5% MBAA vs. 40% VSA and 1.5% MBAA). This may be due to a
higher PVSA fraction in the grafted cross-linked hydrogel layer as
was also measured by a higher ion-exchange capacity [35]. The
higher PVSA fraction promotes higher swelling and, hence, higher
permeability but also leads to lower steric hindrance/exclusion.
This is also observed by the lower rejection of uncharged solutes
with the composite membrane obtained using 40% VSA in
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Table 2
Single salt rejection (R) and water permeability (Lp) of polyelectrolyte hydrogel

composite membranes based on pristine membranes with different MWCO,

prepared at different cross linker concentrations. Modification conditions: 25%

VSA, I¼50 mW/cm2, t¼18 min. NF conditions: P¼4 bar, salt concentration 1 g/L.

MWCO (kDa)
Cross linker

fraction (mol %)
DGs

R (Na2SO4)

(%)

Lp
(L m�2 h�1 bar�1)

10

0.75

0.127 97.171.9 2.470.4

30 0.172 90.774.5 10.773.4

50 n.a.n 84.371.6 24.171.5

10

1.5

0.418 97.472.1 1.570.1

30 0.564 97.571.0 2.170.4

50 n.a.n 96.771.6 5.272.3

100 0.723 85.674.8 16.072.4

10

2.5

0.799 99.5 0.6

30 0.909 99.170.2 0.970.1

50 n.a.n 99.270.2 1.370.4

100 1.520 95.771.5 3.570.5

n n.a. not analyzed
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comparison with the one modified using 25% VSA at otherwise
the same conditions (cf. Fig. 6).

3.2.4. Effect of irradiation intensity

The effect of two irradiation intensities and three energy doses
on the membranes rejection and permeability is presented in
Table 3.

It was already shown that the DGs for membranes irradiated
with a similar UV dose was higher when the polymerization was
carried out at a low intensity compared with a high one [35]. As a
result, the salt rejection was usually higher while the perme-
ability was lower following modification at low intensity
(Table 3). Nevertheless, the advantage of irradiation at low
intensity was evident only at low cross linker fraction (0.75%
MBAA) or using low energy dose (240 mJ/cm2). Under the other
conditions the salt rejection usually slightly improved but the
permeability reduced substantially so that the overall perfor-
mance deteriorated. This indicates that there is an optimum
between the modification degree and the membrane performance
as was also found in other work [43].

3.3. Membrane performance with mixed salts solutions

The rejection of four mixed salt solutions for composite
membranes prepared at different cross linker fractions at other-
wise identical fabrication conditions is presented in Fig. 8.

As expected, Fig. 8 shows that the rejection of the individual
ions using the mixed salt solution is generally lower than the
rejection with a single salt solution [44], even when the salt and
the ion concentration are similar. For example, the SO4

2� rejec-
tion (at 1.5% MBAA) is 85% for Na2SO4 and NaCl (500 ppm SO4

2�)
and 71% for Na2SO4 and CaCl2 (500 ppm SO4

2�) compared with
97% for Na2SO4 as single salt solution (800 ppm SO4

2�). The
rejection of mixed salt solutions is governed by the charge and
valence of the ions in the solutions. The divalent ions are rejected
more than the monovalent ones regardless their electric charge.
Moreover, the rejection of all ions decreases when the feed
solution does not contain the sulfate ion, the divalent co-ion in
respect to the active layer fixed charge (compare rejections for
Cl� and Naþ in Fig. 8a-b to Fig. 8c). The rejection of all ions also
decreases when the solution contains all four ions (cf. Fig. 8d). The
effect of the salt composition and the deviation from rejection
based on Donnan exclusion were already explained in details
before [45,46]. The decreased rejection for mixed salt solution

reflects the drawback of polyelectrolyte-based NF membranes
which are governed by the Donnan exclusion. The rejection of
membranes prepared using 2.5% MBAA was relatively high, for
example 496% for Na2SO4 and MgSO4 (Fig. 8b) and 67–92% for
the various ions in CaCl2 & Na2SO4 (Fig. 8d); however, the
permeability was in the range of that for RO membranes,
approximately 1 L m�2 h�1 bar�1 (see Table 3 and Fig. 5b). From
Fig. 8 it is also seen that ions rejection improves as the cross linker
fraction increases. This was also measured for membranes mod-
ified with increased UV irradiation time at otherwise constant
fabrication conditions (results are not presented). This is similar
to the result obtained using single salt solutions and is the
consequence of increased steric exclusion with higher cross linker
fraction and UV irradiation time as discussed before.

3.4. Membrane stability

The modification stability is demonstrated in Fig. 9 which
describes the permeability and the Na2SO4 rejection of a poly-
electrolyte hydrogel composite membrane measured for the
duration of 6 days in a cross flow filtration cell.

After a short induction period the permeability and rejection
stabilized and remained so throughout the experiment. It is also
noted that the membrane performance is similar to the one for
membranes prepared using identical modification conditions but
as small samples and characterized in the dead-end cells (see
Fig. 3). This demonstrates the feasibility of conducting the
fabrication using a membrane with larger surface area (here 84
cm2 compared with 12.56 cm2 in the dead-end cell experiments)
while obtaining analogous results. It can also indicate the scal-
ability of this method to fabricate a charged NF membrane having
a polyelectrolyte hydrogel as a barrier layer for commercial
applications.

3.5. Performance of the newly fabricated composite membranes

compared with other polyelectrolyte-based membranes

Fig. 10 presents the single salt passage (1-R) vs. water perme-
ability for a few of the newly fabricated composite membranes
(obtained under various conditions), of other polyelectrolyte-
based NF membranes fabricated using different methods as
reported in the literature (and with salt passage lower than 10%
and Lp42 L m�2 h�1 bar�1) [17,20–22,25,27,28,47,48] and of
three commercial NF membranes [49,50]. The labels in Fig. 10
represent the DGs for the newly fabricated membranes, the
reference that the data were taken from for the other
polyelectrolyte-based membranes and the commercial trade
name of the commercial membranes. Because the experiments
in the literature are conducted at various conditions, the best
result for a single salt passage (if possible for 1 g/L and the lowest
from the various salts tested in each reference which depends on
the membrane surface charge) and the corresponding water
permeability (in case that only salt solution permeability was
reported, the osmotic pressure was estimated and the water
permeability was calculated) were taken from each reference to
represent this membrane in Fig. 10.

Fig. 10 shows that most membranes that were fabricated in
this research follow a linear trend between salt passage and water
permeability. However, this does not necessarily correlate with
the DGs (presented in the data labels in Fig. 10). This is probably a
result of the different thickness and degree of cross linking of the
barrier layer, also indicating that the membranes can be further
optimized (not investigated in this research). From Fig. 10 it is
also seen that the salt rejection obtained by the new membranes
of this study is higher, but the overall performance is similar to
the one for other membranes with grafted polyelectrolyte
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fabricated using the UV-photo polymerization technique as well
as for the commercial SPES membranes (NF-PES10, NTR 7450; the
separation of these membranes is also strongly influenced by
Donnan exclusion). For similar, relatively low salt rejection,
higher permeability compared to NF-PES10 can be achieved. For
relatively high salt rejection, the advantage of using a base
membrane with larger MWCO in terms of higher permeability is
seen again (see membrane with label ‘‘n.a.’’ relative to dashed
trend line in Fig. 10; cf. Section 3.2.2). However, the commercial
polyamide thin-film composite NF membrane and thin-film
polyelectrolyte composite membranes fabricated using the ‘LBL’
technique generally display a better performance. Nevertheless,
the easy fabrication method presented here, its robustness and
scalability in comparison with the other techniques, together

with the advantages presented in previous own work [35], make
this composite membrane attractive; yet, its overall performance
requires further improvement.

4. Conclusions

A NF membrane with a strong polyelectrolyte hydrogel as the
separation layer was successfully fabricated using the UV-photo
initiated polymerization technique. Due to the strong polyelec-
trolyte structure of the newly introduced barrier layer, the zeta
potential of the fabricated membrane was highly negative and
almost constant throughout the entire pH range. SEM images
demonstrated that the membrane surface was fully covered at

Table 3
Single salt rejection (R) and water permeability (Lp) of polyelectrolyte hydrogel composite membranes (base MWCO 30 kDa) obtained at 16 or 50 mW/cm2 irradiation

intensity (I) and three different energy doses (I � t). NF conditions: P¼4 bar, salt concentration 1 g/L.

Cross linker

(mol %)

Dose I � t
(mJ/cm2)

R (Na2SO4) (%) R (NaCl) (%) R (MgSO4) (%) R (CaCl2) (%) Lp (L m�2 h�1 bar�1)

I¼16 I¼50 I¼16 I¼50 I¼16 I¼50 I¼16 I¼50 I¼16 I¼50

1.5
240

95.7 89.0 62.9 40.7 56.8 28.8 31.3 12.4 4.6 20.0
2.5 97.8 97.2 76.7 71.3 95.9 84.8 62.3 47.0 1.5 2.2
0.75

510

91.3 o90 48.9 n.a. 29.5 n.a. n.a. n.a. 9.6 n.a.
1.5 96.8 96.9 76.3 61.2 75.4 68.0 26.5 21.7 2.7 3.8
2.5 98.5 97.2 84.0 83.5 94.2 91.2 47.5 33.4 1.0 1.33
0.75

900

94.6 90.7 60.2 36.3 46.8 37.2 n.a. 11.0 6.3 10.7
1.5 97.5 97.9 81.7 74.3 86.4 61.9 19.5 28.9 1.3 2.6
2.5 97.9 99.1 90.2 92.5 98.9 92.2 39.2 63.6 0.6 0.9
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high DGs while the contact angle measurement showed that this
membrane is highly hydrophilic. The membrane performance at the
various polymerization conditions was investigated. The cross linker
and the monomer concentration had a significant influence on the
surface functionalization. A NF membrane could be obtained at a
cross linker fraction above 0.75 mol% (relative to the functional
monomer VSA) and only when the functional monomer (VSA)
concentration was equal or above 25%. An increase of VSA concen-
tration to 40% resulted in a higher permeability, but a lower salt
rejection for composite membranes with similar DGs, probably due
to higher barrier layer swelling. A few minutes of UV irradiation
were sufficient for the fabrication of a NF membrane. Further
irradiation improved the rejection of all salts, probably because of
the increased steric exclusion, but reduced the permeability. In
addition, when the modification was carried out using low UV
intensity, the membrane performance was better than for modifica-
tion at high intensity, but only at a relatively low modification
degree. It was also shown that when the MWCO of the base
membrane was 10–50 kDa the salt rejection was similar while the
permeability increased with increasing MWCO. For base membranes

with MWCO 100 kDa a NF membrane could be obtained only at a
high cross linker fraction, while when the MWCO of the base
membrane was 300 kDa the fabrication did not result in a NF
membrane under any conditions. The effect of the MWCO was
attributed to the differences in the base membrane cross section
morphology. The membrane rejection of mixed salt solutions was
lower than with single salt solutions, but was still high for bivalent
salts depending on ion composition in the feed solution. This
research also demonstrated that the modification can easily be
carried out on a UF base membrane having a large area, while the
membrane performance remained stable in a long term experiment;
thus, it indicated the ability to scale-up the modification technique.
The performance of the fabricated NF membranes obtained in this
study was comparable to the best performance of polyelectrolyte NF
membranes fabricated by various methods as reported in the
literature and also to some commercially available membranes
(based on sulfonated PES).
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