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ABSTRACT: The goal of this study was to prepare positively charged nanofiltration (NF) membranes to remove cations from aqueous
solutions. A composite NF membrane was fabricated by the modification of a polysulfone ultrafiltration support. The active top layer
was formed by the interfacial crosslinking polymerization of poly(ethylene imine) (PEI) with p-xylene dichloride (XDC). Then, it was
quaternized by methyl iodide (MI) to form a perpetually positively charged layer. The chemical and morphological changes of the
membrane surfaces were studied by Fourier transform infrared spectroscopy, scanning electron microscopy (SEM), and atomic force
microscopy. To optimize the membrane operation, the PEI solution concentration, PEI coating time, XDC concentration, crosslinking
time, and MI concentration were optimized. Consequently, high water flux (5.4 L m 2 h~! bar ') and CaCl, rejection (94%) values
were obtained for the composite membranes at 4 bars and 30°C. The rejections of the NF membrane for different salt solutions,
obtained from pH testing, followed the order Na,SO, < MgSO, < NaCl < CaCl,. The molecular weight cutoff was calculated by the
retention of poly(ethylene glycol) solutions with different molecular weights, and finally, the stoke radius was calculated as 1.47 nm.
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INTRODUCTION

Nanofiltration (NF) is a kind of membrane separation tech-
nique, an intermediate ultrafiltration (UF)/reverses osmosis. The
transfer mechanism of NF initiates both permeability as in UF
and solution—diffusion as in reverse osmosis." NF membranes
have advantages, such as a high flux, high retention of multiva-
lent salts, low operation pressure, and low primary investment
and operation cost.?

Usually, NF membranes are made by the chemical modification
of a UF membrane support.” NF membranes have a composite
structure with a top layer that controls solute transfer and is
selective. The selectivity of the top layer in NF membranes is
based on the pore size and Donnan exclusion.”> Most commer-
cially available NF membranes are composite polyamide mem-
branes prepared by the interfacial polymerization of diamines
and trimesoyl chloride (TMC). The produced NF membranes
usually have a negatively charged separation layer.”” To improve
the separation of cations in aqueous solutions, the membrane
surface should have a positive charge. Positively charged modi-
fied membranes are useful in the removal of a variety of materi-
als from in certain biotechnological
applications. For example, positively charged membranes are
useful in the removal of endotoxins from solutions. Endotoxins

solutions and also
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are toxic substances often derived from bacterial lysates. Con-
ventional methods for NF membrane modification include
interfacial ~polymerization,® UV  photografting,'*™"?
temperature plasma grafting'>'* and chemical crosslinking.
A few studies have been carried out on positively charged NF
membranes. Therefore, it is theoretically and practically impor-
tant to study the attributes of positively charged NF membranes
for the separation of heavy metals. Electrostatic interactions
(Donnan repulsion) and the pore radius play important roles in
this separation process.

low-
15-17

Ruoh et al.'® used interfacial polymerization (IP) to synthesize
positively charged NF membranes [poly(ethylene imine) (PEI)/
TMC and PEl/terephthaloyl chloride (TPC)] from hyper-
branched PEI, which was reacted with two acyl chlorides, TMC
and TPC. Those membranes had the same rejection order:
MgCl, > MgSO,4 > Na,SO, > NaCl. The PEI/TMC had a higher
NaCl rejection than PEI/TPC; however, it had a larger pore size.
Du and Zhao'® fabricated a polysulfone (PSf) composite mem-
brane with a thin, charged layer for NF with the interfacial
crosslinking method. The rejection of MgSO, in the membrane
(1 g/L aqueous solution) was almost 90%, and the rejection of
NaCl (1 g/L aqueous solution) was almost 78% at 0.8 MPa and
30°C. Yun et al* prepared surface-hydrophilized microporous
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Table I. Schematic Structures of the Main Materials*

NH,
o 2
R A
N Yool
PEI XDC

polypropylene membrane via the interfacial crosslinking of PEIL
The results for protein filtration suggest that the highly hydro-
philic and charged membrane surface was resistant to protein
fouling. Lin et al.'? also used crosslinking by p-xylene dichloride
(XDC) after UV-induced grafting for quaternization at the sur-
face membrane. In their study, under the optimized preparation
conditions, the water flux and MgCl, rejection (1 g/L) of the
composite membranes reached 60.3 L m > h™' and 93.2%,
respectively.

In this study, an NF membrane was prepared by the coating of
PEI on a PSf UF membrane, and then, it was crosslinked by
XDC. Afterward, secondary and tertiary amines on the top layer
were quaternized by methyl iodide (MI). Finally, the perform-
ance of the PEI/PSf NF membranes was characterized with the
filtration separation of aqueous feed solutions of CaCl,, NaCl,
MgSO,, and Na,SO,. Additionally, the comparison of the salt
rejection and water flux before and after quaternization is illus-
trated and discussed. The UF PSf membrane was selected as a
support membrane because of its good chemical and thermal
stability.

EXPERIMENTAL

Materials

PSf (molecular weight = 35 kDa) was manufactured by Aldrich.
N-Methyl pyrrolidone and poly(ethylene glycol) (PEG; molecu-
lar weight = 6 kDa) were purchased from Merck and were used
as the solvent and pore former, respectively, in the dope solu-
tions. PEI (average MW = 60 kDa) was purchased as a commer-
cial product, and XDC was obtained from Acros. Pure MI and
n-heptane were purchased from Merck. Ethanol (96% for wash-
ing) and acetone were obtained from Merck (Germany).

Preparation of the PSf Flat-Sheet Supports

A homogeneous dope solution composed of PSf, PEG, and N-
methyl pyrrolidone (16, 14, and 70% w/w, respectively) was
prepared for the fabrication of the UF support membrane. The
polymer solution was then cast onto a glass plate with a 256-
pm casting knife applicator. This was followed by immediate
immersion in a water coagulant bath at room temperature. The
cast membrane was soaked in water for at least 24 h to com-
plete the replacement of water with the solvent available in the
membrane pores. The pure-water permeability coefficient for
the UF membrane was 840 L m™ > h™ ! bar

Modification of the Membrane Surface
PEI (Table I) is one of the most extensively studied materials in
cationic polymer fields.*"** Pure PEI is very effective for the
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neutralization of excess anionic colloidal charges, especially
under acidic and neutral pH conditions.*»** Tt is generally
believed that the positively charged amine groups in PEI
increase the surface charge in the XDC membrane (Table I) and
MI, which are applied as crosslinking and quaternization agents.
This procedure shows at least two advantages: (1) the resulted
hindrance layer is more compact and has a high selectivity, and
(2) the membrane surface is positively charged after crosslinking
and quaternization.'?

We prepared the PEI/PSf composite NF membrane by first coat-
ing the PEI aqueous solution on the PSf support surface for 1 h
and then by drying for 2 h at room temperature. The PEI-
coated membrane was immersed into 50 mL of XDC/n-heptane
solution as a crosslinker with a given concentration. The inter-
facial crosslinking reaction between PEI and XDC was carried
out at room temperature for 5 h. After the crosslinking reac-
tion, the modified membrane was washed with ethanol to
remove excess materials. At the next step, the membrane was
soaked in a 0.25M NaOH solution to remove H™ from the sur-
face. Finally, for the quaternization of PEI on the top layer, the
membrane was dipped into a CH;3l solution in ethanol for 2 h.
The preparation process of the PEI coating of the PSf mem-
brane is shown schematically in Figure 1.

Chemical and Physical Membrane Characterization

Fourier Transform Infrared (FTIR) Spectroscopy. FTIR spec-
troscopy (FTIR IBB Bomem MB-100) was used to investigate
the surface chemical compositional changes of the PSf mem-
brane before and after modification with the spectra of the
wave number ranging from 4000 to 400 cm ™',

SEM. The changes in the surface morphology and cross section
of the PSf membranes were evaluated before and after modifica-
tion by SEM (SEM KYKY-EM 3200, China). To maintain a con-
stant cross-sectional morphology, the membrane samples were
broken in liquid nitrogen and then coated with gold before
SEM observation.

Atomic Force Microscopy (AFM). AFM images were acquired
in tapping mode with silicone-tip cantilevers with a constant
force of 40 mN/cm. The mean surface roughness (R,) was used
to express the membrane surface roughness, which was deter-
mined by a 5.0 X 5.0 um?® area of membrane (scanning probe
microscope, NanoScope E). For each membrane, the reported
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Figure 1. Schematic representation of the preparation of the PSf NF
membrane.”® [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 2. Schematic representation of the NF evaluation cell: (1) feed

tank, (2) feed flow, (3) feed pump, (4) bypass, (5) pressure gauge, (6)
flow meter, (7) membrane cell, and (8) cooling system.

R, value was an average of three measurements taken from dif-
ferent regions.

Separation and Permeation Properties

Permeation tests were carried out under a pressure of 4 bar
with a flat-sheet, cross-flow NF test cell with a filtration area of
21 cm? (Figure 2). Before the salt solution test, the membrane
sample was treated under measurement pressure for 30 min
with deionized water. Afterward, the membrane was tested with
a salt solution of 1000 ppm. The permeation flux (J,) was cal-
culated with the following equation:

AV

]W:M (1)

where AV is the total volume of the pure water or solution that
penetrated through the membrane, A is the membrane area,
and At is the operation time. The permeability coefficient (L)
is equal to water flux per effective pressure and is expressed as
follows:

Jw
L,=-"— 2
= Ap (2)
The rejection ratio (R; %) of solute was calculated as follows:
C
R(%)= (1——")><100 (3)
G

where p is operating pressure, C, and Care the solute concen-
trations in the permeated and feed solution, respectively. The
salt concentrations were determined by a bench-top electrical
conductivity meter (WTW, Inolab Cond 720 series, Germany).

Molecular Weight Cutoff (MWCO)

The MWCO profile was plotted by the rejection measurement
of the PEG solutions with different molecular weights. The PEG
concentrations in the feed and permeated solution were meas-
ured by IR spectrophotometry.”> The membrane pore radius
was measured on the basis of the PEG molecular weight, which
was rejected at 90% by the membrane and was calculated as
follows:'®>
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y=—5X10"8 X x> +5X 10 *x+0.3319 (4)

where y is the pore radius (nm) and x is the molecular weight
of PEG (g/mol).

RESULTS AND DISCUSSION

Chemical Characterization of the Membrane (FTIR)

The FTIR spectra of the PSf UF membrane [Figure 3(a)] illus-
trated a characteristic peak at 1585 cm ™', which corresponded
to the C=C straining vibration of benzene rings.*® Strong
absorptions at 3278 cm ™' were related to N—H stretching and
deformation bands of PEI [Figure 3(b,c)].”** The presence of
the aliphatic C—H stretching absorptions (2800-3000 cm™ ')
was amplified after crosslinking. —NH— reacted, but because of
its weak absorption at1600 cm ', it was overlapped with the
pick of benzene rings available in PSf and XDC."> The spectra
of the membrane modified by MI did not show obvious
changes [compared with Figure 3(d)], except for a stronger
peak at —3440 cm ™ '; this was due to the inevitable adsorption
of water by the increased surface charges or the ethanol used as
the solvent.

Morphological Characterization of the Membrane

The surface and cross-sectional structure of the PSf membranes
before and after modification were examined by SEM (Figures
4 and 5). In Figure 4, all of the SEM images show a similar
asymmetric structure with a relatively dense top layer and fin-
gerlike macrovoid support. No significant difference was
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Figure 3. FTIR spectra of the membranes: (a) PSf support membrane, (b)
membrane coated with PEI, (c) membrane crosslinked with XDC, and (d)
membrane quaternized with MI. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 4. Morphology and structure of the membranes: (a) PSf UF support, (b) membrane coated with PEI, (c) membrane crosslinked with XDC, and

(d) NF membrane quaternized with MI. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

observed in the surface morphologies of the PSf support and
modified membranes (Figure 5, set 1). Each of the membranes
shown had a similar asymmetric structure with a relatively
dense top layer and fingerlike macrovoids. The cross section
was imaged at 2500X magnification and indicated very little
difference between the three membranes after modification.
Therefore, the PEI modification layer was thin and certainly
less than 3-4 wum; this is typical of that for composite
membranes.

Figure 5 (set 2) shows the typical asymmetric structure and fully
developed pores. Also, the top layer was recognizable in the
crosslinked membrane, with a thickness of 3.75 um (Figure 5,
C,). After quaternization by MI, the thickness of the top layer
increased (Figure 5, D,). The structure shown for the NF mem-
branes in the SEM images proves that the top layer was formed
successfully.

For more investigation of membrane surface on a nanoscale,
AFM was applied. Figure 6 shows the AFM images and average
surface roughness of the membrane surfaces before [Figure
6(a,b)] and after modification [Figure 6(c,d)]. Figure 6 also
illustrates that R, increased after crosslinking with XDC and
quaternization by ML

Effects of the PEI Concentration and Coating Time on the
Filtration Performance

To optimize the PEI concentration, membranes were modified
by the polymer in the range 5-30 g/L, and PEI deposition was
physically applied to the PSf UF membrane. As a result, when
the PEI concentration was increased, the permeability coefficient
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and CaCl, rejection were increased (Figure 7). At low concen-
trations of PEI solution in water, the active layer formation was
not good, and just sublayer pores were involved, so this did not
have an effect on the rejection, and the permeability coefficient
of the membrane decreased dramatically. When the PEI concen-
tration was increased up to 25 g/L, the top layer was formed on
a higher level; this was the best active layer with the best perme-
ability coefficient. Moreover, CaCl, rejection was 4.6 L m > h™!
bar~' and 87%, respectively. With a further increase in the PEI
concentration, the thickness of top layer was enhanced, and this
led to a decrease in the permeability coefficient. Finally, the best
concentration was obtained at 25 g/L.

In the next step, the best remaining time of the PSf membrane in
PEI aqueous solution was measured with the best concentration.
As expected, with the passage of time, PEI was better mixed with
the PSf UF membrane. For the first time (0.0005 h<2 s), the
PSf membrane was immersed in PEI solution for a moment. Fig-
ure 8 shows that with increasing coating time, the permeability
coefficient was decreased, and the rejection was increased. For
example, at 0.5 h, the permeability coefficient and rejection were
9.61 L m > h™' bar ' and 61%, respectively, and at 1 h, they
were 5.1 L m™> h™! bar™ " and 87.8%, respectively. As shown in
Figure 8, after 1 h, the conditions remained almost constant. So,
the best time for coating PEI on the PSf UF membrane was 1 h.

Effects of the XDC Concentration on the Filtration
Performance

Figure 9 shows the effect of the XDC crosslinker concentration
on the membrane filtration performance. The results show that

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41988
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Figure 5. SEM images of the surfaces (set 1) and cross sections (set 2) of the membranes: (A) PSf UF support, (B) membrane coated with PEL, (C) membrane with
crosslinked XDC, and (D) NF membrane quaternized with ML [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

with an increase in XDC concentration from 1 to 5 g/L, the  might be due to the fact that when the XDC concentration
CaCl, rejection and permeability coefficient of the coated mem-  exceeded the crosslinking reaction stoichiometry of 1:2 between
brane increased. After that, with further increasing concentra-  the XDC molecules and amino groups of PEI, the more XDC
tion, the rejections and permeability decreased. These results  did not play the role of crosslinking.'>*® This could have been
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Figure 6. Two- and three-dimensional AFM images of the (a,b) support membrane and (c,d) quaternization membrane by CH;I. Rq = root mean square

roughness. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

due to the improvement in the degree of chemical quaterniza-  Quaternization of PEI on the Top Layer and the Effect of the

tion crosslinking reaction between PEI and XDC; this happened =~ MI Concentration on the Filtration Performance

as a result of the increasing XDC concentration. As shown in Figure 1, amines on the PEI can receive an R*
covalent bond, and this leads to PEI quaternization. In this
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Figure 7. Effect of the PEI concentration on the rejection and permeabil- time(h)
ity coefficient (coating time = 120 min, [XDC] =5 g/L, crosslinking time- ~ Figure 8. Effect of the coating time on the rejection and permeability
=300 min, pressure =4 bars, temperature = 25 = 2°C). [Color figure can coefficient ([PEI] =25 g/L, [XDC] =5 g/L, crosslinking time =300 min,
be viewed in the online issue, which is available at wileyonlinelibrary.  pressure =4 bars, temperature = 25 * 2°C). [Color figure can be viewed
com.] in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. Effect of the XDC concentration on the rejection and perme-
ability coefficient ([PEI] =25 g/L, coating time =60 min, crosslinking
time = 300 min, pressure = 4 bars, temperature = 25 = 2°C). [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

study, MI was applied to form quaternary ammonium groups
because of the short substituent combination and good reactiv-
ity. In this reaction, CH;" groups were in competition with
protons (H"); therefore, the membrane stayed in an NaOH
aqueous solution (0.25M) for a few minutes after the crosslink-
ing reaction. To obtain the best concentration of MI solution in
ethanol, first the membranes were modified, coated with 25 g/L
PEI for 1 h and with 5 g/L XDC for crosslinking for 5 h. The
second stage of modification and quaternization was carried out
with four concentrations (2, 4, 8, and 16% v/v). Figure 10
shows the effect of the MI concentration on the membrane fil-
tration performance. When the MI concentration was enhanced
from 2 to 16% v/v, the CaCl, rejection of the membrane
increased, but there was a slight decline in the permeability
coefficient. According to the results, the best concentration of
MI for cauterization was 4% v/v because, at this concentration,
the salt rejection increased up to 93%, but there was significant
decrease in the permeability.

MWCO Calculation
Figure 11 illustrates the rejection curves of the PEI/PSf mem-
branes for PEG solutions with different molecular weights. The
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2 4 8 16

Concentration of Methyl iodide (%V/V)
Figure 10. Effect of the MI concentration on the rejection and permeabil-
ity coefficient ([PEI] =25 g/L, coating time =60 min, [XDC]=5 g/L,
crosslinking time = 300 min, pressure =4 bars, temperature = 25 = 2°C).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 11. Rejection of the PEG solutions with different molecular
weights by the crosslinked and quaternized membranes ([PEI] =25 g/L,
coating time =60 min, [XDC]=5 g/L, crosslinking time =300 min,
[MI] = 4% V/V, quaternization time = 120 min, pressure =4 bars, tem-
perature = 25 £ 2°C). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

MWCO value refers to the molecular weight of PEG that was
rejected by the membrane by 90%. The membrane pore size
was estimated with the relationship between the MWCO
obtained by the PEG solutions and the corresponding radius of
the pores calculated by eq. (4).* The MWCO of the PSf NF
membranes was evaluated with five different feed aqueous solu-
tions of PEG (500 ppm) with molecular weights of 1500, 2000,
3000, 4000, and 6000 Da.

According to the results, for the final two membranes, one was
just crosslinked PEI by p-xylene dichloride (XDC), and the
other one was quaternized by a 4% v/v solution of MI, and the
MWCOs were estimated to be 3670 and 3540, which corre-
sponded to 1.49- and 1.47-nm pore radii, respectively.

Rejection of Different Inorganic Salts by the PEI/PSf NF
Membrane

The salt rejection of membranes was examined for different inor-
ganic salt solutions (Na,SO4, MgSO,4, NaCl, and CaCl,) with a
concentration of 1000 ppm at 25°C and 4 bars. The results are
shown in Figure 12. The order of rejection for different salt solu-
tions was as follows: Na,SO, <MgSO, < NaCl < CaCl,. This

100 -
i H(a) M.I
80 -
W (b) Crosslink

L . |
[~ =]
1 I

Rejection %
8 8

Noow
[— -1

=
o

0 - : |
CaCl2 NaCl MgS0O4

Na2S04
Figure 12. Salt rejection of the PSf NF membranes with different salt sol-
utions: (a) quaternized with MI after crosslinking and (b) crosslinked

with XDC. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Figure 13. Effect of the feed solution pH on the membrane rejection of

10.8

CaCl,. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

order was justified by the positively charged NF membranes.*®
Generally, the PEI-coated PSf NF membranes had a higher rejec-
tion for high-valence cations (Ca®") and low-valence anions
(CI7) than for low-valence cations (Na™) and high-valance
anions (SO,*7). According to the Donnan exclusion theory,8 this
was due to the stronger electrostatic repulsive interaction between
high-valence cations and the quaternary ammonium N of the
PEI coating of the PSf NF membrane surface. Cations or anions
did not exist alone in the aqueous solution; this means that any
cations were covered with anions and vice versa. However,
according to the Donnan exclusion theory, there was some ani-
onic attraction, and these ions passed through the membrane.

These results indicate that quaternization by MI after the cross-
linking process improved the rejection for every inorganic salt
solution; this proved that the salt rejection of the charged NF
membrane not only was related to the membrane pore size but
also mostly depended on the electrostatic repellent interaction
between the membrane and cations in the solution.

Effect of the Feed Solution pH on Membrane Rejection

The solution pH appeared to be a major parameter governing
the rejection of boron by the two NF membranes selected in
this study (Figure 13). Figure 13 shows the changes in the salt
rejection of membranes for different pHs (3.3, 7, and 10.8) of
the feed solution. The pH was adjusted by the addition of
NaOH and HCI to the feed solution. In this case, the mem-
branes were assessed by different pH solutions of CaCl,. The
results reported in Figure 13 systematically demonstrate the sig-
nificance of electrostatic interaction and CaCl, rejection by the
NF membranes. Also, variations in the salt rejection were appa-
rently due to Donnan exclusion change rather than structural
changes in the surface layer. Salt rejection decreased at pH 10.8
from 88 to 62.7%, but for the quaternization membrane by
MI, the rejection loss was less than that of the crosslinked
membrane, from 94.1 to 84.4%, respectively. This finding
shows that the quaternized membrane had a more stable sur-
face charge.

Finally, in comparing this study with earlier work, the flux in
this experiment occurred at a lower operating pressure than
in another’s work; also, the PEI used in this study had the clip
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to create a more positive charge and was more easily accessi-
ble.'”” The structure, surface morphology, and cross section of
the membrane were more uniform compared to those in other
laboratory work done."

CONCLUSIONS

A novel, positively charged NF membrane was successfully pre-
pared by the coating of PEI on the PSf UF membrane, cross-
linking by XDC, and quaternization by MI. The rejection of
bivalence inorganic ions was greater than that of monovalent
ions. The membrane had a good selective separation properties.
The order of salt rejection for inorganic salts was as follows:
CaCl, > NaCl > MgSO, > Na,SO,. With a neutral acidity solu-
tion, the membrane exhibited a fairly stable water flux and
rejection, but in an acidic or basic environment, the salt rejec-
tions changed. In the acidity solution, the charge of membrane
was more positive and the rejection increased, and in the basic
solution, the surface lost some positive charges, so the rejection
decreased. The cross-sectional SEM image confirmed the forma-
tion of a thin layer with a thickness of around 3.75 um. The
MWCO determination revealed that the prepared membrane
was an NF membrane because the calculated stoke radii was
equal to 1.47 nm. Finally, according to the pH tests, the pre-
pared NF membrane surface charge remained constant because
the salt rejection at different pH solutions was fixed. The advan-
tages of this technique were the ease of the preparation meth-
ods, surface smoothness, good water flux, and high salt
retention.
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