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The aim of this study is to prepare high flux, stable, antifouling nanofiltration membranes through single
bilayer polyelectrolyte deposition. To this end, a tight ultrafiltration support membrane was prepared
from a polysulfone/sulfonated polyethersulfone blend. Deposition of a polyethyleneimine and alginate
pair on this support has reduced the molecular weight cut off from 6 kDa to below 1 kDa. The pure water
permeability and polyethylene glycol 1000 rejection of the coated membrane were found to be
15.5 ± 0.3 L/m2�h�bar and 90 ± 0.6%, respectively, by setting the deposition pH for each layer to 8 and
the ionic strengths to 0.5 M and 0 M. This membrane has exhibited significantly higher permeability than
commercial membranes with the same molecular weight cut off, retaining 98% of the initial flux during
15 h filtration of bovine serum albumine. In addition, the membrane has been able to completely remove
anionic dyes from aqueous solution by showing 99.9% retentions to Reactive red 141, Brilliant blue G and
Congo red with a 2 bar transmembrane pressure. High flux and membrane stability in acidic and salty
environments have been achieved when deposition conditions favor high adsorption levels for the first
layer and strong ionic cross-linking between the carboxyl group on the alginate and the amine groups
on the polyethyleneimine.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Nanofiltration (NF) membranes are used in applications such as
water softening, brackish water reclamation, dye salt separations
and recovery of valuable low molecular weight (<1500 g/mole)
biopharmaceuticals and nutraceuticals [1,2]. To extend the use of
NF, high-flux, stable and fouling resistant membranes, that can
be easily manufactured are needed. Most of the NF membranes
are produced in the form of a thin film composite (TFC) structure
which consists of a porous support and a thin selective layer. The
layer by layer (LbL) deposition of polyelectrolytes on ultrafiltration
(UF) membranes is an attractive technique to manufacture TFC NF
membranes. This is due to flexibility of the method in controlling
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the morphology of the layers and the binding strength between the
layers by carefully selecting the deposition conditions and poly-
electrolyte pairs. In addition, the thickness of deposited layers is
usually on the order of a few nanometers, which minimizes mass
transfer resistanceand prevents significant decline in flux. One of
the most significant limitations of the technique is the multiple
number of layers that needs to be deposited in order to obtain
desired pore size required for NF. This leads to an impractically
long deposition process and increases the cost of production. In
addition, poor stability of the LbL deposited NF membranes is a
concern for long term usage under harsh conditions.

Currently, one of the principal applications of NF is reported to
be retention and concentration of the dyes used in the textile
industry. Several groups have utilized the LbL technique for
preparing TFC NF membranes for dye retention. Guo et al. [3]
adsorbed 9 layers of polyethyleneimine (PEI) and sulfonated
formaldehyde on a 100 kDa polyacrylonitrile (PAN) support. After
crosslinking the membrane with glutaraldehyde, they reported a
pure water permeability (PWP) of 4.93 L/m2�h�bar and dye reten-
tions of 93.7% for Rhodamine-B (molecular weight = 479 Da) and
90.8% for Erichrome black T (molecular weight = 461.38 Da) with
2.43 L/m2�h�bar and 2.05 L/m2�h�bar dye permeabilities, respec-
tively. Wang et al. [4] assembled 8 layers of the poly(dial-
lyldimethyl ammoniumchloride) (PDDA) and graphene oxide
nanosheets at 40 �C on a 30–40 kDa flat-sheet PAN UF membrane.
The resulting membrane displayed 7.5 L/m2�h�bar PWP and >99%
Methyl blue (molecular weight = 799.8 Da) and Congo red (molec-
ular weight = 696.7 Da) dye rejections along with 6.42 L/m2�h�bar
and 5.84 L/m2�h�bar dye permeabilities. Wang et al. [5] first depos-
ited the graphene oxide modified PEI and polyacrylic acid pair onto
the 30–40 kDa PAN support, immersed the coated membrane in
polyvinyl alcohol solution at 75 �C, andfinally crosslinked the
membrane with glutaraldehyde. They reported complete dye
retention of Methyl blue and Congo red with a 3-layered NF mem-
brane, however, dye permeability was found to be very low (<1 L/
m2�h�bar). Kang et al. [6] produced a 4 layered composite mem-
brane by coating PDDA/graphene oxide/PDDA/oxidized carbon
nanotubes onto a PAN UF support membrane. Due to lack of nega-
tive charges on the surface, the support was first hydrolyzed in a
NaOH solution at 55 �C and carbon nanotubes were oxidized in a
mixed solution of H2SO4/HNO3 at 70 �C for 8 h. The Methyl blue
and Light blue A (molecular weight = 690.8) rejections from the
membrane were reported as 99.3% and 97.9% while its PWP was
7.2 L/m2�h�bar. Zhao and Wang manufactured a loose NF mem-
brane by dip coating a 200 kDa modified PAN support membrane
with gallic acid grafted PEI at 45 �C [7]. The composite membranes
were then thermally cross-linked at 45 �C, 55 �C, 65 �C and 75 �C.
They reported 97.3% and 97.1% Methyl blue and Congo red dye
rejection with relatively high dye permeability (25.5 L/m2�h�bar)
at optimized conditions. However, it was reported that plant phe-
nolic compound gallic acid is not stable to high pH and easily
degrades in aqueous solutions by UV/H2O2 treatment [8,9]. This
makes the long-term chemical stability of this membrane ques-
tionable. Prior studies have shown that in using the LbL technique
an NF membrane for dye retention is achieved with more than one
bilayer polyelectrolyte coating either through applying post treat-
ment at high temperatures or pretreatment of the support/poly-
electrolytes before deposition. In addition, the long term stability
of these membranes was evaluated in terms of dye rejection and
dye flux for a period between 30 and 60 h. Their chemical stabili-
ties, however, were not evaluated. The low dye permeabilites ren-
der these membranes non-competitive candidates for dye removal.

The objective of this study is to develop a high flux, stable, foul-
ing resistant NF membrane which can be manufactured with an
inexpensive and easily scalable method.We have adopted the LbL
polyelectrolyte deposition technique due to its simplicity. The
most important challenge for the new membrane is its stability
while in the presence of either high salt concentrations or to chem-
icals used for foulant removal. In order to manufacture membranes
stable in acidic and salt-rich environments, we have focused on
both polyelectrolyte pair selection and deposition conditions. The
support membrane was coated with PEI and alginate (ALG) weak
polyelectrolytes under dynamic conditions at 1 bar. High activity
of the carboxyl groups on ALG provides strong ionic cross-linking
with the amine groups on PEI which is particularly strong in acidic
environments [10–12]. Other challenges for the new membrane
include: (1) the number of polyelectrolyte layers to convert UF
membrane into a NF membrane (molecular weight cut off
(MWCO):1 kDa), (2) the PWP (�10 L/m2�h�bar) higher than the
1 kDa commercial NF membranes, (3) high dye permeance and
(4) retention at maximum 2 bar operating pressure. To overcome
these challenges, not only have the pH and ionic strength of the
polyelectrolyte solutions been changed, but phase inversion condi-
tions and the polymer composition have been varied for preparing
the support membrane. The membrane exhibiting the highest PWP
and 1 kDa MWCO value was further investigated in terms of its
rejection characteristics to different anionic dyes as well as its sta-
bility and fouling tendency. To the best of our knowledge, this
study is the first which demonstrates the use of the PEI/ALG pair
manufacturing a high flux and stable NF membrane with single
bilayer deposition of these polyelectrolytes on a tight UF support
without using any crosslinker.
2. Experimental

2.1. Materials

Polysulfone (PSF) with a molecular weight of 35 kDa was pur-
chased from Sigma Aldrich and sulfonated polyether sulfone (SPES)
(80 kDa) was kindly donated by Konishi Chemicals, Japan. Solvent
1-methyl-2-pyrrolidone (NMP) purchased from Fluka with a purity
of >99.5% was used to dissolve PSF and SPES. Polyelectrolytes, PEI
(molecular weight = 750 kDa) and alginic acid sodium salt from
brown algae (ALG, molecular weight = 80–120 kDa) were supplied
from Sigma Aldrich. Sodium hydroxide (NaOH), sodium chloride
(NaCl) and hydrochloric acid (HCl) with 37% purity were purchased
from Sigma Aldrich and Merck, respectively. Polyethylene glycol
(PEG) with a molecular weight of 1000 Da was purchased from
Aldrich and was used to perform the rejection tests. Anionic dyes,
Procion Red H-E7B (CI Reactive red 141 (dye content of >85%), Bril-
liant blue G (dye content of >60%), and Methyl orange (dye content
of >85%), were purchased from Dystar, Sigma Aldrich and Merck,
respectively. Congo red (dye content of >85%) and Toluidine blue
O (dye content of >80%), used for staining membranes, and bovine
serum albumine (BSA) (molecular weight = 66 kDa), used to mea-
sure the fouling tendency of the membranes, were supplied by
Sigma Aldrich.
2.2. Membrane preparation

2.2.1. Support membrane preparation
Support membranes were prepared from a blend of PSF and

SPES polymers through the nonsolvent induced phase inversion
method. The PSF:SPES ratio was adjusted to be either 5:1 or 4:1.
Polymers were first dried overnight at 80 �C and then dissolved
in NMP by stirring at 150 rpm for 24 h. In order to eliminate air
bubbles, the solution was held without stirring for 24 h, and then
cast on a clean defect free flat glass plate with the help of an auto-
mated film applicator (Sheen Instrument Ltd., model number:
1133 N). The initial thickness of the cast film was adjusted by a
four-sided applicator with a gap size of 250 mm. Following casting,



Ö. Tekinalp, S. Alsoy Altinkaya / Journal of Colloid and Interface Science 537 (2019) 215–227 217
the substrate was immediately immersed in a coagulation bath
containing deionized water at 4 �C. After a 10-minute immersion
in the coagulation bath, the membrane was rinsed and held in
clean DI water at 4 �C for at least 24 h and finally stored in a
refrigerator until further use.

2.2.2. Polyelectrolyte deposition
The bilayer polyelectrolyte assembly was formed on the nega-

tively charged PSF/SPES support membrane in a dead end filtration
unit (Millipore, Amicon Stirred Cell 8010) at 1 bar. A 1 g/L PEI solu-
tion was filtered for 10 min. The membrane surface was then
rinsed with 200 ml DI water in order to remove weakly adsorbed
polyelectrolyte. Following rinsing, the DI water was permeated
through the membrane at 2.5 bar until steady state was reached.
Afterwards, a 1 g/L ALG solution was filtered through a PEI-
coated membrane at 1 bar for 10 min. Finally, the coated mem-
brane was rinsed again with 200 ml DI water. Throughout the
manuscript, the membranes have been coded based on the pH of
the polyelectrolyte solution. For example, pH 3/7 denotes a bilayer
membrane prepared by depositing the first PEI layer at pH 3 and
the second ALG layer at pH 7.

2.3. Filtration experiments

A dead-end cell filtration module with 10 ml volume (Millipore
8010) was used to test the permeability and rejection properties of
the membranes. A membrane with a surface area of 4.1 cm2 was
initially pressurized at 2.5 bar until steady flux was achieved. Pure
water was then filtered at 2 bar and the PWP of the membranes
was calculated by the following equation:

PWP ¼ DV
A Dt DP

ð1Þ

where DV is the volume of permeated water (L), A is the membrane
area (m2), Dt is the permeation time (h) and DP is the transmem-
brane pressure difference (bar) applied through the membrane.
The experiments were carried out at room temperature.

The rejection properties of the membranes were tested with
PEG with a molecular weight of 1000 Da. 10 ml of PEG solution
(1 g/L) was filtered at 2 bar until 5 ml of permeate was collected
(Stirring speed: 300 rpm). The same procedure was repeated three
times with fresh solution under the same conditions to ensure that
the membrane was fully conditioned with PEG 1000. The concen-
trations of PEG 1000 in the stock solution (Cf), permeate (Cp) and
in the retentate (Cr) were determined using a Rudolph - J357 Auto-
matic Refractometer. The observed rejection was calculated from:

Rð%Þ ¼ 1� Cp

CBulk

� �
� 100 ð2Þ

The bulk concentration in the dead end filtration module (CBulk)
changes with time due to the decrease in volume and increase in
amount rejected by the membrane. In order to take the change
in concentration on the feed side into account, an arithmetic aver-
age of the concentrations measured at the beginning (Cf) and at the
end of the rejection experiment (Cr) were used as the bulk concen-
tration in calculating the observed rejection coefficient [13]. Mehta
and Zydney [14] reported that to avoid concentration polarization,
the ratio of solution flux (Jv) to mass transfer coefficient (k) should
be less than 10 (Jv/k < 10). For all the membranes prepared, this
ratio has been found to be less than 1 which indicates the effect
of concentration polarization is negligible.

Dye separation performance for the membrane which shows
the highest permeability was investigated with the anionic dyes
Reactive red 141, Brilliant blue G, Congo red and Methyl orange
(Sterlitech HP4759 Stirred Cell). A 100 ppm dye solution was
filtered through the NF membrane using a transmembrane
differential pressure of 2 bar. The membrane had a surface area
of 14.6 cm2. The concentration of the dye was measured by an
ultraviolet spectrometer (Perkin Elmer, Lambda 25). During all of
the filtration tests, measurements were taken with two different
membrane samples to consider variations between the mem-
branes. In addition, for each membrane, three successive measure-
ments were conducted.

2.4. Fouling measurement and stability test

The fouling tendency and the stability of the most permeable
membrane was investigated. For the fouling test, the PWP of the
clean membrane (PWPi) was measured and then the stirred cell
was refilled with BSA solution, i.e., with 1 g/L concentration at
pH of 7.0. The flux of the BSA solution permeating through the
membrane was measured at 2 bar for 15 h. At the end of filtration,
the membrane was washed with distilled water for 10 min and the
PWP (PWPc) was remeasured. The flux recovery (FR) was then cal-
culated from:

FRð%Þ ¼ PWPc

PWPi

� �
� 100 ð3Þ

For the stability test, the membrane was stored in 1 M NaCl and
in HCl (pH = 3) solution under static conditions. The PWP and PEG
1000 rejections from the membrane were measured at the end of 7
and 14 days of storage in NaCl solution, whereas those measure-
ments were taken at the end of 5 and 14 days of storage in the
HCl solution.

2.5. Surface characterization methods

Cross section and surface topography images of the dried mem-
branes were analyzed by scanning electron microscope (SEM)
using a FEI Quanta 250 FEG instrument. Before the analysis, dried
samples were coated with gold with a Magnetron Sputter Coating
Instrument. The surface roughness of the dried membranes was
determined with atomic force microscope (AFM). Scanning was
performed in tapping mode for a 5 � 5 mm surface using a
TAP150 model tip (MMSPM Nanoscope 8 from Bruker).

The surface charge of the membranes was determined with dye
staining and zeta potential measurements. For dye staining, PEI
and ALG deposited membranes were immersed into 1 g/L of nega-
tively charged Congo red and positively charged Toluidine blue O
solution each prepared at a pH of 7. At the end of a 1 h immersion
time, the membranes were washed with water until the effluent
water became colorless. The intensity of color adsorbed on the
membrane was measured with a spectrophotometer (Aventes-
Avemouse62). Zeta potential measurements were carried out in
the presence of a 10 mM NaCl solution with a NanoPlus
Micromeritics Instrument. The pH value of the electrolyte solution
was adjusted using HCl for acidic pH and NaOH for basic pH. The
water contact angle of the support membranes prepared with dif-
ferent blending ratios of PSF and SPES, was measured using an
Attension Optical tensiometer. Before measurement, the mem-
branes were dried and fixed on a glass slide. Four measurements
were performed for each membrane with 5 ml liquid droplets.

2.6. Pore size determination

The pore sizes of the support and coated membranes were eval-
uated by analyzing the rejection data for PEG 1000 with Eqs. (4)
through (8) [15]. Eq. (4) was derived for neutral solutes where
the transport of solutes inside the membrane is governed by con-
vection and diffusion. Although all the membranes prepared in this
study are charged, since PEG 1000 is uncharged, its interaction
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with the pore wall is purely steric. Consequently, Eq. (4) is valid for
modeling rejection of PEG 1000 and in characterizing the pore size
of the membranes.

R ¼ 1� Cp

CBulk
¼ 1� Ki;cU

1� expð�Pem Þð1�UKi;cÞ ð4Þ

Pem ¼ Ki;c

Ki;d

VL
Di;1A

U ¼ ð1� kÞ2 k ¼ rs
rp

ð5Þ

Ki;d ¼ K�1ðk;0Þ Ki;c ¼ ð2�UÞGðk; 0Þ ð6Þ

K�1 ¼ 1� 2:3kþ 1:154k2 þ 0:224k3 ð7Þ

Gðk;0Þ ¼ 1þ 0:054k� 0:988k2 þ 0:441k3 ð8Þ

L
A
¼ r2p

8l Jw
DP

� � ð9Þ

The parameters in Eqs. (4) through ( 9) are defined as follows:
Di,1: bulk diffusivity (m2 h�1), Ki,c: hindrance factor for convection,
Ki,d: hindrance factor for diffusion, U: steric partition term, Pem:
Peclet number, V: solute velocity (m h�1), k: ratio of ionic or solute
radius/pore radius K�1: the hydrodynamic enhanced drag coeffi-
cient, rs: Stokes radius of ions and solutes (m), rp: effective pore
radius (m), G: the hydrodynamic lag coefficient, l: viscosity of
solution (bar h), Jw : pure water flux based on membrane area
(m h�1), L effective membrane to thickness (m), A: effective poros-
ity of the membrane.

3. Results and discussion

3.1. PWP and rejection properties of the membranes

The support membrane for the polyelectrolytes deposition was
manufactured from a blend of PSF and SPES through nonsolvent
induced phase inversion. PSF was blended with SPES to increase
its hydrophilic nature and impart negative charge to the mem-
brane. Previous studies have shown that in order to obtain the pore
size required for NF, several layers need to be deposited when UF
supports with a MWCO > 20 kDa are used [3,4]. To eliminate this
disadvantage, a tight UF support membrane was prepared so that
the pores on the surface could be easily covered and the pore size
could be reduced to �1 nm with only a 2-layer deposition. This
was achieved by coagulating a 25 wt% polymer solution (PSF:SPES
5:1) in pure water at 4 �C. SEM images in Fig. 1 demonstrate that
the support membrane has a typical finger like pores in the sub-
layer along with a thin dense skin layer forming 2.3% of the total
thickness. As seen in Fig. 1c, the pores on the surface are too small
Fig. 1. SEM images of the support membrane cast with 25 wt% polymer concentration (P
10,000�. (c) Surface magnification 100,000�.
to be determined even in the high magnification SEM image. The
PWP and PEG 6000 rejection of the resulting membrane have been
determined to be 27 L/m2�h�bar and 99%, respectively. Our support
membrane has exhibited higher permeability than the commercial
membrane with comparable MWCO manufactured from regener-
ated Cellulose (Table 1).

Current literature on the LbL method demonstrates that the pH
and ionic strength of the polyelectrolyte solution used for deposit-
ing each layer can be adjusted to control the thickness and mor-
phology of the assembly. This in turn determines the number of
layers needed to obtain an NF membrane. In this respect, the depo-
sition conditions for the first PEI layer have been changed and the
effects of these changes on the PWP and PEG 1000 rejection have
been investigated. Fig. 2 shows that the addition of saltincreases
the PEG 1000 rejection without any significant change in the
PWP. This can be explained by greater PEI adsorption in the pres-
ence of salt due to the screened segment/segment repulsion and
enhanced surface/segment attractive interactions [19]. As shown
in Scheme 1, the screening of polyion charges in high ionic strength
environments results in a smaller radius of gyration (Rg). Fewer
coils, therefore, cover a lower surface area per chain leading to a
larger area density of segments [20]. The zeta potential data in
Fig. 3 demonstrate that the positive charge of the surface signifi-
cantly increases when NaCl is added into the PEI coating solution.
This indicates the presence of more NH3

+ groups on the surface due
to greater PEI adsorption. The surface charge of the PEI-modified
membranes was also determined by measuring the color intensity
of the membranes stained with negatively charged Congo red that
interacts electrostatically with the positively charged groups in PEI
(Fig. 4). The stained membranes were washed continuously to
eliminate nonspecific binding and to ensure that color intensities
arise only from electrostatically attached dye molecules. The mem-
branes prepared from the salt-containing PEI solution exhibit
higher color intensities than the membranes deposited from salt-
free PEI solution. This represents the increased presence of posi-
tively charged groups on the surface resulting due to more PEI
adsorption in the presence of salt. Zeta potential measurements
and dye staining have produced consistent results for the charge
of the PEI deposited membranes in the presence and in the absence
of salt. The staining technique provides not only the surface charge
but also the charge distribution. The technique is not influenced by
the ionic strength of the environment [21]. Consequently, only dye
staining has been used to gain information on the charge of the
surface after the second ALG layer deposition. Fig. 2 indicates that
in the presence of 0.5 M NaCl in PEI solution, both the PEG rejection
and PWP increase from 75.4 ± 0.2% to 82.4 ± 0.1% and from
12.6 ± 0.1 L/m2�h�bar to 14.1 ± 0.1 L/m2�h�bar when the deposition
pH is changed from 7 to 3. PEI is more protonated at pH 3 than
at pH 7. Thisinduces more ionic crosslinking with the negatively
charged support and results in a thinner but more dense, layer
SF:SPES 5:1). (a) Cross section, magnification 1000�. (b) Cross section magnification



Table 1
PWP of commercial UF and NF membranes.

Supplier Code Type MWCO (Da) Permeability (L/m2�h�bar) Membrane Ref

Millipore Ultracel PLC 5 UF 5000 14.5 Regenerated Cellulose [16]
Millipore Ultracel PLCC UF 5000 21.8 Regenerated Cellulose [16]
Sartorius RC UF 5000 20 Regenerated Cellulose [17]
Sartorius PES UF 5000 20 Regenerated Cellulose [17]
GE Osmonics GE UF 1000 1.11 Composite Polyamide [18]
GE Osmonics CK NF 2000 3.45 Cellulose Acetate [18]
Microdyn Nadir NP010 NF 1000 >5 PES [18]
Synder Filtration NDX NF 800–1000 10.1–12.3 Polyamide-TFC [18]
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Fig. 2. The effect of pH and ionic strength of PEI solution on the PWP and PEG 1000 rejection of the PEI-coated membranes. NaCl concentration in PEI solution (a) 0 M,
(b) 0.5 M.
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Scheme 1. Schematic representation of the effect of ionic strength of PEI solution on its adsorption. NaCl concentration in PEI solution (a) 0 M and (b) 0.5 M.
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formation and presumably leads to increased permeability and
rejection. The trend is consistent with the general finding that
highly charged chains adsorb in thin flat chain conformations.
The typical tradeoff between the permeability and rejection has
been observed for the membrane coated from a salt-free solution.
In the absence of salt, where the screening effect of counterions
does not exist, repulsion between the PEI chains at pH 3 becomes
more significant than at pH 8, since PEI has a higher charge density
at pH 3. This leads to less PEI adsorption, as confirmed by lower
zeta potential (Fig. 3) and color intensity (Fig. 4), and thinner and
less densified layer formation. Consequently, as shown in Fig. 2a,
upon changing the deposition pH from 3 to 8, an increase in the
PEG 1000 rejection is accompanied by a decrease in the PWP
(Scheme 2).

The membranes deposited at pH 7 and 8 have shown similar
permeability and rejection values (pH: 7 12.6 ± 0.1 L/m2�h�bar,
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77.7 ± 0.2% and pH: 8 13.2 ± 0.08 L/m2�h�bar, 76.5 ± 0.1%) since the
hydrodynamic radius (Rh) and degree of protonation of PEI remain
constant between pH 7 and 9 [22]. The effects of pH and ionic
strength of the PEI solution on the surface morphology of the
coated membranes have been investigated by AFM. The adsorption
of highly charged PEI (at pH 3) results in thin, flat, compact and
smooth surfaces in a rod-like configuration so as to minimize the
electrostatic energy (see Fig. 5a and b). Lower charged PEI (at
pH 7) forms thicker, rougher surfaces by adopting a coiled config-
uration (see Fig. 5c and d). This behavior was also observed by
McAloney et al. [23], and Raposo and coworkers [24]. The salt
screening causes a loopier structure as shown by the higher rough-
ness of the membranes.

The results in Fig. 2 show that adding salt into PEI solution
allows the surface pores to be covered more effectively and leads
to higher PEG 1000 rejection. For this reason it was decided to
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Fig. 5. AFM images of the PEI-coated membranes (a) pH 3, 0 M NaCl, (b) pH 3, 0.5 M NaCl, (c) pH 7, 0 M NaCl, (d) pH 7, 0.5 M NaCl.
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always coat the second ALG layer on the PEI layer deposited from
0.5 M NaCl solution. Salt addition (0.5 M NaCl) into the ALG solu-
tion reduces the PEG 1000 rejection of the resulting membrane
from 91.1 ± 0.4% to 82.9 ± 0.3%. This is attributed to the swelling
of the ALG chains [25]. Based on this result, ALG was coated only
from salt-free solutions with the pH adjusted to 7 or 8 to achieve
a high degree of crosslinking with the PEI layer (Scheme 3). The
PEG 1000 rejection and PWP of the bilayer membranes, prepared
from different pH combinations, are shown in Fig. 6. The [3/7]
membrane which refers to the bilayer membrane assembled from
alternating deposition of PEI solution at pH 3 and ALG solution at
pH 7 has higher permeability (11.6 ± 0.2 L/m2�h�bar) and lower
rejection (87.5 ± 0.1%) than the [7/7] membrane (4.7 ± 0.01
L/m2�h�bar and 91.1 ± 0.4%). This occurs due to greater ALG adsorp-
tionand reduced pore size (Table 2) on going from deposition pH of
3/7 to 7/7. Compared to pH 3, the higher charge density (Figs. 3 and
4) and roughness of the first PEI layer (Fig. 5) deposited at pH 7
(a) (b)

Negatively charged PSF/SPES Negatively charged

Scheme 3. Schematic representation of the effect of pH of PEI and ALG solution on the a
allows for more ALG adsorption. As shown in Fig. 7, a higher color
intensity of positively charged Toluidine blue O observed for the
[7/7] membrane compared to the [3/7] membrane indicates the
presence of more COO� groups on the surface confirming more
ALG adsorption. Similarly, the higher rejection and lower perme-
ability reported for the [7/7] membrane compared to the [8/7]
membrane can also be explained by greater ALG adsorption, as
confirmed by the higher color intensity observed on the [7/7]
membrane (Fig. 7). As seen in Fig. 6, increasing the deposition pH
for each layer from 7 to 8 leads to improvement in both the rejec-
tion and the PWP. The PEI layer and ALG have higher charges at pH
8 than at pH 7. This causes more ionic crosslinking between the PEI
and ALG layers and accounts for improvement in the rejection. The
thinner layer formation due to increased crosslinking explains the
increase in the permeability.

The SPES content in the support membrane was increased in an
attempt to further improve the PWP of the membranes without
ALG

PEI

(c)

Negatively charged PSF/SPESPSF/SPES

dsorbtion of polyelectrolytes. pH of PEI and ALG solution are (a) 3/7, (b) 7/7, (c) 8/8.
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Table 2
Average pore size of the support and PEI/ALG coated membranes.

PSF:SPES ratio Deposition pH NaCl concentration in
deposition solution (M)

Pore size (nm)

PEI ALG PEI ALG

5:1 – – – – 1.83
5:1 3 7 0.5 – 1.1
5:1 7 7 0.5 – 0.82
5:1 8 7 0.5 – 1.05
5:1 8 8 0.5 – 0.99
4:1 – – – – 2.67
4:1 3 7 0.5 – 1.31
4:1 7 7 0.5 – 1.19
4:1 8 7 0.5 – 1.23
4:1 8 8 0.5 – 1.08
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Fig. 7. The effect of deposition pH for PEI and ALG layers on the color intensity of the coated membranes. NaCl concentration in PEI and ALG solutions are 0.5 M and 0 M,
respectively.
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lowering the PEG 1000 rejection to below 90%. As shown in Fig. 8,
the decrease in the water contact angle of the support membrane
demonstrates the improvement of its hydrophilic character when
the PSF:SPES ratio is changed from 5:1 to 4:1.

For coating the new support membrane (PSF:SPES 4:1), the pH
of the PEI solution was adjusted to either 3, 7 or 8 in the presence
of 0.5 M NaCl, whereas ALG was deposited at either pH 7 or 8
without the use of salt. As shown in Fig. 9, the highest PWP
(15.5 L/m2�h�bar) and the PEG 1000 rejection (90%) were obtained
by setting the deposition pH to 8 for both polyelectrolytes. This can
be attributed to a high degree of crosslinking and very thin layer
formation due to strong charge-charge interactions between ALG
and PEI. The results in Table 2 show that the pore size of the sup-
port membrane (PSF:SPES 4:1) has been reduced from 2.67 nm to
1.08 nm by depositing only two layers at pH 8.

Table 1 lists the permeabilities of 1 kDa commercial membranes
manufactured by different companies. Compared with these com-
mercial membranes, our optimized PEI/ALG coated NF membrane,
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Fig. 8. Water contact angle of the support membrane prepared with a PSF:SPES ratio of (a) 4:1 and (b) 5:1.
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with the same MWCO value (1 kDa), exhibits higher permeability.
Among the 1 kDa commercial membranes, the highest permeabil-
ity was reported for the Synder Filtration NDX membrane
(12.2 L/m2�h�bar). This value is 26% lower than the permeability
of our best membrane (15.5 L/m2�h�bar). NDX is a polyamide TFC
membrane prepared by interfacial polymerization of monomers
dissolved in an organic phase. In contrast, the TFC membrane
developed in this study was prepared by coating the support with
water soluble polyelectrolytes.

3.2. Dye removal performance of NF membrane

Dye removal performance of the PEI/ALG coated membrane
(MWCO: 1 kDa) showing the highest permeability (The [8/8] mem-
brane coated on 4:1 PSF:SPES support) was tested by filtering
100 ppm aqueous anionic dye solutions. The maximum absorption
wave-length obtained from the ultraviolet spectrometer and the
rejection characteristics of the dyes are listed in Table 3. Our neg-
atively charged membrane can reject anionic dye molecules of
Reactive red 141, Brilliant blue G and Congo red completely as a
result of both steric hindrance and electrostatic repulsion. Even
though the molecular weight of Congo red (99%) is lower than
the MWCO of the membrane, its complete retention by the mem-
brane demonstrates the dominance of the electrostatic interactions
Table 3
Dye removal performance of PEI/ALG coated NF membrane in filtration of 100 ppm aqueo

Dye Molecular weight (Da) Maximum absorba

Reactive red 141 1774.19 543
Brilliant blue G 854.0 595
Congo red 696.66 498
Methyl orange 373.33 465
relative to the sieving effect. Fig. 10 shows the color of the dye
solutions in the retentate and permeate streams at the end of
filtration.

The percentage of flux decline corresponding to steady state
level has been calculated. According to the data in Table 3, the smal-
ler the flux decline, the smaller the molecular weight of dyes. The
dye separation performance of our membrane was compared with
that of other polyelectrolyte and commercial membranes (Table 4).

Although all the membranes have rejected >99% of Congo red, in
this work this rejection was achieved at 2 bar which is lower than
the pressure used in previous investigations. In addition, the dye
permeance of our membrane is higher than most of the other
membranes listed in Table 4, which indicates that the retention
of Congo red is achieved with a lower energy consumption. The
effect of transmembrane pressure on the rejection of various dyes
by NF membranes has been investigated by different groups
[32–35]. In all these studies, an increase in dye rejection was
observed with increased pressure. For example, Nataraj et al. [35]
reported an enhancement in the Methyl orange rejection by a NF
membrane from 94% to 98.9% by increasing pressure from 200 to
400 psia. The increase in dye retention with pressure was
attributed to negligible effect of diffusion at high pressures on
the transport of dye molecules compared to the transport by
convection and electromigration [36].
us anionic dye solutions.

nce wavelength (nm) Dye removal (%) Flux decline (%)

99.9 12.2
99.9 8.9
99.9 8
63.4 0.03
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Table 4
Dye separation performances of different LbL coated polyelectrolyte and commercial NF membranes.

Membrane (Layers)/Support Dye Conc. (g/L) Flow condition Retention (%) Permeance (L/m2�h�bar) Pressure (bar) Ref

(PDDA/GO)/PAN Congo red 0.1 Cross flow 99.9 5.84 5 [4]
(PEI-GO/PAA/PVA/GA)/PAN Congo red

Methyl orange
Not given Dead-end 99.5

87.6
0.84
0.96

5 [5]

(PEI)/PAN Congo red 0.1 Cross flow 97.1 25 2 [7]
(PS-PDMAEMA/PS-PMMA)3.5/PSF Congo red 0.1 Dead-end 98 11.6 3.45 [26]
(CMCNa/PEI)/PP hollow fiber Congo red 0.05 Cross flow 99.4 5.7 3 [27]
(PVA-TiO2-GA)/PVDF hollow fiber Congo red

Methyl orange
0.05 Cross flow 94

52.1
2
3.7

3 [28]

(GA/PVA/PAA)3/ceramic membrane Congo red 0.1 Tubular module >96 4.2 6 [29]
(GA/CMCNa/GA/PVA)/PSF Congo red 0.05 Cross flow 99.5 14.9 5 [30]
Commercial Sepro NF 2A
Commercial Sepro NF 6

Congo red
Congo red

0.1
0.1

Cross flow 99.96
99.93

9.6
13.2

6 [31]

(PEI/ALG)/PSF-SPES Congo red
Methyl orange

0.1 Dead-end 99.9
63.4

10
9.38

2 This work
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3.3. Antifouling property and stability of the membranes

The fouling tendency of the optimized NF membrane was tested
with BSA filtration for 15 h. Fig. 11 compares the change of normal-
ized BSA flux through a polyelectrolyte coated membrane and a
commercial polyethersulfone membrane both having a MWCO
value of 1 kDa. The commercial membrane shows a 20% decline
in flux over the course of the filtration, whereas the PEI/ALG coated
membrane exhibits a small decline (2% in 15 h). The antifouling
property of our membrane can be attributed to the hydrophilic
nature of ALG which provides an increment in passage of the water
molecules in the separation layer [37]. In addition, the Donnan
exclusion mechanism also plays a key role for the antifouling prop-
erty because BSA, which is negatively charged at pH 7, is strongly
repelled by the negatively charged outer layer of the membrane
[27]. Flux recoveries of our membrane and the commercial one,
after backwashing with water, were determined to be 92.5% and
87.5% respectively.

Zhao et al. [7] and Kang et al. [6] reported 35% and 65% flux
declines in 100 min and 50 min, respectively during 1 g/L BSA fil-
tration. A lower BSA flux decline (around 15% in 6 h) was observed
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in the study of Wang et al. [4], however, the BSA concentration
(0.5 g/L) was half of that used in other studies. Compared to the
performance of other polyelectrolyte membranes, the fouling ten-
dency of our membrane is much lower even though a dead end fil-
tration unit was used. For comparison, Zhao et al. [7] used cross
flow unit. Fouling occurs at a higher rate in a dead end filtration
unit than in a cross flow filtration mode.

The charge density of the polyelectrolytes and the ionic
strength of the solution determine the strength of interactions
between the polyelectrolytesand, consequently, the stability of
deposited layers. Salt counterions participate in charge neutraliza-
tion called extrinsic compensation when polyelectrolyte layers are
in contact with a salt solution. This phenomena is shown with the
following reversible ion exchange reaction [38]:

PolþPolm�+Naaqþ+Claq� () PolþClm�+Pol�Namþ ð10Þ

K ¼ y2

1� yð Þ NaCl½ � ¼
y2

NaCl½ �2aq

 !
y!0

ð11Þ

In these equations m refers to LbL deposited layers, K is the
equilibrium constant for this reaction and y refers to polyelec-
trolyte multilayers in extrinsically compensated form. At high salt
concentrations in solution, the extrinsic charge compensation
(PolþCl�m Pol�Naþm) becomes much more important than the intrin-
sic charge compensation (PolþPol�m) between polyelectrolytes as a
result of the increased charge screening along the polyelectrolyte
chain. Consequently, the conformational change results in the
formation of more coiled and loopy structures. This enhanced
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Fig. 13. The normalized flux and PEG 1000 rejection of the PEI/ALG coated membra
chain mobility, due to weaker electrostatic attraction between
polyelectrolytes, may cause detachment of layers [39,40]. The sta-
bility of the optimized membrane has been tested by soaking it in
1 M NaCl solution up to 14 days. As shown in Fig. 12, no change has
been observed in the PWP and PEG 1000 rejection of the mem-
branes during 2 weeks of storage period. The results demonstrate
excellent resistance to high salt concentration which can be attrib-
uted to strong electrostatic interaction between the layers as a
result of a high charge density of both the adsorbed and adsorbing
layer.

In addition to the salt stability measurement, chemical stability
has been also tested by storing the optimized membrane in an HCl
solution at pH 3. As illustrated in Fig. 13, the PWP of the membrane
did not change during the two weeks of storage in the HCl solution
and the PEG 1000 rejection decreased by only 17%. The stability of
the PEI/ALG coated membrane in acidic environment can be attrib-
uted to dense network formation between –COO� and –NH3

+ as a
result of ionic crosslinking. Lower pH values provide more H+ dif-
fusion into the membrane protonating the –NH2 to –NH3

+ on the
PEI [10].
4. Conclusion

In this study, a high flux NF membrane was prepared with a
MWCO value of 1 kDa, by coating a single bilayer of the polyelec-
trolytes PEI and ALG on a PSF/SPES UF support. This membrane
has demonstrated pure water permeability value significantly
above those exhibited by 1 kDa commercial membranes. In addi-
tion to the support membrane composition, the variation in pH
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and ionic strength of the polyelectrolyte solution can be used to
tailor the membrane performance, i.e., its permeability and rejec-
tion characteristics. Increasing the SPES content in the support
membrane results in a more permeable membrane. Adding salt
into the PEI solution covers the pores on the support surface more
effectively and improves the PEG 1000 rejection. In contrast, salt
addition into the ALG solution causes swelling of the chains and
reduces rejection. The highest permeable membrane prepared
rejects 99.9% of anionic dye molecules, Reactive red 141, Brilliant
blue G and Congo red at 2 bar, shows little flux decline during
BSA filtration, and exhibits excellent stability in high NaCl concen-
tration. In addition, performance during long-term storage in acidic
solution has not changed significantly indicating chemical
stability.

In order to obtain an NF membrane with a single bilayer poly-
electrolyte coating, we hypothesize that the following conditions
need to be fulfilled: (1) A tight UF membrane should be used as a
support. This can be easily prepared in a single step by controlling
the phase inversion kinetics by changing the casting and coagula-
tion bath conditions and requires no post treatment. (2) Salt should
be added into the first layer polyelectrolyte solution if the poly-
electrolyte does not swell significantly in the presence of salt. Add-
ing salt will favor surface segment interactions and will lead to
greater polyelectrolyte adsorption, i.e., more unbound free charge.
In addition, in the presence of salt, the surface roughness will be
higher which will increase the adsorption of the second polyelec-
trolyte. (3) The charge density of the polyelectrolyte solution,
which will form the second layer, needs to be high to achieve a
high degree of crosslinking. This will allow for thin layer formation,
which is advantageous for minimizing flux decline, and will
increase the stability of the layers in the presence of high salt con-
centration. (4) Salt should not be added into the second polyelec-
trolyte solution, in order to avoid thick and rough layer formation.

Compared to the previous polyelectrolyte coated membranes
tested for dye retention, high dye permeance, few layers, short
preparation time under dynamic conditions, no need for either pre-
treatment of the support/polyelectrolyte or post-treatment of the
assembly are considered to be the key advantages of the mem-
brane developed in this study. Furthermore, complete retention
of Congo red at a low pressure is observed, which is an important
economic issue. Diep et al. [26] coated cationic and anionic core-
shell star block copolymers on a commercial polysulfone support
in a layer-by-layer manner. After 3.5 bilayers coating, their mem-
brane displayed 98% rejection for Congo red at 3.5 bar with a
PWP of 11.6 L/m2�h�bar. The retention of Congo red by our mem-
brane is better than the commercial membranes Sepro NF 2A and
Sepro NF 6. 99.9% retention of Congo red by these membranes
was achieved at 6 bar [31] while we achieve the same rejection
at 2 bar. The commercial membranes are manufactured through
a complicated interfacial polymerization. In contrast, the bilayer
coated membrane developed in this study was fabricated through
a simple dynamic coating method without the need of a crosslinker
or activation of the support before coating.

The stability, high flux and antifouling properties, and ease of
manufacturing make our membrane a potential candidate not only
in the removal of dye molecules but also for the recovery of neu-
tral/charged low molecular weight (<1500) valuable compounds.
In future studies, the antifouling property of this membrane will
be examined with other foulants and the long-term of stability of
the layers will be tested in a cross flow module while in the pres-
ence of high salt concentration.
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