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ABSTRACT

Polyethersulfone (PES) membranes are extensively used as ultrafiltration (UF) membrane
owing to their superior thermal, mechanical, and chemical stability. However, commercial
PES membranes are more prone to fouling, which contributes to severe decline in permeate
flux with operation time. To improve the commercial PES UF membrane anti-protein fouling
properties, negatively charged functionalized multi-walled carbon nanotube (f-MWCNTs),
blended poly(sodium 4-styrenesulfonate) (PSS), and positively charged poly(diallyldimethy-
lammonium chloride) (PDDA) were deposited on 20 kDa PES substrate through spray-
assisted layer-by-layer (LbL) technique. Further cross-flow UF tests were conducted with
bovine serum albumin (BSA) as model protein. The total flux loss results show that surface-
modified PES membranes are less susceptible to protein fouling by one-hour BSA filtration.
Moreover, flux recovery ratios show that 20-min de-ionized (DI) water flushing is effective to
restore water flux of the prepared membrane without aggressive chemical cleaning. Based on
the experimental results, the excellent anti-fouling properties render the prepared mem-
branes suitable for recycling utilization.
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1. Introduction

Ultrafiltration (UF) is a pressure-driven membrane
process to retain macromolecules or high molecular-
weight compounds, excluding bacteria and viruses. It
is characterized by low energy consumption, high

water output, compact installation, and easy automa-
tion [1]. To date, UF is considered as one of the prom-
ising alternative in water reclamation to produce
qualified and drinkable water [2].

In spite of many advantages, flux decline resulted
from membrane fouling is the most serious and inher-
ent obstacle for the efficient application of UF process
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[3]. UF membrane fouling can be generally catego-
rized into two types: (1) macrosolute adsorption,
which is usually irreversible, adhesive fouling and (2)
cake formation, which is often reversible, nonadhesive
fouling [4]. Cake formation is easily overcome by
water flushing or back washing [5]. In contrast, irre-
versible fouling exhibited a marked dependence on
membrane surface chemistry, such as roughness, elec-
trostatic charge [6]. Aside from other foulants, protein
fouling is a critical problem for UF process and
widely reported [7–10]. In protein fouling mechanism
studies, bovine serum albumin (BSA) is often chosen
as a model protein [11].

Among various surface modification methods,
layer-by-layer(LbL) approach is a versatile technique
to enable fine control and tunable fabrication of thin
multilayer made of diverse components, such as
polymers, small molecules, and inorganic materials
without the constraints [12]. The LbL approach encom-
passes deposition on a substrate in sequences of alter-
nating charge or other secondary interactions [13].
Spray-assisted LbL technique surpasses the conven-
tional dip-coating LbL method for the reason that it is
suited for a large-scale production and time and mate-
rial savings without affecting the coated layer’s quality
[14]. Polyelectrolyte, which is frequently used in LbL
process, is a water-soluble polymer and dissociates in
aqueous solutions making the polymers charged
(polysalts) [15]. The polyelectrolyte polymer chain
exists in an almost fully extended, rodlike configura-
tion in the absence of salt in solution [16], therefore,
the roughness of substrate modified by polyelectrolyte
will be mitigated by polyelectrolyte multilayer deposi-
tion [17], then influence the adhesion of foulants.

Previous studies have proven that multi-walled
carbon nanotubes (MWCNTs) have an exceptionally
high aspect ratio in combination with low density,
high strength, and stiffness, which makes them a
potential candidate as an effective reinforcing additive
in polymeric materials [18]. However, raw CNTs’
physical properties, such as small diameter in nano-
meter scale with high aspect ratio (>1,000), extremely
large surface area, and heavily entangled bundles
result in CNTs processing difficulties and poor interfa-
cial interaction between CNTs and polymer matrix
[19]. The functionalization process is necessary for
CNTs to disentangle, open up the tubes, remove the
impurities during chemical vapor deposition process,
and provide functional groups (carboxyl and hydroxyl
groups) on CNTs tips and sidewalls [20]. Poly(sodium
4-styrenesulfonate) (PSS) is a facile and effective poly-
mer to assist in the dispersion of f-MWCNTs in aque-
ous solutions [21], consequently, incorporation of
f-MWCNTs into PSS solution imparts the enhanced

negative charge density to PSS layer, hence, increase
electrostatic repulsion of anionic foulants.

Polyelectrolyte multilayer membranes were pre-
pared and used for ion separation, organic removal, and
solvent resistant nanofiltration [22]. However, limited
studies have been conducted to explore polyelectrolyte/
f-MWCNTs membranes in water treatment and their
anti-protein fouling tests. In this study, f-MWCTNs’
blended polyelectrolyte membranes are fabricated via
spray-assisted LbL technique; attempts will be made to
explain the anti-protein fouling properties results from
surface property changes after bare Polyethersulfone
(PES) membrane surface modification.

2. Experimental

2.1. Materials

The PES substrate (PES20, 20,000Da) was obtained
from AMFOR INC., USA. MWCNTs were purchased
from Hanwha Nanotech. Co. Ltd., Korea. PSS (Mw
=70,000Da, powder, Sigma-Aldrich, USA) and poly
(diallyl-dimethylammonium chloride) (PDDA, Mw
=100,000–200,000Da, 20wt% in H2O, Sigma–Aldrich,
USA) were used as received. BSA (Mw=68,000Da)
with isoelectric point (IEP) at pH 4.7–4.9 was provided
by Roche, Switzerland. De-ionized (DI) water (Milli-Q,
18.2MXcm) was used for rinsing and solutions prepa-
ration.

2.2. Functionalization of MWCNTs

MWCNTs functionalization method was described
elsewhere [23,24]. The morphology of functionalized
MWCNTs (f-MWCNTs) was analyzed by transmission
electron microscopy (TEM, JEM-2100, JEOL, Japan)
and the functional groups on MWCNTs were detected
by fourier transform spectroscopy (FTIR-460 plus,
JASCO, Japan).

2.3. Polyelectrolyte multilayer membrane fabrication and
characterization

The f-MWCNTs were added to 20% (v/v) ethanol
aqueous solution and ultrasonicated for 30min, then
PSS aqueous solution was mixed with MWCNTs solu-
tion to form 1mg/mL homogenous PSS solution with
1% (CNT/polymer w/w) MWCNTs content with the
aid of another 10min ultrasonication. 1mg/mL PDDA
aqueous solution was prepared by spiking the PDDA
polymer into DI water. Both PSS and PDDA aqueous
solution were prepared without adjusting the pH for
the reason that both polymers are strong polyelectro-
lytes and can be fully ionized in a wide pH range [17].
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Prior to deposition process, the PES substrates
were soaked in 25 �C DI water for 24 h as recom-
mended by the supplier to fully remove the wetting
agent of the membrane, during which the water was
replaced every three hours. The pretreated PES
membrane was mounted on a holder so that only one
side of PES membrane contacted with the spraying
solution.

The fabrication of polyelectrolyte multilayer
membrane via spray-assisted technique was fulfilled
under 20 psi of compressed air by spray pistol (GP-1,
0.35mm nozzle diameter, Fuso SEIKI Co., Ltd., Japan),
the scheme is illustrated in Fig. 1. The process
repeated n cycles, that is, n bilayers of PSS/
MWCNTs-PDDA thin film were formed on the PES
membrane. Spraying was initiated by PSS/MWCNTs
on the PES substrate through hydrogen bonding,
hydrogen-hydrogen, and hydrophobic interactions
[25,26], the positively charged PDDA interact with
PSS/MWCNTs layer via electrostatic and van der
Waals forces [25]. All the membranes are freshly
prepared before use.

Roughness of membranes was measured by atomic
force microscope (AFM, XE-100, PSIA, Korea) in a
contact mode with a scan size of 2 lm� 2lm.

2.4. Anti-fouling UF test

UF test was carried out by homemade cross-flow
filtration test unit equipped with temperature
controller, operating flow rate meter, and pressure
gage. All the membranes were stabilized at transmem-
brane pressure (TMP) of 0.41Mpa for 4 h, then the
pressure was adjusted to 0.35Mpa operating TMP. In

order to evaluate the membrane anti-fouling proper-
ties, water flushing at a flow rate of 36L/h for 20min
was followed by 1mg/mL BSA aqueous solution
filtration performed at 25 ± 1˚C for 1 h, the pH was
maintained by 10mM phosphorus buffer at pH 7.

The water flux of virgin membrane (Jwv), fouled
membrane (Jpf) after one-hour BSA filtration, and
cleaned membrane (Jwp) after water flushing were
determined using

J ¼ V

ADt
ð1Þ

where V is the volume of permeated water (L), A is
the effective membrane area (1.856� 10�3m2), and 4t
is the permeation time (h). At the same time, the flux
recovery ratio (FRR) and total flux loss Rt, which are
assumed to be measured for fouling resistance nature
of membrane [27], are calculated using the formula:

FRR ð%Þ ¼ Jwp

Jwv

� �
� 100% ð2Þ

Rt ð%Þ ¼ Jwv � Jpf
Jwv

� �
� 100% ð3Þ

The BSA rejection R was calculated by

R ð%Þ ¼ 1� Cp

Cf

� �
� 100% ð4Þ

where Cp and Cf are the concentrations of BSA in the
feed and permeate, respectively.

I. Spraying process DII. eposition process 1-III. bilayer membrane

na cycles

(bilayers)

Layer 1 PSS/MWCNTs Wait Rinse by DI Dry

Layer 2 PDDA Wait Rinse by DI Dry

t1=15s t2=60s t3=30s t4

Spraying time(Sec)
a The prepared membrane denoted as PES-(PSS/MWCNTs-PDDA)n, n=3.5 and 6.5

Fig. 1. Scheme for the fabrication of polyelectrolyte multilayer membrane via spray-assisted technique.
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3. Results and discussion

3.1. Characterization of functionalized MWCNTs

The FTIR spectrum of functionalized MWCNTs is
shown in Fig. 2. The absorption band at around
3,416 cm�1 is assigned to –OH group [28], whereas,
bands at 1,713 and 1,647 cm�1 are attributed to C=O
stretching vibration [29,30]. The peak around 1,563
and 1,214 cm�1 indicate the C=C ring stretching of
MWCNTs and –C–O group [31,32], respectively. The
FTIR spectrum confirms that MWCNTs are functional-
ized with hydroxyl and carboxylic groups after
chemical modification by mixed acid.

TEM images show the morphology changes of the
MWCNTs before and after functionalization (Fig. 3). It

is obvious for raw commercial MWCNTs that entan-
gled and coiled ropes of nanotubes are observed.
After functionalization, the lengths of MWCNTs are
shortened to �400 nm with both tips open, and the
functionalized MWCNTs are well dispersed in aque-
ous solution with the assist of ethanol.

3.2. Membrane characterization

AFM results (Fig. 4) clearly indicate the morpho-
logical changes of bare PES membrane before and
after surface modification. PES membrane surface
deposition by polyelectrolyte/MWCNTs on the mem-
brane surface results in a smoother surface than the
bare PES membrane, the PES-(PSS/MWCNTs-PDDA)
6.5 membrane exhibited the least roughness compared
to other membranes.

3.3. Anti-fouling UF

Since UF is a pressure-driven process, Fig. 5 dem-
onstrates the linear relationship between pure water
flux of membrane and TMP. Meanwhile, with more
bilayer deposition on PES substrate, the flux decrease
accordingly, which suggests the successful deposition
of the polyelectrolyte multilayer on PES substrate.

The membrane anti-fouling properties are exam-
ined by total flux loss Rt and flux recovery ratio
(FRR). After 6.5 bilayer deposition, Rt decreases from
64% for bare PES membrane to 28%, in addition, the
FRR of 88% is obtained comparing to 51% for unmod-
ified PES membrane (Fig. 6). This result is consistent
with earlier studies on improved anti-fouling proper-
ties by PSS-modified PES membrane [27].

Fig. 2. The FTIR spectrum of f-MWNCTs.

Fig. 3. TEM images of (a, b) raw MWCNT and (c, d) functionalized MWNCT.
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To further differentiating parameters contributing
to the total flux loss Rt and FRR, the revisable (Rr)
and irreversible (Rir) ratios are introduced and defined
using the following equation:

Rr ¼
Jwp � Jpf

Jwv

� �
� 100% ð5Þ

Rir ¼
Jwv � Jwp

Jwv

� �
� 100% ð6Þ

The increasing number of bilayer gives rise to sig-
nificant reduction in the irreversible ratio and a slight
increase in the reversible ratio and rejections (Table 1).

Basically, the rejection of BSA is governed by size
exclusion due to the molecular weight of BSA being
much larger than the MWCO of the tested membrane.

Interactions between charged foulants and the mem-
brane can be reduced by enhancing electrostatic repul-
sion through altering the membrane surface charge
[33]. The introduction of the negatively charged f-
MMWCTs in the polyelectrolyte multilayer exerts
enhanced negative charge density on the membrane
surface, BSA is also negatively charged under operat-
ing pH 7 as the pH is higher than IEP. Thus, the pre-
pared membrane surface leads to indirect contact or
loosely BSA adhesion. On top of that, AFM images
display a smoother surface after deposition, which is
beneficial for anti-fouling [34]. Hence, Fig. 6 and
Table 1 show as the deposition layer increases, the
higher Rt, Rir, and FRR can be achieved. The increased
rejection for BSA can be explained by size exclusion
and charge repulsion.

Ra=9.296nm 
(a)

Ra=7.266nm

(b)
Ra=4.716nm

(c)

Fig. 4. Tapping mode AFM images of the prepared membranes (a) bare PES membrane, (b) 3.5 bilayer deposition, and (c)
6.5 bilayer deposition.

Fig. 5. Pure water flux of the polyelectrolyte multilayer
membranes as a function of the TMP.

Fig. 6. Flux loss and recovery of the prepared membranes
for anti-fouling test (average results and standard
deviation of two replicates are reported).
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4. Conclusion

According to the experimental results, the follow-
ing conclusions can be drawn:

(1) PES-polyelectrolyte/MWCNTs membrane was
prepared through spray-assisted layer-by-layer
technique, which is versatile, time-saving, and
promising for large-scale productions.

(2) 3.5 and 6.5 bilayer deposition of polyelectrolyte/
MWCNTs on PES substrate render the membrane
with excellent anti-protein fouling and flux recovery
properties. The membranes are expected to be uti-
lized in a recycling way by simple water flushing.

(3) Further membrane characterization and anti-bac-
terial properties of the prepared membrane need
to be studied.

Nomenclature

A — effective membrane area

BSA — bovine serum albumin

Cf — concentration of BSA in the feed

Cp — concentration of BSA in the permeate

f-MWCNTs — functionalized MWCNTs

FRR — flux recovery ratio

IEP — isoelectric point

Jpf — water flux of fouled membrane after
one-hour BSA filtration

Jwp — water flux of cleaned membrane after
water flushing

Jwv — water flux of virgin membrane

LbL — layer-by-layer

MWCNTs — multi-walled carbon nanotube

PDDA — poly(diallyldimethyl-ammonium
chloride)

PES — polyethersulfone

PSS — poly(sodium 4-styrenesulfonate)

R — BSA rejection

Rir — flux irreversible ratio

Rr — flux revisable ratio

Rt — total flux loss

TMP — trans membrane pressure

UF — ultrafiltration

V — volume of permeated water

Dt — permeation time
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