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ABSTRACT

Poly(sodium-4-styrenesulphonate) (PSS) and poly(diallyldimethylammonium chloride) have
been employed to construct polyelectrolyte multilayers on a polyethersulphone substrate for
use in the nanofiltration of humic acid. Self-synthesised Ag,O and commercial ZnO
nanoparticles were incorporated into the multilayers separately, showing increases in the
permeability from 7.53 +1.83 to 8.39 = 1.37 and 8.62+1.03L m >h ™' bar ', respectively,
with no significant leaching observed in the permeates. All polyelectrolyte-modified mem-
branes exhibited good film-formation stabilities and high humic acid retention capabilities,
which ranged from 93.14 + 2.43 to 95.57 + 3.87%. Less humic acid solutes were deposited
onto the surface of the polyelectrolyte-modified membrane, which was confirmed through
field emission scanning electron microscopy images. The contact angle was reduced from
44.00 + 3.46° to 39.10 + 3.47° when the membrane surface was hydrophilised with PSS as the
terminating layer.

Keywords: Nanoparticles; Self-assembly; Nanofiltration; Polyelectrolytes; Humic acid;
Selectivity

1. Introduction and wastewater, which could affect the performance
of membrane filtration systems [1]. Its presence in
potable water filtration systems can also contribute to
the formation of hazardous materials such as tri-
halomethanes [2]. Nanofiltration (NF) is the preferred
*Corresponding author. process for the partial removal of NOM and divalent

Natural organic matter (NOM) has been recognised
as one of the main foulants present in surface water
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salts from water filtration systems [3], owing to its
moderate operating pressure and effective perfor-
mance, as it involves a combination of size exclusion
and the Donnan effect [4]. Deposition of organic
materials such as NOM onto a membrane surface
is favoured, because of hydrophobic interactions
between the solutes and the membrane surface [5],
which will reduce the number of open membrane
pores, thus minimising the membrane solution flux
and lifespan. This phenomenon can be minimised
through membrane surface modification, which
enhances the membrane surface hydrophilicity and
solute retention capability.

Inorganic nanoparticles have previously been
studied in terms of their outstanding properties, such
as antimicrobial properties [6,7], owing to their high
surface-area-to-volume ratios. This has encouraged the
incorporation of nanoparticles into fabrics, polymers,
and composites [8] for wider applications. Nanoparti-
cles have also been studied for water treatment
processes, which normally involve water filtration
membranes [9,10]. Many types of nanoparticles have
previously been studied, including silver bromide, sil-
ver chloride, zinc oxide [11], and so forth, to improve
membrane effectiveness in preventing biofouling [12].

Inorganic nanoparticles can vary membrane proper-
ties through the blending method, but this method
requires an excessive amount of nanoparticles to be
distributed over the whole membrane matrix, which
causes a higher nanoparticle leaching rate [13]. In fact,
incorporation of nanoparticles onto the membrane sur-
face alone is sufficient to provide the membrane with
the desired properties, especially antimicrobial activity,
because of its direct impact on the micro-organism
through the long-lasting contact time [13] and it
requires a lower amount of nanoparticles, thus reduc-
ing production costs. However, challenges still need to
be overcome in terms of incorporation methods and
finding appropriate materials. Thus, this is the subject
of the current study.

Poly(sodium-4-styrenesulphonate) (PSS) and poly
(diallyldimethylammonium chloride) (PDADMAC)
multilayers are suggested in this work to incorporate
inorganic nanoparticles into a polyethersulphone
(PES) membrane surface through static deposition.
Polyelectrolytes with high charge densities have been
suggested to be used as “electrostatic glue” for the
assembly of colloidal nanoparticles [14], forming a
tight complex and, therefore, a better separation capa-
bility in an environmentally friendly way. It offers
selective ion transport, originating from the multi-
bipolar structure of the separating membrane; thus,
rejection of multivalent ions is expected to be higher.
This work also observed the distributions of inorganic
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nanoparticles in polyelectrolyte multilayers through
energy dispersive X-ray analysis, which was carried
out in mapping mode. Stability of the polyelectrolyte
multilayers is an important aspect in membrane
applications, but is often neglected. Thus, this work
also studied the leaching behaviours of nanoparticle
and polyelectrolyte-modified membranes through
inductively coupled plasma (ICP) and UV absorbance
analyses.

2. Materials and methods
2.1. Materials

NF1 (a commercial PES NF membrane, with an
MgSO, retention of approximately 98% when using a
solution of 2,000 mg/L at 10.34 bar and 25°C through
pilot-plant testing) and PES20 (a commercial PES
ultrafiltration (UF) membrane with a nominal molecu-
lar weight cut-off of 20,000 g mol™') were purchased
from Amfor Inc.,, China. PSS and PDADMAC solu-
tions, with an average molecular weight of 1,000,000
and 400,000-500,000 g mol ™', respectively, were pur-
chased from Sigma-Aldrich. Humic acid, polyethylene
glycol (PEG), and ZnO nanoparticles (50-140 nm)
were supplied by Sigma-Aldrich. NaOH, NaCl,
AgNO;, NaySO,; and MgSO, were purchased from
Merck and used without further purification. Ag,O
nanoparticles were prepared by adapting a previously
reported method, using PEG as a reducing and sta-
bilising agent [8]. PEG solution was used to facilitate
the reduction reaction and to prevent agglomeration
of the nanoparticles [8].

2.2. Membrane modification method

Low thermal treatment at 50°C was employed on
commercial PES20 membranes [15] for 17.07 min,
using a forced-air convection oven (Froilabo, France)
to avoid membrane degradation, which was followed
by the deposition of PDADMAC/PSS layers [16,17].
PSS solution was combined with 0.1 wt% of the
nanoparticles to minimise the effect of agglomeration
[18] and to produce polyelectrolyte layers containing
the nanoparticles (see Table 1).

2.3. Analysis of the water permeability

The membrane water flux (/) was determined by
reverse osmosis with water at room temperature using
a Sterlitech HP4750 stirred cell and calculations using
Eq. (1) [19], in which V is the volume of water (L), S
is the membrane surface area (m?), and f is the time
interval (h). ICP analyses were conducted on the
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Membrane label description and associated water permeability

Membrane Base Water permeability
label membrane  Modification Lm2hbar?)
A NF1 Unmodified membrane 7.90 + 2.39
B PES20 Unmodified membrane 135.23 + 7.64
C PES20 2 bilayers of PDADMAC/PSS 7.53 +1.83
D PES20 2 bilayers of PDADMAC/PSS. PSS layers were incorporated 8.39 + 1.37
with Ag,O nanoparticles
E PES20 2 bilayers of PDADMAC/PSS. PSS layers were incorporated 8.62 = 1.03

with ZnO nanoparticles

samples collected from the retentate and permeate (for
Membrane D and Membrane E, respectively) in order
to observe the leaching behaviours.

J=V/(Sxt) )

2.4. Solute-retention analysis

NaCl, MgSO,, and NaySO, single-salt solutions
(100 ppm each) and humic acid solution (10 ppm)
were used for solute retention analysis. In fact, mixed-
salt solutions can provide higher salt retention results
and require a minimal number of experimental runs
compared to single-salt solutions [20], but complica-
tions then accrue in determining the membrane
rejection or selectivity towards each single salt in the
mixed-salt solution [16]. Thus, the current work
employed single-salt solutions for all retention analy-
ses. A stirring rate of 1,000 rpm was employed during
the permeation test at 5 bar in order to collect about
100 mL of the permeated samples, but the stirring
effect is neglected [21] and not explored further. The
salt and humic acid permeate concentrations (C,) were
determined wusing electrical conductivity measure-
ments [21] and UV absorbance analyses at a wave-
length of 254 nm [22], respectively. The retention
percentages (Rops%) were calculated using Eq. (2) [19],
in which C is the feed concentration:

Rops% = (1 — C,/Cy) x 100% @

2.5. Nanoparticle and membrane characterisation

The X-ray diffraction (XRD) pattern of the self-syn-
thesised Ag,O particles was analysed using a Bruker
D8 Advance Instrument (Germany). A transmission
electron microscope (CM 12 Philips model, Nether-
lands) was used to image and measure the sizes of the
nanoparticles. A Nano series Zetasizer instrument was

employed to obtain the size distributions of the
nanoparticles in order to describe the sizes of the
nanoparticles in bulk quantities. The membrane sur-
faces were examined using a field emission scanning
electron microscope (Gemini model SUPRA 55VP-
ZEISS). In addition, energy dispersive X-ray (EDX) ele-
mental analyses were conducted in mapping mode,
using an INCA instrument (supplied by Oxford) to
investigate the dispersion patterns of nanoparticles in
the polyelectrolyte multilayers. Membrane surface con-
tact angles were measured using a Drop Shape Analy-
sis System goniometer (model DSA100, Kruss GmbH,
Germany), as described elsewhere [19]. UV absorbance
measurements were conducted on the samples
collected from permeates and retentates. Traces of
polyelectrolytes were then evaluated.

3. Results and discussion

3.1. Zeta potential and size distribution analyses of the
nanoparticles

XRD results confirmed that Ag,O nanoparticles
were successfully synthesised with high crystallinity,
and traces of pure silver nanoparticles (approximately
2.3%) were also present in the samples (Fig. 1). Similar
XRD patterns for silver and silver oxide have been
reported elsewhere [23]. The approximate sizes of the
Ag,O and ZnO nanoparticles, obtained by direct
measurements using a TEM device and computational
software, were <20 nm. Size distribution analysis using
a dynamic light scattering process measured the
Brownian motion and related this to the size of the
particles by illuminating the particles with a laser and
then analysing the intensity fluctuations in the scattered
light. The average agglomerate sizes of the Ag,O and
ZnO nanoparticles were measured as 76.38 and 195 nm,
respectively. Dispersions of the nanoparticles are
dependent on nanoparticle surface charges. When the
surface charge density is high, nanoparticles possess
the capability to repel particles in their surroundings
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Fig. 1. XRD analysis for silver oxide nanoparticles.

with that same charge, thus minimising agglomeration.
Zeta potential measurements showed that Ag,O
nanoparticles exhibit an average zeta potential value of
-32.9 mV, which makes the Ag,O nanoparticles more
negatively charged than ZnO nanoparticles (-1.86 mV).

3.2. Dispersion of nanoparticles within polyelectrolyte
multilayers

Fig. 2(a) and (b) verifies the presences of silver and
zinc elements within the polyelectrolyte layers
(marked with red dots). EDX analysis in mapping
mode confirmed the good dispersion of the nanoparti-
cles across the membrane surfaces, with only few
unavoidable agglomerations [19]. The employment of
negatively charged PSS as a dispersion medium
for the nanoparticles was aimed at minimising
the agglomerations. However, the strong ionic attrac-
tions between polycations and negatively charged
nanoparticles inevitably induce the formation of larger
agglomerates within the multi-layered system. This
reduced the permeation of the nanoparticle agglomer-
ates through the porous PES substrate.

Field emission scanning electron microscopy
(FESEM) verified that the particle/agglomerate sizes
were in the range of 40-50 and 100-170 nm for Ag,O
and ZnO nanoparticles, respectively. The estimated
sizes are close to those obtained through the size
distribution analysis, as discussed. The agglomeration
of nanoparticles becomes one of the most significant
limiting factors in the incorporation of nanoparticles
into polymeric membranes, whether through blending
or deposition methods, owing to surface interactions
such as van der Waals forces, overlap of the electrical
double layer, steric interaction of adsorbed polymer,
and hydration forces [24].
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3.3. Analysis of the water permeability

Membrane B displayed the highest water
permeability, owing to its porous structure and high-
molecular weight cut-off value, which has been
estimated commercially (Table 1). The current work
employed Membrane B as a porous substrate for the
surface modification in order to produce membranes
with a similar pure water flux to the commercial NF1
membrane. The water permeability for the modified
membrane was lower, as displayed by Membrane C,
owing to the increase in the total membrane resistance
[25] and possible deposition of polyelectrolyte mole-
cules within the pores of the porous membrane [26].
The permeability of Membrane C was similar to that
of the commercial NF1 membrane (Membrane A), but
it improved slightly in the presence of nanoparticles
(Membrane D and Membrane E), owing to the forma-
tion of nanosized gaps around the nanoparticles from
the poor compatibility of the inorganic nanoparticle
surface and the polymer, which prevented the poly-
mer chains from closely contacting the inorganic
nanoparticles [27]. The formation of nanosized gaps
increased the membrane porosity and encouraged the
permeation of water molecules. However, this could
contribute to the lower membrane retention capability,
as seen from the salt retention results.

3.4. Nanoparticle and polyelectrolyte leaching studies

ICP analyses (Table 2) showed that neither Ag,O
nor ZnO were detected in the blank or permeated
samples, which postulated that no nanoparticles had
permeated through the polymeric membranes when
pressure was applied. However, extremely low con-
centrations of Ag,O and ZnO were detected (less than
1 ppm) in the retentate samples when employing
Membrane D and Membrane E. This showed that the
incorporation of nanoparticles into the polyelectrolyte
multilayers minimised the leaching of the nanoparti-
cles into the permeate streams. The formation of tight
complexes between the polycations and polyanions
successfully prevented the leaching of nanoparticles
into the permeate streams during the filtration pro-
cess. In addition, agglomerates formed between the
negatively charged nanoparticles and polycations,
which also helped to minimise the leaching through
the membrane permeate stream. However, some of
the formed aggregates on the membrane surface will
contribute to a higher resistance in the fluid vortex,
which possibly contributes to the formation of
turbulence in the flow, thus contributing to the leach-
ing of the aggregates from the membrane surface.
Ways to improve the stability of nanoparticles that are
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Fig. 2. EDX analysis conducted in mapping mode on (a) Membrane D and (b) Membrane E.

Table 2
Analysis of the samples collected during the water
filtration processes using Membrane D and Membrane E

Concentration

Sample label  (mg/L) Description

Blank solutions

Ag,O <0.01 Not detected

ZnO <0.01 Not detected

Membrane D

Retentate 0.02 Extremely low
concentration of Ag,O

Permeate <0.01 Not detected

Membrane E

Retentate 0.02 Extremely low
concentration of ZnO

Permeate <0.01 Not detected

incorporated within the polyelectrolyte multilayers on
a membrane surface require further investigation in
order to minimise the leaching of nanoparticles into
feed samples. This is important to ensure that the
modified membranes have consistent membrane per-
formances for extended application durations.

As the stability of polyelectrolyte multilayers
depends mostly on the charge density of the polyelec-
trolyte itself [28], a good film stability is expected
when highly charged polyelectrolytes are employed.
Standard curves of polycations and polyanions were
obtained at wavelengths of 250 and 320 nm, respec-
tively. Both curves displayed high linearity with
regression greater than 0.99. A negligible amount of
polyelectrolyte was confirmed to be present in perme-
ate (<0.0005 wt%) and retentate (<0.0006 wt%) sam-
ples, which showed stable and good film formation
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properties. Employment of polyelectrolytes with large
molecular weights (MWs) is also important in order to
prevent the polyelectrolytes from passing through the
polymeric substrate [29], which has been verified in
this work. Large molecular weight polyelectrolytes
demonstrated good pore-sealing characteristics and
minimised the number of bilayers required to produce
membranes with good retention capabilities.

3.5. Membrane retention capability

Membrane A typically showed high rejection
towards all salt solutions, whereas the unmodified,
commercial PES20 membrane (Membrane B) showed
extremely low rejection towards all salt and humic
acid solutions, owing to its porous structure (see
Fig. 3). Deposition of polyelectrolyte multilayers
improved the Na,SO; salt rejection from 23.6 to 85.8%
(Membrane C), making it about four times higher than
the unmodified UF membrane (Membrane B), owing
to the presence of excessive charges in the membrane
separation layers, which enhanced the effective mem-
brane repulsion capability towards the permeating
ions [30]. Rejections between salt ions can also be
attributed to differences in hydrated ion sizes or salva-
tion energies [31]. However, in the presence of Ag,O
and ZnO nanoparticles (Membrane D and Membrane
E), the salt-ion retention capability was slightly
affected by the improved membrane porosity. Mem-
branes with higher porosities will impose lower
restrictions on the permeation of salt ions in addition
to the water molecules. This can be verified through
the improved water permeability but lower salt-ion
retention capability that is observed (Membrane D
and Membrane E) compared to the membrane modi-
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Fig. 3. Membrane rejection capabilities for various salts
and humic acid.
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fied using polyelectrolyte multilayers (Membrane C).
Humic acid retention for Membrane B was improved
by more than 10% when the membrane surfaces were
modified through the deposition of polyelectrolyte
multilayers, which is much better than previous work
[32], owing to a better size exclusion mechanism.
Incorporation of nanoparticles into the polyelectrolyte
multilayers slightly reduced membrane retention
towards humic acid (about 2%) because of the
increased membrane porosity [12]. However, humic
acid retention for all of the modified membranes was
comparable to the commercial NF1 membrane, but the
modified membranes showed lower restrictions to the
passage of salt ions. This modification method offers
the possibility to produce a NF membrane with a
similar pure water flux and good retention towards
large organic molecules, while exhibiting a lower
tendency to be fouled by salt-ion scaling on the
membrane surface. However, further investigation is
required to prove this postulation.

Fig. 4 shows the selectivities of various salts over
humic acid for each of the membranes. Membrane B
showed no significant difference in selectivities for the
various salts over humic acid. Membrane C, with
polyelectrolyte multilayers, exhibited better selectivi-
ties for various salts over humic acid compared to the
unmodified NF1 membrane (Membrane A), owing to
better pore sealing and size exclusion effects [33,34].
The enhanced selectivities for polyelectrolyte-modified
membranes, especially for the selectivities of NaCl/
humic acid, could be a direct result of the increased
charge density and thus electrostatic interactions [35]
between the membrane surface and the solutes.
Humic acid is known to be a negatively charged
solute for most solution pH values [36]. Thus,

I sclectivity of NaClHA
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Fig. 4. Selectivities of various salts over humic acid.
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deposition of the humic acid solutes onto the PSS High water permeability resulted in an increased
layer on the surface of a modified membrane is min-  deposition rate of the solutes onto the membrane sur-
imised. This is in good agreement with the current face during rejection testing. The higher permeation
observation. rate of water molecules encourages more humic acid
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Fig. 5. Humic acid deposition onto the membrane surfaces, as visualised by FESEM.
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Fig. 6. Surface contact angles of modified and unmodified
membranes.

solutes to come closer to the membrane surface
pores. The pores of the membrane act as a separating
barrier, hindering the solutes from passing through
the membrane pores. This contributes to the higher
deposition rate of humic acid solutes onto the mem-
brane surface, as observed on Membrane B. Good
control of the membrane surface characteristics is
important in minimising the deposition of solutes.
The formation of polyelectrolyte multilayers, prefer-
ably with a negatively charged surface, can possibly
reduce the solute deposition phenomenon observed,
owing to an improved repulsion capability [37]. In
addition, lower water permeation through the pores
of modified membranes also reduces the number of
humic acid solutes that come closer to the membrane
surfaces, which minimises the amount of humic acid
solutes deposited onto the membrane surface. The
membrane with polyelectrolyte layers (Membrane C)
showed relatively stable fluxes with reduced deposi-
tion of humic acid onto the membrane surfaces (see
Fig. 5). The lower surface contact angle after deposi-
tion of the PSS layer also minimised the deposition
of humic acid particles onto the surface of the
modified membrane (see Fig. 6), owing to improved
surface wettability and self-cleaning effects [38].
Improved membrane surface wettability has been
reported to minimise the adhesion of the solutes on
the membrane surface [37].

4. Conclusion

In conclusion, the modified membranes in the cur-
rent work showed a promising way to increase the
retention capability of humic acid in water resources,
while having better selectivity towards salt ions com-
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pared to the commercial NF membrane. This can
extend the membrane lifespan by reducing membrane
fouling, which is caused by salt-ion scaling. Incorpora-
tion of the nanoparticles within the polyelectrolyte
multilayers improved the water permeability, while
having humic acid retention similar to that of the
commercial membrane (Membrane A). The polyelec-
trolyte-modified membrane showed decreased deposi-
tion of humic acid on the membrane surface, owing to
the improved hydrophilicity and the Donnan effect.
Based on these results, the polyelectrolyte-modified
membranes in this study could be used in the
pretreatment of potable water, in which the fractiona-
tion of the salt-ion mixture is desired, in addition to
the partial removal of humic substances from water
resources. Fewer humic acid molecules deposited onto
the  polyelectrolyte-modified =~ membrane surface
suggests that the current modification method can be
used to develop a new kind of membrane with
antifouling properties.
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List of symbols

Ct _ feed solution concentration (ppm)

Co — permeate solution concentration (ppm)
i _ water or solution flux (L m 2 h™")

Rops _ observed solute rejection (%)

S _ surface area of membrane (m?)

t _ time interval (h™")

|4 _ volume of solution (L)
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