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ARTICLE INFO ABSTRACT

The trade-off relationship between permeability, selectivity, and antifouling capability of nanocomposite
membranes is the focal point of effective membrane technology. This study introduces a new gold nano-
composite membrane with enhanced antifouling behavior and permeability, as well as improved rejection
capability for water treatment. Different (0.5, 1 and 2 wt%) concentrations of citrate-stabilized (coating) gold
nanoparticles (CT-GNPs) having a core size of 50 nm were embedded into the polysulfone (PSF) membranes by
the phase inversion method, resulting in alterations on PSF membrane performance. The intrinsic physico-
chemical properties and operational ability of all gold nanocomposite membranes were evaluated with regard to
the self-cleaning, flux and selectivity criteria for water purification process. The PSF/0.5% GNPs demonstrated
the optimal pore structure, morphology, and electrochemical surface properties among the gold nanocomposite
and pure PSF membranes. The negative surface charge and the super hydrophilic functional group of CT-GNPs
enhanced the permeation (at least three times in comparison with pure PSF membranes) and rejection ability of
nanocomposite membranes. In addition, CT-GNPs showed digestive behavior towards humic acid (HA), a natural
foulant, that significantly enhanced the antifouling ability (FRR = 95%) of the gold nanocomposite membranes
by degrading the HA formed cake layer on the membrane surface and fragmenting the large HA aggregates that
blocked the pores. The degradation of HA compounds by the embedded CT-GNPs occurred during the filtration
process at room temperature and under the regular visible light. The stability of embedded GNPs into the
polymeric matrix of membranes was evaluated at static and dynamic conditions for several days, and no release
of CT-GNPs was observed.
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1. Introduction membranes. The effectiveness of nanoparticles as the modifier agent

relies on concentration, dispersion and physicochemical properties of

The scarcity of water resources and the increasing rate of water
contamination by humans and industrial wastes have highlighted water
and wastewater purification as a major global issue for all countries
[1,2]. The Membrane technology as a promising solution for water
treatment has shown incredible performance due to the low cost of
fabrication, reliability, flexibility, and replicability of the process [3].
Nanocomposite membranes, as the new generation of polymeric
membranes, have shown the potential properties to minimize the lim-
iting factors that have held polymeric membranes back from being ef-
fective water treatment agents. The mixed matrix membranes (MMMs)
are polymeric membranes embedded with nanoparticles (NPs) that
enhance the mechanical, physio-chemical and operational properties of
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NPs, such as functional group and electrical surface charge [4]. The
optimization of nanocomposite membrane properties tailored to meet
the demands for water treatment includes incorporating high perme-
ability, high selectivity, and enhanced anti-fouling characteristics. Both
physical modification of membrane structural characteristics such as
pore size [5], porosity [6], and thickness [7], as well as optimization of
operational parameters such as pressure and flow [8,9], can improve
membrane performance. However, modification of membrane physi-
cochemical properties using the power of nanoparticles is an approach
that brings all the mentioned features to the nanocomposite mem-
branes. Different nanoparticles, such as graphene oxide (GO) [10], si-
licon dioxide (SiO,) [11], ferrous ferric oxide (Fe304) [12], silver [13]
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and titanium dioxide [14] have been used as the modifier agent to
improve membrane performance in terms of permeability, rejection and
antifouling capability. However, the performance of nanocomposite
membranes is still limited by the trade-off relationship between per-
meability, selectivity and antifouling capability. The best candidate
additive should improve all three mentioned properties without com-
promising or negatively affecting any others. Therefore, the current
need is to develop membranes with high permeability, improved self-
cleaning ability and high rejection for water purification under the
context of energy efficiency and cost-effectiveness [15]. The other main
concern surrounding nanocomposite membranes is their durability, and
the stability of embedded nanoparticles into the membrane matrix
[16,17]. One negative feedback point about the nanocomposite mem-
branes is leaching of nanoparticles after a short time of operation, or
during the membrane cleaning process [18]. Therefore, the best na-
noparticle candidate for fabrication of nanocomposite membranes can
1.) Improve all three of permeability, antifouling and rejection ability of
membranes, and 2.) Has strong stability and functionality inside the
polymeric membrane.

Gold nanoparticles (GNPs) possess unique optical and electronic
properties that can be used for different fields of application, such as
sensors, catalysis, electronics, photonics, solar cells, cancer diagnosis/
therapy, drug delivery and biomedical imaging [19]. One advantage of
GNPs is that they can be adapted to certain applications based on the
modification of optical and electronic properties by changing their size,
shape, surface chemistry, or aggregation state [20]. Recently, a new
ability of GNPs as antioxidants and anti-coagulants was reported by
Lundin et al. [19]. Pallem et al. described the interaction of humic acid
(HA) and GNPs as a function of compatibilizer composition [21]. In our
previous studies [22-24], we showed that citrate-coated GNPs (CT-
GNP) in size of 50 nm disaggregated the HA aggregates at room tem-
perature. It was postulated that disassociation of HA aggregates in the
presence of CT-GNPs is due to the interference of GNPs with loose
bounds of HA aggregates. The main advantage of HA degradation
process by CT-GNPs was that the process occurred at room temperature
and regular visible light, with no need of activation process [22].
Membrane fouling by natural organic matters (NOM) has been known
as one of the main limiting factors of membrane processes that dete-
riorates the efficiency of the membranes; thus, the degrading ability of
GNPs towards HA can be used as the self-cleaning agent [25,26]. In
general, NOM fouling initiates by deposition and attachment of organic
matters on the surface and pores of the membranes. This phenomenon
prevents water from passing through the membrane channels, and as a
result, reduces the water flux and affects the rejection mechanism of the
membrane [27]. NOM such as humic acid (HA) and fulvic acid can be
addressed as the predominant foulants in water and wastewater treat-
ment [28]. The carboxylic (COOH), phenolic substituents (OH), and
methoxy carbonyls (C=O) in aromatic nuclei form the main structure of
HA. This structure not only provides an appropriate structure to interact
with the membrane surface, but also facilitates reaction and attachment
to other agents such as metallic ions that results in more severe fouling
[29,30]. Based on the fouling mechanism of HA and digestive ability of
GNPs towards HA at room temperature and under the regular visible
light, GNPs have noticeable ability to act as an antifouling agent for
water purification process. In addition, CT-GNPs have three hydrophilic
carboxylic and hydroxyl groups on the surface that can improve the
hydrophilicity of membranes and therefore improve the water flux
[31-33].

In this study, for the first time, the mixed matrix membranes using
CT-GNPs were fabricated and tested for water purification The water
flux, self-cleaning ability, and HA rejection of the gold nanocomposite
membranes were evaluated at different concentrations of CT-GNPs via
cross-flow filtration process. The direct effect of embedded CT-GNPs on
HA aggregates (foulant) were studied and used as the index of anti-
fouling capability. Finally, the stability of embedded CT-GNPs into the
polysulfone matrix of membranes were examined at both static and
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several dynamic operational conditions.

2. Materials and methods
2.1. Materials

CT-GNPs having a core size of 50 nm were purchased from Ted
Pella, Inc. (Redding, CA, USA) in aqueous dispersions. Polysulfone Udel
P-3500 LCD MB7 (PSF) (molecular weight (MW): 77-83 kg/mol) was
provided by Solvay Advanced Polymers (Alpharetta, GA, USA). Humic
acid sodium salt, (HA) and N-Methyl-2-pyrrolidinone (NMP), were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The necessary
deionized (DI) water for membrane fabrication and filtration processes
was produced from the Millipore DI system Direct-Q 3 UV
(Massachusetts, USA) (18.2 MQ cm).

2.2. Preparation of gold nanocomposite membranes

The mixed matrix membranes were prepared via the phase inver-
sion (PI) method. To prepare the casting solution, first, the specific
amount of 0.5, 1, and 2 (wt%) CT-GNPs were added to NMP and stirred
for 30 min to produce a well-dispersed solution. Then, the solution was
sonicated at 25 °C for 30 min using ultrasonic bath (120V, 50/60 Hz).
Finally, 15 g (wt%) of PSF powder was gradually added to the casting
solution and stirred for 12h to ensure the dissolution of PSF. The pre-
pared casting solution was rested for 12 h to allow a complete release of
bubbles. The casting solution was cast using a casting knife at the
thickness of 210 um on a clean glass sheet. The casted film was exposed
to atmospheric air for 30 s and was then immersed in DI water (coa-
gulation bath) until the formed membrane was peeled off from the glass
(Fig. 1). Finally, membranes were washed with DI water and were kept
in DI water for at least 12 h before initiating the filtration process.

2.3. Characterization techniques

Structural and physicochemical characterization of membranes: The
rheological behavior of the membranes casting solutions were analyzed
using RVDV2T viscometer (Brookfield, Middleboro MA, USA). The
morphology of the prepared gold nanocomposite and PSF membranes
was investigated by studying the cross sections of the membranes using
scanning electron microscope (SEM) (JEOL 7000 FE SEM, Peabody,
MA, USA). Fourier transform infrared spectroscopy (FTIR) (Bruker
Vertex 70, USA) was used for verification of the presence of GNPs in
gold nanocomposite membranes at ambient temperature. The spectra
were collected between wave numbers of 4000-400 cm ™! and the re-
sult of 256 scans at a resolution of 2cm ™' was reported.

Both the static and dynamic pure water contact angle (CA) of the
membranes surface were determined by using Theta Lite Optical
Tensiometer (Biolin Scientific Inc., Paramus, NJ, USA). For static con-
tact angle measurement, 1 uL. water droplets were placed at different
positions on the membrane surface for replication. The average value of
at least five measurements was reported. The dynamic contact angle
measurement was evaluated by placing 1 pL water droplets on the
membrane surface using an automated syringe and recording the
changes of contact angle as a function of drop age for 2 min.

The electrical surface charge of the membranes was measured using
the surface zeta potential cell of the Zetasizer Nano ZS (Malvern
Instruments Ltd, Malvern, United Kingdom). The 0.2 um polystyrene
latex (Polysciences Inc., PA, USA) was used as the tracer for all the
measurements [34].

In order to determine the overall porosity of the membranes, the
gravimetric method formulated in Eq. (1) [35] was used.
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Fig. 1. (a) Schematic flow chart of the gold nanocomposite membranes fabrication process, (b) Schematic diagram of cross-flow ultrafiltration experimental ap-

paratus.

here W, stands for the weight of the membrane after 3 days of im-
mersion in DI water, Wy, stands for weight of membrane after 12h
drying at the 80°C. A, I, and p,, are membrane effective area (m?),
membrane thickness (m), and water density (g cm ™), respectively.

2.3.1. Pure water permeation, HA filtration, antifouling and rejection of the
membranes

A cross-flow filtration process was employed to evaluate the water
permeation, filtration and HA rejection of all membranes (Fig. 1). Two
membrane cells at transmembrane pressure (TMP) of 0.16 MPa and
velocity of 0.16 ms™~! empowered by the gear pumps were used for
filtration experiments. The permeate of the membranes was measured
using two laboratory mass balances under the membrane cells con-
nected to the computer. All the membranes were compacted at TMP of
0.3 MPa for 1 h to achieve stable flux before conducting the permeation
tests. Water flux of the membranes calculated using Eq. (2). At least
three membrane samples were tested for each experiment, and the
average value was reported.

v
AXAt

I @
here, J,;, V, A, and At stand for pure water flux (L.m2h™), permeate
water volume (L), membrane effective surface area (m?), and filtration
time (h).

Antifouling properties of the membranes evaluated based on the
flux recovery ratio (FRR%) using Eq. (3):

FRR = (M) x 100

wl

3

FRR % is the index for the antifouling ability of the membrane re-
garding hydraulic cleaning process. In this process, first water flux (J,;)
was calculated as described in the filtration test. Then, HA solution
(10 ppm) was filtered at TMP of 0.16 MPa and cross-flow velocity of
0.16 ms ™! for 2h. After completion of HA filtration, the membranes
were washed at the atmospheric pressure and cross-flow velocity of
0.16 ms~ ! for 15 min. Finally, pure water flux after the cleaning pro-
cess (J,2) was calculated at the TMP of 0.16 MPa and cross-flow velocity
of 0.16 ms~'. The average amount of the FRR % was reported from at

least three different membrane samples for each type of pure PSF and
gold nanocomposite membrane.

In order to analyze the reversibility and irreversibility of membrane
fouling behavior, the fouling ratio was determined using the following
equations:

%R, = (1—Jﬂ)x100

w1 @
%R, = (M)XIOO

wl (5)
%R, = (M)xloo

w1 (6)

where %R,, Juya, R, and Ry are the total fouling ratio, HA flux, re-
versible fouling ratio, and irreversible fouling ratio, respectively. These
experiments were performed for at least three separate membrane
samples and the average value was reported. Organic carbon mea-
surements were conducted using a Shimadzu TOC-VCPH total organic
analyzer (Shimadzu Scientific Instruments, Columbia, MD, USA).

2.3.2. Antifouling activity of CT-GNPs

The particle size distribution and zeta potential of CT-GNPs (before
adding to the casting solution) were evaluated based on dynamic light
scattering (DLS) approach by the zetasizer Nano ZS (Malvern
Instruments Ltd, Malvern, United Kingdom) [36,37]. To evaluate the
effect of CT-GNPs on fouling, the particle size and particle size dis-
tribution of HA particles were measured in both the feed stream (sus-
pension) - (10 ppm HA) and the permeate stream after 5, 30 and 60 min
of filtration using pure PSF and gold nanocomposite membranes. The
HA aggregates behavior in the permeate streams of all the membranes
were compared with HA aggregates behavior in the feed stream. In
parallel analysis, the HA aggregates pattern in permeate stream of gold
nanocomposite membranes were compared with the HA aggregates
pattern in permeate stream of pure PSF membranes to evaluate the
effect of CT-GNPs on HA fouling.
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2.3.3. GNPs stability in PSF polymeric matrix

The stability and durability of embedded CT-GNPs into the poly-
meric matrix was evaluated using static and dynamic experiments. In
the static condition, the gold nanocomposite membranes were kept in
clean containers filled with DI water for more than three months, and
possible release of GNPs from gold nanocomposite membranes into the
DI water were checked regularly by analyzing the samples of stored DI
water using UV-Vis spectrophotometer (GENESYS™ 10S, Thermo
Scientific, USA). UV-visible extinction spectra were recorded from 200
to 800 nm using a quartz cuvette having a 1 cm path length. In the
dynamic condition, the release of CT-GNPs were monitored during the
filtration test at two TMP of 0.16 MPa and 0.3 MPa and cross-flow ve-
locity of 0.16 ms™?, the same condition for the filtration tests. For
dynamic stability experiments, gold nanocomposite membranes were
placed in the membrane cells at the mentioned operational conditions
and different samples were taken regularly from the permeate stream
during the filtration test for two weeks. The samples were analyzed for
possible leaching out of CT-GNPs in the permeate stream using the
UV-Vis spectrophotometer.

3. Results and discussions
3.1. Membrane structure, morphology and surface properties

Fig. 2 shows SEM images of membrane cross-sections that visualized
membrane pore morphology. A careful examination of SEM images
highlights two general main characteristic differences between the pure
PSF and gold nanocomposites membranes: 1) The pure PSF membranes

SEM HV: 5.0 kV WD: 8.92 mm
SEM MAG: 1.00 kx Det: SE

View field: 272 ym Stage Tilt: 10.0° University of Alabama

C)PSF/ 1% GNP
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View field: 218 ym Stage Tilt: -0.6° University of Alabama
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have a thick top layer with relatively few pores, but the top layer of all
the gold nanocomposite membranes are thinner with a higher number
of pores under it, 2) The pure PSF membranes consist of spherical non-
connected pores with thick walls, but the gold nanocomposite mem-
branes possess small finger-like pores near the top layer and sponge-like
pores in the sub-layer. The top surface pores analysis of the membranes
(Fig. 3) shows that all the membranes possess the same pore size range
while the number of smaller pores (< 40 nm) increased for all the gold
nanocomposite membranes in comparison to pure PSF. The change of
pore size and pore morphology can be explained based on the compe-
titive thermodynamics and kinetics process during the phase inversion
process [38]. In general, if added nanoparticles work as a non-solvent
agent and reduce the thermodynamic miscibility of the casting solution,
this condition leads to the enhanced rapid mixing which results in the
finger-like pore morphology. On the other hand, if added nanoparticles
increase the casting solution viscosity, then the delayed demixing is
achieved that results in sponge-like pore morphology [39,40]. In the
fabrication of gold nanocomposite membranes, the changes of mem-
brane structure are a combination of both mentioned factors. - The
viscosity of casting solutions was increased to 567 and 600 (cP) by
adding the 0.5% and 1% (wt%) GNPs into the casting solution in
comparison to the viscosity of pure PSF casting solution (519 cP).
Therefore, the formation of the sponge-like sub-layer structure in PSF/
0.5% GNP and PSF/1% GNP can be attributed to the delayed demixing
process created due to the higher viscosity of the casting solutions.
However, the effect of CT-GNPs at higher concentration (2wt%) on
thermodynamic instability (miscibility) conquered the viscosity effect
and led to rapid demixing phase separation resulting in long finger-like

(B)PSF/0.5% GNP

WD: 12.01 mm

Stage Tilt: 0.0°

WD: 12.00 mm LYRA3 TESCAN

Stage Tilt: 0.0° University of Alabama

Fig. 2. SEM images of cross-section of a) pure PSF, b) PSF/0.5%GNP, c¢) PSF/1% GNP and d) PSF/2% GNP.
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Fig. 3. SEM images and top surface pores analysis of a) pure PSF, b) PSF/0.5% GNP, c) PSF/1% GNP and d) PSF/2% GNP.

pore morphology [41-44]. The porosity of all the gold nanocomposite
membranes (% 85 = 5) was higher in comparison with porosity of
pure PSF membranes (% 75 * 5) [44].

The surface chemistry of the CT-gold nanocomposite membranes
was evaluated using FTIR to investigate the linkage of the gold nano-
particles and polysulfone matrix (Fig. 4). All the membranes showed
peaks around 1044cm™ %, 1106 cm ™Y, 1150cm ™Y, 1241 cm ™!, and
1488 cm ! regarding to SOsH, C—O, R(SO,)—R, G—O, and aromatic
bond representing the polysulfone structure characteristic peaks

L 1od
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Fig. 4. FTIR spectroscopy of the pure PSF, PSF/0.5% GNP, PSF/1% GNP, and
PSF/2% GNP.

313

[45,46]. Peaks around ~ 3000 cm ™! are addressing the citrate coating
on the GNP. The peak intensity enhancement at ~3000cm™! from
PSF/0.5% GNP to PSF/1% GNP, and PSF/2% GNP membrane indicates
the higher content of GNPs in the gold nanocomposite membranes,
respectively [47,48]. Also, lower intensity of the peaks around ~ 1310,
1300, 800, 100cm ™! in the PSF/1% GNP, and PSF/2% GNP mem-
branes is a result of higher GNP interaction with the PSF matrix and a
higher content of hydrogen bonds between the GNPs and PSF which
proves the incorporation of GNPs into PSF membranes [49].

Water contact angle (CA) measurement is the standard method to
examine the surface hydrophilicity of membranes. Fig. 5 shows the
dynamic and static contact angle of all the membranes. The static
contact angle of all the gold nanocomposite membranes decreased
significantly in comparison with the contact angle of pure PSF mem-
branes. The CA did not change significantly by increasing the load of
CT-GNPs into the membrane. That can be due to the aggregation of
GNPs at higher concentrations and poor distribution on the surface of
nanocomposite membranes [50]. Improvement of membrane hydro-
philicity can be the result of different factors such as chemical com-
positional changes and structural changes [51,52]. The increased hy-
drophilicity of the gold nanocomposite membranes can be justified
mainly due to the changes of hydrophilic constituents after addition of
CT-GNPs into the PSF membranes. The hydrophilic functional groups of
CT-GNPs are responsible for the new hydrophilic properties of gold
nanocomposite membranes [53]. The dynamic CA shows the time de-
pendence of water contact angle of the membranes. Water CA of the
pure PSF membrane decreased slightly while those of gold nano-
composite membranes decreased rapidly with respect to the age of the
drop. This behavior of gold nanocomposite membranes indicates that
the addition of CT-GNP not only improved the surface hydrophilicity
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Fig. 5. Dynamic and static contact angle of pure PSF and gold nanocomposite membranes.

but also the hydrophilicity of pores inside the membrane [40].

The electrical surface charge of membranes plays an important role
in flux and the antifouling ability of membranes. Fig. 6 displays the
electrical surface charges of all the membranes measured at a pH range
of 4-5, similar to the filtration pH range [22,54]. The electrical surface
charges of membranes increased with the addition of gold nanoparticles
content. As it was shown in Fig. 6(a), the citrate-coated gold nano-
particles have a negative surface charge due to the citrate functional
groups. Therefore, the addition of CT-GNPs into the membrane surface
enhanced the negative electrical surface charge of nanocomposite
membranes.

3.2. Membrane performance

Fig. 7 shows the pure water flux of all the membranes at constant
TMP = 0.16 MPa and cross-flow velocity of 0.16 ms~ 1. The enhanced
water fluxes of the gold nanocomposite membranes were expected
based on the improved structural and physicochemical properties of the
gold nanocomposite membranes that were discussed above. The PSF/
0.5% GNP and PSF/1% GNP nanocomposite membranes showed three
times higher fluxes when compared with the pure PSF stable water flux.
This improved permeation behavior can be explained by the fact that
PSF/0.5% GNP and PSF/1% GNP nanocomposite membranes possess
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Fig. 7. Pure water flux of pure PSF and gold nanocomposite membranes at TMP

= 0.16 MPa and cross-flow velocity of 0.16 ms ™.

higher porosity, more finger-like connected pores (Fig. 2), and higher
hydrophilicity (Fig. 5). The mentioned optimal structural and surface
chemistry properties reduce the resistance of water permeating through

(B)

PSF/
2% GNP

PSF/
1% GNP

0 -10

-20
Surface Zeta Potential (mV)

Fig. 6. (a) Zeta potential of CT-GNP across a pH range, (b) Zeta potential of PSF and gold nanocomposite membranes at pH = 4-5.
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the membrane pores and therefore increase membrane permeability
[40,55]. The enhanced flux behavior was more significant for PSF/2%
GNP nanocomposite membranes; pure water flux increased to around
450L. m~% h™! in comparison with pure water flux of pure PSF mem-
branes of 50 Lm ™2 h ™. This sharp flux increase may be justified based
on the facilitated water molecules transport due to the larger surface
pore sizes and long channel shape pores that connected the top surface
of the membrane to the bottom surface with low tortuosity, which
therefore alleviated transport resistance [56]. Fig. 8 shows the flux
decline behavior of all the membranes during the 10 ppm HA filtration
at a cross-flow velocity of 16 ms ™. The PSF/2% GNP nanocomposite
membranes showed the highest flux reduction (40% flux reduction), by
rapid reduction after a few minutes of HA filtration. The large surface
pore sizes of PSF/2% GNP nanocomposite membranes could be easily
occupied by the entrance of HA particles into the pores and started the
internal pore blocking. This phenomenon can be assigned as the main
reason for flux reduction. The PSF/1% GNP nanocomposite membranes
showed better antifouling behavior compared to the pure PSF mem-
branes for the first 40 min of HA filtration with less than 10% flux re-
duction. However, the HA flux reduced to 15% of the initial flux after
40 min of filtration. This dynamic behavior can be justified based on the
two main characteristics of the PSF/1% GNP nanocomposite mem-
branes. First, the higher hydrophilicity (Fig. 5) and higher negative
surface electrical charge (Fig. 6) provided facilitated transport of water
molecules through the pores and with regard to the negative surface
charge of HA, enhanced negative-negative (membrane surface-HA
compounds) repulsion [57]. However, after 40 min of filtration, due to
the larger pore sizes of PSF/1% GNPs compared to the pure PSF, the
formation of a HA cake layer on the surface and into the pores over-
came the surface charge repulsion and fouling initiated that resulted in
flux decline. PSF/0.5% GNP nanocomposite membranes exhibited the
best flux retention during 120 min of HA filtration with less than 5%
flux reduction. The combination of optimal pore size, interconnected
pore structure, high hydrophilicity and negative surface charge can be
named as the main factors of enhanced antifouling capability of PSEF/
0.5% GNP nanocomposite membranes. The FRR% data completes the
nanocomposite anti-fouling behavior assessment. In general, fouling is
categorized to reversible and irreversible fouling. Reversible fouling is
attributed to the deposition of particles on the membrane surface (cake
layer formation) which can be removed from the surface by water
flushing that resulted in high FRR%. Irreversible fouling is attributed to
the adsorption of particles into the surface and pores (internal pore
blocking) which cannot be removed by water flushing that resulted in
low FRR%, and other chemical, physical or enzymatic methods are
needed to clean the membrane [58]. Fig. 9 shows that PSF/0.5% GNP
and PSF/1% GNP nanocomposite membranes showed the highest (93%
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Fig. 10. Fouling ratio of all membranes after filtration of 10 ppm HA solution at
TMP = 0.16 MPa and cross-flow velocity of 0.16 ms ™.

and 75%, respectively) FRR% among all the membranes. This behavior
can be explained by that fact that the hydrophilic surface of those
membranes provides the smoother environment for water molecules
transportation via hydrogen bonding as well as less adsorption of HA
molecules into the surface. The large surface pores of nanocomposite
membranes that convey larger quantities of water suffer from rapid
internal pore blocking by HA particles in comparison with smaller
surface pores [59,60]. The effect of pore size on the trade-off between
the high pure water flux and low FRR% can be seen in PSF/2% GNP
nanocomposite that showed the highest pure water flux and the highest
HA flux decline as well as lowest FRR%. These results can be justified
by the fact the large surface pore sizes of PSF/2% GNP lead to internal
blocking by the HA particles and could not be cleaned by water
flushing. The fouling ratio was calculated for better assessment of
membranes fouling behavior (Fig. 10). The fouling reversibility in-
creased for PSF/0.5% GNP and PSF/1% GNP nanocomposite mem-
branes in comparison with pure PSF membrane. However, PSF/2% GNP
nanocomposite membranes encountered the irreversible fouling due to
large surface pore size and vertical pore structure as it was discussed
earlier. The highest fouling reversibility belongs to the PSF/0.5% GNP
nanocomposite membranes. This self-cleaning capability can be ex-
plained based on the improved hydrophilicity and digestive behavior of
CT-GNPs for HA molecules as it was discussed in the following section
[36,61].

The CT-GNPs particle size and TEM images were shown in Fig. 11
[62]. The HA aggregation behavior was analyzed to evaluate the effect
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Fig. 11. (a) Particle size distribution of CT-GNP 50 nm, (b) Transmission electron microscopy (TEM) image of CT-GNP 50 nm.
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Fig. 12. Particle size distribution of HA at (a) 10 ppm feed solution, (b) permeate stream of pure PSF and (c) permeate stream of PSF/0.5 gold nanocomposite
membranes. These plots are representative of HA particle size distribution for HA samples after 10, 30, and 60 min of filtrations. The error was less than 10% of the

mean value.

of CT-GNPs on the interaction of HA aggregates with membranes sur-
face and pores regarding the self-cleaning ability of gold nanocomposite
membranes. The particle size distribution of HA feed solution and
permeate stream of HA filtration were monitored after 10, 30 and
60 min of filtration for pure PSF membranes and gold nanocomposite
membranes. The representative of at least 9 measurements was shown
in Fig. 12. The HA feed solution showed three size generation of HA
particles including 1) HA particle less than 100 nm, 2) HA aggregates
larger than 100 nm and smaller than 1 um, and 3) HA aggregates more
than 1 pm and less than 10 um (Fig. 12(a)). The observed HA particle
size distribution agree with the dynamic aggregation behavior of HA
reported by Esfahani et al., [24,36].The permeate stream of pure PSF
membranes also showed the three size generation including the large
aggregates between 1 and 10 um (Fig. 12(b)). The comparison between
HA aggregates size distribution in feed solution and permeate stream
showed the existence of three size generation of HA aggregates. How-
ever, the permeate stream of the gold nanocomposite membranes
showed only two size generations of HA with no aggregates larger than
1 pm (Fig. 12(c)). The absence of large aggregate size (> 1 um) in the
permeate stream of gold nanocomposite membranes, while those large
HA aggregates observed in the permeate stream of pure PSF membranes
at the same filtration conditions, indicates that gold embedded nano-
particles facilitated the disaggregation of HA aggregates and
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fragmented the HA aggregates larger than 1 um. Since pure PSF and
gold nanocomposite membranes showed the same top surface pore size
ranges, therefore, this phenomenon could not be attributed to the
sieving effect by the membranes. One possible explanation for this HA
disaggregation is the modification of hydrogen bonds in the HA ag-
gregates resulted from ligand exchange interaction between HA mole-
cules and CT-GNPs [22]. The similar disaggregation of HA aggregates
was reported by Piccolo et al. [63] and Brigante et al. [64] where the
HA aggregates interact with monocarboxylic acids. They suggested that
aggregation of humic substances (HS) is based on hydrophobic forces,
and these forces can be disrupted when carboxylic acids interact with
HS, resulting in smaller HS molecules and disaggregation of HS [22].
They postulated that carboxylic acid might interact with HA molecules,
forming hydrogen bonds between HA molecules and carboxylic func-
tionality. The newly formed bonds can modify existing hydrogen bonds
between HA molecules and therefore alter the hydrophobic forces that
hold the molecules together [22,63,64]. The obtained results of HA
aggregate size in the permeate stream of gold nanocomposite mem-
branes suggest a similar interaction between CT-GNPs on HA ag-
gregates. The main benefits of this behavior can be seen in the self-
cleaning ability of the gold nanocomposite membranes; disaggregation
of HA aggregates loosens the cake layer attached on the membrane
surface and opens the membrane pores, which were previously blocked
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Fig. 13. Total organic carbon rejection of 10 ppm HA concentration by pure
PSF and gold nanocomposite membranes. TMP = 0.16 MPa and cross-flow
velocity is 0.16 ms ™.

by large HA aggregates. The antifouling results of gold nanocomposite
membranes suggest that behavior. The higher FRR% (Fig. 9), as well as
the higher ratio of reversible fouling (Fig. 10) of 0.5% and 1% gold
nanocomposites membranes in comparison with the pure PSF mem-
branes with the same pore sizes can be attributed to the disaggregation
of HA cake layer or HA aggregates in/on the pores that could be more
easily removed by hydraulic water cleaning process.

The HA rejection capability of all the membranes at T = 25 °C and
after two hours filtration is presented in Fig. 13. The membrane
structure and electrical surface charge are the two main factors in the
rejection process. The dense top layer results in poor permeability but
high rejection, while the porous top layer results in enhanced perme-
ability and low rejection [65]. In addition, as the HA particles have a
negative surface charge, a higher negative surface charge of membranes
enhances the negative-negative repulsion between HA and membrane
surface, resulting in higher rejection [66]. The PSF/0.5% GNP nano-
composite membranes exhibited the highest rejection, at 87%, among
all membranes. This promising ability can be attributed to the enhanced
negative electrical surface charge and enhanced the hydrophilicity of
PSF/0.5% GNP nanocomposite membranes [67,68]. The PSF/2% GNP
nanocomposite membranes showed the lowest rejection among all the
membranes, which is due to the large pore sizes where HA particles
could easily pass through. Although the PSF/2% GNP possesses the
highest negative surface charge among the membranes, these results
indicate that pore size is a more influential factor when compared to the
membrane surface charge.

An important practical aspect of nanocomposite membranes is
durability and stability of embedded nanoparticles inside the mem-
branes. The long-term stability of gold nanoparticles inside the PSF
membranes were investigated at static and dynamic conditions. In the
static condition, the release of CT-GNPs from gold nanocomposite
membranes was monitored by tracking the presence of GNPs in the
container that stored the membranes in DI water for more than three
months. The UV-Vis spectra of the samples did not show any release of
CT-GNPs for all the gold nanocomposite membranes (Fig. 14). No sign
of CT-GNPs leaching was observed when tested under dynamic condi-
tions. While running seven days of filtration tests at TMPs of 0.16 MPa
and 0.3 MPa and cross-flow velocity of 0.16 ms ™!, no CT-GNPs were
found in the permeate stream of gold nanocomposite membranes. This
data indicates that the CT-GNPs were immobilized firmly inside the PSF
polymeric matrix.
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4. Conclusions

CT-GNPs having 50 nm size possess negative surface charge and
hydrophilic functional groups with degrading ability towards HA ag-
gregates. CT-GNPs have shown noticeable effects on antifouling ability
of PSF membranes. The results showed that the loading of GNPs af-
fected the pore structure and morphology of PSF membranes differ-
ently. The main reason for this behavior could be attributable to the
aggregation of CT-GNPs and different distribution patterns in the
polymeric matrix. The PSF/0.5% gold nanocomposite membranes
showed the optimal physicochemical properties and performance with
enhanced permeation (160Lm~2 h™!, three times higher than pure
PSF), the highest HA rejection (87%), enhanced antifouling, and the
highest FRR (95%) among all membranes. The major conclusions from
the current study suggest that CT-GNPs affected the trade-off relation-
ship between permeability, selectivity and antifouling capability of
membranes symmetrically, without compromising any aspects of the
membrane process. The hydrophilic functional groups and negative
surface charges of CT-GNPs enhanced the permeation and rejection
capability of nanocomposite membranes, and the CT-GNPs aid in dis-
aggregation of HA in water solution at room temperature and under
regular visible light improved the self-cleaning behavior of nano-
composite membranes. The digestive antifouling behavior of gold na-
nocomposite membranes facilitated the cleaning process of membranes
by degrading the formed HA cake layer on the membrane surface and
fragmenting the large HA aggregates stuck inside the membrane pores.
The gold nanocomposite membranes showed no leaching of embedded
CT-GNPs under the dynamic and static release experiments across
several days and months, respectively.
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