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Abstract

Membrane filtration exhibit operational limitations such as biofouling, which leads to concentration polarization
and reduces permeability and selectivity, despite advantages such as low operating cost, high selectivity, and per-
meability. In recent years, the antibacterial properties of silver nanoparticles (AgNPs) have been investigated

for improving membrane processes; however, the fouling phenomena in presence of AGNPs in the membrane
matrix have not been fully discussed. Herein, the antifouling properties of a poly (acrylonitrile-styrene) copolymer
incorporated with AgNPs were studied in a microfiltration membrane process. The Creighton method was used

to synthesize AgNPs, and the effects of AGNPs on the porosity, morphology, pore size, mechanical strength, perme-
ability, and selectivity of the membranes were investigated. Moreover, to investigate the biofouling of the obtained
membranes, microfiltration of industrial oily wastewater was performed at constant pressure over three cycles.
Using AgNPs in the membrane matrix resulted in enhanced antifouling properties of the copolymer membrane,
which is related to the structure of the AgNPs in the casting solution, as proven by SAXS analysis. The results show
that the CFU% for Staphylococcus aureus and E.coli reach 2% and 6%, respectively. Finally, the Derjaguin-Landau-
Verwey—Overbeek (DLVO) thermodynamic model was applied to study the antifouling mechanism, correctly predict
the separation behavior in the membrane, and design, simulate, and optimize the separation processes in the mem-
brane separation plantsa. The DLVO model could predict the separation behavior in the synthesized membranes,
and the poly(acrylonitrile-styrene) copolymer membranes containing AgNPs were proven have promising industrial
wastewater treatment applications.
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Introduction

Membrane technology is considered a promising for the
treatment of wastewater, particularly the oily wastewater.
The membranes are widely used to remove various pol-
lutants; however, the key limitation of the current poly-
mer membranes is biofouling [1, 2]. In the membrane
fabrication procedure, polymer type and surface modifi-
cation are among the most important factors determining
the chemical and physical properties of the membrane.
However, each membrane is suitable for specific applica-
tion [3]. The basis for the selection of membranes is the
mechanical, chemical, and thermal properties of the pol-
ymers [4].

The primary goal in the design of membrane processes
is to produce a membrane that can create the maximum
permeate flux with the maximum removal of substances
from the feed and low fouling, which minimizes invest-
ment and operational costs. As a general rule, most poly-
mers can be applied to produce membrane matrixes [5,
6]; however, according to process limitations, as well as
the degree of membrane fouling, only a few polymers can
be applied practically. Polymeric membranes have their
own advantages and disadvantages according to their
structural and material characteristics, thereby exhibiting
different performances [7].

Membrane fouling, especially biofouling, is a bottle-
neck for the applications of membrane technology, and
biofouling on the membrane surface can lead to a signifi-
cant decrease in water permeability [8—10].

To modify the membrane surfaces, many attempts
have been made via chemical modification, such as the
grafting process; however, the reduction in membrane
fouling has not been satisfactory [11-13]. Recently,
nanotechnology has been used to improve water quality
and treat wastewater [14], and the beneficial effects of
nanoparticle-based membranes in reducing membrane
fouling have recently been reported by many researchers
[15]. Silver nanoparticles (AgNPs) have high antibacterial
effects; they are highly toxic to microorganisms, includ-
ing bacteria [16], fungi [17], and viruses [18]. In the last
decade, AgNPs have attracted considerable attention
owing to their disinfection and antibacterial properties
[19], and they have been reported to damage the cell
membrane [20]. Moreover, they can diffuse to the cell
wall and subsequently change the cell membrane struc-
ture [21]. Furthermore, it is reported that the free radi-
cals can be generated when AgNPs are in contact with
bacteria [22]. However, the mechanism underlying the
antimicrobial effects of AgNPs is not fully understood
and remains debatable [23, 24]. In addition, the effect of
AgNPs on the antifouling properties of fabricated mem-
branes has not been fully investigated.
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Many studies have investigated the addition of car-
bon nanotubes or metal oxide nanoparticles to polymer
membranes, which led to improvement in permeabil-
ity, fouling resistance, and permeation quality [25-27].
Therefore, the development of low-fouling antibacterial
membrane processes has received considerable atten-
tion in the recent years. Despite the development of low-
fouling and high-performance membranes using various
nanoparticles [28-30], further research must be carried
out to determine the performance of nanoparticle-based
membranes.

A huge quantity of oily wastewater is produced by
petroleum refining industry. The treatment methods of
oily wastewater are summarized in 6 aspects, i.e. flota-
tion, coagulation, biological treatment, membrane sepa-
ration technology, combined technology and advanced
oxidation process [31]. Furthermore, the application of
combined technology is necessary for the removal of haz-
ardous pollutants in high-strength oily wastewater [32].

In this study, along with the synthesis of AgNPs, the
properties of polymer membranes, including poly (acry-
lonitrile-styrene) (SAN) composited with the synthe-
sized AgNPs, were investigated. The performance of the
fabricated membrane in industrial wastewater treatment
using the microfiltration process was also studied via
antibacterial activities and membrane biofouling experi-
ments. Moreover, the antifouling mechanism was inves-
tigated using the Derjaguin—Landau—Verwey—Overbeek
(DLVO) thermodynamic model, and a relationship was
developed between the antifouling performance of the
fabricated membranes and casting solution using the
Small-angle X-ray scattering (SAXS) technique.

Material and methods

Membrane preparation

Copolymers consist of two or more types of mono-
mer units with different properties. The properties of
structural copolymers depend on the properties of their
constituent units and their ratios. Therefore, by choos-
ing different polymer units, different properties can
be obtained in the membranes; in this regard, copoly-
mers can be synthesized by combining hydrophobic and
hydrophilic monomers [33, 34]. This provides a way to
improve the properties and develop polymer applica-
tions. The poly (acrylonitrile-styrene) membrane was
fabricated by dissolving the poly membrane (15g) in85 g
of tetrahydrofuran (THF) and stirring for 24 h at 30 °C
under atmospheric pressure. After obtaining a homo-
geneous and clear solution, it was stored at 30 °C and
degassed for an hour. Subsequently, the obtained solution
was cast on a glass plate, and the plate was immersed in
deionized water. Thereafter, to extract the solvent from
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the membrane pores, the fabricated membranes were
soaked in water for 48 h.

Creighton method for synthesis and incorporation

of AgNPs on SAN membrane

The Creighton method was modified by reduction of sil-
ver nitrate (AgNO,, 100% purity), and used to synthesize
the AgNPs. In this manner, Sodium borohydride (NaBH4,
99% purity) was applied, and the reaction was completed
at 0 °C using an ice bath. Finally, the obtained colloid was
refrigerated and samples were prepared for characteriza-
tion using micro-Raman spectroscopy (Avantes, Neth-
erlands) and UV-visible absorption spectrophotometry;
herein, a 2150-UV spectrophotometer (UNICO, USA)
was used.

To incorporate AgNPs into the SAN membrane, the
reaction was completed at 0 °C in an ice bath, while the
fabricated SAN membrane was covered with an NaBH4
solution [35, 36].

Figure 1 shows the purity of the Creighton colloid
determined using micro-Raman spectroscopy. Only
two characteristic Raman peaks can be observed dur-
ing the bending and stretching of the H,O vibrational
modes. Therefore, we concluded that the AgNPs are free
of organic contaminants. Figure 2 shows the UV-Visible
absorption spectrum of the AgNPs. The entire fabrication
process of the AgNP-incorporated SAN membrane is
shown in Fig. 3. It illustrates that the synthesized AgNPs,
using the Creighton method, are integrated onto the
surface of the SAN membrane. This integration results
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in the accumulation of NPs on the membrane’s surface,
which enhances the membrane sites. In other words, the
incorporation of AgNPs onto the SAN membrane leads
to improve surface properties, which is beneficial for
various applications. This technique has the potential
to improve the performance of the SAN membrane and
may be of interest to those working in the field of materi-
als science.

Oil-in-water emulsion preparation

To prepare the dispersed oil phase for the oil-in-water
(O/W) emulsion, oil and Tween 80 surfactant were
mixed in distilled water at a mixing speed of 11,500 rpm
for 30 min. The concentration of Tween 80 was 100 ppm.
Particle size distribution (PSD) of the feed solutions was
determined using the dynamic laser scattering (DLS)
method (Nano ZS (red badge) ZEN3600, Malvern, UK).
The PSD was measured twice; first during emulsion prep-
aration and then after 4 h, which exceeded the required
experimental time. It indicated a mean oil droplet diame-
ter of approximately 0.15 pm with no significant variation
during a certain period, showing stable emulsion during
the experiments.

Antibacterial activity tests

Escherichia coli (gram-negative) and Staphylococcus
aureus (gram-positive) were used as model bacteria to
analyze membrane antibacterial activity. The membrane
sheets were immersed in the cell suspension, which was
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Fig. 1 Raman spectrum of AgNPs colloid
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Fig. 2 UV-Visible absorption spectrum of the AgNPs

incubated on a shaker for 24 h at 35 °C. Finally, the col-
ony-forming unit (CFU) procedure was used to quantify
the viable cells in the solution. This measurement was
performed thrice, and the average value was reported.

Membrane biofouling experiments
As the performance of SAN copolymer in membrane
separation processes has not been yet investigated, the
performance of the fabricated membranes can be inves-
tigated, according to the obtained characteristics, in the
industrial oily wastewater treatment using the microfil-
tration process. Dynamic biofouling experiments were
conducted in a cross-flow membrane module plant,
and the feed containing Staphylococcus aureus or
E. coli was reached at a pH of 7.4 and temperature of
25 °C. The oil concentration in all experiments is con-
stant and is equal to 3000 mg/L. This oil concentration
has a COD equivalent to 6350 ppm at pressure of 4 bar.
At the beginning of each test, the entire system was
washed with ultrapure water, and the permeate flux was
measured under the desired operating conditions. The
feed was circulated in the system by the pump under
operating conditions that were stabilized before each
test; the process allows the retentate flow to return to
the feed tank. The amount of permeate flux was meas-
ured by a digital scale and stored in the permeate tank.
Before each test run, the membranes were placed in
double-distilled water for at least 24 h, and the wet and
swollen membranes were used in the performance test.
The module was washed using deionized water before
the filtration process. Subsequently, the membrane was
fixed using the module, process was run, and permeate
flux was observed for 24 h. Finally, the membrane was

carefully washed, and the process was repeated twice to
measure the permeate flux after biofouling at pressure
of 4 bar.

Membrane fouling is the reversible or irreversible
accumulation of substances on the surface or inside
membrane pores. If fouling is removed by backwash-
ing, it is concluded that fouling is reversible; if chemical
washing is needed to eliminate fouling, it is irrevers-
ible. As a result of fouling, the diameter of the mem-
brane pores is reduced, which may lead to blockage.
The accumulation of materials leads to the formation of
layers on the surface of the membrane. These layers and
materials that remain inside the membrane cause more
resistance to the fluid flow.

Membrane fouling, which is a key obstacle in the
widespread use of membrane processes, is caused by
the accumulation of substances on the surface or in the
membrane matrix, affecting membrane performance.
This problem in the membrane separation process can
be observed in four ways.

a) Standard blocking mechanism, including accumu-
lation of particles on the inner surface of the mem-
brane matrix pores. In this type of fouling, the pore
radius is assumed to decrease with the accumulation
of particles on the inner surface.

b) Cake filtration mechanism, wherein the particles
accumulate on the membrane, causing pore fouling
that is usually reversible and removable by washing.

¢) Intermediate blocking mechanism, including the
accumulation of particles in the membrane pores, in
which the proportion of the membrane pores is inac-
tive.
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Fig. 3 Fabrication process of the AgNP-incorporated SAN membrane

d) Complete blocking mechanism, wherein the entrance
of the pores is completely blocked by particles.

To check the flux reduction behavior of the fabricated
membrane and antifouling properties, a filtration pro-
cess at a constant pressure (1 bar) was used. First, the
filtration process was performed with pure water for
60 min, and the permeate flux (J,) was recorded. Subse-
quently, industrial wastewater was applied as the mem-
brane feed, and the permeate flux (J;) was recorded for
60 min. The fabricated membranes were then washed
using distilled water for 30 min; thereafter, the mem-
brane was removed from the module, and the mem-
brane surface was washed gently. Finally, the amount of
pure water permeated using the washed membrane was

recorded over a period of 60 min (J,), and the process
was repeated in the subsequent cycles. At the begin-
ning of each cycle, the feed solution was replaced with
a new wastewater sample to maintain feed pollutant
content. The permeability recovery of the membranes
can be obtained using Eq. 1.
p
FRR% = = x 100 (1)
Jo
To obtain the parameters of reversible membrane fouling
(Rir), irreversible fouling (Rr), and total fouling (Rt), Egs. 2,
3, and 4, respectively, were used.
(o —J2)

Rir% = ——— x 100 (2)
Jo
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To correctly predict the separation behavior in the
membrane and subsequently design, simulate, and opti-
mize the separation processes in membrane separation
plants, the existence of a suitable thermodynamic model
is necessary. The explanation and description of the
behavior of the solutions by considering the physical and
chemical differences of the components is possible only
through thermodynamic solutions, and the development
of suitable thermodynamic models that can correctly
predict the behavior of wastewater treatment in mem-
brane systems will be a turning point in understanding
the behavior of such systems.

In this study, the interactions between the species in
wastewater and fabricated membrane were correlated by
applying the DLVO thermodynamic model. The interac-
tions considered were electrostatic, van der Waals, and
acid-base forces. The interaction energies between the
species and membrane are presented in the DLVO model
using the following equations:

AGQ(}’“:—2(W—W) (\/VSTW—\/V»T@ (5)

AGfOL = MTOK (§52 + K,i) (1 — coth (kho) + {;i’i}l CSCh(Kh0)>
(6)
Vit <\/VT =\l > +
hy = 2
0
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(AFM) analysis was used to confirm this phenomenon.
The membrane surface morphology was studied using
the average roughness (SA) and difference between the
lowest and highest peaks (Sz). To evaluate the arrange-
ment of polymers in polymer solutions, determine the
structure of polymer solutions, and check the order of
polymer chains in the solution, the SAXS analysis is used.
In this study, SAXS analysis was performed to investigate
copolymer microphase separation in the system.

To measure the membrane porosity, membrane sam-
ples (80X 150 mm) with known weights were first kept
in water containing isopropanol for 52 h. Finally, their
weights were measured again. The analysis was per-
formed three times, and the membrane porosity was cal-
culated using Eq. 8, where m,,, and m,,, are the weights
of the dry and wet membranes, respectively. p, A, and L
are the density of the pure liquid (kg - m ~3), area (m?) of
the sample, and sample thickness (m), respectively.

Myet — Mry

£ pAL (8)

In order to measure the pore size distribution of the
fabricated membranes, Capillary Flow Porometry (CEP)
method was used. In this method, a liquid is forced
through a membrane under pressure, and the flow rate
is measured. The Electronic Single-yarn Tensile Tester
(at 20 °C, 0.450 m/min) was used to measure the tensile
strength of the fabricated membranes.

To analyze the antibacterial activity of the membrane,
Staphylococcus aureus and E. coli were applied as the
model bacteria. The membrane sheets were immersed
into the cell suspension with a concentration of 10° CFU/

(7)

\/V7<\/)«T+ VJ—%E) —\/ys_m*

- \/Vs+ Ym

where the subscripts m, w, and s represent membrane,
water, and wastewater species, respectively. The surface
tensions of the electron donor, electron acceptor, and
van der Waals forces are represented by y+, y-, and yy,
respectively.

Characterization of Membranes

Field Emission Scanning Electron Microscopes (FE-SEM,
SU7000, Hitachi, Japan) were used to evaluate the mor-
phology of the fabricated membranes. The membrane
permeability recovery percentage can be attributed to
the membrane surface roughness, such that the lower
roughness of the membranes helps to improve the per-
meability recovery percentage. Atomic force microscopy

mlL, and the CFU procedure was applied to quantify the
viable cells in the obtained solution.

The CFU method is a widely used microbiological plat-
ing and counting method that estimates the number of
viable microbial cells (bacteria, fungi, viruses, etc.) in a
sample that are able to multiply via binary fission under
controlled conditions. To measure the CFU, bacterial
cultures are added to agar plates, often by serially dilut-
ing the original sample as it might be too concentrated
to count. The number of visible colonies (CFU) present
on an agar plate can be multiplied by the dilution factor
to provide the CFU/ml value. The CFU method involves
counting the number of visible colonies present on the
plate to estimate the number of viable microbial cells
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in the sample that are able to multiply via binary fission
under controlled conditions. Bacterial colonies were
counted after incubating the dishes at 25°C for 24 h. The
test samples were spread-plated on LB medium with 1.5%
agar in Petri dishes (two dishes per sample) and were
serially diluted in sterile distilled water when necessary.

Finally, the CFU of control (%) is calculated (i.e. CFU
(%) =Final count of the total number of cells in the sam-
ple after the process x 100 / Initial count of the total num-
ber of cells in the sample prior to the process).

To determine the amount of hydrophilicity and to
check the changes in the surface energy of the fabricated
membranes, a contact angle test of the water droplet was
performed by placing 5 uL of deionized water on the sur-
face of the fabricated membrane.

In this study, the pore size and pore distribution of the
fabricated membranes, which determine both the degree
of repulsion and permeability, were measured using
the air bubble point (mostly in the micrometer range)
and LLDP, and the results were verified using the SEM
images. The SEM image can be analyzed to measure the
pore size of the fabricated membranes using digitizer
software.

Results and discussion

Membrane attributes

Figure 4 shows the SEM images of the neat and AgNP-
incorporated SAN membranes. The AgNPs are seen on
the membrane surface and in the membrane pores.

The membrane pore sizes and fabricated membrane
porosities are listed in Table 1. It is seen that as the
pore size of the membrane increased, the porosity also
increased. It has also been reported that increasing the
concentration of AgNPs initially reduces the porosity
and permeability. Nevertheless, increasing the number of
nanoparticles to more than the optimal amount decreases
the porosity and permeability. Furthermore, it was found

AIS2300C SEI WD=8.8 20.0kV X600 50um
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Table 1 Thickness, porosity, and pore size of the fabricated
membranes

AgNPs Porosity Pore Size (um) Thickness (um)

amount

(9)
M1 0 085+001  35+02pum 185+2 um
M2 1 0.79+0.03 29+0.1 um 173+1 um
M3 15 0.71+0.02 24+0.1 um 162+£2 um
M4 2 064+0.02 2.1+£03um 133£2 um
M5 25 0.69+0.03 26+0.2 um 143£2 um
M6 3 0.75£0.01 28+0.2 um 162+3 um
M7 4 0.81+0.02 32+0.1 um 188+ 1 um
M8 10 0.84£0.02 36+0.1um 201£1 ym

that an increase in AgNPs initially enhanced the mechan-
ical strength and bulk density of the neat membrane.
The thicknesses of the fabricated membranes were also
measured and are listed in Table 1. The thickness of the
obtained membranes followed the same behavior as the
membrane pore size and porosity. This phenomenon
could be due to the formation of nanoparticle clusters
that impede the flow of water through the membrane.
Additionally, increasing the number of nanoparticles
beyond the optimal amount could lead to agglomeration
or aggregation, which can reduce the overall effectiveness
of the membrane. Therefore, it is important to carefully
control the concentration of AgNPs to ensure optimal
membrane performance.

The tensile strengths of the membranes with differ-
ent amounts of AgNO; are shown in Fig. 5. Increasing
the amount of AgNPs initially enhances the mechanical
strength; however, increasing the amount of nanoparti-
cles beyond the optimal value can decrease the mechani-
cal strength.

The tensile strength increased from 124 to 341 kPa
when the amount of AgNPs was increased from 1 to

AIS2300C SEI WD=8.8 20.0kV X600 50um

(b)

Fig.4 SEM images of the a neat SAN membrane and b AgNP-incorporated SAN membrane



El Jery et al. Environmental Sciences Europe (2023) 35:64

400
350
= 300
=
= 250
2
S 200
A
o 150
2
S 100 136 124
50
0
0 05 1 1.5

Page 8 of 15

2 2.5 3 3.5 4

AgNPs Amount (g)

Fig. 5 Tensile strength of SAN copolymer membranes using different AGNO; amount

2 g (Fig. 5). Moreover, the membrane tensile strength
decreased to 202 kPa when the AgNPs were increased to
4 g in the fabricated membrane matrix. The increase in
the tensile strength of the membrane can be attributed
to the complex structure of the fabricated membranes,
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e\o./ 80
— 70+
o :
= 60+
o [
O 50+
qa E
40 +
=S
U 30 _g
20
10 +
0 _:

0 1 1.5

which increasingly interacts with the AgNPs. This com-
plex structure increases the tensile strength when AgNPs
up to 2 g were added; thereafter, the tensile strength
decreases with the addition of more AgNPs to the mem-
brane matrix.
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Fig. 6 Antimicrobial properties in terms of CFU of the fabricated membranes using different amount of AgNPs, after exposure

to the Staphylococcus aureus and the E. coli cells for 12 h at 35 °C
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Fig. 7 Permeate flux (L/m2.h) of the obtained membranes using different concentration of AGNPs at pressure of 2 bar and duration of 60 min

Antibacterial activity tests
Figure 6 shows the antimicrobial properties in terms
of CFU of the fabricated membranes using different
amounts of AgNPs after exposure to Staphylococcus
aureus and E. coli cells for 12 h at 35 °C.

The results show that with an increase in the amount of
AgNPs in the membrane matrix, the percentage of CFU
decreases; the CFU% for the Staphylococcus aureus and

500
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300
250
200
150
100
50
0

Permeate Flux (L/h.m?)

the E.coli reached 2% and 6%, respectively. The mem-
branes with higher porosity resulted in a higher removal
of bacteria than the membranes with lower porosity.

Membrane micro-filtration pilot test

The permeabilities of the membranes obtained using
different concentrations of AgNPs are shown in Fig. 7.
Increasing the AgNP concentration initially decreased

~ NN
NN\

A AN\
NN\
NN

Pressure (bar)

Fig. 8 Obtained permeate flux of the fabricated M4 membrane

L/m?h) at different pressures of the feed flow
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Fig. 9 Dynamic analysis of the contact angle of water with the membrane surface. Note that the unit of dynamic contact angle is degree

the permeate flux of the membrane to 390 L/m%h; how-
ever, the permeate flux could be increased by further
increasing the amount of AgNPs. The results show that
the permeate flux can be obtained as 450 L/m%h using
1 g of AgNDPs, and the maximum flux can be obtained as
511 L/m*h using 4 g of AgNDs.

The effects of feed pressure and feed rate on permeate
flow were also investigated, and the results are shown in
Fig. 8. The permeate flux can be increased from 390 to

120.0
100.0
89.5
80.0 73
62.5
&

Percent (%)
3
S

40.0
27.0
20.0
0.0
M1 M2

451 L/m?.h by increasing the pressure from 2 to 6 bar. It
is evident that the permeate flux can also be increased
by increasing the feed flow rate. The chemical oxygen
demand (COD) of the resulting permeate fluxes in all the
experiments was greater than 99.5%.

The antibiofouling behavior of the fabricated mem-
brane was investigated in a cross-flow filtration pilot
plant using a feed solution containing E. coli and Staphy-
lococcus aureus suspensions.

85.3
74.5 L FRR
&Rt
Rr
Rir

10.8

Fig. 10 Fouling rate and permeability recovery percentage of different fabricated membranes
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To check the flux reduction behavior and antifouling
properties of the fabricated membranes, a filtration pro-
cess at constant pressure was applied. In this method,
the filtration process test was performed with pure water
for 60 min, and the permeate flux was measured. Indus-
trial wastewater was used as the feed, and the perme-
ate flux was also investigated in 60 min. The fabricated
membranes were then washed using distilled water for
30 min; thereafter, the membrane was removed from the
module, and the membrane surface was washed gently.
Finally, the amount of permeate flux, using wastewater
as the feed, was recorded using the washed membrane
over a period of 60 min, and the above-mentioned pro-
cess was repeated in the subsequent cycles. At the begin-
ning of each cycle, the feed solution was replaced by fresh
wastewater.

The permeate flux with AgNP amount of 2 g was
considered as an example during the filtration process
in each cycle. After each cycle, the amount of purified
water flux decreased to a very small amount. This phe-
nomenon can be related to internal membrane pore
fouling. Therefore, biofouling of the membrane surface
or membrane matrix pores can decrease the permeate
flux, which is irreversible fouling.
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Contact angle of water drop

A dynamic analysis of the water contact angle with the
surface of the fabricated membranes over time is pre-
sented in Fig. 9. The water contact angle of M4 is observed
to be more constant during time compared to the other
membranes, and it has a significant difference with them.
This observation can be attributed to the fact that the M4
membrane has the best performance, in which 2 g AgNPs
was applied. Nevertheless, there is no significancy between
other membranes using different amounts of silver nano-
particles. The constant water contact angle of M4 mem-
brane suggests that it is more effective in repelling water
over time compared to the other membranes. This obser-
vation is significant as it provides insight into the effective-
ness of the different membranes in purifying water.

This observation suggests that the amount of nanopar-
ticles used in the fabrication of the membranes may not
be the only factor affecting their performance. Therefore,
further studies are needed to identify other factors that
may contribute to the effectiveness of the membranes in
purifying water.

Pore size and pore distribution
The size of the droplets in the industrial wastewater
used as feed was checked using the DLS analysis in the

[wm)

[wm)

Fig. 11 AFM analysis and average surface roughness of the fabricated membranes
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Fig. 12 Water permeate flux of the fabricated M4 membrane during the filtration process in three cycles at pressure of 2 bar

range of 0-10 pm, and the results showed that approxi-
mately 90% of the droplets had a size in the range of
390-450 nm, and the remaining 10% were the range of
270-290 nm.

Membrane fouling analysis

The results presented in Fig. 10 show that the fouling
amount and recovery percentage of the permeability of the
fabricated membranes are affected by the hydrophilicity
of the membrane. As the hydrophilicity of the membrane
decreases, the fouling is reduced, and vice versa. This find-
ing is consistent with previous research on membrane
fouling, which has identified various factors affecting
fouling, including the type of fouling, and membrane sur-
face chemistry. This is due to the fact that the hydrophilic
membranes have a higher affinity for water, which reduces
the interaction between the membrane and foulants, lead-
ing to less deposition of foulants on the membrane surface

Table 2 Surface tension parameters of DLVO thermodynamic

model

v s v
M1 0.22 8.66 4328
M2 0.21 128 448
M3 032 132 4293
M4 0.29 2432 4139
M5 0.26 3.29 4348
M6 0.24 1.1 4766
M7 0.23 12.28 454

and/or pores. In contrast, hydrophobic membranes repel
water, which increases the interaction between the mem-
brane and foulants, leading to more deposition of foulants
on the membrane surface and/or pores. The intermolecu-
lar interactions between the foulant and the membrane
surface are also affected by the hydrophilicity of the mem-
brane. As the hydrophilicity of the membrane decreases,
the surface becomes more hydrophobic, which increases
the interaction between the membrane and foulants, lead-
ing to more deposition of foulants on the membrane sur-
face and/or pores. Therefore, reducing the hydrophilicity
of the membrane can increase the fouling of the mem-
brane, while increasing the hydrophilicity can reduce the
membrane fouling. A recent study explored the relative
impact of charge and hydrophilicity on the anti-fouling
properties of polyester membranes and found that charge
impacts the anti-fouling potential more significantly than
hydrophilicity. Understanding the interplay between
charge and hydrophilicity can help guide the synthesis of
more effective anti-fouling membranes.

Figure 11 shows the AFM analysis results and average
surface roughness of the fabricated membranes. These
results were also confirmed by comparing the size of the
contact angle; the results showed that the contact angle
and fouling decreased with an increase in the membrane
roughness.

Figure 12 shows the permeate water flux of the fabri-
cated M4 membrane during the filtration process at pres-
sure of 2 bar for each cycle. After each cycle, the purified
water flux decreased to a very small amount. This can be
attributed to internal membrane pore fouling. Owing to
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Fig. 13 Interaction energy between the fabricated membranes and E.coli;a M1 membrane and b M4 membrane

the high amount of pollutants in the feed, the adhesion
and expansion of the droplets in the inner pores of the
membrane cause narrowing of the flow channels; in some
cases, it blocks the membrane pores and causes complete
fouling. Therefore, the flux decrease can be related to
irreversible fouling caused by the strong binding of the
droplets to the surface of the membrane or inside the
pores.

Antifouling mechanism

The surface tension parameters of the DLVO thermo-
dynamic model are presented in Table 2. As shown in
Table 2, M4 has more negative charge and thus the high-
est amount of hydrophobicity; whereas, M5 shows the

lowest amount of negative charge and thus the highest
amount of hydrophilic property. The obtained results are
in full agreement with the data presented in Fig. 10, indi-
cating that the FRR increases as the negative charge of
the membrane increases.

Figure 13 shows the interaction energy between the
fabricated membranes and E. coli. In Fig. 13a, the inter-
action energy between M1 membrane (with no silver
nanoparticles in the membrane matrix) and E. coli shows
a negative value, indicating that the interaction between
SAN and E. coli is thermodynamically attractive. There-
fore, it can be concluded that in M1 membrane, E. coli
can adhere to the membrane to form a fouling layer,
blocking the pores and leading to membrane biofouling.
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In contrast, it can be seen in Fig. 13b that the total energy
between the pollutant species and M4 membrane is posi-
tive, which indicates that the adhesion of E.coli particles on
the membrane surface of M4 membrane is thermodynami-
cally unfavorable. Thus, M4 membrane has antifouling
properties, as indicated by the highest FRR. Therefore, the
use of AgNPs can improve the antifouling properties of the
membrane. Applying a small amount of AgNPs reduced the
amount of membrane fouling to a great extent; however,
the use of AgNPs has an optimal limit, and if used in excess,
it will reduce the antifouling property of the membrane.

Conclusions

In this study, a new low-cost microfiltration membrane was
prepared by incorporating AgNPs on a poly (acrylonitrile-
styrene) membrane, where the AgNPs were synthesized
using the Creighton method. The obtained copolymer
membranes were studied, characterized, and investigated
by SEM, infrared vibrational spectroscopy, and ultra-
violet—visible spectroscopy. The effects of the amount of
AgNPs on the morphology, pore size, porosity, mechani-
cal strength, and permeability were studied. Increasing
the amount of AgNPs initially enhanced the mechanical
strength and selectivity of the neat membrane; however, it
also decreased its permeability and porosity. Nevertheless,
increasing the amount of nanoparticles beyond the opti-
mal amount caused a decrease in the mechanical strength
and increased the porosity and permeability. To check
the flux reduction behavior of the fabricated membrane
and antifouling properties, a filtration process at constant
pressure was applied. The hydrophilicity of the membrane
decreased, fouling decreased, and vice versa. Moreover,
the permeate flux during the filtration process was stud-
ied in three cycles, and the amount of purified water flux
decreased after each cycle to a very small amount, which
can be related to membrane internal fouling. Owing to the
high amount of pollutants in wastewater, the oil droplets
in the membrane pores caused complete pore blocking.
Therefore, the decrease in permeate flux can be attributed
to irreversible fouling caused by the strong binding of drop-
lets to the surface of the membrane or inside the membrane
pores. The lower roughness of the membranes improves
the permeability recovery percentage because the mem-
brane permeability recovery percentage can be attributed
to the membrane surface roughness. The results showed
that increasing the membrane roughness can decrease
the contact angle and membrane fouling. Furthermore,
to determine the amount of hydrophilicity and check the
changes in the surface energy of the fabricated membranes,
a water droplet contact angle analysis was performed. The
results showed that poly(acrylonitrile-styrene) copolymer
membranes containing AgNPs have promising wastewater
treatment applications.
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