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Abstract

Ultrafiltration membrane technology is vital for water purification, especially when
incorporating nanoparticles due to their unique properties. In this study, anti-fouling and
antibacterial membranes were created by blending polyvinyl chloride (PVC) with a silver
nanoparticle (AgNP) solution synthesized through an eco-friendly method using mulberry leaf
extract. Mixed matrix PVC/AgNP membranes exhibited enhanced properties and performance
over the pristine membrane. FTIR and SEM analyses identified functional groups in M1 and
M4 and characterized membrane morphology. The manufactured mixed matrix membranes,
prepared with 15 wt% PVC and different AgNP wt%, displayed superior mechanical properties
compared to the pristine M1. The addition of AgNP solution increased the water uptake
capacity of the membranes, as shown by contact angles of 66.1° for the pristine M1 (15%
PVC), 54.7° for M4, and 62.7° for M2. Membrane performance improvements were evident,
with M1 achieving permeate flux values of 301.4, 314.5, 317.4, 336.9, and 366.4 L/m?-h. M4
exhibited higher flux values of 338.4, 347.4, 354.9, 364.6, and 377.4 L/m?-h during humic acid
separation. Bacterial removal tests using Tigris River water showed that M4 achieved a 99.9%
removal rate, compared to 58.7% for M1. BOD, COD, and turbidity analyses confirmed M4’s
superior efficiency in reducing concentrations to 5 mg/L, 7 mg/L, and 0.74 FNU, meeting
WHO standards. Fouling resistance tests demonstrated M2's excellent anti-fouling properties,
with a flux recovery ratio (FRR) of 99.8%. Therefore, the membrane M2 proves to be an
effective anti-fouling.
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1. Introduction:

Recent advancements in nanotechnology
have led to rapid growth in the application
of nanoparticles due to their ability to alter
or control the molecular properties of
materials, enabling the transformation of
these materials into structures with desired
geometries and characteristics (Cahyana et
al. 2021). Among the various methods for
synthesizing  metallic ~ nanoparticles,
chemical approaches are particularly
significant. However, these methods
typically involve the use of costly and toxic
reagents as reducing and stabilizing agents
(Halawani 2016). In contrast, biogenic
methods for synthesizing metal
nanoparticles have gained increasing
popularity due to their simplicity, lower
toxicity, and eco-friendliness. Metals such
as copper, zinc, and silver are frequently
used in nanoparticle synthesis because of
their notable biomedical properties (Das,
Ghosh, and Mandal 2019). Although the
biosynthesis of nanoparticles using plant
extracts has been well-documented in
various species, including neem, Aloe vera,
Cinnamomum camphora, Rosa hybrida,
and mulberry leaves, the field continues to
attract considerable attention due to the vast
diversity and high potential of plants as
reducing agents, capable of producing
nanoparticles with a range of morphologies
(Halawani 2016). Silver nanoparticles
(AgNPs) are particularly noteworthy,
facing an annual demand of approximately
500 tons due to their non-toxic nature, as
well as their optical, catalytic, bio-sensing,
drug delivery, antioxidant, cytotoxic, and
antimicrobial activities (Das, Ghosh, and
Mandal 2019). Successful synthesis of
AgNPs has been achieved using aqueous
extracts from Paronychia argentea Lam.
(Alnairat et al. 2021), Ziziphus spina-

Christi L. leaves (Cahyana et al. 2021), and
Morus alba leaves (Das et al. 2019). The
solvents employed in these extraction
processes include methanol, ethanol,
diethyl ether, chloroform, ethyl acetate, and
water. Water-soluble organic compounds
present in plant extracts have proven to be
potent reducing agents for nanoparticle
synthesis (Halawani 2016).Over the past
few decades, membrane bioreactor (MBR)
technology has been extensively used for
the treatment of municipal wastewater and
water recycling. MBR systems integrate
conventional activated sludge (CAS)
processes with membrane filtration,
offering advantages such as reduced plant
footprint, lower sludge production, and
enhanced separation efficiency. However,
membrane fouling remains a significant
challenge, limiting the broader application
of MBRs. The primary cause of membrane
fouling in MBRs is biofilm formation on
the membrane surface, primarily composed
of organic matter and microbial cells.
Specifically, the adsorption of natural
organic matter (NOM) onto the membrane
surface and within its pores results in
organic fouling, while bacterial biofilms,
typically composed of polysaccharides,
form on the membrane surface (Behboudi,
Jafarzadeh, and Yegani 2018).
Considerable efforts have been made to
mitigate ~ fouling  through  various
approaches. It is well-established that
membrane  characteristics, such as
hydrophilicity, surface roughness, and pore
size, significantly influence fouling
propensity. Enhancing membrane
hydrophilicity has beenshown to improve
antifouling properties, although some
studies have reported contradictory results.
To improve hydrophilicity and antifouling
performance, various strategies have been
employed, including the incorporation of
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inorganic nanoparticles into polymer
matrices, surface  modification  of
membranes, and polymer blending
(Behboudi, Jafarzadeh, and Yegani 2018).
Polymeric  membrane filtration has
emerged as a promising technology for
producing high-quality, safe reclaimed
water, though membrane fouling remains
an inevitable issue. Innovative solutions
include the development of a novel reactive
membrane fabricated through layer-by-
layer (LBL) surface modification with
polyelectrolytes (PE), followed by the
incorporation of anisotropic triangular
silver nanoparticles (TSNP) (Ahmad et al.
2019). Additionally, PVC-based hollow
fiber ultrafiltration membranes embedded
with  pristine and modified silver
nanoparticles have been prepared using the
wet  spinning  method  (Behboudi,
Jafarzadeh, and Yegani 2018). These novel
membranes exhibit remarkable
antibacterial and anti-adhesion properties,
achieving a 100% bactericidal effect
against high initial bacterial concentrations
(107 CFU/mL) (Ahmad et al. 2019). Dead-
end ultrafiltration (UF) has been identified
as a more energy-efficient mode of
operation compared to cross-flow filtration
for large-scale potable water production
(Narendra Kumar et al. 2019). Polymers
such as polyvinyl chloride (PVC),
polysulfone/silver ~ composites,  polyv
inylpyrrolidone (PVP), and poly vinylidene
fluoride (PVDF) have been commonly used
in the manufacture of ultrafiltration
membranes.Dead-end ultrafiltration (UF)
has been identified as a more energy-
efficient mode of operation compared to

cross-flow filtration for large-scale potable
water production (Chew, Aroua, and
Hussain 2018). Polymers such as polyvinyl
chloride (PVO), polysulfone/silver
composites, polyvinyl pyrrolidone (PVP),
and polyvinylidene fluoride (PVDF) have
been commonly used in the manufacture of
ultrafiltration membranes.

2. Method and Material

2.1 Materials

In preparing silver nanoparticles, several
materials were used, such as: mulberry
leaves, distilled water, and a 10 mM of
silver nitrate solution AgNO:s.
Polyvinylchloride (PVC) was purchased
from Roth India Company. It was used as
the main polymer, which was blended with
nano-solution that was prepared by Silver
nitrate and mulberry leaves. Silver nitrate
was purchased from Sigma Aldrich. N-
methyl-2-pyrrolidine (NMP) was used as a
solvent and polyethylene glycol (PEG 400)
was used as a pore former additive, both
were purchased from Fluka.

2.2 Preparation of leavies Extract

Silver nanoparticles were synthesized from
mulberry leaves because they were the most
abundant tree in our regions, and this
process was carried out in a number of
arranged and detailed steps that were: Fresh
mulberry leaves were collected from the
tree.these leaves were washed several times
with de-ionized water (distilled water) to
remove residual debris. Air-dried at
ambient temperature for further use.Fifteen
grams (15 g) of tinely dissected leaves were
boiled with 150 mL deionised water at 90
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°C for 45 min. The extract was then lead to
cool at ambient temperature.Extract were
filtered to eliminate any particles through
Whatman filter paper no. 41.

2.3 Synthesis of Silver Nanoparticles
(AgNPs

Twenty-five millilitre (15 ml) of leaf
extract was added to a solutionof 50 ml, 10
mM of AgNO3. Kept at room temperature
with continuous stirring at 250 rpm. The
resulting AgNPs were centrifuged to
separate them from the supernatant(the
bottom layer was contained AgNPs). The
remaining unreacted silver was further
washed with deionised water and dried at
50 °C for 24 h.

Figure 1: Steps for green synthesis of AgNPs from
mulberry leaves, [a] Collect, wash, dry, and chop
mulberry leaves, [b] 25 ml of extract with 50 ml of
AgNO3 solution, [c]Separation of AgNPs by
centrifugation, [d]Separating the two phases by
filtration, [e] Drying of AgNPs

2.4 Ultrafiltration Membrane
Preparation

The method that was followed in preparing
the ultrafilter membrane was the Phase
Inversion method by two main steps:

2.4.1 Preparing the membrane
mixture/solution

This process is done by mixing the required
materials in certain percentages These

materials were polyvinyl chloride (PVC) as
the main material in the composition of the
membrane as a polymeric membrane . Then
polyethylene glycol and PEG were added as
a pore former . After that, N-
methylpyrrolidone (NMP) was mixed as a
solvent. These materials are sufficient to
make a  polymeric  ultrafilteration
membrane . But what is new here is that a
fourth material were blended with the
mixture, which was the silver nanoparticles
AgNPs that were prepared in the previous
steps . This experiment was repeated four
times and four membranes were made with
different proportions of AgNPs according
to the Table (1) below .The polymeric
solutions were mixed for 12 hours .Then the
solutions were left for 24 hrs to remove
bubbles from the polymeric solution.

Table 1: Compositions of additives in each
experiment by weight %

M1 15 1 84 0
M2 15 1 83.9 0.1
M3 15 1 83.7 0.3

M4 15 1 83.5 0.5
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2.4.2 Ultrafiltration Membrane
Preparation

The polyester support was fixed on a glass
plate. And membrane film was cast on it
using a film applicator with a thickness of
200 pm . Then the glass was immersed on
the distilled water coagulation bath.

2.5 Characterizations of Membrane

2.5.1 Scanning Electron Microscope
(SEM)

A scanning electron microscope (SEM)
was carried out by a QUANTA FEG250
scanning electron microscope apparatus on
the membrane's surface and cross-sections.
The samples were coated with gold to
supply electrical conductivity. The images
were conducted at 30 kV (Abdallah et al.
2021).

2.5.2 Mechanical Properties

Mechanical properties for membranes were
determined using H5KS universal tensile
testing machine. Four specimens per
sample with a length of 100 mm, a width of
25 mm, and a thickness of about 0.2 mm
were used. The thickness of the samples
was measured by a micrometer with an
accuracy of 0.01 mm (Abdallah et al. 2021).

2.5.3 Porosity Measurements

Densometers represent one of the accepted
standard methods for measuring the
porosity and air permeability of membrane.
The Gurley Standard Densometer was used
to investigate our samples with an area of
about 25 cm 2 . The porosity was
determined by knowing the weight of the
wet sample and of the same sample after
drying to reach its stable value. The
following equation was used to calculate

porosity

e_Mw_Md
~ ALp

where A represents the effective area (cm
2), L is the thickness (cm), and p the density
of pure water(g cm™ ). To ensure a
minimum error, the calculations were
repeated more than five times, and the

average value was recorded (Abdallah et al.
2021).

2.5.4 Contact Angle Measurements

Membranes samples contact angles by
sessile drop method were measured by a
compact video microscope (CVM) that was
operated according to the standard test
method (ASTM D724-99) of the surface
wettability of paper and standard methods
(ASTM D5946- 96 ) of corona- treated
polymer films. The volume of droplets on
samples was 10uL, where the photo was
taken directly after the addition of every
drop. An average of three measurements
was recorded (Abdallah et al. 2021).

2.5.5 Fourier Transformed Infrared
Spectroscopy (FTIR)

FTIR analysis at a resolution of 4 cm™ with
16 scans/min was carried out on
membranes samples (M1 & M4) using a
Bruker VERTEX 70 FTIR spectrometer
equipped. The IR data were determined in
the wavenumber range from 400 to 4000
cm™ and a resolution of 4 cm™ (Abdallah
etal. 2021).

2.6 Nanosilver characterization

2.6.1 Transmission Electron Microscopy
TEM images were collected at an
accelerating voltage of 200 kV. The
diameter of the CDs was obtained from the
TEM pictures, using Image-Pro Plus
software (Some et al. 2020)
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2.7 Membranes Performance

A laboratory-scale filtration system is
composed of a feeding tank, pump, , and
dead-end membrane cell as sn. This system
was used to indicate the efficiency of the
prepared membranes as shown in Figure (1)
. The effective area of the membrane in the
test cell was 12.56 cm2. First, 0.05 g of
humic acid was dissolved in 1 litre Distilled
water, membranes was put on membrane
cell and tested to indicate the separation
percentage and, the analysis was done by
UV sepctroscopy apparatus at room
temperature (Abdallah et al. 2021). Then,
0.5 g of Boven seruiem Albooumn was
dissolved in 1 litre Distilled water
membranes was put on membrane cell and
tested to indicate the separation
percentage.

& ;
E Membrane Cell
Pump at

0.5 bar \

v

| Permeate
(Clean Water)
! River
Water

Figure 1: Schematic diagram of the filtration setup

Both the fluxes and separation ratio were
calculated using the following equations:

: Cr—Cp
Separation % = ——— x 100
Cr

Where Crand Cp represent the weight

fractions in the feed and permeate

respectively of each component.

Flux = ———
Am Xt

Where V denote volume of the permeate,
measured in liter, Am

is the effective membrane area in square
metres, and t is the time in hour.

2.8 Water Sample Collection

Samples were collected from Tigris River,
Derik city in Syria, then they were stored at
4 °C. All samples were collected according
to the Standard methods for the Water &
Wastewater Examination. Tiigris River
water contains virus bacterias which were
detected in previous research Tiigris River
water contains virus bacterias which were

detected in previous research (Ologbosere
et al. 2016)

2.9 Water Quality Parameters

This study focuses on evaluating specific
parameters of river water quality, including
bacteria removingoxygen , biological
oxygen demand (BOD), chemical xyogen
demand (COD), and turbidity.

2.9.1 Microbiological Analysis

Samples were analyzed for microbiological
properties immediately after collection.
Each analysis was carried out in duplicated
and then the mean value was taken.
Procedures followed for analysis have been
in accordance with the Standard methods
for examination of water and wastewater
(APHA, 2005). The Total Viable Bacterial
Counts (TVBCs) test were determined by
using the spread plate method and
incubated at 37°C for 24hrs (Ologbosere et
al. 2016).
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2.9.2 Biological Oxygen Demand (BOD)

BOD is a measure of the organic matter
contamination in water, expressed in mg/L.
It represents the amount of dissolved
oxygen needed for the biochemical
decomposition of organic compounds and
the oxidation of certain inorganic
substances like iron and sulfites (Patil,
Sawant, and Deshmukh 2012). BOD is
determined according to the Winkler’s
method, incubation for 5 days at 20°C.

2.9.3 Chemical Oxygen Demand (COD)
COD is another indicator of organic
contamination in water, also measured in
mg/L. It quantifies the amount of dissolved
oxygen required for the chemical oxidation
of organic material in water. Both BOD and
COD are crucial indicators of the
environmental health of surface water,
though they are more commonly used in
wastewater treatment than in general water
treatment. COD is determined using (COD
Reactor CR25) as shown in Figure (3-6).
(Ologbosere et al. 2016).

2.9.4 Turbidity

Suspended solids in water, like silt and
organic matter, increase turbidity and
reduce water clarity. This can harm aquatic
life by blocking light needed for
photosynthesis, lowering dissolved oxygen
levels, and raising water temperature.
These changes can stress or even kill
aquatic  organisms, particularly fish,
making turbidity an important indicator of
water quality and environmental health
(Sader 2017). The turbidity of the river
water was measured before and after the

process for each membrane four times at
different times.

2.10 Membrane Fouling Testing

Fouling test was performed by the same
performance unit cell using River Water
after adding humic acid to the water as a
foulant at a ratio of 0.02 g/I. The fouling
test was performed on M1, M2, M3 and
M4, with the sequence was begun by
distilled water for 1 h to determine the
permeate fux Jw1 (L/m?.h) then was
followed by the foulant solutions for 2 h
to determine the permeate fux Jp (L/m?>.h),
and was followed again by distilled water
for 1 h to determine Jw2 (L/m?.h). at room
temperature. the permeate fux from
membranes was measured Jw2 (L/m?.h).
Fouling parameters were calculated, fux
recovery ratio (FRR) was calculated thus
)Mansor, Ali, and Shaban 2021(.

FRR% =12 100
]Wl
Rr% = (]WZ—_]”) x 100
]Wl
Rirop = (YL 7IW2) 100
Jw1

Rt% = (1 —]—”) x 100
Jw

Where, (Rr) is the reversible fouling ratio,
and (Rir) is the irreversible fouling ratio
and Rt% is the total fouling ratio (Mansor
et al. 2018).

3. Results and Discussion

* - Corresponding Corresponding Author: Haidar Saify, homan_saify@yahoo.com
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3.1. Membrane Characterization
3.1.1. SEM Characterization

Scanning Electron Microscopy (SEM) is
commonly utilized to examine the surface
and cross-sectional characteristics of
polymeric membranes. SEM images of the
unmodified PVC membranes' top surface
reveal significant details. In Figure (2 a),
the membrane exhibits a dense top layer
with minute pores visible on the surface.
Conversely, Figure (2 b)
membrane's top surface with a rougher
texture and small, scattered pores. This
observation is attributed to the higher
concentration of PVC at the film's interface,

shows the

leading to fewer pores on the membrane's
top layer. This phenomenon has also been
documented in the literature (Abdallah et
al. 2021).

Figure 2: Shows SEM for M1

Figure (3) illustrates the cross-sectional
morphologies of PVC/AgNPs (M2 and M3)
membranes fabricated in this study. The
images reveal that all the composite
membranes exhibit a structure
characterized by a broad, finger-like porous

sublayer, as seen in the M2 cross-section,
and a dense skin top layer—a typical
feature of membranes prepared using the
non-solvent induced phase separation
method. The silver nanoparticles, which
contain hydroxyl groups, enhance the
exchange between water (non-solvent) and
NMP (solvent) during the phase separation
process, leading to the formation of larger
macrovoids, as observed in M3.
Additionally, the backscattered SEM
images in Figure (3) show the distribution
of nanoparticles throughout the membranes
(Abdallah et al. 2021). The M4 membrane
demonstrates an impressive structure
composed of three distinct layers: a top
porous surface, a wide finger-like sublayer
with high tortuosity, and a porous bottom
layer, which is attributed to the use of a
nonwoven support. As shown in Figures (4
a) and (4 b), this structure results from the
incorporation of a 0.5 wt% silver
nanoparticle solution, which influences the
size and shape of the finger-like formations
(Abdallah et al. 2021).

SEMHV: 20.0 KV wo:s25mm |00y
View fiokd: 278 um Dot:SE 50pm
SEMMAG: 500 x | Date(midy): 10104723 perormance i nai
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Figure 4: Shows SEM for M4

3.1.2 Mechanical Properties

The mechanical strength of a membrane is
a critical factor that influences its suitability
for industrial applications. Figure (5)
presents the mechanical test results, which
vary according to the percentage of AgNPs
in the nano-solution. The results show that
M1 has a tensile strength of 26.22 MPa and
an elongation of 53.88%, while M2 exhibits
a tensile strength of 93.2 MPa and an
elongation of 40.92%. In contrast, M3 has a

tensile strength of 36.62 MPa with an
elongation of 48.97%, and M4
demonstrates a tensile strength of 42.85
MPa with an elongation of 47.58%. The
sequence of elongation improvement across
the membranes is M1 > M4 > M3 > M2,
indicating that M1 has the highest
elongation and M2 the lowest. Conversely,
the tensile strength order is M2 > M4 > M3
> M1, meaning M2 has the highest tensile
strength and M1 the lowest. M3 and M4
exhibit intermediate values in both
parameters. The addition of AgNPs has
enhanced the tensile strength of the
membrane samples, which is likely due to
the reinforcing effect of the inorganic
additive within the membrane (Behboudi,
Jafarzadeh, and Yegani 2018).

100 60
‘©
S s0 50
[ —1 ]
< 40 i
En 60 o
o 30 "g
& 40 c
]
o 20 2
(7]
5 20 10
[t
0 0

M1 M2 M3 M4
Prepared Membranes

I Tensile Strength Mpa —@=— Elongation %

Figure 5: Mechanical properities of Membranes

3.1.3 Contact Angle and Porosity

The increase in the evaporation surface area
correlates with the rise in membrane
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porosity, which in turn leads to higher
permeate fluxes. Membrane porosity also
influences heat loss through conduction.
The porosity levels of the membranes were
measured, as shown in Table (2). The
porosity of M1 was found to be 71.85%,
which is higher than the others. M2
exhibited a porosity of 52%, while M3 and
M4 had porosity levels of 16.5% and
14.8%, respectively. It is noteworthy that
M4 has the lowest porosity among the
membranes, making it a suitable candidate
for membrane processes (Bhran et al.
2018).

Hydrophobicity is a critical factor in
determining membrane performance, and
water contact angle measurements are
commonly used to assess the
hydrophobicity and wetting properties of
membrane surfaces. All membranes were
tested using distilled water to measure their
contact angles, which were captured using
a camera and analyzed by a computer to
determine the precise angle. The results,
summarized in Table (2), show that M1 has
a contact angle of 66.1°, M2 has 62.7°, M3
has 74°, and M4 has 54.7°. These results
indicate that M4 has the lowest contact
angle at 54.7°, which is attributed to the
increased addition of AgNPs. This addition
enhances the hydrophilicity of the
membrane. The role of AgNPs in the
membrane blend includes the production of
a porous membrane with uniformly small
pores and improved hydrophilic properties
of the PVC membrane (Bhran et al. 2018).

Table 2: Values of contact angle and porosity for
each membrane

Membran Contac Porosit TR v

e type tngle y %
M1 66.1 618 | —t——

3.1.4 FTIR Characterization

Fourier-Transform Infrared (FTIR)
spectroscopy was employed to analyze the
distribution of functional groups and
molecular  orientations  within  the
membranes under study. The FTIR
spectrum for M1, which correlates the
wavenumber and transmittance for various
peaks, is shown in Figure (6). An
accompanying table provides the peaks and
their intensities, while Table (3) lists the
peak wavelengths, the functional groups
represented by each peak, and their types.
The results indicate that M1 is composed of
polyvinyl chloride (PVC) and polyethylene
glycol (PEG). The presence of PVC is
confirmed by the transmittance peaks at
wavenumbers 851.04-969.11 cm™ and
611.62-683.76 cm™, corresponding to
peaks 10 and 11, respectively, which are
associated with the characteristic double
bonds in PVC. Similarly, the presence of
PEG is demonstrated by the double bonds
appearing at transmittance peaks 3, 6, and
2, corresponding to wavenumbers 2914.71
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cm™!, 1426.16 cm™', and 3365.51 cm™,
respectively. This evidence confirms that
the M1 membrane sample is composed of
both PVC and PEG (Kumar et al. 2019).

As previously mentioned, the M4
membrane was created using a blend of
PVC, PEG, and AgNPs. The FTIR
spectrum for M4, as depicted in Figure (7)
and detailed in Table (4), confirms this
composition. In addition to the functional
groups indicating the presence of PVC and
PEG, as described for M1, the FTIR data
for M4 suggests the formation of AgNPs
through the reduction of Ag* ions to Ag’,
as evidenced by peak 11 at 432.14 cm™.

The frequency shifts observed at three
specific  points—O-H  (hydroxyl) at
3365.06 cm™ in peak 2, C=C (alkyne) at
2326.72 ecm™" in peak 4, and N-H, (amine)
at 3446.46-3819 cm™ in peak 1—indicate
that these functional groups are involved in
the reduction process. Additionally, the
peak around 2909 cm™ corresponds to the
stretching of C-H bonds, while the peak at
approximately 3365 cm™ is associated with
the amide bonds (N-H) of proteins. These
functional groups not only facilitate the
reduction process but also contribute to the
stability of the synthesis (Kumar et al.
2019).

Table 3: Infrated transmittance of M1 resulted by FTIR test

1 3751.58 O-H
2 3365.51 O-H
3 2914.71 C-H
4 1730.67 C=0
5 1649.61 C=N
6 1426.16 C-H
7 1328.47 C-N
8 1246.69 C-O0
9 1042.47 - 1102.12 C-Nor C-O
10 851.04 - 969.11 C-H
11 611.62- 683.76 C-X
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Figure 6: Shows FTIR spectroscopy of M1

Table 4: Infrated transmittance of M4 resulted by FTIR test

1 3746.36 - 3819 e
2 3365.06 NH

3 2909.92 o

4 2326.72 c=c

5 1726.9 -0

6 1550.23 o

7 1427.71 C.H

8 1328.47 ON

9 1245.65 0

10 1043.44 - 1099.01 C-N or C-O

11 612.76 - 967.64 e

12 432.14 AgNPs(Agion, g;g-ON, ag-H, Ag-
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Figure 7: Shows FTIR spectroscopy of M4
supporting their  bioactive nature

3.2 TEM for Nanosilver

Figure 8) illustrates the TEM images of
biosynthesized AgNPs were almost
spherical, well dispersed, with an average
particle size of 6.91 nm, determined from
the histogram of particle size distribution,
that indicates the crystalline nature of the
AgNPs (Some et al. 2020). Agnihotri et al.
reported that Dbioactivity of silver
nanoparticles, mainly antimicrobial
activity is inversely proportional to the size
of the nanoparticles. Present study
represents  smaller size nanoparticles,

(Agnihotri, Mukherji, and Mukherji 2014).

Figure 8: TEM images of nanosilver
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3.3 Membranes Performance

3.3.1 UV Spectroscopy Analysis of
Humic Acid Separation Using
Membranes

Figure (9) illustrates the water treatment
efficiency in removing humic acid as a
function of varying AgNPs percentages.
The results show that M3 achieves the
highest permeate flux across all
percentages compared to M1, which has the
lowest permeate flux. This difference is
attributed to the presence of 0.3 wt%
AgNPs in M3, whereas M1 did not contain
AgNPs. Increasing the concentration of the
main polymer, particularly when it has a
high molecular weight, results in smaller
pore sizes. Additionally, a low percentage
of pore former leads to reduced porosity
and smaller pores, as shown in Table (2).
Since AgNPs were not added during M1's
preparation, its permeate flux is lower than
that of M3, which includes a pore former
(PEG) and AgNPs. The addition of silver
nanoparticles during membrane preparation
also increases the hydrophilicity of the
membranes . The results indicate that M3
provides the highest flux compared to other
membranes, with a nanosilver
concentration of 0.3%, similar to M2 with
0.1% NS. Although M4 has the highest
AgNPs concentration at 0.5%, it shows a
lower flux compared to M2 and M3, likely
due to decreased porosity as a result of the
higher AgNPs content. Additionally, using
0.3 wt% NS during membrane formation

(M3) facilitates a rapid interchange
between the solvent and non-solvent during
the coagulation step, leading to the
successful and uniform distribution of
nanoparticles in the membrane matrix.
Consequently, M3 demonstrates the best
membrane performance among the tested
membranes. However, M4 encounters
nanoparticle aggregation issues, leading to
reduced homogeneity and increased
viscosity of the polymeric solution during
preparation. Despite M4 having the lowest
contact angle, indicating a highly
hydrophilic membrane, these aggregation
problems negatively impact its
performance (Abdallah et al. 2021).

Figure (9) shows the separation percentage
as a function of different AgNPs
concentrations. The separation percentage
improves as the AgNPs percentage
increases. The order of separation
efficiency is M3 > M4 > M2 > M1. M1
provides the lowest separation percentage
across all feed concentrations compared to
other membranes, likely due to its weak
selective layer, which diminishes its
separation efficiency. The addition of NS to
all membranes improvedtheir separation
performance (Abdallah et al. 2021). Xie et
al developed a novel concept of sequential
catalytic ultrafiltration membrane by
loading Co304/C@Si0O2 nanoreactors into
finger-like channels for selective separation
with peroxymonosulfate-based catalysis to
prepare a functional molecular sieve
membrane, which showed excellent
decontamination  performance toward
multiple pollutants by filtration of water
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matrices containing humic acid (HA) and
bisphenol A (BPA). In this study, 100%
rejection of HA and 95% catalytic
degradation of BPA were achieved under a
low pressure of 0.14 MPa and an ultrahigh
flow of 229 L/m2/h (Xie et al. 2021).

3.3.2 Boven
Removing

Seruiem Alboumn

Figure (10) illustrates the water treatment
efficiency in removing boven seruiem
alboumn as a function of varying AgNPs
percentages. The results show that M1
achieves the highest permeate flux across
all percentages compared to M3, which has
the lowest permeate flux. This difference is
attributed to the presence of 0.3 wt%
AgNPs in M3, whereas M1 contains no
AgNPs.  Since AgNPs were not added
during M1's preparation, its permeate flux
is higher than that of M3, which includes a
pore former (PEG) and 0 wt% AgNPs.
Although M4 has the highest AgNPs
concentration at 0.5%, it shows a lower flux
compared to M1, likely due to decreased
porosity as a result of the higher AgNPs
content. Consequently, M1 demonstrates
the best membrane performance among the
tested membranes. However, M2, M4, and

M3 encounters nanoparticle aggregation
issues, leading to reduced homogeneity and
increased viscosity of the polymeric
solution  during  preparation, these
aggregation problems negatively impact its

performance.

Figure (10) shows the separation
percentage as a function of different AgNPs
concentrations. The separation percentage
improves as the AgNPs percentage
increases. The order of separation
efficiency is M2 > M3 > M4 > M1. M1
provides the lowest separation percentage
across all feed concentrations compared to
other membranes, likely due to its weak
selective layer, which diminishes its
separation efficiency. The addition of NS to
all membranes improvedtheir separation
performance (Abdallah et al. 2021).
Membranes fabricated by Ilyas et al. were
made  from  superhydrophilic  and
anticorrosive polyvinyl chloride based on
graphene oxide-silver (GO-Ag) nanolayers.
The water flux and bovine serum albumin
rejection of the pure polyvinyl chloride
membrane were improved from 192 Im-2 h-
1 to 613 Im-2 h-1 and 81.5% to 92.1%,
respectively (Ilyas et al. 2021).
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Figure 9: Humic acid separation percentage using PVC/Mn(acac)3 membranes.
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Figure 10: Boven seruiem alboumn separation percentage using PVC/Mn(acac)3 membranes

3.4 Water Quality Parameters

3.4.1 Bacteria Removing from Tigris
River

The river water contains many bacteria, the
river water sample was tested on the
membrane filtration system. Table (5)
shows the significance of viruses in the
river water before and after treatment with

membranes. The results indicate that
bacteria were detected with a value of 5150
CFU/100 ml before the membrane. While
after the membrane, the concentration of
bacteria removed by each membrane
decreases as follows from the most
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concentrated to the least concentrated in the
order M1 > M2 > M3 > M4.

Table 5: River water quality parameters before and

after treatment and comparison with standard river
water criteria

River 5150 30.6 44 144

M1 (0 2127.75 5.6 26 64

M2 56.5 0.94 17 46

M3 3.5 0.8 9 21

M4 0.5 0.79 5 7

M4 (consisting of 0.5% AgNPs solution)
has a negative detection of almost all
viruses (0.5 CFU/100ml), which means that
the M4 membrane separates all viruses
from the river water. The M1 membrane
(0% AgNPs solution) separates bacteria
with a value of 2128 CFU/100ml, perhaps

because the pores of this membrane have a
large size compared to other membranes
that contain the AgNPs nanosilver, which
depends on separating viruses through a
sieving mechanism. While M2, M3, and
M4 contain AgNPs in their structure which
exhibit excellent bacterial removal, silver
atoms in the nano NS solution eliminate
bacteria, like a vaccine in the body, by
oxidizing the amino acid residues of the
protein envelope of viruses (Abdallah et al.
2021). AgNPs can break the protein
structure of viruses due to the high
oxidation capacity of these nanoparticles
with proteins, which can destroy the virus.
Therefore, the addition of these particles in
the membrane fabrication can provide a
disinfection membrane against any virus
(Abdallah et al. 2021). Figure (11) shows
permeate flux and separation % of
membranes, where M2 provides the highest
flux 55.8 L/m%h. While M4Achieved the
highest separation 99.9% for bacteria
removing. Ahmed et al reported the first
ever successful attempt to fabricate a novel
anti-fouling reactive membrane by layer-
by-layer (LBL) surface modification with
polyelectrolyte ~ (PE), followed by
anisotropic triangular silver nanoparticles
(TSNPs). The novel membrane exhibited
antibacterial and antiadhesive properties by
achieving 100% bactericidal effect against
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high initial bacterial concentration (107
CFU mL1) (Ahmad et al. 2019).
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Figure 11: Bacteria separation percentage using
PVC/Mn(acac)3 membranes

Da Silva et al prepared PVC
nanocomposites with silver nanoparticles
(AgNPs) in the molten state. PVC/silver
nanocomposites showed virucidal activity
against SARS-CoV-2 (strain B.1.1.28)
within 48 h when the silver content was at
least 0.3% (da Silva et al. 2023)

A study by Zhu and Lua showed that silver
nanoparticles impregnated with PES
membrane surfaces were 100% effective in
killing various marine bacteria and bacteria
in seawater collected off Sentosa Island,
Singapore. These membranes have
excellent antibacterial and antifouling
properties that can be used to kill bacteria

in ballast water and seawater (Zhu and Lua
2021).

3.4.2 BOD and COD Measurement

Table (5) also shows the results of
measuring both BOD and COD for river
water before and after dinner, where the
BOD concentration before the membrane
was 44 mg/l, while the COD concentration
was 144 mg/l, which are large values that
exceed the permissible limits according to
the standard criteria for water quality set by
ISO, so the membranes should be tested to
determine their capabilities in separating
these two criteria. After the membrane, it
was found that M1 has an excellent
separation ratio because it does not contain
AgNPs, while we note that with an increase
in the percentage of AgNPs wt%, the
separation efficiency increases and the
concentration of both BOD and COD
decreases, due to the antibacterial and
antipollution  properties  of  silver
nanoparticles (Ologbosere et al. 2016).

3.4.3 Turbidity Measurement

The river water sample was tested on the
membrane filtration system to measure the
turbidity value, where Table (5) shows the
turbidity value in the river water before and
after treatment with membranes. The
results indicate a turbidity value of 30.6
FNU before the membrane. That is, in
untreated water, and this result is close to
the results obtained by Jabar and Hassan
(Jabar and Hassan 2022). While after the
membrane, the turbidity value removed by
each membrane decreases as follows from
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the most concentrated to the least
concentrated in the order M1 > M2 > M3 >
M4. M4 (consisting of 0.5% AgNPs
solution) has a turbidity value of 0.79 NFU,
which is less than the permissible limits for
international water quality standards. This
means that the M4 membrane for removing
turbidity from river water is excellent. The
M1 membrane (0% AgNPs solution)
separates turbidity with a value of 5.66
CFU, which is slightly higher than the
standards set by the World Health
Organization. Perhaps because the pore
size of this membrane is large compared to
other membranes containing nano NS
solution, which also relies on turbidity
separation through screening mechanism.
While M2, M3, and M4 contain AgNPs in
its structure which shows excellent removal
of turbidity of river water.

3.5 Membrane Fouling Test

High reversible resistance over irreversible
resistance means the membrane can be
easily washed, where the reversible
resistance depends on the formation of
foulants cake on the membrane surface
without clogging the pores, so it can be
removed by backwash.
Irreversible resistance means the pores

surface or

were clogged by foulant and this case
needs chemicals or backwash under
pressure, which increases the cost of the
process and reduces the lifetime of the
membrane (Liu, Zhu, and Xu 2007).

Figure (12) illustrates that the membranes
exhibit antifouling behavior, where the
results indicate that washing of the

membrane surface after using humic acid
solution many times provides the ability to
use membranes again.
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Figure 12: Fouling test using prepared membranes
M1, M2, M3, and M4

The results indicate that Rr was 51.8% for
M1, 79.4% for M2, 68.2% for M3, and
50.7% for M4. Irreversible resistance Rir
was 13.6% for M1, 0.63% M2, 2.22% for
M3, and 17% for M4. However, the FRR
for M1 was 86.4 %, 97.8% for M2, 97.77%
for M3, and 83% for M4 as shown in
Figure (13). It can be observed that the
irreversible resistance of M2 was very low
that makes this membrane super
antifouling.  Using AgNPs with PEG
enhances the membrane hydrophilicity and
antifouling membrane surface as shown in
M2, that because the negative charge and
paramagnetic properties of AgNPs can
make electrostatic charge between the
membrane surface and humic acid
solution. According to that, M2 has too low
irreversible resistance compared with other
membranes, which means M2 is a super-
antifouling membrane that can be used in
wastewater treatment. These laboratory
results are the nucleus for producing this
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type of membrane (PVC/AgNPs on rarge
scale to be applied in pilot units as
ultrafiltration spiral wound modules or
large flat sheet membranes to be used as a
membrane for wastewater treatment. After
the success of the pilot test. The membranes
can be produced in the form of an industrial
scale to be applied in the wastewater plants
(Abdallah et al. 2021).

100

EM1 mM2

B =) (o]
o o o

Fouling Parameters
Percentage
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o

Figure 13: Fouling resistance & FRR using
prepared membranes

Membrane M4, with the highest
concentration of AgNPs, exhibited
outstanding antibacterial efficacy,
effectively reducing bacterial
concentrations to a minimum in
comparison to the other membranes.
However, M2 demonstrated superior anti-
fouling performance. This contrast can be
attributed, in part, to the low porosity of M4
(14.8), which results in a reduced flux and
subsequently a lower flux recovery rate
(FRR) relative to M2. Additionally, M4's
enhanced ability to remove biochemical
oxygen demand (BOD), chemical oxygen

demand (COD), and turbidity leads to the
accumulation of these contaminants within
its pores. This accumulation increases the
irreversible  resistance  (Rir%) while
contributing to M4's lowest reversible
resistance (Rr%) among the tested
membranes.

Maleki et al. (2024) studied nanoparticles
from organometallic cultures of U-66-NH2
and preparation of carbonaceous biochar
from pyrolysis of Cladophora glomerata
algae as novel modifiers and used them to
manipulate mixed matrix polyethersulfone
(PES) membranes. Through fouling
experiments with humic acid and bovine
serum albumin, only 12.9 and 34%
reduction in water fluxes were recorded for
the best performing modified membrane
(Maleki and Bozorg 2024).

Soundarrajanet al. (2023) investigated the
separation of bovine serum albumin using a
novel mixed membrane composed of
polyvinylpyrrolidone and poly(phenylene
ether ether sulfone)/nano-silver. The anti-
fouling properties of the mixed matrix
membranes were evaluated. The flux
recovery ratio of PEES/PVP/Nano-Silver
membranes was 97%, which was much
higher than that of PEES/Nano-Silver
membranes (62%) (Soundarrajan et al.
2023).

4. Conclusion

1. Silver nanoparticles (AgNPs) were
successfully synthesized using mulberry
leaf extract and a silver nitrate solution,
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achieving an efficient, eco-friendly, and
cost-effective approach.

2. Various PVC mixed matrix membranes
were prepared via phase inversion using
different ratios of the nanosolution (NS).

Among the membranes, M2 exhibited the
highest tensile strength at 93.2 MPa, while
M1 provided the greatest elongation
percentage at 53.88%.

3. The addition of NS% to all membranes
improved their hydrophilicity and reduced
porosity, enhancing the separation
efficiency. Specifically, M4 (0.5 wt%
AgNPs) had the lowest porosity at 14.8%
compared to other membranes.

4. FTIR analysis was conducted to confirm
that the membranes were composed of the
stated materials, identifying functional
groups based on their specific wavelengths.
Analysis was performed on membranes M1
and M4, revealing that M1 consisted of
PVC and PEG, while M4 contained NS%.

5. SEM analysis was carried out on the four
membranes to examine the surface and
cross-sectional characteristics of the
polymeric membranes. Images indicated
that all composite membranes displayed a
finger-like porous substructure, and SEM
micrographs showed the distribution of
nanoparticles throughout the membranes.
TEM images of biosynthesized AgNPs
were almost spherical, well dispersed, with
an average particle size of 6.91 nm,
determined from the histogram of particle

size distribution, that indicates the
crystalline nature of the AgNPs .

6. In terms of membrane performance,
concerning flow rate and separation
efficiency, M2 showed the highest
permeate flux at 346.2 L/m?h for humic
acid removal, while M3 achieved the
highest separation efficiency at 96.9%. For
bovine serum albumin (BSA) removal, M2
demonstrated the highest separation
efficiency at 99.5%, while M1 exhibited the
highest flux at 363.4 L/m?.h.

7. The membranes were applied in the
treatment and purification of Tigris River
water, with M4 being the most effective in
removing bacteria, turbidity, BOD, and
COD.

8. The M4 membrane, with the highest
AgNP concentration, excels in turbidity and
bacterial removal but shows high
irreversible resistance due to low porosity
and contaminant accumulation. In contrast,
the M2 membrane demonstrates superior
antifouling and reusability, making it more
suitable for efficient wastewater treatment.

Thus, the research questions were
addressed, proving that membranes
containing silver nanoparticles demonstrate
significant anti-fouling and antibacterial
properties compared to pure polymeric
membranes, with  these  properties
increasing as the NS% rises.
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