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ABSTRACT

Water permeability and dye rejection were considerably enhanced when mesoporous silica nano-
sphere (MSN) was added to the membrane matrix. The dry/wet phase conversion approach was
used to create all membranes. The effect of MSN concentration (0%—-8% wt.%) on the behavior
of the PSF-UF membrane in the presence of polyvinylpyrrolidone (PVP) as a producing-pore
agent was examined. When the MSN level was increased to 6 wt.%, the rejection of Crystal vio-
let dye rose continuously. Scanning electron microscopy was utilized to analyze the morpholog-
ical characteristics of ultrafiltration (UF) membranes. Polysulfone (PS)/PVP/SiO, (6%), for exam-
ple, experienced high dye rejection (88.3%). The membrane permeability dropped from 415.9 L/
m? h for PS/PVP to 122.7 L/m? h for PS/PVP/SiO2 (6%) membrane when the MSN concentration
increased to 6 wt.%. Only water could flow through the hydrophilic membrane on the feed side,
resulting in a high-quality stream of water on the permeate portion, making the membrane suit-
able for the treatment of industrial effluent. The membrane’s performance was improved by the

addition of polyvinylpyrrolidone.
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1. Introduction

Water’s importance in human life cannot be overstated,
since it is necessary for a broad range of activities, includ-
ing home usage, recreation, power generation, agriculture,
and industry, to name a few. Considering the rising need
for drinking water in recent years, more current studies
on water treatment have been produced [1]. In the textile
and dyeing sectors, dyes are widely used, and their use is
growing. Synthetic dyes are produced by over 0.7 million
tons per year all over the world. In addition to squandering
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a substantial quantity of chemicals and water, releasing
badly treated textile waste into the environment has the
potential to cause several health and environmental issues.
When exposed to normal treatment techniques, most dyes
are poisonous and organically carcinogenic because of their
complex aromatic ring structure. They're also resistant to
disintegration or degeneration on a physiological level. It
is therefore critical to create a method that can effectively
remove these colors from effluents. There are several chem-
ical, physical, and biological methods for removing col-
ors from effluents available today. Each one has its own
set of benefits and drawbacks [2-4]. All traditional and
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contemporary wastewater treatment systems use mem-
brane separation techniques, which are the most cost-effec-
tive, highly selective, and easy to combine with other pro-
cesses. Membrane separation techniques are also the least
harmful to the environment [5]. All traditional and new
wastewater treatment systems use membrane separation
techniques, which are the most cost-effective, highly selec-
tive, and easy to integrate with other processes. Membrane
separation procedures are also the least harmful to the envi-
ronment. Membrane separation techniques are also the least
harmful to the environment of all the separation methods
[6]. Ultrafiltration (UF) is a typical method for separat-
ing, purifying, and concentrating water-soluble solutes or
dispersible-water compounds [7].

Polysulfone (PS) is a widely used material for ultrafil-
tration membranes (UF membranes) in a range of appli-
cations, including gas separation, wastewater treatment,
and beverage and food processing. The polymer makes
membrane manufacture easier because of its mechanical
strength, chemical inertness, robust forming-film capabil-
ities, configurable pore size, thermal stability, and repeat-
ability. The inability of manufactured membranes to reject
or adsorb tiny molecules, as well as the membrane’s hydro-
phobic nature, causes this. To compensate for this limita-
tion, organic/inorganic chemicals or nanomaterials can be
injected into the membrane’s dope solution as a third dimen-
sion. Polyvinylpyrrolidone (PVP), polyethylene glycol
(PEG), propionic acid (PA), polyethylene oxide (PEO), sur-
factants, alcohols, and water are among the other regularly
used additives [8-10]. The names of several UF membrane
manufacturers are listed, with several of them producing
multiple series of membranes (for example, regenerated
cellulose, polysulfone, and cellulose acetate), each of which
has a different molecular weight cut-off or pore size (for
example, cellulose acetate membranes) [11]. Because of
their high water solubility, organic solvent compatibility,
low toxicity, complexing performance, and film-forming
characteristics (PVP), UFM membranes produced by a con-
version phase method are widely used as water-soluble
polymers such as poly(ethylene glycol) (PEG) and poly(vi-
nyl pyrrolidone) (PVP) [12]. Pores in these water-soluble
polymers have a propensity to promote membrane surface
pores and porosity, which is beneficial [10,13,14].

Membrane permeability, antifouling characteristics, and
mechanical qualities have all lately improved, affecting the
casting solution significantly. Nano-blending nanofibers
such silica, silver, titanium nanoparticles, carbon nanotubes,
and polyaniline (PANI) nanofibers have all been employed
in UF membranes [15-21]. The number of tiny holes and
membrane porosity rise as a large amount of nanoma-
terial is injected, but membrane pores lighten across the
cross-sectional structure. Nanoparticles, unlike water-solu-
ble polymers that promote membrane stability, can remain
in the membrane formed indefinitely as an addition. The
addition of a few nanoparticles may cause a considerable
increase in membrane permeability [22]. Nanomaterials
clump together because of their large specific surface area.
The efficacy of nanoparticles in increasing membrane
performance is reduced by agglomeration, which has a det-
rimental influence on the successful use of nanomaterials
in nanocomposite membranes [19]. Mechanical dispersion

(such as sonication and grinding) and chemical nanomate-
rial surface modification have both been explored to pre-
vent nanomaterial aggregation. We employed sonication
to break up the clumping of mesoporous silica nanosphere
(MSN) in this work [19,23].

Mesoporous silicas, such as SBA-15 and MCM-41 sili-
cas, are solid substances with a honeycomb-like porous
structure and hundreds of empty channels. Because of their
novel properties, such as tunable diameters of particles,
convergent pore sizes with a narrow distribution, large pore
volumes, and extensive surface areas. Mesoporous silica
nanosphere (MSN) have recently been carefully explored
in materials research [24] demonstrated the biocompatibil-
ity, high constructional stability, and chemical fluctuation
of silica using semiconductor quantum dots coated with
silica. In addition, mice have been used to test the biode-
gradability of silica particles. MSN with conditioned quali-
ties can be employed for a variety of applications, including
drug administration, enzyme adsorption, catalyst support,
protein separation, cell labeling, and cell imaging [25].

Researchers are working nonstop to develop more com-
fortable techniques for producing MSN with regulated
features, such as reduced particle sizes, adjustable pore
diameters, large pore volumes, and high surface area. The
most common ways for adjusting MSN characteristics are
the use of additional reagents, for example pore expanders
and/or surfactants with variable chain lengths. Changing
the ratio of reagent concentrations in a typical reaction mix-
ture would be cheaper and easier to get the same or better
results [26].

In this study, we used mesoporous silica nanosphere
(MSN) to increase the hydrophilic nature of PS ultrafiltra-
tion membranes, which increases selectivity and continu-
ity in the membrane ultrafiltration process by creating new
pores suitable for rejection of Crystal violet C,H, CIN,
molecules, as well as the cohesiveness of the membrane
matrix. To improve membrane performance, water-soluble
polymers such as poly(vinyl pyrrolidone) (PVP) were used.

2. Material and methods
2.1. Materials

LCD MB Udel® P-3500 as polymer materials, SOLVAY
Advanced Polymer Company’s polysulfone (PS) was
employed. Merck (Germany), supplied N,N-dimethylfor-
mamide (DMF) with an analytical purity of 99.5% as a sol-
vent. Sigma-Aldrich provided the cetyltrimethylammonium
bromide (CTAB) and tetraethyl orthosilicate (TEOS). LOBA
Chemie supplied 40,000 poly(vinyl pyrrolidone) (PVP). Oxford
Lab Fine Chem LLP provided the Crystal violet C,.;H, CIN..
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2.2. Preparation of mesoporous silica nanospheres

At ambient temperature, mesoporous silica was cre-
ated using CTAB as a template by hydrolysis of TEOS
with an ammonia catalyst in a mixed solvent of acetone,
water, and diethyl ether. CTAB (0.5 g) was usually added
to bi-distilled water (100 mL) and stirred for 30 min before
adding acetone (40 mL) and shaking for another 30 min
before adding diethyl ether (20 g). After 30 min of vigorous
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swirling, TEOS (2.5 mL) was added and swirled for another
30 min, then 1.5 mL of NH,OH was added and swirled for
another 30 min (25 wt.%). The gel was rapidly stirred in
a closed jar at 25°C for 24 h. The particles were captured
via filtration, then washed with bi-distilled water and
dried at 80°C for 24 h. Then calcination at 550°C for 4 h at
room temperature, followed by another 8 h at 550°C [27].

2.3. Synthesis of PSF-UF membranes

All PS-UF membranes were prepared using the usual
phase conversion method. In a nutshell, the neat PS (M,)
was dissolved in (15 wt.%) DMF and agitated vigorously
for 6 h to achieve a homogeneous and transparent solu-
tion. PS/PVP membrane (M,) was made by dissolving
2.4 wt.% PVP (Mw = 40,000) in DMF and stirring gently
until a clear homogeneous solution was got. For prepar-
ing PS/PVP/SiO, membranes, different amounts of silica
nanoparticles (2, 4, 6, and 8 wt.%) were dispersed in the
casting solutions and coded as M,, M,, M, and M,, respec-
tively (Table 1), followed by ultrasonication for 30 min at
(30 kHz) frequency to ensure a high dispersion of SiO,
nanosphere. All polymer solutions were degassed for 24 h
at room temperature before being cast onto a clean glass
plate using a knife applicator with a perfect gap of 200
between the applicator knife and the glass plate. Defect-
free membranes were got by immersing the plate in a
clean water bath for a prolonged length of time before
characterization and membrane performance testing [9].

2.4. Characterization of MSN

The X’PERT - PRO - PANalytical was used to get angle-
small X-ray diffraction (SAXRD) patterns, while the Bruker
D8 Discover Diffractometer with monochromated was used
to obtain angle-wide X-ray diffraction (WAXRD) patterns.
Using the Quantachrome Autosorb System, the adsorption/
desorption isotherms were determined at 77 K. The sam-
ples were outgassed for 24 h at 80°F before being analyzed.
The Brunauer-Emmett-Teller surface areas, volume-pore,
and pore size distribution were all calculated using N,
adsorption data. On the adsorption branch of the nitrogen
isotherms, the Barrett-Joyner-Halenda (BJH) approach
was used to derive pore size distributions. A Zeiss Leo
SUPRA 55 microscope and field-emission scanning electron
microscopy (FESEM) was used to take the images. There
was no metal coating on the samples for FESEM analy-
sis. A high-resolution transmission electron microscope
(HR-TEM, Tecnai G20, FEI, and The Netherlands) was used
forimaging, crystal structure reveal, and elemental analysis.

2.5. Membranes characterization

The materials were vacuum dried for 24 h at 40°C
before characterization. To assess the membranes” water
wettability, the water contact angle was measured using
the sessile drop technique Kruss model DSA25B. A
Hamiltonian syringe dripped drops of 8.0, 0.2, 1 volume
on the membrane’s surface, and photos were taken after
a 5-s delay. The drop snake approach [28] was then used
to compute the contact angles. Fourier-transform infrared

Table 1
Casting solution composition for nanocomposite membrane
preparation

Membrane code  PS (%) MSN (%) PVP (%) DMF (%)
number

M, 15 0 0 85

M, 15 0 24 82.6

M, 15 0.3 24 82.3

M, 15 0.6 24 82

M, 15 0.9 24 81.7

M 15 1.2 2.4 81.4

spectroscopy (FT-IR) spectroscopy (Thermo Scientific
Corp., Nicolet iS50, USA) was used in the 500 to 4,000 cm™!
range. The surface and cross-sectional morphologies of the
fabricated membranes were investigated using a scanning
electron microscope (SEM, Quanta FEG 250) manufac-
tured in the United States, with a 20 kV speeding up volt-
age and a spot size of 3.5 low vacuum modes. The CubiX®
Diffractometer was used to get the membranes’ X-ray dif-
fraction (XRD) patterns.

2.6. Membranes performance evaluation

The UF penetration test was carried out using a basic
permeation cell, as illustrated in Fig. 1. The HP4750 stirred
cell is chemically resistant, high-pressure resistant, and
capable of performing a wide range of membrane filtrations
[34]. The permeability of the membranes to pure water was
tested at pressures ranging from 1 to 5 bar. The volume flow
was calculated as follows:

Vv

L= M
where ] is the permeate flow (L/m? h), V is the volume of
collected permeate solution (L), A is the effective mem-
brane area (m?), and f is the duration (h) [29]. A stirred cell
filtration system connected to a nitrogen gas cylinder was
used to test the membranes’ dye rejection behavior (stirred
cell, HP4750, cell diameter of 5.1 cm? processing capacity
of 300 mL, effective filtration membrane area of 14.6 cm?)
(Fig. 1). 10 ppm Crystal violet C,.H, CIN, was used in a
dye permeation flux test. Filtration cycles were used to
collect (50 mL) aliquots of dye solution, which were sub-
sequently monitored using an Acculab UVS-90. Using a
UV-Vis spectrophotometer, the rejection was calculated:

C
R—[1—”]x1oo% @)
Cf

where R is the rejection (%), Cp and Cf are the concentration
of permeate and feed solutions, respectively.

3. Results and discussions

3.1. MSN characterization

MSN were made in a basic solution with co-solvents
ethyl ether, acetone, and water at room temperature using
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UF membrane
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Fig. 1. UF permeation test unit schematic diagram.

a surfactant CTAB. The bonding of hydrogen between the
molecules of water and ethyl ether, according to Chang et
al. [30], provides a diffusion pathway for both surfactant
and water to enter the TEOS/ethyl ether oil droplets, pro-
moting the hydrolysis of TEOS, which then polymerizes
with the surfactant and eventually turns into spheres via a
soft silica gel. Acetone has proven to be a useful co-solvent
for regulating nanoparticle shape and surface roughness,
most likely because it is miscible with TEOS and water;
hence, increasing the acetone percent in the mixed sol-
vent reduces TEOS hydrolysis and homogenizes inorganic
species polymerization [31]. Using acetone as a co-solvent
appears to improve the mutual dissolution of water and
ethyl ether, affecting the last structure and morphology. The
ethyl ether nanodroplets would next be treated with ace-
tone, water, ammonium hydroxide, and CTAB. Hydrolysis/
condensation of TEOS and self-assembly of generated sil-
ica species occur simultaneously on the surface and in the
interior of ethyl ether nanodroplets when TEOS is added
to the aforementioned solution while aggressively whirling.

Signal A = InLens
Mag= 58.00KX

EHT =16.00 kV
WD = 3.9 mm

[

Fig. 2. (a) FESEM and (b) TEM images of the MSN.
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Massive mesopores and even macropores form when ethyl
ether is gasified, resulting in hierarchically porous silica
nanospheres [32]. As illustrated in Fig. 6a, X-ray diffrac-
tion exhibits a significant diffraction peak between 17° to
30°, demonstrating typical infrequent changes in the elec-
tronic density because of the material’s long-range order-
ing of the pores [26]. As shown in Fig. 2, the sample for
FESEM evaluation had no metal coating (a). As illustrated
in Fig. 2, a high-resolution transmission electron micro-
scope was used for imaging (b). The FESEM image depicts
450 nm nanospheres, whereas the transmission electron
microscopy image depicts massive slit-like mesopores uni-
formly spread over the nanosphere surface.

MSN’s nitrogen adsorption/desorption isotherms are
shown in Fig. 3a. The relative pressures of 0.3, 0.3-0.9,
and 0.9 correspond to three distinct adsorption/desorption
fractions. Small hysteresis loops can be seen in desorption
regions with high relative pressure levels. Type IV isotherms
were formed in the sorption studies, which are typical of
mesoporous materials. Hysteresis loops were observed in
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mesopores and were connected to capillary condensation.
The small pores with diameters of 3 nm in Fig. 3b match
the typical mesoporous silica templated by CTAB and are
thus assigned to the main channel of the composite, whereas
MSN showed a significant distribution of mesopores with
diameters of 25 nm, showing the dissolution of excess ethyl
ether into the CTAB micelle to enlarge [33]. The Crystal
violet molecule has a molecular cross-section of about
0.9 nm and can’t go through holes smaller than 1.3 nm in
diameter [34]. As a result, it can only pass through larger
micropores (those larger than 1.3 nm), with most of it being
absorbed in mesopores. As a result, MSN micropores are
mostly larger pores. Therefore, a combination of pore size
and surface chemical features may be responsible for MSN’s
higher adsorption. This shows that increasing the number
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of mesoporous silica nanospheres results in a significant
reduction in Crystal violet rejection.

3.2. Membrane characterization

X-ray diffraction may determine the structure of PSF
and nanocomposite PSF membranes (XRD). Fig. 4a shows
the XRD spectrum of MSN, which shows a significant dif-
fraction peak between 17° to 30°, revealing typical infre-
quent changes in the electronic density because of the
long-range ordering of the pores in the material [26]. The
XRD diffraction patterns of PS (M) are shown in Fig. 4b,
with a large peak matching to the amorphous structure
of PSF. Meanwhile, when MSN concentration grows, a
sharp peak at 2 appears, which is because of the MSN
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Fig. 3. Isotherms of nitrogen adsorption/desorption (a) and MSN pore size distribution (b).
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Fig. 4. MSN (a) and PS/MSN membranes with varied MSN contents X-ray diffraction pattern (b).
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(violet color) — (M,) membrane’s high crystallinity. This
revealed that, after mixing and employing the phase con-
version approach, silica could still be discovered in PS/PVP
membranes. It also reveals that MSN is dispersed throughout
the membrane, although the amount used is relatively little.

The membranes> FT-IR spectra are shown in Fig. 5.
Including silica, nanospheres resulted in remarkable peaks
in the FT-IR spectra of membrane samples at 1,106 and
1,080 cm™. These peaks were ascribed to the asymmet-
ric stretching vibration of Si-O-Si groups, implying the
presence of SiO, particles inside the membranes [35]. The
absorption peak at 800 cm™ is handled by the Si-O-Si sym-
metric stretching vibration. At 3,455 and 1,669 cm™, Si-OH
stretching can manage the small sharp band. The mem-
branes” FT-IR spectra are shown in Fig. 5. Including silica
nanoparticles resulted in remarkable peaks in the FT-IR
spectra of membrane samples at 1,106 and 1,080 cm™. These
peaks were ascribed to the asymmetric stretching vibration
of Si—O-S5i groups, implying SiO, particles inside the mem-
branes [36]. The absorption peak at 800 cm™ is handled by
the Si-O-Si symmetric stretching vibration. At 3,455 and
1,669 cm™, Si-OH stretching can manage the small sharp
band. Because of the presence of more hydrophilic func-
tional groups in SiO, nanoparticles than in pure PS mem-
branes, the PS/PVP/SiO, nanocomposite membranes are
more hydrophilic than pure PS membranes. As a result
of the presence of more hydrophilic functional groups in
SiO, nanoparticles than in pure PS membranes, the PS/
PVP/SiO, nanocomposite membranes are more hydrophilic
than pure PS membranes. Two substantial absorptions at
1,487 and 1,585 cm™ point to C=C aromatic vibrational
bonding in the polysulfone group, whereas the wave-
length of 2,967 cm™ is associated with the bond (=C-H)
vibration of the polysulfone aromatic ring [37,38].

Fig. 6 illustrates the surface properties of the membrane
as measured by SEM imaging, demonstrating that the
addition of a water-soluble polymer (PVP) smoothed the
membrane surface and increased the hydrophilic nature
of the pristine PSF membrane (Fig. 6b). Some researchers
believe that the addition of additives is one of the most

Transmittance%
1

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)

Fig. 5. MSN, unmodified membrane (M), and modified mem-
branes FT-IR spectra.

important factors influencing membrane shape and struc-
ture [10]. Chemicals are frequently used to develop opti-
mal membrane designs, resulting in better membrane
performance characteristics. They exhibited the effect
of MSN content on surface form and membrane poros-
ity in Figs. 6c—f, where MSN was found to be dispersed
throughout the polymeric matrix’s internal pores at all con-
centrations. XRD evidence (Fig. 4), which showed MSN in
the polymer matrix, contradicts these findings. When com-
pared to pristine PS membranes, SEM analysis of the top
surface morphology revealed that the (MSN blended PS)
membranes showed larger porosity. The porosity of PS/SiO,
membranes was observed to grow because of two factors:
(i) a rise in the number of pores, and (ii) an increase in the
pore size [4]. According to SEM surface pictures, adding
MSN to the casting solution increased the surface roughness
of the PSF membrane, which is likely because nanoparticles
break the homogeneity of polymeric chains on the surface
[39]. Alongwith the epidermal layer, SEM scans revealed a
thick layer of crystalline MSN particles with diameters rang-
ing from 350 to 450 nm. M, membrane has a higher density
of nanoscale surface pores than other membranes (Fig. 6e).

The membranes’” SEM cross-section images are dis-
played in Fig. 7. The spongy form of the plain PSF and
PSF/PVP membranes can be seen, which may help with
separation while reducing dye rejection [40]. A finger-like
structure and a membrane substructure were transformed
by introducing MSN. The nanoparticles were penetrated
throughout the polymer matrix, resulting in finger-like
structures and improved membrane pore interconnectivity.
To demonstrate the impact of MSN on the internal struc-
ture of PSF membranes, the strategy used to prepare the
porous PS membrane had to be shown, which included
(a) adjusting the polymer content in the casting mix-
ture, (b) adjusting the non-solvent bath temperature, and
(c) increasing the content of mesoporous silica nanospheres.
Because the solvent/non-solvent interchange happens faster
in lower viscosity mixtures, permitting the fabrication of
more porous materials [41], the casting mixture viscosity
has a direct influence on the rate of gelation of the mem-
branes. The influence of MSN fillers on the rheology of the
casting solution was evaluated using visual information
from the cross-sectional morphology, where the thick top
layer was lowered from 61.24 to 33.54 m. The porous sub-
layer (macro voids) rose from 41.67 to 66.05 m, showing that
microvoids were formed at low MSN concentration and
subsequently repressed at higher MSN content (6 wt.%),
which might be because of silica nanoparticles settling
on the membrane surface, causing a thicker PVP layer to
develop.

As the MSN concentration increased, water contact
angle measurements decreased, showing that the mem-
brane’s hydrophilicity improved, potentially enhancing
Crystal violet dye rejection. The M, membrane has been
revealed to be exceptionally hydrophilic and acts as a
dye barrier, enabling water molecules to pass through the
pores of the membrane [3,42]. Because SiO, nanoparticles
contain more hydrophilic functional groups than pure PS
membranes, the PS/PVP/SiO, nanocomposite membranes
are more hydrophilic than pure PS membranes, according
to the contact angle values. Table 2 illustrates the effect of
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Fig. 6. SEM surface images of (a) PSF, (b) PSF/PVP, (c) PSF/PVP/MSN 2%, (d) PSF/PVP/MSN 4%, (e) PSF/PVP/MSN 6%,

and (f) PSF/PVP/MSN 8%.

adding SiO, nanoparticles to PS/PVP/SiO, nanocomposite
UF membranes on surface properties.

3.3. Membranes performance

Fig. 8 depicts the permeability of pure water through
PSF ultrafiltration membranes at various pressures. The
MSN concentration in the casting solution was gradually
reduced as it climbed from M, to M,. M/’s was 415.9 L/m? h,
whereas M,’s was 122.7 L/m?* h. Because PVP was added to
the pure PSF casting solution, the resulting structure was
thinner and more porous, resulting in increased hydrau-
lic permeability. The addition of MSN to membranes alters
their pore structure, either by deposition or by increasing
membrane thickness. The membrane becomes denser as the
thickness of the membrane support increases, and a sponge-
like structure reduces the rate of water permeability through
the membranes. When PVP was added to the polysulfone
membrane, it transformed into a porous membrane with

visible holes. It is well known that adding PVP to polysul-
fone membranes improves pore creation and permeation
qualities; it is a potent pore-forming agent that gives the
membranes ample time to work efficiently, but MSN acts as
fillers, lowering membrane permeability.

Fig. 9 demonstrates how produced nanocomposite
membranes, comprising varied quantities of SiO, nanopar-
ticles and the pure polysulfone membrane, reject Crystal
violet C,,H, CIN,. As a result, Crystal violet rejection for
M, to M, membranes was 47.34%, 49.63%, 62.52%, 83.94%,
88.33%, and 55.52%, revealing that all PS/PVP/SiO, mem-
branes outperformed pure PS membranes. Furthermore,
when the number of 5iO, nanoparticles in nanocomposite
membranes rose, the rejection of Crystal violet increased.
As a result, the highest rejection efficiency was attained,
with about 88% separation efficiency, despite the M, mem-
brane having a lower clean water flow than the others. To
remove organic molecules (in this example, Crystal violet)
via modified membranes, size exclusion (sieving, steric
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effect), electrostatic discharges (electrical, Donnan), and
adsorption on the membrane surface can all be utilized.
Because of pore obstruction or narrowing produced by the
precipitation of contaminating molecules, separation effi-
ciency may be improved. The pollutant’s physicochemical

Table 2
PS/PVP/SiO2 membranes with varied silica content have various
contact angles

Membrane code Content of MSN Contact
number (wt.% PSF) angle (°)
M, 0 95.3

M, 0 92.3

M, 0.3 90.1

M, 0.6 89

M, 0.9 83.7

M 1.2 82.3

properties, solubility conditions, membrane character-
istics, and operational circumstances are all factors that
influence these processes [43]. Crystal violet molecules
have a molecular cross-section of about 0.9 nm and can’t go
through holes smaller than 1.3 nm in diameter. As a result,
it can only pass through larger micropores (those larger
than 1.3 nm), with the majority of it being absorbed in mes-
opores. MSN nitrogen adsorption/desorption isotherms
demonstrate that MSN micropores are mostly larger pores.
As a result, the absorption mechanism influences separa-
tion efficiency significantly. Crystal violet molecules may
be partially prevented from entering through membrane
pores by the size exclusion process. Although dye rejection
increased with increasing MSN concentration, the perme-
ate flow decreased. For M, to M, membranes, water flow
drops progressively from 169.8, 151, 132.9, 122.1, 97.9, and
100.1 L/m?* h. Adding more SiO, nanoparticles (6 wt.%) to
the casting solution viscosity lowers the amount of sol-
vent (DMF)/non-solvent (water) exchange, resulting in a
delayed phase separation action [44]. As a result, macro

Fig. 7. Cross-sectional images of (a) PSF, (b) PSF/PVP, (c) PSF/PVP/MSN 2%, (d) PSF/PVP/MSN 4%, () PSF/PVP/MSN 6%,

and (f) PSF/PVP/MSN 8%.
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spaces in the membrane are prevented from forming or
growing. As a result, the system’s pores get smaller, the
membrane sponge structure expands, and the membrane
flow decreases (M,). Fig. 7 depicts the fabricated mem-
branes in cross-section. The pure PSF membrane, as seen,
has a denser and more compact surface than membranes
treated with SiO, nanoparticles, which may reduce water
flow and therefore permeability.

4. Application

To assess the saturation of the membrane and test
its efficacy, two samples of industrial wastewater were
brought in: one from a ceramic industry in the industrial
zone in the northwestern Gulf of Suez, and the other from a
textile dyeing facility in the Delta area, where samples were
prepared: The first sample, coded (50 mL), is an industrial
drainage sample from ceramic factories where we noticed
large quantities of mixed soil with the colors of tile and
glaze used for polishing, so the sample was sedimented
for 48 h, then a filter was made using several layers of
cloth to separate the dust from the sample, and then the
sample was sedimented again for another 48 h filter. The
paper was used to separate the residual from extremely
fine dust, and a bright blue color was seen with a blank
absorption of 296 nm. Separation filtration and sample
preparation were accomplished. Membranes M, and M,
had 39.17% and 72.15% dye rejection, respectively, with
a drop water flow from 176.84 to 123.66 L/m? h in a built
cell at 1 bar pressure. The second sample, a textile factory
industrial sample coded as (100 mL), was filtered with filter
paper to remove impurities and tissue remnants, observe
the purity of the purple color, and prepare the sample for
separation by repeating the previous steps using the cell
at 1 bar with a blank absorption of 300 nm. To appropri-
ately treat textile wastewater, a membrane with strong
dye rejection is required. The dye rejection percentages
for membranes M, and M, were 53.12% and 93.2%, respec-
tively, with a drop water flow from 156.17 to 100.61 L/m? h
in the produced cell. The results of this study suggest that
using nanocomposite membranes to remove pollutants
like dyes from industrial wastewater resources is a viable
option.
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Fig. 8. Pure water permeability of the prepared membranes at
different pressures as a function of MSN content.

5. Conclusions

PS membranes containing MSN nanoparticles were
created using the phase conversion process, which com-
prised adding MSN directly to the casting solution. The
presence of oxygen-containing groups in MSN signifi-
cantly improved the membranes’ hydrophilicity and
permeability. Lowering the water contact angle confirmed
the hydrophilicity of the PS/PVP/SiO, membranes. As
illustrated in cross-sectional images, when MSN is added,
the membrane’s asymmetric structure changes from a
sponge-shaped form with closed-end tear-like holes to
a porous finger-like structure with open-end channels.
Surface roughness increased as the MSN concentration in
the polymer solution increased, according to SEM surface
images. According to the findings of this study, the con-
centration of MSN nanoparticles is an important parameter
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Fig. 9. Permeation flow of PS, PS/PVP/SiO2 hybrid membranes
and Crystal violet rejection as a function of MSN concentration
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through hybrid membranes as a function of MSN concentration.



A. Alharbi et al. /| Desalination and Water Treatment 252 (2022) 6676 75

that might affect the function and form of membranes. The
optimal MSN concentration in the casting solution was
discovered to be 6 wt.% due to dye permeate flux features
and rejection qualities. The rejection of Crystal violet by
the nanocomposite membranes developed was also sig-
nificantly improved. The rate of Crystal violet retention
increased as the concentration of MSN increased. The
surface roughness increased as the MSN concentration in
the polymer solution increased, according to SEM surface
images. According to the findings of this study, the con-
centration of MSN nanoparticles is an important factor
that can affect the function and form of membranes. The
optimal MSN concentration in the casting solution was
determined to be 6 wt.% due to dye permeate flux char-
acteristics and rejection qualities. Crystal violet rejection
by the nanocomposite membranes developed was also
significantly improved. The rate of Crystal violet retention
increased as MSN concentration increased.
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