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acceptable for removing dyes from wastewater. Concern about the

aquatic environment, which protects humans, is raising demand for
its use. This study used polysulfone polymer (PSU) with nanoparticles (SiO,) by
phase inversion. In this case, ultrafiltration membrane (UF) performance was
improved. SiO, nanoparticles (0, 0.025, 0.050, and 0.075 wt. %) were examined,
and the polymer concentration was kept constant at 17 wt. %. FTIR, SEM, and
AFM tests were used to characterize the composition and structure of the
membrane. With varied SiO, nanoparticle concentrations, the membrane shape
changed. Different operating factors such as pressure and dye concentration
effect on the permeability flux and removal percentage of Congo Red and
Malachite Green dyes were studied. The dye concentration was 100 ppm at 2 to
7 bar. The composite membrane permeability improved because SiO,
nanoparticles increased membrane porosity. The results of casting solution
composition, membrane mechanical properties, microstructures, water flux, and
dye removal were evaluated. Therefore, the ideal SiO, nanoparticles
concentration in the membrane ultrafiltration is 0.025 wt. %. This membrane has
a high removal efficiency of 99.5 % at 2 bar, which is the optimum operating
pressure, and 98.75 % at 7 bar. Prog. Color Colorants Coat. 16 (2023), 165-
179© Institute for Color Science and Technology.

M embrane systems are considered clean and environmentally

1. Introduction

characteristics, dyes are regarded as one of the most

Globally, there is a lot of worry about water pollution
[1]. The immediate release of almost 80 % of the world's
wastewater without thorough treatment poses a serious
threat to the natural water systems and environment [2].
Industries that produce substantial amounts of inorganic
and organic pollutants, such as acids, sludge, phenols,
bases, etc., such as those in the textile, leather, paper,
food, plastic processing, and cosmetics sectors, are the
problem [3]. Due to their extremely resistive structural

hazardous pollutants [4]. The Malachite green dye is
widely used in the food and textile industries for a
variety of uses. Aquaculture also uses it as a biocide to
prevent protozoan and fungus diseases. Malachite green
has harmful health consequences such as mutagenesis,
respiratory toxicity, and cancer when it is present in
water [5]. Congo Red (CR) is a carcinogenic benzidine-
based anionic diazo dye found in textile industry
effluents during the dyeing and rinsing processes [6]. As
a result, numerous methods have been created to address
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this issue. Coagulation/flocculation [7], biological
processing [8], enhanced oxidation [9], adsorption [10],
and membrane processing [11] are a few of these
methods. Table 1 displays a comparison between the
membrane process and some of the other processes that
can be used in dye removal. Two competing separation
units yield high dye removal percentages at low
concentration levels, and high selectivity rates are
adsorptions and membranes [12]. Adsorption provides
an attractive alternative for treating dye-contaminated
wastewater because of its high efficiency, simplicity of
design, and ease of operation [13]. However, adsorption
has drawbacks, such as the high cost of adsorbents, the
need to dispose of adsorbents, difficulty scaling up, and
low surface area for some adsorbents [14]. In contrast,
the membrane separation process highlighted in this
study includes removing all dye types and producing a
high-quality  treated effluent [15]. Additionally,
membrane-based separation techniques are frequently
utilized to treat dye-based wastewater due to their great
effectiveness, environmental friendliness, and energy
efficiency [16, 17].

In industries that generate huge amounts of
wastewater, pressured liquid filtering techniques have
emerged as a crucial treatment [18]. Reverse osmosis
(RO), nanofiltration (NF), microfiltration (MF), and
ultrafiltration (UF) are some of these membrane
processing methods. Due to its many benefits,
including its lack of phase shifts, low operating
pressures, and ambient or very low operation
temperatures, ultrafiltration technology has gained
more attention over the past few decades [19].
Polymers have become irreplaceable components in all
industries due to their superior properties and low cost
[20]. The following organic polymers are frequently
used as ultrafiltration membrane materials: polysulfone
[21], polyamide [22], polyether sulfone [23], and
polyvinylidene fluoride (PVDF) [24]. A polymer that
can create such an asymmetric membrane is
polysulfone (PSU). The PSU has been widely
employed for ultrafiltration membranes because of its
inexpensive  cost, good mechanical, excellent
membrane-forming  ability, and anti-compaction
qualities. It has strong chemical and thermal stabilities,
including great acidic and alkaline resistance.

However, due to its hydrophobicity, membrane
fouling and permeability loss frequently occur [25]. As a
result, the PSU membrane needs to be changed to
increase its hydrophobicity. Inorganic nanoparticle
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blending is one of the well-known modifications the
PSU membranes have undergone in recent years to
increase their hydrophobicity. Numerous studies have
attempted to establish membrane performance by
embedding the nanomaterials in the membrane matrix,
such as multiwall carbon nanotubes (MWCNTS) [26]
and titanium dioxide (TiO,) [27], and graphene oxide
(GO) [28]. Because of their excellent adsorption
capabilities for pollutants, hydrophilicity, optical
flexibility, and electrical and thermal properties, SiO,
nanoparticles have drawn interest in this field of study
[29]. SiO,'s hydrophilic characteristics on the membrane
surface can enhance its hydrophilicity, antifouling
capabilities, and water permeability [30]. According to
Muhamad et al., the inclusion of SiO, in the PES
membrane caused it to produce 87.2 L/m? h of pure
water flux and 94 % rejection of bovine serum albumin
(BSA), as opposed to 44.2 L/m? h of pure water flux and
81 % BSA rejection in the control PES membrane [31].
Al-Furaiji et al. improved the performance of the TFN
membrane in terms of permeate flux and NaCl rejection
by embedding MCM-41 and SBA-15 nanoparticles in
TMC solution in proportions (0-0.15 wt. %). When
SBA-15 was loaded, water flux increased to 74.17 L/m?
h and NaCl rejection to 98.5 %. However, Waterer flux
and NaCl rejection raised to 60 L/m®> h and 96.,
respectively 9 %, respectively, when the optimum
(MCM-41) ratio was loaded [32]. Mojtahedi et al. have
created a new strategy for enhancing the performance of
the UF membrane by mixing the polysulfone (PSU) and
Al,O; nanoparticles. They performed through the two
methods of surface deposition and structure entrapment
using photo-polymerization. The flux is higher in
nanocomposite membranes with entrapped Al,O; at
117.8 L/m* h due to increased hydrophilicity. These
nanocomposite membranes have higher dye rejection
compared with pristine membranes. It means the
presence of alumina nanoparticles helps improve the
quality of dispersed dye separation at 96.4 % [33].
According to Ali et al., adding mesoporous silica
nanoparticles (MSNS) at different concentrations (0-8
wt. %) to the PSU casting solution changed the
morphological structure of the ultrafiltration. Its
structure was changed to a porous finger-like with open-
end channels, and surface roughness increased.
Additionally, the inclusion of the MSNS substantially
enhanced water permeability and rejection of Methylene
blue dye [34].

In the current study, modified Polysulfone (PSU)
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membranes were successfully used to create composite
UF membranes using the phase inversion approach. The
casting solution included the SiO, nanoparticles.
Investigated were the effects of composite UF
membranes on cross-sectional morphology, hydro-
philicity, roughness, pure water flux, and the
effectiveness of removing Congo Red and Malachite
Green dyes. Fourier transform infrared (FTIR), scanning
electron microscopy (SEM), atomic force microscopy
(AFM), and porosity was used to identify the composite
UF membranes' final structure. This study is the first to
use the PSU-SiO, UF membrane to remove Congo Red
and Malachite Green dyes under these operating
conditions.

2. Experimental

2.1. Materials

Polysulfone (PSU), with a molecular weight of 35,000,
supplied by Xian Lyphar Biotech Co.Ltd. company,
China, was used as a polymer to prepare the membrane
casting solutions. N,N-Dimethylformamide (DMF,
H.CO.N(CHj3),, and minimum assay 99 %) was used as
a solvent from Ambernath 421 501, India. Silicon
Oxide Nanopowders (SiO,) were used as nanoparticle
materials (20-30 nm) to improve the performance of
the membrane, supplied by VCN materials, USA.
Congo Red dye (CR) with chemical structure
Ca3H»,NgNa,OgS,, provided from BDH Chemicals Ltd
Poole England, UK. Malachite Green dye with
chemical structure Cs,Hs4N4O1, from Alpha Chemike,
India. The chemical formula of Congo red and
malachite green dyes are shown in Figure 1; both dyes
were required for the separation process. Deionized
(DI) water was used in the experiments.

2.2. Synthesis of PSU/ SiO, membranes

Using the phase inversion technique, 17 wt. % of
Polysulfone/SiO, nanoparticles (0, 0.025, 0.050, and
0.075 wt. %) mixed matrix ultrafiltration membranes
were created. Table 2 displays the chemical compositions
of each casting solution. For each of the membranes, the
casting solution was made as follows. The right quantity
of SiO, was first added to DMF. The casting solution
was then magnetically agitated for 6 hours at 60 °C after
PSU was added to the solutions. The casting solution
was allowed to sit for 24 hours to degas. On the clean
glass, a 180-micrometer of casting solution was applied
using a casting Gardner knife (Filmography: film casting
doctor blade). Glass and cast film were briefly
submerged in DI water. The created membrane floated
off the glass surface to get rid of any remaining solvent.
Before testing, membranes were maintained in DI water
for at least 24 h. Monitoring revealed that the process
temperature was constant at 25 °C with a 1 °C tolerance.

NH,
o
S—0"Na
A\
O~
29
0" O™ Na*
H,N
b) CHs CHgj

Figure 1: The structure of the Congo red (a) and
malachite green (b) dyes.

Table 1: Comparison of dye removal methods [35].

Removal Methods Advantages Disadvantages

Membrane Filters
Adsorption
Electrochemical

Supported Liquid Membranes
Ozonization

Photochemical

Removes all dyes
Very effective
Non-toxic end products

Selective removal and cost-effective

Environmentally friendly and no change in
wastewater volume

No sludge formation

Concentrated sludge is generated
Expensive on a commercial scale
High cost of electrical power

Membrane lifetime and aging
Very short half-life

By-product formation

Prog. Color Colorants Coat. 16 (2023), 165-179 167
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Table 2: The composition of PSU/SIO; ultrafiltration membranes.

Membranes Name

Casting Solution (wt.%o)

2.3. Characterization methods

The composition of ultrafiltration membranes was
determined by the FT-IR spectra of the samples
measured using (PerkinElmer, Australia). A scanning
probe microscope (SPM AA300 Angstrom Advanced
Inc., AFM, USA) was employed to evaluate the
membrane's  surface  roughness. The  prepared
membranes were cut into small squares and bonded to a
metal substrate. 1 x1 pum was used to look at the
membrane surfaces. The membrane surface was scanned
in a tapping mode, and all measurements were made on
dried membrane samples in natural atmospheric
conditions. Scanning electron microscopy (TESCAN
VEGA3 SB instrument, EO Elektronen-Optik-Service
GmbH, Germany) was employed to examine the surface
and cross-section morphology of membranes. Before the
SEM observation, membranes were cracked, sputtered
with platinum, and frozen in liquid nitrogen as samples.
Following that, SEM inspections with a potential of 5.00
kV at various magnifications were performed on the
dried sample of membranes.

The gravimetric approach was used to calculate the
overall porosity (¢), which is represented by the
following equation (Eq. 1) [36]:

wl-w2

x100

& ATxd @)

Where A is the effective membrane area (m?), wl is
the weight of the wet membrane (g/m®), w2 is the
weight of the dry membrane (g/m°), d is the water
density (998 kg/m®at 25 °C), and T is the thickness of
the membrane (m). The results of three independent
replications of each test were considered.
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Polymer (wt. %) | SiO, (wt. %) DMF (wt. %)

Mo 17 %
My 17 %
My 17 %
My 17 %

0 83 %
0.025 % 82.975 %
0.050 % 82.950 %
0.075 % 82.925 %

2.4. Performance test

The performance of the produced ultrafiltration
membranes was evaluated by evaluating pure water
flux and dye removal. Figure 2 depicts the cross-flow
filtration system, which consists of a membrane cell
with an effective surface area of 24 cm® The
permeability and removal of dye via the membrane
were examined at room temperature and pressures in
the range of (2 to 7 bar). Equation 2 was used to
compute the permeate flux.

F=-"_ )

Where F is the flux rate (L/m? h), V is the volume
of permeate (L), A is the effective area (m?), and t is
the filtration time (h).

The solute rejection R (%) was calculated using
equation 3.

R=“"2 %100 3)
cf
Where Cf and Cp represent, respectively, the
concentrations (mg/L) in the feed and permeate
solutions. An ultraviolet-visible spectrophotometer was
used to calculate the dye's concentration.

Flow Meter

Valve
Pressure

Gauge
Flat Membrane Pump
Modul

Feed Solution
Figure 2: Cross-flow operating system to evaluate the
performance of UF membranes.
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3. Results and Discussion
3.1. Membrane characterization

3.1.1. FTIR analysis

The surface composition modification of the modified
silica spheres was identified using the FTIR-ATR
spectra of the PSU/SIO, nanocomposite UF
membranes, shown in Figure 3. As can be seen, all of
the samples exhibit distinct absorption spectra in the
range (of 3500-3160 cm™). The FTIR spectra of the
membrane, which contains 0.025 and 0.050 weight
percent SiO,, are shown in Figures 3(A) and 3(B).
Three prominent absorptions are seen at 3898, 2967,
1585, 918, and 559 cm™, which are caused by the

(A)
™
s
3898 3500 3160
a0
50
& )
20
20
N\
1 2967
-al

symmetric and asymmetric stretching vibrations of the
COO- groups of the oxalic anion. Figure 3 shows the
FTIR spectrum of the PSU/0.075 wt. % SiO,
membranes (C). The distinctive silica absorptions are
at 3900, 3554, 2967, 1487, and 853 cm™, and the peaks
around 3400 cm™ are the characteristic hydroxyl
groups present on the particle surface absorptions [37].
The presence of SiO, in the composite membranes'
structure was verified using FTIR spectroscopy. The
peak corresponding to the stretch of SiO, at 950 cm™
can be seen in all figures [38]. The presence of each of
the expected absorption peaks proved that the
preparation of SiO, particles was successful.

2500 2000

Descrigtion

%T

1000

%T

14874 M “3M

%00 2500 2000 2500

Name Description

cm-1

2000 1000

Figure 3: FTIR-ATR spectra of A (Mul), B (Mu2), and C (Mu3) composite UF membranes.

Prog. Color Colorants Coat. 16 (2023), 165-179

169



M. M. Hassan et al.

3.1.2. Scanning electron microscopy images

Figure 4 shows the surface and cross-sectional SEM
images of the pristine PSU membrane (Mu0) and
composite membranes with various amounts of SiO,
produced (Mul, Mu2, and Mu3). In the surface SEM
pictures, all the manufactured membranes showed a
characteristic asymmetric and porous structure with a
highly semi-dense skin layer, macro voids, and a
porous sub-layer. Adding nanoparticles in different
loadings did not change the general structure of the
membranes, which can be attributed to the staying
deeper of nanoparticles in the membrane [39]. Since
the concentration of nanoparticles added was low, even
though the concentration of nanoparticles supplied was
variable, the cross-sectional of Mul to Mu3 was
observed to be practically the same. As a hydrophilic
material, nanoparticles can alter the phase separation
process' kinetics and thermodynamics, leading to the
development of various morphologies [40]. The
pristine PSU membrane has a typical sponge-like
shape, as seen in the cross-sectional photographs,
which is caused by a strong affinity between the non-
solvent (water) and solvent (DMF) and instantaneous
demixing during phase separation. The exchange rate
between the solvent and non-solvent is significantly
increased when a hydrophilic nanoparticle is added to
the PSU dope solution in contrast to the pristine
version (the faster water diffusion into the as-cast
polymeric film). Afterward, taking the lead in macro
void formation and total porosity improvement [41].
Additionally, the composite membranes had larger
pores than the pristine PSU membrane. All composite
membranes had a better connection of the holes
between the bottom and top layer, which supplies the
water transport through the membrane, than the pristine
membrane. However, including nanoparticles increases
membrane permeability by increasing membrane
porosity, extending pore breadth, and causing some
macro voids to develop in the skin layer. The highest
concentration of nanoparticles leads to the largest
macro gaps in the Mu2 and Mu3 membranes, which
may facilitate water evaporation from the mixed
matrix. The dope solution becomes viscous when the
nanoparticle loading is high. As a result, the viscosity
impacts the phase inversion process' Kinetics, which
lowers the pace at which solvents and non-solvents
exchange during membrane development. The main
barrier against structural changes is the pace of phase
separation and solvent/non-solvent instantaneous
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demixing, which causes the membrane's top layer to
become denser [42]. Even though the membrane
structure changed as the loading of nanoparticles
increased, the cross-sectional morphology remained
similar to that of pristine PSU.

3.1.3. Atomic force microscope images

Figure 5 displays three-dimensional AFM pictures of
the top surfaces of four PSU membranes made at
various SiO, nanoparticle concentrations in the casting
fluid, with scan sizes of 1 x1 um. The presence of
nanoparticles in the mixed matrix membranes changes
the surface morphology of the membranes (MMMs).
The active surface groups of SiO,'s hydroxyl groups
can change the surface properties of membrane-
embedded nanoparticles. Many factors can alter the
surface  properties, including chain  wrinkling
development, electrostatic  interactions  between
polymer chains, compactness or bending, and
variations in the surface area [43]. The little peaks and
valleys were replaced by several large ones when the
nanoparticles were blended, resulting in a rough
membrane surface. The brightest areas are the highest
points or nodules in these photos, and the darkest areas
are troughs or pores. Figure 5's depiction of the shapes
of nodules on the top surface of PSU membranes made
using various SiO, nanoparticle concentrations is a
noteworthy finding. The nodular aggregates have
joined forces to create various string-like structures,
and SiO, nanoparticles up to 0.075 wt. % have also
been added. Nodular aggregates are spread out over the
membrane surface when the concentration of SiO,
rises.

As can be seen, the PSU/SiO, blended membranes'
surface topography differs significantly from the
pristine PSU membrane. The membranes that add the
nanoparticle to the casting fluid have much rougher
surfaces than the unfilled membrane. The tidy PSU
membrane's roughness characteristics were all reduced.
Additionally, the values for the PSU/SiO, nanosized
membranes were a little higher. The buildup of SiO,
nanoparticles on the membrane surface may have
caused an increase in the roughness measure.
Compared to the pristine PSU membrane, the
roughness of the PSU membrane had 0.025 wt. % SiO,
increased. More ups and downs cause the membrane
surface to be rougher, which is a sign that the size of
the surface pore is growing [44]. It might be considered
that the smaller PSU/SiO, membrane (Mul) had finer
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surfaces and denser skins. It is commonly known that a
membrane's ability to resist fouling is higher when its
surfaces are smoother. For lowering the surface energy

of the water, the coarser membrane is, therefore, likely

EHT = 1000 KV Signal A= SE2

WD= 7.1 mm Mag=

100KX

Date:14 Apr 2022 EHT= 5004V Signat A= SE2

User Text WD= 7.9 mm Mag= 100KX

to absorb contaminants [45]. For this reason, less rough
PSU/SiO, membranes had a lower flow reduction
coefficient.
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Figure 4: (A, C, E, and G) represent the SEM images of the surface, and (B, D, F, and H) represent the cross-section
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images for UF membranes.
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Figure 5: 3D AFM images of the PSU composite membranes: (A) SiO2 0 wt. %, (B) SiO, 0.025 wt. %, (C) SiO2 0.050
wt. %, and (D) SiO; 0.075 wt. %.

Table 3: Profile Roughness Parameters and Porosity of prepared membranes.

porosity (%) Average Roughness, Ra
Mu0 38

Mul 42
Mu2 45
Mu3 51

The interaction between the foulant and the surface of
the membrane determines ~ how  effectively  the
membranes prevent fouling. Van der Waals forces,
hydrogen bonds, electrostatic interactions, and other
factors impacted the forces between the foulant and
membrane. The antifouling mechanism of the
membranes is supported by adhesion force measurements
made using an AFM [46]. Hydrophilicity, surface
roughness, and pore size are the three factors that
influence membrane fouling [47]. In the justification of
the membranes' fouling behavior. The 0.025 wt. % SiO,
embedded PSU membrane has the best antifouling
performance, according to the flux recovery ratio.
Surface roughness can be used to support the event as an
effective characteristic. As shown in Figure 5 and Table
3, the surface roughness of the Mu2 and Mu3 membranes
with SiO, embedding at 0.050 and 0.075 wt. % was
significantly higher than that of the Mul membrane with
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Root Mean Square

(nm) Roughness, Rrms (nm)
8.017 10.42
13.18 17.37
25.65 32.61
31.54 53.75

0.025 wt. %. It is common knowledge that increased
surface roughness causes increased fouling [48].
Theoretically, greater foulant adherence on the
membrane surface will result from higher surface
roughness and vice versa [49]. The impacts of
hydrophilicity and roughness on the decrease in
membrane fouling were investigated. The results
revealed that the influence of roughness reduction is
greater than the increase in hydrophilicity.

3.1.4. Porosity

In Table 3, the top surfaces of the PSU membranes are
examined over an area of 6 cm® to determine their
overall porosity, average roughness (Ra), or the mean
value of the surface concerning the center plane and
root mean square of roughness (Rrms). When
demonstrated, an increase in membrane porosity can be
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seen as the concentration of SiO, nanoparticles rises.
Additionally, the composite membranes had greater
porosity than the pristine membrane. The Mu0
membrane's porosity is almost negligibly lower than
the Mul membrane's, at (38 and 42 %, respectively).
Additionally, Mu2 and Mu3 membranes demonstrated
the highest porosity (45 and 51 %, respectively),
resulting in the largest macro-voids. Table 3 displays
the surface roughness values. Composite membranes
were found to have somewhat rougher surfaces than
pristine  membranes. The surface enrichment of
inorganic NPs may cause rising surface roughness,
which Research has documented this behavior in [49,
50]. So, It is clear that when the fraction of SiO,
nanoparticles increases, the average roughness of PSU
membranes also rises, which is explained by the size of
the SiO, lumps grown on the membrane surface.
Surface roughness gradually develops from Mu0 to
Mul to Mu2 to Mu3. However, the SiO, nanoparticles
in the casting solution cause delayed liquid mixing
during the phase inversion, increasing the membrane's
pore size. It should be noted that the addition of SiO,
increased both the mean roughness of the membrane
surface and the root mean square of roughness. The
literature's reports of this phenomenon were consistent
with them [50, 51]. For instance, Rajesh et al. observed
that a change in the mean pore size is proportional to a
change in the mean roughness of the membrane surface
[51].

3.2. Performance test

3.2.1. Effect of SiO, nanoparticles on the water
flux performance

Membrane fouling significantly impacts membrane
filtration performance in fluid separations and usage
lifetime. The blockage or plugging of membrane pores,
concentration polarization, and cake layer formation are
only a few of the issues that cause the membrane flux to
be lowered. High flux, little propensity for fouling, and a
high rejection rate over an extended period are qualities
that a high-quality membrane should have. Membrane
fouling has a variety of root causes. The hydrophobic
behavior of membrane surfaces is the primary reason for
poor antifouling performance [52]. Numerous efforts
have been made to increase membrane hydrophilicity,
including material modification, polymer blending, and
surface modification [53], to improve membrane
permeability and antifouling property. Blending with

hydrophilic particles has been regarded as an efficient
and practical method for creating antifouling membranes
[54]. The inclusion of inorganic particles can enhance
the polymeric membranes' performance in terms of flow
and fouling resistance. The important membrane
attribute of hydrophilicity may impact membranes' flow
and antifouling capabilities [55].

Although the permeability increased as the pressure
rose, the permeability also grew when nanoparticles
were added. The high flux could be due to the
nanoparticle's hydrophilicity, large surface area, and
pore size [56]. Figure 6 demonstrates how the Congo
Red dye filtration experiment significantly increased the
permeation flux through the four UF membranes. With
the insertion of inorganic nanoparticles, the flux is
significantly enhanced. With the addition of SiO,
nanoparticles, flow improvement was seen at various
pressures between 2 and 7 bar. The rationale is that by
using hydrophilic nanoparticles in the casting solution,
the mass-transfer velocity between the substrate and the
coagulation bath will rise during the phase inversion,
which is advantageous for boosting membrane porosity.
The results demonstrate that the Mu4 membrane had the
highest water flow value at 0.075 wt. % SiO,. In this
case, the water flow value started at 23.5 L/m? h in 2 bar
and increased to 56 L/m’ h in 7 bar. The Mu3 membrane
was next, growing to 41 L/m? h in 7 bar and 18 L/m® h
in 2 bar. The flux was reduced to an acceptable level by
the Mul membrane's 0.025 wt. % SiO, content, though.
This 0.025 wt. % SiO, embedded membrane flow drop
can be attributed to a decrease in porosity. This
membrane's permeability started at 13 L/m? h at 2 bar
and steadily increased to 33 L/m? h at 7 bar. In
comparison, the curve of the MuO membrane without
SiO, had the lowest permeability value due to the
membrane's characteristics not being improved.

Figure 7 illustrates how the concentration of SiO,
nanoparticles added to UF membranes increased the
water flux curves of an aqueous solution of Malachite
Green dye, increasing the membrane's porosity and
improving its water permeability. Although Mul was
chosen as the best membrane, Mu2 and Mu3 have larger
water fluxes than Mul. The flux rate of the three
composite membranes was higher than the pristine
membrane when compared to the flux curve, which is
nearly straight. Therefore, the lower hydraulic resistance
of the membrane bulk against water transport during the
ultrafiltration process due to the development of a
greater number of linked holes can be related to the

Prog. Color Colorants Coat. 16 (2023), 165-179 173
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increase in water flux with nanoparticle concentration.
On the other hand, greater solute rejection may be linked
to a reduction in pore size on the membranes' selective
surface, in this example, the outer surface. It should be
mentioned that the blockage of the coarse pores
throughout the membrane bulk by the aggregated
nanoparticles can be attributed to the rise in hydraulic
resistance against the water transport through the
membranes, which is the cause of the drop in the value
of water flux for MuO membrane [57]. The presence of

60

OH groups on the silica nanoparticles' surface enhances
the membranes' hydrophilicity, which results in larger
water flux for the membranes that contain more
nanoparticles in addition to the hydraulic resistance
effect [58]. However, the "hydration layer" of the
membrane surface successfully blocked foulants from
arriving, thanks to the improvement of hydrophilicity.
As a result, it was more challenging for foulants to
accumulate in the pores [59].
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Figure 6: Pure water Flux variations from aqueous solution of Congo Red dye in pristine and composite ultrafiltration
membranes under different pressures.
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Figure 7: Pure water Flux variations from the aqueous solution of Malachite Green dye in pristine and composite
ultrafiltration membranes under different pressures.

Prog. Color Colorants Coat. 16 (2023), 165-179



Polysulfone Ultrafiltration Membranes Embedded with Silica Nanoparticles for ...

3.2.2. Effect of SiO, nanoparticles on the
rejection performance

Research into the retention of the dyes Congo Red and
Malachite Green was used to evaluate the ultrafiltration
capabilities of the produced membranes. The cross-flow
permeation test was used to evaluate the ultrafiltration
membrane's dye rejection at operating pressures between
2 and 7 bar and 100 ppm dye concentration. High dye
rejection was visible in all of the produced membranes.
This is how ultrafiltration membranes often behave.
The membranes' dye removal effectiveness is listed in
the following order: Mul>MuO>Mu2>Mu3. Lower
rejections from the membranes with higher silica
concentrations showed that the porosity had greatly
increased, which can be attributed to the shape of the
membranes. A greater number of nuclei are produced
during the phase separation process due to the presence
of silica nanoparticles in the polymer solution. The
internal structure of the membranes becomes looser as
the nanoparticle content rises, reducing the hydraulic
resistance to water transport across the membranes [57].
The effectiveness of manufactured UF membranes in
removing Conge Red dye from an aqueous solution is
shown in Figure 8. Compared to the composite
membranes (Mu2 and Mu3), the pristine membrane
(Mu0) membrane exhibits a better clearance efficiency.
Despite having the maximum water permeability of all
the UF membranes, Mu3 exhibits the least amount of

dye

loss under pressure due to the water molecules and

some dye droplets passing through the membrane's
surface easily.

Malachite Green dye was dissolved in water at 100
ppm, and the findings are presented in Figure 9. Mu0

and

Mu2 membranes nearly equally rejected the dye,

with rejection rates of roughly 98 and 92 % in 2 and 7

bar,

respectively. The Mul membrane had the lowest

rejection rate under the test pressures stated. Among all
prepared membranes, the Mul membrane shows the
highest removal of dyes, 99.50 % in 2 bar, 98.75 % in 7
bar for Congo red dye, and 99.15 % in 2 bar, whereas
9545 % in 7 bar for Malachite Green dye. Mul
membrane's greater hydrophilicity and lower surface
roughness, which result in less foulant adsorption, are
likely contributors to its superior rejection. Additionally,
it is widely known that membranes with greater
hydrophilicity are less likely to become fouled [60]. In
order to prevent dye droplets from adhering to the
hydrophilic surface of composite membranes, which
absorbed a significant quantity of water molecules, a
compact hydration layer was produced [61]. This study
confirms the literature's findings by showing that the
inclusion of inorganic NPs can enhance membrane

antifouling

properties [62]. A  comprehensive

comparison of membrane separation performance with
other published data is presented in Table 4 to highlight
the newness of this study
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Figure 8: various removals for an aqueous solution of Congo Red dye in pristine and composite ultrafiltration
membranes under different pressures.
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Table 4: Demonstrates the comparison of this work with the recently published membrane applications.

Membrane materilas Nanoparticle Dve tvpe Mode of Permeate Rejection Ref
(wt. %0) content (wt. %0) yeyp operation (L/m? hr) (%) '
NF 100

Polysulfone (PSU) (18) sl(l(;cg;_s(;c;;) Crystal violet 13.5 [64]
Polyvinylalcohol (PVA) Silica (SiO; ) .
Direct Red 23 MF 1711 98 65
@ (0.5-2) irect Re [65]
. . Direct Red 23, 105.2 99.53
Polyether?;g)one (PES) Cerlum((c)»;ld_j)(Ceoz) S R UE 105.2 99.39 [66]
' Direct Red 243 105.4 99.78
Polyethersulfone (PES) Graphene oxide (GO) Acid black UF 116.5 99.7 [67]
(21) (0.1-2) Rose Bengal 116.5 99
. . BSA protein,
Diatomite 806.8 98.5
Polysulf P 1 Rh i F
olysulfone (PSU) (18) (0.05-0.5) odamine6G U 806.8 948 [68]
Silica (SiO; ) Malachite green 13 99.15 This
Polysulf PSU) (17 UF
olysulfone (PSU) (17) 5 195, 0,075) Congo red 2335 995  work
101
~Mu0
100 =Mul
99
98
g 97
c
2 9
g
€ 95
94
93
92
91

1 1.5 2 2.5 3 35 4 45 5 5:5 6 6.5 7 755
Pressure (bar)

Figure 9: various removals for an aqueous solution of Malachite Green dye in pristine and composite ultrafiltration
membranes under different pressures.

4. Conclusion increase in the concentration of the nanoparticles. AFM
images show that composite membrane surface
roughness increases owing to nanoparticle aggregation.
The composite membranes' pure water permeability
improved with increasing SiO, concentrations up to
0.025 wt. %. Adding 0.050 and 0.075 wt. % SiO, had
increased water permeability due to the increase in
porosity. The permeability increased with the
concentration of nanoparticles in the membranes
compared to the pristine membrane. The removal of
Conge red and Malachite Green dyes at a concentration

A new approach has been proposed by modifying the
pristine  polysulfone membrane by adding a
nanomaterial. Four concentrations of SiO, nanoparticles
(0, 0.025, 0.050, and 0.075 wt. %) were chosen to
improve ultrafiltration membrane performance and
formation. SEM images demonstrated significant
changes in the morphology and less dense structure of
the composite membranes compared with the pristine
membrane, especially on the surface of the membrane,
which increased the porosity of the membranes with the
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of 100 ppm were in the range of 99.5 and 92 % at
operating pressures between 2 and 7 bar, respectively,
for all the membranes studied. Composite membranes
with 0.050 and 0.075 wt. % SiO, had slightly lower
rejection than the pristine membrane, and they showed
the highest rejection rate at a concentration of 0.025
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