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ABSTRACT

In this study, flat-sheet membranes were fabricated by phase inversion method, using four types
of polymers (i.e., polysulfone (PSU), polyethersulfone, polyvinylidene fluoride, and polyacryloni-
trile (PAN)) with different concentrations (13, 15, and 17 wt.%) in dimethylformamide solvent for
the ultrafiltration application in dye removal. The characteristics of membranes were investigated
using Fourier-transform infrared spectroscopy, atomic force microscopy, scanning electron micros-
copy, dye removal, water permeation flux, and porosity. Two different dyes (i.e., Malachite green
and Congo red) were studied at a concentration of 100 ppm. The results showed that membranes
with a concentration of 17% had the best performance in the water flux rate and dye rejection.
Significantly, the PSU 17% membrane is the optimal membrane where the permeate rate is in the
range of 8.06 L/m*h at 2 bar and 52.97 L/m*h at 7 bar for the Malachite green dye and 10.96 L/m*h
at 2 bar, and 58.96 L/m*h at 7 bar for Congo red dye. The effect of the polymer concentration on the
membrane properties was investigated extensively. The dye rejection for the PSU 17% membrane
was recorded at 98.04% and 93.02% for Malachite green dye, and 99.42% and 98.59% for Congo red
dye were pressures at 2 and 7 bar, respectively. The outcomes of this paper can help in choosing the
best polymer and conditions to remove dyes from wastewater.

Keywords: Polysulfone; Polyethersulfone; Polyacrylonitrile; Polyvinylidene fluoride; Ultrafiltration
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1. Introduction

Dyes are used to color products in various industries,
including textiles, leather, cosmetics, paper, printing,
plastic, medicines, and food [1]. Removing dyes using
cutting-edge, very effective methods is essential because
this effluent frequently contaminates water and is quite
harmful [2]. Established treatment methods are currently
used to remove dyes from industrial wastewater, such as
adsorption [3], chemical oxidation [4], coagulation/floc-
culation [5], ozonation [6], biological treatment [7], elec-
trocoagulation [8], advanced oxidation process [9], and
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photocatalytic degradation [10]. This latter technique is
frequently employed to address synthetic chemical dyes,
such as Crystal violet dye [10]. In order to treat dyes in an
aqueous solution, Chham et al. [11] used a natural adsor-
bent based on Moroccan bituminous shale in an adsorption
method (case of methylene blue). The electrocoagulation
technique has been proven to be an effective and affordable
approach for treating wastewater from the textile industry,
according to Daij et al. [8]. However, it has been demon-
strated to be insufficient because these dyes’ chemical
architectures prevent biodegradation [12]. Membrane sep-
aration technology is one of the most promising techniques
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for wastewater treatment and high-quality water produc-
tion [13]. This significance of membrane application lies
in several benefits, such as high efficiency, minimal impact
on the environment, lack of chemical use, and simplicity
of handling [14]. This technology has various applications
in the pharmaceutical industries [15], the agro-food indus-
tries [16], water treatment [17], and industrial effluents, the
chemical, electronic and nuclear industries, desalination
[18], gas separation [19], medicine [20], as well as seawater
desalination [21]. Some of these membrane processing tech-
niques include reverse osmosis (RO), nanofiltration (NF),
microfiltration (MF), and ultrafiltration (UF). The past few
decades have seen an increase in interest in ultrafiltration
technology because of its many advantages, such as its lack
of phase shifts, low operating pressures, and ambient or
extremely low operation temperatures [22].

Numerous membrane materials, particularly polymers,
have been employed to create UF membranes, including
polyvinylidene fluoride (PVDEF) [23], polysulfone (PSU)
[24], polyacrylonitrile (PAN) [25], and polyethersulfone
(PES) [26]. Polymer materials are the most essential and
cost-effective materials utilized on a large scale to create
membranes, and its properties may be easily adjusted to
meet specific needs. Polymers offer numerous alternatives
for membrane formation [27]. Despite being readily avail-
able commercially, these polymer materials’ limited indus-
trial application is due to their poor permeation flux and
fouling problems. Researchers have developed numerous
strategies, such as the utilization of polymer blends, to
enhance the functionality of polymeric membranes [28],
incorporating nanoparticles [29,30], and graft copolymer-
ization with free radicals (chemical modification) [31].
Al-Ani et al. [28] suggested a new strategy to improve
membrane performance by blending polyethersulfone
(PES) with polyphenylsulfone (PPSU). Remove Acid black
210 dye from simulated effluent from the leather tanning
industry at concentrations of 35, 45, and 65 ppm. PPSU-
PES ultrafiltration membranes were created using the tra-
ditional phase inversion approach. PES concentrations of
0, 4, 5, and 6 wt.% were examined, while the concentra-
tion of PPSU remained constant at 20%. It was discovered
that the membrane’s structural shape changed depending
on the PES concentration, and it was found that the per-
meation flux did not change with pH. Additionally, it
was shown that the performance of membranes increased
over those made from the plain PPSU membrane from
5.77 to 27.7 L/m*h and 3.46 to 19.62 L/m*h for distilled
water and feed solution of 35 ppm, respectively. At the
same time, the dye removal was higher than 99.65%
for all of the membranes investigated [28].

Another study by Zinadini et al. [32] looked into the
effects of combining a graphene oxide (GO) nanoplate with
PES/polyvinylpyrrolidone (PVP) nanofiltration membranes
in order to remove Direct Red 16 and filter powder milk.
The PES treated with GO had the best dye removal perfor-
mance. Additionally, Abedi et al. found that chemical surface
modification considerably increased the fouling resistance
of polyacrylonitrile (PAN) membranes [33,34].

This study aimed to fabricate membranes from various
types of polymers (PSU, PES, PAN, and PVDF) with various
concentrations (13, 15, and 17 wt.%) by the phase inversion

method. Membranes were evaluated by structural mor-
phology, permeability rate, and removal ratio. The results
of this study can be valuable in obtaining a membrane used
in ultrafiltration membrane applications and thus removing
dyes from wastewater. Also, this paper can help in choos-
ing the best polymer and concentration to prepare the best
membrane for dyes removal application.

2. Materials and methods
2.1. Materials

Different membrane materials were used in this work
such as polysulfone (PSU, MW = 35,000 g/mol), poly-
ethersulfone (PES, MW = 58,000 g/mol), polyacrylonitrile
(PAN, MW = 150,000 g/mol), and polyvinylidene fluo-
ride (PVDE, Mw = 534,000 g/mol). All polymers were from
Xian Lyphar Biotech, China. N,N-Dimethylformamide
(DMF, HCON(CH,),, MW = 73.10 g/mol) from Ambernath,
India, was used as the polymer solvent. Malachite green
dye [chemical formula = C,,H,N,O,,, MW = 927.02 g/mol]
was obtained from Alpha Chemika, India, and Congo red
dye [chemical formula = C,,H,,N.Na,OS, MW = 696.7 g/
mol] was ordered from BDH Chemicals Ltd Poole

England, UK.

2.2. Membrane fabrication

Twelve polymer membranes were fabricated via the
phase inversion method. The dried PES, PSU, PAN, and
PVDF polymers at different concentrations (i.e.,, 13, 15,
and 17 wt.%) were dissolved in N,N-Dimethylformamide
(DMF) solvent. The magnetic stirrer used for the mixture
was heated for 60°C and agitated for 6 h until a clear solu-
tion was obtained. The polymeric solution was left over-
night to degassing. Then, an appropriate amount of the
polymeric solution was poured on a clean glass plate which
was then cast with a thickness of 180 um using a casting
knife. The phase inversion procedure was then completed
by placing the constructed membrane into a deionized
water bath at room temperature. Deionized water was
used to repeatedly rinse the manufactured membranes,
which were then kept in the water for at least 24 h before
being used. The composition of the casting solutions for
each membrane is listed in Table 1.

2.3. Membrane characterization

The membrane’s chemical composition was investigated
using a Fourier-transform infrared spectroscopy-attenuated
total reflection (FTIR-ATR) spectrometer (PerkinElmer,
Australia). FTIR with a resolution of cm™ in the range of
450-4,000 cm™ was used to describe it, and the median
value was calculated using 50 scans. The prepared mem-
branes’ top membrane surface and cross-sectional morphol-
ogy were examined using a scanning electron microscope
(TESCAN VEGA3 SB instrument, EO Elektronen-
Optik-Service GmbH, Germany) operating at a 5.00 kV
accelerating voltage. Membrane samples were produced
by sputtering the coating with a 0.5 nm film of Pd metal
and drying the membrane at ambient temperature. In order
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Table 1
Casting solution composition of the prepared membranes

Casting solution (wt.%)

Type of membranes Polymer (wt.%) DMF (wt.%)
PSU 13% 13 87
PSU 15% 15 85
PSU 17% 17 83
PES 13% 13 87
PES 15% 15 85
PES 17% 17 83
PAN 13% 13 87
PAN 15% 15 85
PAN 17% 17 83
PVDF 13% 13 87
PVDF 15% 15 85
PVDF 17% 17 83

to maintain the membrane structure, the membranes were
broken into pieces and examined utilizing scanning electron
microscopy (SEM) technology for cross-sectional imaging.
At various magnifications, the membrane’s cross-section
and outside surface were scanned.

The surface morphology and roughness of the gen-
erated membrane were examined using an atomic force
microscope (SPM AA300 Angstrom Advanced Inc., USA).
A1 cm? x 1 cm? membrane sample was sliced and mounted
on the holder, where a 1 pm x 1 pm? area was scanned. The
average roughness R and the root mean square height R,
were used to represent the surface roughness parameter.

The gravimetric technique was used to estimate the
membranes’ porosity, as indicated by Eq. (1) [35]:

(W1-w2)
g=————"2x100 )
AxTxp

where ¢ is the porosity (%), W, is the wet membrane’s weight
(mg), W, is the dry membrane’s weight sample (mg), A is the
effective area of membrane (cm?), T is the thickness of the
membrane (um), and o is the water density (0.998 g/cm? at
25°C). The membrane samples were left in distilled water at
room temperature for 24 h. After wiping away any remain-
ing water, each membrane was weighed. To estimate the
average porosity of membranes, triplicates of each sample
were tested.

The concentration of dyes in water was calculated using
a UV-vis spectrophotometer (Pharo 300, Merck, Darmstadt,
Germany)

2.4. Performance test

The permeation of the UF membranes in this study was
evaluated under cross-flow filtration conditions. The appa-
ratus setup was equipped with a membrane cell having an
effective membrane area of 24 cm? (Fig. 1) to measure the
water flux and dye rejection. Each membrane sample was
pressurized under various cross-membrane pressures

(ie., 2, 25,3,35,4,45,5,55, 6, 6.5 and 7 bar) at room
temperature (25°C).

Malachite green and Congo red dyes separation tests
were assessed at concentrations of 100 ppm in aqueous
solutions to determine the membranes’ removal efficiency.
The water flux and dye rejection were calculated by Egs. (2)
[36] and (3) [37], respectively.

1%

I=7

2)
where | is the water flux of the membrane (L/m*h), V is the
produced volume (L), A is the surface area of the membrane
(m?), and  is the time the permeate was collected (h).

R=|1-S2 w100 3
=12 [« ®)

f

where R is the dye rejection ratio, where C, and C: are
the concentrations of the dye in the feed solution and the
permeate (mg/L), respectively.

3. Results and discussion
3.1. Membrane characterization
3.1.1. FTIR results

Fig. 2 shows the FTIR-ATR analysis that was conducted
to compare the chemical compositions of the PSU 17% mem-
branes before and after exposure to two different types
of dye solutions and to assess the functional groups of the
PSU 17% membrane.

The FTIR analysis was presented to determine the
chemical compositions of the prepared membrane after the
ultrafiltration application was performed using an aque-
ous solution containing 100 ppm of dye. Fig. 2A represents
the pristine PSU 17% membrane, and Fig. 2B and C repre-
sent the PSU 17% membrane after permeation operation
using Malachite green dye and Congo red dye, respec-
tively. Each additionally contains the PSU support layer’s
spectrum. According to the literature, around 950 cm™ is
the Si—-OH stretching vibration [38], and the Si-O-Si peak
measures about 1,050 cm™ [39]. The strong peaks at 3,898.23
for the pristine PSU 17% membrane, while 3,895.92 and
3,639.79 cm™ for PSU 17% membranes under testing using
Malachite green dye and Congo red dye, respectively. It can
be seen that there is a significant change in the FTIR anal-
ysis in Fig. 2B and C compared to Fig. 2A, which indicates
the influence of the chemical composition of the membrane
under operating conditions such as dye concentration and
operating pressures in ranges 2 and 7 bar. And therefore
increasing the number of spectral peaks due to the variable
thickness of the dyeing layer on the surface of membranes.

3.1.2. SEM images

Membrane morphology is essential in studying the sep-
aration mechanisms, and it is affected by membrane casting
solution viscosity, solvent-polymer interaction, solvent—
non-solvent interdiffusion rate, and time and coagulation
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temperature [40—-43]. The morphologies of the membranes
generated with various concentrations are depicted in
Figs. 3 and 4. Diffusion allows the casting solution to undergo
a phase transition, which is how the membrane is created.
This phase transition is caused by the exchange of the solvent
(DMF) and non-solvent (water) [22]. When the diffusion rate
between the solvent and the non-solvent is low, a sponge-like
structure occurs; however, the membrane only develops a
finger-like shape at high diffusion rates [44,45].
Consequently, these changes are most likely due to the
shift in the diffusion rate of the solvent and non-solvent as
a result of the polymers’ concentration changing. Another
noteworthy point was that the polymer membranes with
a concentration of 17% had a better pore structure than
membranes at 15% and 13%. It is noted that the PSU 13%
membrane has a more porous and spongy structure com-
pared with the PSU 15% membrane, which has a denser,
smaller pore size, and spongious phase. Increasing the con-
centration of PSU to 17% did change the general structure
of the membranes and created a more stable structure of
a leaf-like morphology. The SEM images of the membrane
produced from PES 13% and PES 15% featured huge struc-
tural layers resembling fingers and sponges, with massive
voids near the top surface. A thin finger-void layer resulted
from increasing the PES concentration in the polymer solu-
tion up to 17%, where the shape of a sponge was more
substantial along the uppermost layer of the surface. The
microvoids in the dope solution enlarge at low polymer
concentrations and are restrained at higher polymer con-
centrations [46]. When the higher compatibility between
the solvent and non-solvent, phase inversion occurs as
soon as the coagulation bath receives the solution film [47].
As a result, a porous structure with large cavities emerges.

ajEImagay]

container for feed dye solution

Fig. 1. Schematic diagram of the cross-flow filtration system.

If the non-solvent is incompatible with the solvent,
the phase separation process is slower, and the structure
of the membrane resembles a sponge [47]. Bigger cavities
cause flux enhancement in the membrane [48].

As shown in Fig. 3, numerous dark spots in SEM images
of the surface structure of PVDF membranes may make the
top surface porous and not truly skin-like. Some valleys are
only a few tens of nanometers wide, and some are submi-
crometer in size [49]. The number of highness and lowness
on the membrane surface rises as the solution concentration
increases, while their depth decreases [50,51]. For the cast-
ing solutions” 17% and 15% concentrations, circular pores
were noticed in the discerning layer in the cross-section
images. Several tiny pores could be seen, some of which
may connect to the skin’s deep microvoids. For PVDF 13%,
the top surface comprises nanoscale granular objects whose
dendritic structures can be seen. All PVDF membranes are
characterized by nodules that vary in size and compactness.
Because of the selective layer’s increased concentration,
the membrane’s outer layer becomes thicker, substantially
impacting the inner membrane structure.

The morphology of PAN membranes was compared,
and SEM was used to observe the membrane’s structural
changes, as seen in Fig. 3. These membranes prepared by
different concentrations (13, 15, and 17 wt.%) exhibited
a typical asymmetric structure composed of separating
skin layers and solid porous matrixes. When it comes to
the penetration or retention of solutes, the skin layer is in
charge, while the porous bulk serves as mechanical sup-
port. The PAN membrane in the concentration of 17%
demonstrated a comparable impact on the membrane struc-
tures, composed of a thin layer of skin and a porous mass
with independent dense tree roots-like. When the content
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Fig. 2. Fourier-transform infrared spectroscopy (FTIR) of the PSU 17% (A) membrane, (B) after Malachite green experiment, and
(C) membrane after Congo red experiment.
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Fig. 3. SEM images of surface structure and cross-section morphology of PSU, PES, PAN and PVDF membranes prepared at 13%, 15%,

and 17% concentrations.

of the PAN membrane is low in the concentration of 15%,
the skin layers become less dense, and the porous becomes
more dominant. In comparison, the PAN 13% membrane
indicates that the microvoids increased significantly, and
the top layers became a little permeable. This explains why
PAN membranes made from low-concentration materials
have a high penetration capacity.

The quantity of voids and large spaces reduces as the
casting polymer concentration increases [52]. This narrow-
ing and reduction in membrane pore number can be linked
to a thickening of the membrane skin layer [52]. When the
concentration of a solution rises, the amount of polymer in
the membrane-bath contact rises, resulting in a decrease in
solvent-nonsolvent exchange. The thickness of the resultant
membranes increases as the PAN concentration increases,
as shown in Fig. 3, which is consistent with prior findings
[50,52].

Fig. 4 shows the SEM images of the PSU 17% membranes
fouling after the dye removal experiments for Malachite
green and Congo red dyes. Various morphological changes
were observed, including an increase in the size and quantity
of finger-like structures for both kinds of dyes. The lower and
smaller finger-like pores were observed after the Malachite
green experiment compared to the Congo red one. This may
be attributed to operating conditions such as applied pres-
sure and dye concentration at 100 ppm, in addition to the
high molecular weights of dyes.

3.1.3. Atomic force microscopy images

The membranes’ surface morphology is measured
using the surface or average roughness (R), and root
means square (R ) using atomic force microscopy (AFM), as
shown in Table 2. The surface roughness of the membrane

increases with decreasing concentration of polymers. It can
be noticed from Fig. 5 that the AFM images revealed that
a 13% concentration of membranes showed a surface that
was covered with valley or mountainous-like peaks com-
pared with 15% and 17% of membranes that did not show
such structure.

In general, the roughness parameters slightly decreased
with increasing the polymer concentration in the cast-
ing solution. The average roughness of the membranes
decreased from 9.06 nm (the PSU 13% membrane) to
8.567 nm (the PSU 15% membrane) and 8.017 nm (the PSU
17% membrane). On the other hand, the surface of the PES
17% membrane was even and regular in texture; addition-
ally, there is not as much “valley”-like structure as depicted
in 3D images. Compared with 15% and 13% PES mem-
branes, nodules in various shapes were seen on the top sur-
face, shown in Fig. 5. Surface roughness was significantly
reduced by the PES polymer added to the membrane casting
solution, going from 5.075 nm for the PES 13% membrane to
4.831 nm for the PES 15% membrane.

Based on the 3D images in Fig. 5, it is obvious that all the
PAN membranes have ridge and valley structures. However,
the 17% PAN membrane has some smooth surfaces. The 17%
PAN membrane showed a considerable enhancement in
the surface roughness (about 3.385 nm) compared to that
of the PAN 15% membrane (about 5.033 nm) and the PAN
13% membrane (about 7.957 nm), as reported in Table 2.

It is noticed that the PVDF 13% membrane has much
higher surface roughness than that of the PVDF 15% mem-
brane at 27.15 and 9.479 nm, respectively. On the contrary,
the surface roughness was significantly reduced to 6.230 nm
for the 17% PVDF. From AFM results, it has been noted
that PVDF membranes are rougher than other membranes.
According to Rajesh et al. [53], a change in the membrane
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Fig. 4. SEM images of surface structure and cross-section morphology of (PSU 17%) membranes.

Table 2

Profile roughness parameters and porosity of prepared membranes

Membrane Porosity (%) Average roughness, Root mean square
name R, (nm) roughness, Rrms (nm)
PSU 13% 54 9.06 31.24

PSU 15% 44 8.567 10.59

PSU 17% 38 8.017 10.42

PES 13% 56 5.075 6.323

PES 15% 50 4.831 6.081

PES 17% 44 3.146 5.558

PAN 13% 62 7.957 8.045

PAN 15% 60 5.033 5.700

PAN 17% 52 3.385 4.202

PVDF 13% 63 27.15 43.62

PVDF 15% 55 9.479 11.21

PVDF 17% 48 6.230 7.744

surface’s mean roughness (R) corresponded to a change
in pore size. Hong and He [54] reached concluded that
the pore diameter might be determined by the solvent and
coagulation bath (water) exchange rate during membrane
formation.

Surface roughness is one of the most efficient fac-
tors in increasing the antifouling ability of membranes.

Consequently, smoother membranes have better foul-
ing resistance [55]. The results refer to the tendency to
increase the concentration of polymers to 17 wt.%, leading
to improve antifouling membrane performance due to the
lower surface roughness compared to the membranes with
concentrations of 13 and 15 wt.%. Sulfonated polymers were
considered to be significantly more fouling resistant [56].
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Fig. 5. 3D images of atomic force microscopy (AFM) of membranes.
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Fig. 6. AFM 3D images of PSU 17% membranes after antifouling performance.

However, after the antifouling performance of the mem-
branes, the decrease in surface roughness in the PSU
17% membrane was due to the accumulation of foulants
on the surface. The roughness decrease in the PSU 17%
membrane after the dye removal experiment (Fig. 6)
corresponds directly to the aggregation of dyes on the
membrane surface. It is commonly known that foulants
typically build up in the valley area, decreasing surface
roughness [57-59].

3.1.4. Porosity

The porosities of all prepared membranes are reported
in Table 2. Each membrane sample (6 cm?) was weighed
using a digital weight balance, recorded as the wet and dry
weights, and calculated using the gravimetric method by
Eq. (1). The results displayed that increasing the concen-
tration of polymers reduced the porosity of the mem-
branes. This could be explained by the fact that polymer
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concentrations increased the density of the membranes.
It can be seen that the PSU 17% membrane recorded the
lowest porosity at 38%, while the highest porosity at 63%
for the PVDF 13% membrane.

3.2. Performance test
3.2.1. Effect of polymer concentration

Fig. 7 shows that the 13% PSU membrane was a cir-
cumstance in which the water flux increased quickly from
23.99 L/m*h at 2 bar to 299.76 L/m?h at 7 bar, while the
rejection decreased from 91.91% to 73.72%. The water flux
in the PSU 15% rose steadily from 17.61 L/m?*h at 2 bar to
59.52 L/m*h at 7 bar, but the dye rejection decreased from
97.39% to 88.54%. However, when the concentration of
PSU increased to 17%, the rejection declined slowly from
98.04% to 93.02% at 2 and 7 bar, respectively. Moreover, the
water flux was recorded at 7.42 L/m*h at 2 bar and 26.16 L/
m*h at 7 bar. It can be considered that PSU 17% mem-
brane is the optimal membrane in terms of dye rejection
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compared with other polymeric membranes. This may
be ascribed to the smaller pore diameter of the PSU 17%
membrane; therefore, the dye molecules are prevented
from passing through the membrane. Surface porosity
and pore size significantly reduced the PSU membrane
fouling phenomenon [60,61].

It can be seen from Fig. 8 that increasing the concen-
tration of PES resulted in improving dye removal while
a decrease in water flux was reported. As in the PES 17%
membrane, the dye removal was in the range of 97.44%
and 86.78%, and the water flux changed moderately from
7.58 to 39.06 L/m*h in 2 and 7 bar, respectively. In con-
trast, the water flux in the PES 13% membrane increased
steeply from 42.64 L/m*h in 2 bar to 613.12 L/m*h in 7 bar,
while the dye rejection fell from 91.51% to 70.55% at the
same pressures. This may be credited increased in porosity
(Table 2) and pore density.

The membrane performance for the PAN mem-
branes in terms of water flux and rejection is illustrated
in Fig. 9. It was observed that the PAN 13% membrane
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Fig. 7. Dye rejection and water flux for PSU membranes in Malachite green dye under operation conditions of 2-7 bar and 25°C.
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had a water flux of 45.35 L/m*h, which is twice higher
than that of the PAN 15% membrane and three times
higher than that of the PAN 17% membrane at 2 bar.
The water flux at 7 bar jumped sharply to 571.43 and
357.14 L/m*h in PAN 13% and PAN 15%, respectively. As
explained previously, the higher water flux in the PAN
13% membrane can be correlated to the increase in pore
size. The increased porosity has facilitated the passage
of the aqueous solution molecules through the mem-
branes. The increased water flux is usually attributed
to the increase in pore sizes [62]. Further, the dye rejec-
tion of the PAN 13% membrane was found to be 90.95%
at 2 bar, whereas in the case of PAN 15% and PAN 17%
membranes, the rejection was 93.47% and 95.07%, respec-
tively. In 7 bar, dye removal for the PAN 13% membrane
fell quickly to 58.44% compared with 77.84% for the PAN
15% membrane and 79.87% for the PAN 17% membrane.
Pure water flux and dye rejection results for the PVDF
membranes are presented in Fig. 10. The membrane struc-
ture (SEM, AFM, and FTIR) and flux performance are com-
patible. Pore size and total pore count on the membrane
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surface directly correlate with water flux. The decrease of
concentration PVDF from 17% to 15% led to a substantially
growing fluxing from 50 to 156.25 L/m*h. Also, the water
flux of PVDF 13% membrane rose from 7.80 to 189.39 L/
m?h at the same pressures (from 2 to 7 bar). As transmem-
brane pressure (TMP) rises, this action is correlated with
an increase in membrane driving force. While the mem-
brane resistance is constant and TMP grows, the mass
transfer driving force that causes water to move through
the membrane pores increases [63]. Fig. 10 summarizes
the rejection performance of PVDF membranes. The rejec-
tion for all samples was not significantly changed, while
the greatest rejection value was for the PVDF 17% mem-
brane with 97.09% at 2 bar. This rejection was greater than
the 95.48% recorded by the PVDF 15% membrane and
that of the PVDF 13% membrane (91.51%). Consequently,
the higher dye rejection by the PVDF 17% membrane was
attributable to decreased pore size. On the other hand,
when pressure increased, the rejection reduced steadily.
PVDF 17%, PVDF 15%, and PVDF 13% membranes at
7 bar recorded the rejection of 82.36%, 79.25% and 74.27%,
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Fig. 9. Dye rejection and water flux for PAN membranes in Malachite green dye under operation conditions of 2-7 bar and 25°C.
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Fig. 10. Dye rejection and water flux for PVDF membranes in Malachite green dye under operation conditions of 2-7 bar and 25°C.
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respectively. As explained above, this may be caused by
the membranes’ greater pore sizes.

3.2.2. Effect of polymer type

Fig. 11 compares the performance (water flux and dye
rejection) of the four polymeric membranes prepared at a
concentration of 17% using 100 ppm Malachite green as
feed solution. The results demonstrate that the calculated
permeability of tests does not increase linearly with the
operating pressure. It is shown that the water flux of the
PVDF 17% membrane is the lowest at 2 bar, and at the same
time, it is the highest at 7 bar. Additional loss of permea-
bility at initial pressures could be caused by dye molecules
obstructing pores. Membrane fouling is one of the most crit-
ical challenges faced in the membrane separation processes
that affect the performance of membrane filtration in terms
of fluid separation and usage lifetime [64]. In Fig. 11, dye
rejection is also shown against operating pressure. For four
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polymer membranes at a concentration of 17%, increasing
the pressure causes a decrease in solute rejection. All mem-
branes recorded good rejection of Malachite green dye,
but the highest removal was for the PSU 17% membrane at
98.04% at 2 bar and 93.02% at 7 bar.

As a result, the four polymer membranes with a per-
centage of 17% gave an excellent rejection rate for the
Malachite green dye. These membranes were also tested
by removing another dye (i.e., Congo red), and the perme-
ate and rejection were excellent, as illustrated in Fig. 12.
The PSU 17% membrane recorded the best rejection rate,
in the range of 99.59% and 98.59% between 2 and 7 bar.
The prepared membranes performed better in removing
Congo red than Malachite green. In this work, the behavior
of membranes for the removal of dyes with positive and
negative charges can be explained by taking into account
the rejection’s two-step process [65]. The first step comes
before the dyes are absorbed onto the membrane surface.
Negatively charged dyes are absorbed less on the surface

REJECTIOM
110
—a—PNDF 17% —8-PES 17%
PSUITE  ———PAN 1T
100
50
Y
£
G
'_E Bo
]
2
m
50
50 T T T
1 15 2 2.5 3 55 4 4.5 H] 55 [ 6.5 ry 1.5
Pressure (bar)

Fig. 11. Rejection and water flux of Malachite green dye vs. operating pressures 2-7 bar and 25°C by PSU, PES, PAN, and PVDF mem-

branes at a concentration of 17%.
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of the membranes due to the repulsive force, and the
repulsion that already exists enhances the effectiveness
of membrane removal. In the second-stage, following the
adsorption of dyes on membranes, the present interactions
and pore size play a significant role in the removal of dyes,
and increasing the interactions will improve the removal
of dyes. As a result of the repulsive force on the membrane
surface, dyes with negative charges have the highest rejec-
tion rate. Due to the high density of negative charges in
Congo red dye, the removal % was the highest. In com-
parison, Malachite green dye had the lowest removal due
to its positive charge and electrostatic adsorption on the
membrane. However, it should also be noted that increased
concentration polarization caused by higher pressure may
cause a reduction in dye rejection [66]. Because dye rejec-
tions are starting to decline, it may be inferred that the
results of the current investigation demonstrated that pres-
sure had a favorable but not very substantial impact on
dye rejection.

A thorough comparison of membrane separation per-
formance with other reported/published data is shown in
Table 3 to highlight the novelty of this work. This compar-
ison was made using information from the recently pub-
lished literature and was based on permeation water flux
and dye rejection rate membrane applications. It is clear
from Table 3 that the operating parameters stated in Section
2.3 apply to the membranes in the current experiment.
The membranes are prepared with adequate water flux
permeability and better dye rejection.

Table 3

4. Conclusion

In summary, the reported study highlighted the various
ultrafiltration membranes prepared by the phase inversion
technique to remove Malachite green and Congo red dyes.
Tests on these membranes’” morphology and characteriza-
tion were conducted. Increasing polymer concentration to
17% was shown to have a positive result on membranes by
such effects as enhanced porosity, surface roughness, and
structure of membranes. The SEM imaging revealed that
the morphology of the 15% and 13% UF membranes have a
porous and asymmetric structure, while the 17% UF mem-
branes have a dense structure. The AFM images demon-
strated that the 17% UF membranes significantly reduced
the average roughness, leading to a low membrane porosity
level. The increase of concentration to 17% also improved the
dye rejection. This was most evident in the instance of Congo
red dye. In contrast, membranes with 13% content appeared
to have less dye rejection because adding polymer reduced
the membranes’ porosity. The results showed that the opti-
mum operating pressure was 2 bar. It was found that above
95% rejection of both dyes was achieved with pristine mem-
branes with a concentration of 17%. Also, it can be seen that
the PSU 17% membrane achieved the highest removal for
Malachite green and Congo red dyes at 98.04% and 99.42%
and recorded acceptable flux rates at 8.06 and 10.96 L/m*h
at 2 bar, respectively. The permeability and rejection perfor-
mance suggest that the PSU 17% membrane is more potent
and promising for treating of dye-polluted wastewater.

Demonstrates the comparison of this work with the recently published membranes

Membrane materials and Dye type Operating Permeate Rejection (%) References

content (wt.%) pressure (bar) (L/m>h)

Polyvinylidene fluoride (PVDF) (20)  Acid yellow 23 4 180 90 [67]

Polysulfone (PSU) (18) Crystal violet 5 10 100 [68]

Polyethersulfone (PES) (20) Direct red 23; 5 19.1 98.94 [69]
Congo red; 19.1 98.4
Direct red 243 19.9 99.33

Polyphenylsulfone (PPSU) (20) Drupel Black NT 1 22 88 [70]

Polyethersulfone (PES) (21) Acid black 3 12 88 [71]
Rose bengal 10 86

Polyethersulfone (PES) (20) Congo red 1 4 90 [72]
Reactive black 45 87

Polyethersulfone (PES) (17) Bovine serum albumin (BSA) 100 85 [73]

Polysulfone (PSU) (18) BSA protein; 1.5 224.5 66.02 [74]
Rhodamine 6G 224.5 45.19

Polysulfone (PSU) (17) Malachite green 2 7.42 98 This study
Congo red 9.33 99.40

Polyethersulfone (PES) (17) Malachite green 2 7.58 97.44 This study
Congo red 15.06 99.19

Polyvinylidene fluoride (PVDF) (17)  Malachite green 2 4.02 97.09 This study
Congo red 4.46 99.13

Polyacrylonitrile (PAN) (17) Malachite green 2 14.86 95.07 This study
Congo red 17.66 97.22
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