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Abstract

In this study, the FSM-16 and FSM-16 modified by metformin (FSM-16-met) additives were applied as modifiers for
polyethersulfone-based membranes. The modified membranes were evaluated in terms of morphology, surface roughness,
hydrophilicity, pure water flux, pore size and porosity, and resistance ability. The obtained experimental data indicated prom-
ising enhancement in permeated flux and hydrophilicity after introducing the FSM-16-met nanomaterials into the membrane
texture. In the case assessment of the fabricated membranes, dye removal capability was performed using the direct red-16
and methyl orange (30 mg/L). The modified membranes showed significantly higher dye rejection ability (> 97% for direct
red-16 and 95% for methyl orange) compared to the bare membrane (76% for direct red-16 and 74% for methyl orange).
The antifouling evaluations were run for milk powder (1000 mg/L) filtration and the best performance was obtained for the
modified membrane with 0.1wt.% FSM-16-met (FRR =95.55+1.91%, R,,=4.45+0.089%). Also, the effect of the feed pH
and concentration, temperature, and membrane driving force was considered on the membrane behavior. High stability in

long-term performance was also observed for the modified membrane after 25 h re-running.

Keywords Membrane - Anionic dye removal - Metformin - FSM-16 - Nanofiltration

Introduction

Increased demand for water along with water pollution
resulted in an immediate urgent for water reuse (Moradi
et al. 2019). Numerous wastewater treatment methods have
been developed, such as biochemical, chemical, and physi-
cal processes (Yang et al. 2012). Various limitations include
complex operating methods, production of harmful by-prod-
ucts, sludge, and environmentally resistant materials are
ahead (Baker 2010). Membrane separation processes have
emerged as promising technologies for wastewater treatment
and water reuse (Moradi et al. 2018; Abdikheibari et al.
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2018; Anand et al. 2018). They offer numerous benefits such
as cost-effectiveness, being environmentally friendly, excel-
lent efficiency and quality, and easy operation (Wang et al.
2018; Yao et al. 2016; Hegab et al. 2015). Polyethersulfone
(PES) has received much attention due to its unique prop-
erties, such as mechanical and thermal stability (Bruggen
2009). The fouling phenomenon is one of the main problems
of polymeric membranes (Xu et al. 2016). The hydrophobic
nature of PES-based membranes is the vulnerability result
to fouling, which is due to strong interactions between the
membrane surface and foulants, leading to blockage of pores
(inner deposition) and outer membrane deposition during the
filtration process (Rajabi et al. 2015).

It has been reported in various studies to reduce the afore-
mentioned problems such as plasma treatment, bonding
hydrophilic monomers, and combination with hydrophilic
additives (Seman et al. 2012; Moghimifar et al. 2015; Ng
et al. 2013; Noeiaghaei et al. 2014). Lately, the combina-
tion of nanoparticles (NPs) with polymer texture has led
to the preparation of mixed matrix membranes (MMM)
with increased high selectivity and permeability flux and
substantial anti-fouling properties related to increased
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hydrophilicity and altered membrane morphology (Bano
et al. 2015; Kim and Bruggen 2010). Nano-shaped materials
(e.g., MWCNT, GO, zeolite, boehmite, Fe;0,, TiO,, ZnO,
Si0, Fe NPs, and Cu NPs) have been used as modifiers for
PES-based membranes (Zinadini et al. 2017; Ghaemi et al.
2015; Vatanpour et al. 2012a; Vatanpour et al. 2012b; Vatan-
pour et al. 2012c¢; Qin et al. 2005; Rambabu and Velu 2014;
Akar et al. 2013). Moghimifar and coworkers reported the
coating of the PES membranes with zeolite and TiO, NPs,
and the results indicated notable separation performance
and anti-fouling behavior with no significant changes in the
membrane texture (Moghimifar et al. 2015). Fouled silica
mesoporous (FSM-16) are adsorbed, because of pore size
distribution, large surface area, and porosity (Samari et al.
2021).

In our previous work, FSM-16 and metformin-modified
FSM-16 (FSM-16-met) were used for the fabrication of PES-
based ultrafiltration membranes for the separation of oil/
water mixture (Samari et al. 2021). The promising perfor-
mance of the ultrafiltration of PES/FSM-16-met membranes
has encouraged us to design nanofiltration membranes based
on PES and FSM-16-met for eliminating dyes from wastewa-
ter. The fabricated membranes were characterized with SEM
and AFM, and their performances were evaluated by meas-
uring zeta potential, contact angle, porosity, and water flux.
Organic dyes of direct red-16 (DR-16) and methyl orange
(MO) were used in this study.

Material and methods
Materials

Polyethersulfone (MW = 58,000 g.mol™!), dimethylaceta-
mide (DMAc), and polyvinylpyrrolidone (MW =25,000 g.
mol~") were all supplied from Merck (Germany). All mate-
rials were used immediately after receiving, without sec-
ondary purification. Distilled water has been used in all
experiments.

Modification of nanoparticles

FSM-16 was initially prepared using the reported method
(Hashemi-Uderji et al. 2019) and subsequently modified
with metformin according to our previous report (Samari
et al. 2021). In brief, FSM-16 (1 g) was added to dried tolu-
ene (50 mL) containing 3-chloropropyltrimethoxysilane
(CPTMS, 0.6 g) and refluxed for 24 h. The resulting powder
(i.e., FSM-16-Cl) was separated by centrifugation, washed
with dichloromethane and methanol several times, and dried
overnight at 80 °C. A quantity of FSM-16-Cl (1 g) was added
to the mixture of metformin (1 g), NaOH (0.25 g), and KI
(1 g) in acetonitrile (30 mL), and the mixture was refluxed
for 12 h. The synthesized FSM-16-met was centrifuged,
washed with ethanol and distilled water, and dried at 80 °C
for 24 h.

Fabrication of the membranes

The PES-based membranes were fabricated via the phase
inversion method. Table1 shows the constituents of the fab-
ricated membranes. The prepared casting solutions were
homogenized by keeping the mixture stirring (400 rpm)
overnight and sonication for 20 min to remove all air bub-
bles. By applying a film applicator(150 um thickness).
membranes were cast on neat glassy plates. The plates were
submerged in distilled water to form the flat-sheet mem-
branes. To complete phase separation, after the formation
of polymeric membrane, they were transferred to unused
distilled water, overnight. Subsequently, the fabricated mem-
branes were dried at room temperature overnight (Samari
et al. 2020).

Characterization techniques

The membrane characteristics have been evaluated by various
techniques. The scanning electron microscopy was applied
to examine the surface morphology (SEM, model: Philips-
XL30). The membrane surface roughness was evaluated by
atomic force microscopy (AFM, Nanosurf® Mobile). The

Table 1 The composition of the

. Membrane type PES (wt.%) PVP (wt.%) Additive (wt.%) DMAc (wt.%)
fabricated membranes
MO 20.0 1.0 0.0 79.0
Ml 20.0 1.0 0.12 78.9
M2 20.0 1.0 0.3* 78.7
M3 20.0 1.0 0.5% 78.5
M4 20.0 1.0 0.1° 78.9
M5 20.0 1.0 0.3° 78.7
M6 20.0 1.0 0.5° 78.5

a: FSM-16, b: FSM-16-met
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hydrophilicity of the fabricated membranes was measured by
water contact angle (WCA).

Porosity measurements

The gravimetric method was used for determining the mem-
brane porosity (¢). A random portion of the membrane was
selected, cut (2x?2 cm), and then weighed. The membrane
was then submerged in distilled water and weighed again (after
24 h). The membrane porosity can be calculated by Eq. (1):

W — Wy
£= ——=—
AXLXdW @)

where 0, and w, are the membrane weight after and before
immersing in water. A, L, and dW are surface diameter (mz),
thickness, and water density (999 kg. m?), respectively
(Gholami et al. 2018).

Membrane setup and performing analysis

To investigate the membrane performance, a dead-end setup
was applied which was made of stainless steel (150 mL, 12.56
cm?) armed with an N, gas (Fig. 1). Three frequent experi-
ments were consecutively examined (distilled water-feed-dis-
tilled water) (simulated dye feed (30 ppm, DR-16, and MO)
and 1000 ppm milk powder solution as fouling agents were
applied as feed). Firstly, distilled water was filtered (60 min),
then without any further operation, milk powder (1000 ppm) or
dye feed was passed (90 min) and the membrane was washed
with distilled water, after this step, distilled water was finally
filtered again (60 min). The PWF was calculated by Eq. (2):

M
Jp1 = —
= @)

where Jy , M, A, A t, are PWF (kg/mz.h), the weight of
permeated volume (kg), membrane surface area (m?), and
filtering time (%), respectively.

Fig. 1 The image of the applied membrane setup

For evaluation of the membrane recovery, membrane
flux recovery ratio (FRR) was determined using the experi-
mental data of fouling solution filtration (milk powder)
(Eq. 3):

Jw2
FRR = J— x 100 3)

w.l

here Jyy ,, and Jy, | are the permeated volume (kg/m?.h) after
and before the milk powder filtering. The membrane foul-
ing resistance including irreversible resistance (R;), revers-
ible resistance (R,), and total resistance (R,) were evaluated
according to Egs. 4, 5, and 6:

R(%) = <1 - Ji) x 100 4)
Jw.1
R (%) = <JW'2, —/ P> % 100 (5)
w.l
R.(%) = <M> x100 =R, — R, ©)
w.l
Membrane stability

The mechanical and thermal stabilities of the fabricated
membranes were investigated by applying different trans-
membrane pressures (3, 4, 5, and 6 bar) and different ther-
mal conditions (30, 45, 60, and 75 °C).

Rejection

A spectrophotometer was applied to evaluate the mem-
brane ability for dye rejection of DR-16 (4 =526 nm) and
MO (1=464 nm) by the following equation:

R% = <1—%>x100 7

F

where C and,C are the dye concentrations of the feed and
permeate solutions.

Moreover, the rejection performance of the optimally
modified membranes (M1 and M4) was compared with
that of the bare membrane at different pHs. The long-term
durability of the fabricated membranes in the filtration
process was also examined.
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Results and discussion

Physico-chemical properties and PWF
of membranes

The applied membrane modifiers were synthesized and
characterized according to our previously published report
(Samari et al. 2021). The bare PES membrane exhibited a
hydrophobic nature (Table 2, water contact angle =98°).
Although the WCA of M1 and M4 membranes decreased
by increasing the content of FSM-16 and FSM-16-met in the
membrane matrix, which indicates the hydrophilic nature of
FSM-16-met. In the best case, the WCA of M4 was close to
40.78°, which was notably lower than the other fabricated
membranes in this study. The hydrophilicity can be improved
by the introduction of active sites (-NH, and —OH) present-
ing in FSM-16-met, into the membrane matrix. Additionally,

Table 2 The porosity, mean pore radius, and water contact angle of
the fabricated nanofiltration membranes

the effect of FSM-16-met on hydrophilicity enhancement
can be related to the reduction in interfacial energy (Celik
et al. 2011). However, further addition of FSM-16-met into
the membrane matrix did not increase the membrane sur-
face hydrophilicity, but rather reduces it to some extent. This
could be related to two main reasons: (i) pore size reduction
on the surface due to FSM-16-met aggregation in the mem-
brane matrix, and (ii) the reduction of functional groups on
the membrane surface. The FSM-16-met has a high tendency
to accumulate in high concentrations, leading to a decrease
in the effective loading of FSM-16-met into the polymeric
matrix.

The PWF of the fabricated membranes with different con-
tents of unmodified and modified additives are compared in
Fig. 2. As anticipated, the PWF increment coincided and
was well-matched with an increase in hydrophilicity. The
bare PES showed the lowest amount of PWF compared
to M1 and M4 membranes. It seems that the increase in
porosity, hydrophilicity and the pores size of the M1 and
M4 membrane has enhanced the PWF. By adding 0.1 wt.%
of FSM-16-met (M4), the PWF was increased to 55.56 kg/
m?. The PWFs of 52.54 and 39.78 kg/m? were found for

Membrane type  Porosity (%)  Mean pore radius (nm) WCA, ° M5 and M6, respectively. The reduction in the PWF with
increasing the nanofiller content (> 0.1 wt.%) was related to
MO 45776 (£1.3) 5.0 (+0.15) 78.98 . . ) . .
the increased viscosity of the casting solution, which caused
M1 69.47 (£2.1) 3.6 (+0.11) 67.58 . . ; .
slow phase inversion. In other words, the high loading of
M2 4793 (£1.4) 4.0 (+0.12) 70.45 .
M3 796 (£ 17) 4.6 (2014 565 nanofiller blocks membrane pores and reduces their mean
26@1.7) 46014 ' pore sizes (Zinadini et al. 2014a). The mean pore radius and
M4 80.26 (+2.4) 1.9 (+0.05) 40.78 . o
total porosity of the membranes are given in Table 2. The
M5 79.74 (£2.4) 2.2 (+0.07) 52.36 . . . .
M6 199(229)  20(£0.06 6145 mean radius and porosity of membranes increased with the
9 &2.2) 06£006) i addition of FSM-16 up to 0.1 wt.% and then reduced. Dadari
Fig.2 PWF and porosity of the 60 90
fabricated membranes OFlux, kg/m2.h 55.56
@ Porosity, % 1 80
50
1 70
40 1 60
= e
E 1 50 g\a
ER £
F w0 §
= s
20 1 30
1 20
10
1 10
0 0

MO Ml
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et al. reported a similar behavior for PWF of PES-based
nanofilter membrane with embedded adipate-ferro NPs. By
increasing FSM-16-met loading to the membrane matrix, the
hydrophilicity was improved (Zinadini et al. 2014b). It can
be the reason for increasing the pore channel size, porosity,
(Table. 2), and PWF (Fig. 2) of the prepared membranes.
The obtained results were proved by SEM (Fig. 3). The
modified membranes exhibited relatively smooth structures.
The addition of a high amount of FSM-16-met into the poly-
meric matrix (>0.1 wt.%), hurts the membrane properties.
In addition, the effect of compaction was evaluated and
the PWF was examined at different transmembrane pres-
sures. Figure 2 shows that by increasing the transmembrane
pressure, the PWF was increased and a linear relationship
between PWF and pressure was observed. Furthermore, the

Fig.3 Cross-sectional SEM 80

stability of membranes at harsh thermal conditions (45, 60,
75, and 90 °C) was evaluated (Fig. 4). The results indicated
that the thermal stability of the membranes can be enhanced
by increasing the additive loading (Samari et al. 2020; Mat-
sumoto et al. 2002).

To realize the effect of additives on the surface roughness
of the membranes, the technique of AFM was utilized. The
results of surface parameter and topography are presented
in Table 3 and Fig. 5, respectively. It was found that the sur-
face roughness of the modified membranes was significantly
reduced by the addition of the additive. The bare membrane
(MO) exhibited the highest roughness of 45.85 +0.97 nm,
while the roughness of 1.63 +0.05 nm and 1.34 +0.04 nm
were found for M1 and M4, respectively. This behavior
can be related to the regular decoration of additives, in low

images of the fabricated mem-
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Signal A = SE1 Date 26 Fob 2020

WD = 75mm Photo No. = 8317 Time 131543
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Fig.4 The effect of transmembrane pressure and temperature on the PWF of the fabricated membranes

content, in the membrane texture, and its lower electrostatic roughness was increased due to further accumulation of
interactions (Rambabu et al. 2019). With increasing the = nanomaterials in the membrane matrix. A similar trend has
content of additives (> 0.1 wt.%, M3 and M6), the surface been observed for graphene oxide (Gholami et al. 2017),
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EHT =20.00 kv
WD=75mm

EHT =2000kV
WD = 75mm

Signal A = SE1
Photo No. = 8324

Date :28 Feb 2020
Time :13:40:10

Date 29 Feb 2020

Time :13:34:39

Date 20 Feb 2020

Time :13:29.31

Fig.4 (continued)

Table 3 The data of surface parameters in the fabricated membranes

S, (nm) Sy (nm) S, (nm) Membrane type
112.310 47.190 46.855 MO
36.005 2.183 1.629 M1
64.804 5.018 2.627 M2
59.695 10.645 8.616 M3
22.589 1.811 1.338 M4
44779 3.592 2.443 M5
13.285 7.724 6.696 M6

Time :13:43:44

Date :29 Feb 2020
Time :13:38:39

Signal A = SE1 Dete :29 Feb 2020
Photo No. = 9326 Time :13:33:12

Ce-based metal-organic framework (Mohammadnezhad
et al. 2019), and isocyanate-treated graphene oxide (Zhao
et al. 2013).

Antifouling evaluation

The anti-fouling properties of the membranes were exam-
ined by measuring irreversible (R;.), reversible (R,), total
membrane resistance (R,), and FRR (Fig. 6). The R, can be
divided into R, and R;.. Higher FRR and lower R, indicate
superior membrane anti-fouling properties. The deposited
foulant can be also removed by hydraulic cleaning. The bare
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Fig.5 AFM topographies of the fabricated membranes
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Fig.6 The FRR, R, and R;, of 100 F
the membranes @Rr, %
90 | . 86.18
@ORir, %
80+ BFRR, %

Ratio, %

membrane (MO) exhibited the highest R;, (45.07%) due to
its poor hydrophilicity. By introducing 0.1 wt.% of addi-
tives, the corresponding R;. was reduced to 13.1% and 4.45%
for M1 and M4, respectively. The best result was observed
for the membrane with a modified additive, which could
be promising compared to the reported data in the litera-
ture (Hashemi-Uderji et al. 2019).

The addition of additives (0.1 wt.%), the corresponding
R;,, was reduced to 13.1% and 4.45% for M1 and M4, respec-
tively. The best result was observed for the membrane with
a modified additive, which could be promising compared to
the reported data in the literature (Samari et al. 2020).

95.55

83.61

73.03

71.57

The durability of the membranes was evaluated by three
filtration cycles using milk powder solution as a model fou-
lant solution (Fig. 7). For the purification cycle, the FRR
of 54.29% was found for MO due to its hydrophobic nature,
while the corresponding values of 86.18 and 95.55% were
observed for M1 and M4, respectively. In fact, the mem-
brane with FSM-16-met (M4) exhibited the best recovery
performance and the foulants can be easily removed from
the membrane surface by physical washing. However, by
increasing the additive loading (0.3 and 0.5 wt.%), the cor-
responding FRR was reduced, which could be related to the
enhanced roughness in higher loading.

Fig. 7 Fouling behavior for the 60
membranes
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Dye rejection

To further justify the widespread application of the fab-
ricated nanofiltration membranes, dye rejection behavior
was examined using MO and DR-16 solutions (30 ppm).
Table 4 represents the results of dye rejection of various
fabricated membranes. The results showed that the modi-
fied membranes exhibited higher dye rejection than the bare
membrane. It was also found that the surface modification
of the additive had a significant effect on the performance
of the membranes with modified FSM (i.e., FSM-16-met)
compared to using unmodified FSM. The highest dye rejec-
tion was found for membrane M4 with 97.5% and 95.5%
for DR-16 and MO, respectively. The surface modification
of FSM-16 with organic species possessing amine groups
(-NH, and —OH) enhanced the surface hydrophilicity and
generated more adsorption sites, which could be beneficial
for dye rejection. The data of WCA (Table 2) and zeta poten-
tial (Fig. 8) are proved changes in the surface hydrophilicity
of membranes with the addition of the additives, particu-
larly modified additives. According to the results of zeta-
potential, membrane M4 (PES/FSM-16-met) has negative
surface charges at pH =6 because of the presence of added
functional groups located in the pores and membrane texture
(Abdi et al. 2018). On the other hand, MO and DR-16 have
negative charges in neutral pH due to the dissociation of
sulfuric groups; therefore, electrostatic repulsions between
the membrane surface and the dyes caused high rejection.
In addition, the activated sites in DR-16 (e.g., -NH, —OH,
aromatic rings) and/or MO (-SOj;, aromatic rings) may form
some hydrogen bonding interactions with available func-
tional groups of FSM-16-met (-NH, and —OH). In fact, the
organic dye cannot stabilize on the surface of the modified
membrane, PES/FSM-16-met (Fig. 9).

The effect of concentration

In this part of the study, the bare (MO0), and optimally modi-
fied membranes (M1, and M4) were examined by mixed
solutions made of different dyes (DR-16 and MO) in various
concentrations (Fig. 10).

As can be seen from the data (a, b) by increasing the
dye concentration, the membrane PWF was generally
decreased although the dye rejection was kept stable.

30

20 b Mo M1 M4

20 F

Zeta potential, mV

30 F

40 -

-60

pH

Fig.8 The zeta potential of the fabricated membranes

According to the obtained data in Fig. 10 (a), dye con-
centration increment leads to a reduction in membrane
rejection. The possible explanation of this phenomenon
can be related to the aggregation of the dye molecules in
the feed, which could be suppressed by the TDS. In this
case, more dye molecules will adsorb in pores and on the
membrane surface and form a fouling layer, which acts
as an additional resistance layer gradually resulting in a
reduction in the effective pore size and then the mem-
brane permeability. When the concentration of dyes was
increased from 10 mg/L to 50 mg/L, the rejection essen-
tially changed, and the PWF was dropped (Tavangar et al.
2020; Vatanpour et al. 2020).

The effect of transmembrane pressure

Figure 11 illustrates that, by increasing the transmembrane
pressure (TMP), the PWF of bare and optimally modi-
fied membranes was increased almost linearly. As can be
obtained, the PWF of the optimally modified membrane
(M4) was almost 27 kg/m>.h, at 7 bar pressure while the
bare PES exhibits a flux of 18.2 kg/m?*h at the same pres-
sure for MO dye filtration. The observed linear dependence
of PWF on TMP illustrates the stable membrane structure
due to the high network crosslinking of the PES membrane.
As mentioned before the mean pore size of the modified
membrane was increased, which plays a crucial role in PWF
enhancement and dye rejection. This phenomenon is likely

Table 4 The data of dye

o MO M2 M3 M4 M5 M6
rejection by the membranes

Direct red-16 76.78 84.41 81.02 83.32 97.54 94.77 95.51
(DR-16) rejec-
tion, %

Methyl orange 74.65 83.02 79.25 80.24 95.5 92.96 93.8
(MO) rejec-
tion, %
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Fig.9 Interaction between
dye molecules and metformin
groups on the membrane
surface

Fig. 10 Dye rejection efficiency
(a) and dye flux (b) of the
membranes in different concen-
trations
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following the synergy effect of reduced crosslinking density
and loos of microstructure brought by membrane modifica-

tion (Samari et al. 2021).

The effect of pH

The effect of feed pH on the dye rejection performance of
the membranes was investigated at three different pHs (2, 7,
12). According to the presented results in Fig. 12a, the dye
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Fig. 11 Dye rejection efficiency
(a) and dye flux (b) of the mem-
branes in different pressure

Fig. 12 Dye rejection efficiency
(a) and dye flux (b) of the mem-
branes in different pHs
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rejection efficiencies of 70.8, 79.9, and 92.7 were found for
MO, M1, and M4 membranes, respectively at acidic pH for
MO, compared to the corresponding efficiencies of 78.9,
79.8, and 96.2 for MO, M1, and M4, respectively for DR-16.
At pH=2, the dye molecules turn to acidic form and func-
tional groups (-NH,) of FSM-16-met protonate rapidly to
ammonium (-NH;") groups. Therefore, the electrostatic
repulsion between the membrane surface and the feeds
enhanced the dye rejection (Moradi et al. 2020). In alka-
line conditions (pH = 12), the dye rejection efficiencies were
further increased compared to the corresponding in acidic
conditions, which could be related to the role of hydrogen
bonding in the process of dye rejection. Metformin in FSM-
16-met is in bidentate forms in alkaline pH, which facilitates
the availability of amine groups. The dye rejection behav-
ior of the membranes is strongly supported by the result of
PWF (Fig. 12b). For the M4 membrane, the PWF was higher
for DR-16 (25.5 kg/m?) at pH = 12, due to the fluid volume
and enhanced membrane rejection. Similar results were also
observed for MO. The best performance was observed for
the M4 membrane with an optimal loading of 0.1 wt.% of
the modified FSM-16.

Long-term performance

The long-term performance of the membranes was evalu-
ated in nine frequent cycles of the dyes at 30 ppm (Fig. 13).
The modified membranes (M1 and M4) exhibited consider-
able performance and stability within 1500 min compared
to the bare membrane. MO has lost its performance by a
significant reduction in PWF (from 14.33 to 0 kg/mz) after
420 min. This phenomenon displays the effective role of
additives in manipulating the texture of polymeric mem-
branes. Furthermore, the enhanced PWF might be related to
the generated thin hydration layer on the membrane surface
through hydrogen bonding interactions of H,O molecules
with the membrane surface. In other words, by increasing
the resistance against the formation of the cake layer on the
membrane surface, this phenomenon is pronounced in long-
term performance (Fig. 13) (Samari et al. 2020).

The performance of the M4 membrane (PES/FSM-
16-met) in dye rejection is compared with other systems
reported in the literature (Table 5). Our system exhibited a
quite high flux and comparable rejection efficiency in com-
parison with the reported systems.

Fig. 13 Long-term performance 60
for the bare (MO) and the opti- ——M0 M1 M4
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Table5 A comparison study on the performance of different membranes in dye rejection

Polymer Membrane Nanofiller Flux (kg/m>.h) Dye Rejection, % Ref

PES NF Graphene oxide 20.4 (4 bar) Direct red-16 99.00 Zinadini et al. 2014a)

PES NF TiO, 32.5 (3 bar) RB-21 73.01 Safarpour et al. 2016)

PS NF Sulfated-TiO, 6.37 (6 bar) MB 90.4 Pereira et al. 2015)

PVDF NF Halloysite nanotubes 42 (3 bar) DR-28 94.9 Zeng et al. 2016)

PES NF Graphene oxide 13 (1 bar) Sunset yellow acridine orange 84.9 48.4 Abdel-Karim et al. 2018)

PES NF UiO-66-NH, - Congo red Orange II Crystal ~ 97.00 83.34 67.1 62.3 Rambabu et al. 2019)
violet Methylene blue

PES NF FSM-16-met 55.56 (4 bar) DR-16 MO 97.595.5 This study
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Conclusion

In this work, FSM-16 and FSM-16 modified with met-
formin (FSM-16-met) were utilized as additives to improve
the performance of PES-based membrane in the separa-
tion of organic dyes from wastewater. PWF, antifouling
behavior, and dye rejection efficiency of the membranes
were evaluated for the model dyes of MO and DR-16. The
results revealed membranes with modified additives showed
higher performance than those with unmodified additives.
Moreover, higher performances were observed for mem-
branes with low additive loading (0.1 wt.%) compared to
membranes with the loading of 0.3 and 0.5 wt.%. The best
result was found for a membrane with 0.1 wt.% of FSM-16-
met: PWF (55.56 + 1.11 kg/m”.h) and rejection efficiency
(97.5% and 95.5% for DR-16 and MO, respectively). The
antifouling results exhibited that by the introduction of the
modified additives to the membrane, the FRR was signifi-
cantly increased (from 54.29% to 95.55%) compared to the
bare membrane, while the irreversible fouling was decreased
(from 45.07% to 4.45%) due to enhanced hydrophilicity of
the membrane in the presence of the modified additive.
Moreover, the results of long-term performance revealed the
high stability of the modified membrane. These results can
be promising to extend the application of PES/FSM-16-met
membrane for purification of industrial wastewater before
discharging to the environment and separation of organic
pollutants from urban wastewater.
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