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ARTICLE INFO ABSTRACT

Keywords: Novel PSF composite UF membranes incorporating low loadings of polydopamine-functionalized graphene oxide
UltraﬁlFrati°n particles (rGO-PDA) were fabricated and investigated. The functionalization was confirmed using FTIR-UATR,
Dopamine Raman spectra, XPS, and SEM. Pristine PSF, PSF/GO, and PSF/rGO-PDA MMMs were then prepared using the
S;iﬁlgegne oxide phase inversion technique and analysed using FTIR, SEM, AFM, and contact angle (CA). The cross-section SEM
Characterization images showed better distribution of rGO-PDA particles in the pores and polymer wall whereas the pristine GO

particles aggregate and partially block the pores. Thus, the pure water flux increased with the addition of rGO-
PDA without affecting the rejection properties, while the flux decreased with the embedding of pristine GO
particles. The highest pure water permeability (PWP) was obtained with PSF/rGO-PDA-0.1 to be approximately
twice that of the pristine PSF and PSF/GO-0.1. All membranes exhibited complete rejection of BSA and HA, and
showed almost similar performance against different dyes. The FRRs of the pristine PSF after three fouling cycles
(FRR3) against BSA and HA were recorded to be 57.8% and 70.7% respectively. FRR3 was enhanced by around
30% with PSF/rGO-PDA composites. The MMMs prepared in this work are expected to have great potential on
ultrafiltration and similar studies on other membrane processes.

1. Introduction

The limitation of water resources with the huge increase in popula-
tion generates a critical problem to water security globally [1] and
suitable solutions must be developed to align consumption and supply
over time while protecting water quality. Several technologies have
been developed over the years to provide alternative water supplies by
wastewater treatment, recycle and seawater desalination. Amongst the
various methods developed for water treatment, membrane-based
technologies have gained wide acceptance due to their low cost, high
efficiency, and ease of operation [2].

Membrane-based water treatment is considered a promising solution
to provide affordable clean water [3]. Among the different membrane
technologies, ultrafiltration (UF) membranes showed significant input
in the clean water production. Because of the relatively low-cost, UF is
considered economical and efficient pretreatment process for nano-
filtration (NF) and reverse osmosis (RO) and can separate wide range of
pollutants from wastewater [4]. It is a clean, safe, easily operated, and
high-efficient in separating organic substances, proteins, bacteria, vi-
ruses, and turbidity. Developing new membrane materials with high
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separation efficiency and fouling resistance was the focus of most studies
in water treatment. Fouling is considered as the most critical challenge
in this field that restrict membranes industrial applications [5]. The use
of nanotechnology is one of the well investigated methods to produce
antifouling membranes with high separation performance [6]. Several
nanoparticles were used as nanofillers in the UF mixed matrix mem-
branes (MMMs) such as graphene based materials, metal organic frame
works (MOFs), zeolites, carbon nanotubes (CNTs), nano-silica (SiOs),
etc. and they show excellent performance in terms of flux, rejection or
fouling resistance [7]. Amongst the various nanoparticles, graphene
oxide (GO) and GO-based materials were considered as promising
nanofillers that can enhance the membrane’s fouling resistance and
separation performance owing to the high chemical stability, mechani-
cal strength, and ease of accessibility [6]. The embedding of pristine GO
particles was reported to improve the fouling resistance in few studies
[8,9]. However, many studies reported a limited fouling resistance
against protein fouling of membranes incorporating pristine GO result-
ing in low flux recovery ratio (FRR<80%) [10-12]. Furthermore, some
studies reported a low flux of pristine GO-based membranes which can
be related to the aggregation of GO particles due to their poor dispersion
in some solvents [13]. Therefore, a successful functionalization and/or
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Nomenclature

Jw Pure water flux (L m 2 h™!, LMH)

PWP Pure water permeability (L m~2h~! bar~!, LMH/bar)

FRRy Flux recovery ratio for cycle x

Jwo Initial pure water flux (LMH)

Jwt Foulant water flux (LMH)

Jw1 Pure water flux after cleaning

R¢ Total fouling ratio

R, Reversible fouling ratio

Rir irreversible fouling ratio

A% Permeate volume (L)

A Effective membrane area (m?)

t Filtration time (h)

Q Volumetric flowrate (L h™1)

Cp Solute concentration in the permeate

Ct Solute concentration in the feed

R Solute rejection (%)

AP Trans-membrane pressure difference (bar)

€ Membrane porosity (%)

Wiy The weight of the wet membrane sample (g)

Wq The weight of the dry membrane sample (g)

l Membrane thickness (cm)

Pw Water density (0.998 g cm™3)

I'm Mean pore size (nm)

n Water viscosity (9.3 x 10 % Pas)

C/0 Carbon/oxygen atomic ratio

CA Contact angle (°)

SEM Scanning electron microscope

AFM Atomic force microscopy

XPS X-ray photoelectron spectrometer

FTIR-UATR Fourier transform infrared spectroscopy-universal
attenuated total reflectance sensor

UF Ultrafiltration

NF Nanofiltration
RO Reverse osmosis
MMMs Mixed matrix membranes

NOM Natural organic matter
GO Graphene oxide
rGO Reduced graphene oxide

GOQD  Graphene oxide quantum dots
MOfs Metal organic frame works
CNTs Carbon nanotubes

PES Polyethersulfone

PSF Polysulfone

PVDF Polyvinylidene difluoride

DA Dopamine

PDA polydopamine

rGO-PDA Polydopamine functionalized reduced graphene oxide
PVP Polyvinylpyrrolidone

NMP 1-methyl-2-pyrrolidone

BSA Bovine serum albumin
HA Humic acid
MB Methyl Blue
SO Safranine O

ORII Orange II Sodium salt

DR80 Direct Red 80

Tris tris-(hydroxymethyl)aminomethane
CSGO cysteine functionalized graphene oxide
GFG Guanidyl-functionalized graphene oxide
PES Polyethersulfone

PVC Polyvinyl chloride

PEI Polyethylenimine

CGO Crumpled graphene oxide

APTS 3-aminopropyltriethoxysilane

BPPO brominated poly(2,6-dimethyl-1,4-phenylene oxide)
SPSF Sulfonated polysulfone

the combination of GO particles with other functional materials could
enhance their dispersion properties allowing them to achieve their
highest potential for improving the performance and antifouling prop-
erties of GO-based membranes [14]. Some GO-based materials exhibited
enhancement in flux, rejection and fouling resistance. For example,
Zhang et al. [15] reported that the flux of polysulfone (PSF) composite
membranes incorporating guanidyl-functionalized GO particles (GFG)
exhibited 1.6 times higher flux than PSF composites incorporating
pristine GO particles accompanied with high BSA rejection (95.2%) and
FRR (82.4%). The authors linked this enhancement to the higher hy-
drophilicity of GFG particles compared to pristine GO particles that
improved the pore structure of PSF. Similar findings were obtained with
polyvinylidene fluoride (PVDF) incorporating GO-TiO, nanocomposite
particles with FRR of 89.22% against BSA accompanied with pure water
permeability (PWP) of 199.97 LMH/bar and 91.38% BSA rejection. On
the other hand, some functional GO-based MMMs exhibit a tradeoff
between flux, rejection and FRR. Xu et al. [16] functionalized GO par-
ticles with 3-aminopropyltriethoxysilane (APTS) and then embedded
them into PVDF using the phase inversion approach. The FRR of
PVDF/GO-APTS composite membranes against BSA was about 1.7 and
1.1 times higher than the FRR of pristine PVDF and PVDF/GO, respec-
tively. This was attributed to the high hydrophilicity and dispersibility
of GO-APTS in the PVDF pore channels, which made the pollutants
washed away by water easily. However, the BSA rejection was 57%,
which is considered low for such large molecules. In contrast to this,
some GO-based MMMs exhibited high rejection and FRR accompanied
with low flux like PES/CSGO [17] and PSF/CGO [13]; or high flux and
rejection with low FRR such as PSF/Isocyanate-GO [18]. Therefore,

exploring new ways of GO functionalization to produce GO particles of
high hydrophilicity and dispersibility will pave the way for the devel-
opment of new MMMs with high flux, rejection and antifouling
properties.

In 2007, dopamine (DA), a unique mussel-inspired biomolecule, was
found to undergo self-polymerization in mild alkaline media producing
thin film (polydopamine) that can be easily adhered on different ma-
terials [19]. Because of the abundant functional groups like amine,
catechol, and imine [20] on its surface, polydopamine (PDA) is
considered a versatile platform for additional modification with the
various functional groups [21]. Therefore, PDA has been extensively
utilized for different coating applications like membranes [22,23],
anticorrosion coatings [24] sensors and semiconductors [25,26]. Owing
to the high adhesion properties of PDA, it can be easily attached and
grafted on the surface and between GO sheets to form reduced graphene
oxide particles (rGO) with extreme hydrophilicity and dispersity in
various organic solvents [27,28]. The simultaneous utilization of GO
and PDA in the synthesis and functionalization of UF membranes was
reported in several studies [29-31]. However, all of these membranes
were prepared by the physical assembly approaches leading to poor
mechanical stability of the membrane because of the weak interface
between the adjacent layers [6]. Although the stability of the assembled
GO membranes can be improved using various cross-linkers [1], these
crosslinkers usually lead to a reduction in the membrane flux. In
contrast, the embedding of GO-based particles into the polymer matrix
was found to have better stability in harsh environments accompanied
with flux, rejection, and antifouling enhancement [1].

Therefore, in this work we report a novel ultrafiltration polysulfone
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Fig. 1. Illustration of the GO synthesis and functionalization procedures.

(PSF) mixed matrix membranes (MMMs) incorporating PDA function-
alized rGO particles (rGO-PDA) with high flux, rejection and fouling
resistance against organic and protein fouling. GO particles were firstly
reduced and functionalized during the dopamine self-polymerization
using a simple temperature-assisted reflux method. Two sets of MMMs
were then fabricated incorporating the pristine GO (PSF/GO) and the
functionalized GO particles (PSF/rGO-PDA) with different concentra-
tions via the phase inversion approach. The prepared nanoparticles and
membranes were characterized using different analytical techniques to
investigate the effect of PDA functionalization on GO properties and on
the membranes structural and morphological properties. The perfor-
mance of the prepared membranes in terms of flux, rejection, protein
and organic fouling resistance were investigated in a cross-flow mem-
brane apparatus. Taken together, results afford insights on how the
differences between the pristine GO and the functionalized GO affect the
membrane structure, performance, and antifouling properties. To the
authors knowledge, the use of rGO-PDA nanoparticles in the fabrication
of UF MMMs and the investigation of their effects on the membranes
performance and fouling resistance has not been investigated in litera-
ture yet.

2. Experimental details
2.1. Materials

Graphite flakes were obtained from Alfa Aesar, Germany (—10 mesh,
99.9%). Sulfuric acid (HsSO4, 95%), Polyvinylpyrrolidone (PVP, >
95%), and potassium permanganate (KMnO4,99%) were obtained from
Fisher Scientific. Hydrochloric acid (HCl, 35-38%), phosphoric acid
(H3PO4, 99%), Safranine O (SO, 350.88 Da), Methyl Blue (MB, 799.81
Da) and hydrogen peroxide (H203, 30%) were obtained from BDH.
Polysulfone (PSF, ~35 kDa), dopamine hydrochloride (DA), tris-
(hydroxymethyl)aminomethane (Tris), humic acid (HA), bovine serum
albumin (BSA, > 96%, Mw ~ 66 kDa), Direct Red 80 (DR80, 1373.07
Da), Orange II sodium salt (ORII, 350.32 Da), and 1-Methyl-2-pyrrolidi-
none (NMP, 99.5%) were obtained from Sigma Aldrich. A Milli-Q ul-
trapure purification system was used to produce deionized water (DIW).
All chemicals were used as procured without further purification.

2.2. Graphene oxide synthesis and functionalization

Graphene oxide has been synthesized using an improved Hummers’
method described elsewhere [32]. In brief, the oxidation of graphite was
conducted using a mixture of 24 mL H,SO4 and 6 mL of H3PO4. Graphite
flakes (1 g) and KMnOy (3 g) were then slowly added to the acid mixture
when placed in an ice bath. The mixture was then transferred to an oil
bath and kept stirring at 95 + 2 °C for 30 min 50 mL of DIW was then
added and the mixture and kept stirring under the same conditions for
another 30 min. The mixture was then transferred to an ice bath where
150 mL of DI and 20 mL of Hy0, were added slowly to terminate the
oxidation process. The resulted solution was then diluted and washed
with 20% HCI solution and then centrifuged for 20 min at 7500 rpm
(Ohaus Frontier 5000 Series Multi Pro Centrifuge). Then, the solution
was washed and centrifuged several times with DIW until the pH became
neutral. Finally, the resulted sample was dried in oven at 80 °C for about
48 h.

The functionalization of GO with PDA was conducted using the
temperature-assisted reflux technique. In brief, 200 mg PDA and 100 mg
GO were dispersed in a 10 mM Tris solution (100 mL, pH 8.5) using an
ultra-sonication bath for 1 h. The suspension was then transferred to an
oil bath and kept stirring at 60 °C for 48 h under reflux conditions. The
PDA functionalized GO particles (rGO-PDA) were then extracted via the
solvent evaporation technique and were then dried overnight in a vac-
uum oven at 80 °C. Fig. 1 illustrates the synthesis procedures of GO, the
functionalization reaction with PDA, and the expected chemical struc-
ture of rGO-PDA.

2.3. Membranes fabrication

The preparation of the pristine PSF, PSF/GO and PSF/rGO-PDA
composite membranes was conducted using the phase inversion tech-
nique [13]. Briefly, a 17 wt% PSF in NMP was used as the casting so-
lutions with 3 wt% PVP (3 wt%) as pores forming agent. First, two stock
dispersions of GO and rGO-PDA in NMP were prepared with concen-
tration of 0.5 mg/mL using an ultra-sonication bath for approximately 1
h to ensure well dispersion. Different concentrations of GO and rGO-PDA
were then prepared (with respect to PSF) from the stock dispersions by
dilution. GO-NMP and rGO-PDA-NMP suspensions were then stirred
under room temperature. PVP and PSF were then loaded slowly to the
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Fig. 2. Illustration of the fabrication process of pristine PSF, PSF/GO and PSF/rGO-PDA MMMs via phase inversion technique.

functionalization/reduction reaction. FTIR-UATR spectra were deter-
mined using FTIR PerkinElmer 2000 to study the functional groups
presented in each sample. Raman spectra were determined using a DXR

Raman Spectrometer (Thermo Scientific) equipped with a 532 nm laser
and a 10 x objective. X-ray photoelectron spectroscopy (XPS) was
conducted using AXIS Ultra DLD, Kratos equipped with Al-Ka source

with X-ray power of 15 Kv and 20 mA. Moreover, GO and rGO-PDA
morphology was evaluated using scanning electron microscopy (SEM)
using JEOL model JSM-6390LV.

2.5. Characterization of the membranes

Different characterization techniques were performed on the pre-
pared MMMs to explore the effect of GO/rGO-PDA incorporation on the
structural and morphological properties of PSF. FTIR-UATR spectra
were determined to investigate the change in surface chemical structure.
Cross-section and surface SEM images were obtained at different mag-
nifications. To prepare the cross-section samples, the freeze-fracturing
method was used to avoid the deformation of the membrane structure

Table 1
GO and rGO-PDA compositions in the prepared membranes.
Code Membrane PSF PVP NMP Stock GO rGO-
(€3] (€3] (mL) dispersion (wt PDA
(mL) %)* (wt
%)"
Mo PSF 5.53 0.975 25 0 - -
Mgo1 PSF/GO- 5.53 0.975 23 2 (GO) 0.02 -
0.02
Mgoz PSF/GO- 5.53 0.975 20 5 (GO) 0.05 -
0.05
Mgos PSF/GO- 5.53 0.975 14 11 (GO) 0.1 -
0.1
Mgoa PSF/GO- 5.53 0.975 8 17 (GO) 0.15 -
0.15
Mppai PSF/rGO- 5.53 0.975 23 2 (rGO- - 0.02
PDA-0.02 PDA)
Mppaz PSF/rGO- 5.53 0.975 20 5 (rGO- - 0.05
PDA-0.05 PDA)
Mppas PSF/rGO- 5.53 0.975 14 11 (rGO- - 0.1
PDA-0.1 PDA)
Mppas PSF/rGO- 5.53 0.975 8 17 (rGO- - 0.15
PDA-0.15 PDA)

@ The compositions of GO and rGO-PDA are with respect to PSF weight.

solution and kept under stirring conditions overnight to allow complete
dissolving of the polymer and uniform dispersion of the nanoparticles.
The resulted well mixed solutions were then casted on a clean glass plate
using an Elcometer 3700 doctor blade (Elcometer Ltd, UK). The casted
membranes were then dipped into DIW bath after casting to allow ideal
phase inversion. Theses membranes were then washed several times and
stored in DIW until usage. Fig. 2 illustrates the fabrication process of the
pristine PSF and PSF MMMs incorporating GO and rGO-PDA via the
phase inversion technique. The notations and compositions of the pre-
pared membranes are listed in Table 1.

2.4. Characterization of GO and rGO-PDA particles

The prepared GO and rGO-PDA were characterized using several
techniques to confirm the oxidation of graphite and the success of

by freezing the prepared membranes in liquid nitrogen and breaking
them immediately [33]. Atomic force microscopy (AFM) measurements
were conducted using (AFM-MFP-3D, Asylum Research) over 10 x 10
pm scan area with a scan rate of 1 Hz. The hydrophilicity of the prepared
membranes was investigated using DataPhysics contact angle analyzer
(OCA15 Pro, Germany). Minimum of 15 points of each sample were
tested using DIW droplet of 2 pm at room temperature and the average
CA value were recorded. The viscosity of the dope solutions was
measured at room temperature (Anton Paar Rheometer Model MCR
302) to investigate the effect of GO and rGO-PDA embedding on the
casting solution viscosity.

2.6. Porosity and mean pore size determination

The overall porosity (€) of the prepared membranes was determined
using the gravimetric method as described by Eq. (1) [13]:

Wy — Wy

- 1
€ AxIxp, M
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Fig. 3. (a) FTIR-UATR spectra, (b) Raman spectra, (c) XPS survey spectra of GO and rGO-PDA; (d) and (e) SEM images of GO and rGO-PDA, respectively.

where wy, is the weight of the wet membrane (g), wq is the weight of the
dry membrane (g), A is the surface area of the membrane (cmz), lis the
membrane thickness (cm) determined from the cross-section SEM
(Fig. S1 of the supplementary information), and p,, is the water density
at 23 °C (0.998 g c¢m~2). The mean pore size (ry,) was then determined
using the Guerout-Elford-Ferry equation (Eq. (2)) [16,34]:

- (2.9 — 1.75¢) x 8niQ o)
e XA XAP

where n is the water viscosity at 23 °C (9.3 x 10~* Pa s), Q is the

permeate flow rate (m3.s™!), and AP is the operational pressure (Pa).

2.7. Permeability and separation experiments

The separation performance and antifouling properties of the pre-
pared membranes were studied using a commercial cross-flow mem-
brane apparatus (Sterlitech Corp, US) equipped with a temperature
control system. Flux (Jy, LMH), pure water permeability (PWP, LMH/
bar) and rejection (R%) were calculated using Egs. (3)-(5), respectively
[21].

14
= ®)

_ 0

PWP =~ )]
1 (&

R(%)=1 (Cf>><100 (5)

where V is the permeate volume (L), A is the effective membrane area if
the membrane (m?), t is the operating time (h), Q is the volumetric
flowrate of the permeate (L.h™!), AP is the trans-membrane pressure
difference, C, and Cs are the solute concentration in the permeate and
feed respectively.

The rejection properties of the prepared membranes were evaluated
using different dyes including Safranine O (SO), Orange II sodium salt
(ORII), Methyl Blue (MB) and Direct Red 80 (DR80). The dyes rejection
tests were performed at 1 bar with 25 ppm dye concentration in the feed.
The concentrations of feed and permeate, Cf and Cp, were measured
using UV-VIS spectrophotometer (UV-2700, Shimadzu) at wavelengths
of 520, 485, 600, and 528 nm for SO, ORII, MB, and DR8O0, respectively.

2.8. Dynamic fouling experiments

Antifouling properties of the prepared UF membranes were investi-
gated using 500 mg/L BSA and 25 mg/L HA as the model foulants
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representing protein and natural organic matters (NOMs) fouling (each
foulant was studied separately). Three dynamic fouling cycles were
conducted for each membrane. In brief, the membrane was compacted
with DIW at 4 bar for 30 min. The pressure was then reduced to 1 & 0.1
bar with cross-flow velocity of 46.1 + 0.3 cm s~ ! and the steady pure
water flux was recorded (Jwo). The feed is then shifted to freshly pre-
pared foulant solution at the same pressure and cross-flow velocity for 1
h and the foulant flux (Jyf) was then recorded. After foulant filtration,
the membrane was washed two times with DIW at the same cross-flow
velocity without applied pressure for 30 min. Finally, the feed is shif-
ted to pure DIW at 1 bar and the steady flux was recorded (Jy1). The total
fouling ratio (Ry), flux recovery ratio (FRR), the reversible fouling ratio
(R;) and the irreversible fouling ratio (Rj;) were estimated using equa-
tions (6)—(9), respectively [22]:

R(%) :J‘};O’f X 100 ®)
FRR (%) :J::] x 100 )
R, (%) :% x 100 (®
R (%) L ) x 100 (©)]

w0

The second and third cycles were conducted by repeating the same
steps of cycle 1, and the corresponding FRRx was recorded for each
cycle, where x is the cycle number. The concentrations of BSA and HA in
the feed and permeate, C¢ and Cp, were measured using UV-VIS spec-
trophotometer (UV-2700, Shimadzu). BSA concentration was measured
at 278 nm [35], while HA concentration was measured at 254 and 280
nm [36]. All separation and antifouling experiments were performed at
room temperature (23 + 0.5 °C). Minimum of three samples of each
membrane were tested and the average value was taken for all perfor-
mance and fouling parameters.

3. Results and discussion
3.1. Characterization of GO and rGO-PDA particles

The FTIR-UATR spectra of the GO and rGO-PDA particles are pre-
sented in Fig. 3a. The oxidation of graphite is confirmed from the
presence of several bands in the GO spectra corresponding to oxygen
functionalization including epoxy C-O-C stretching vibration, C-OH
bending vibrations of the hydroxyl groups, and C = = O stretching vi-
bration of the carbonyl functional groups on the edge of GO sheets at
~1042, 1221, and 1721 cm!. The C=C skeletal vibration around 1620
em™! corresponds to the unoxidized graphene [37] while the O-H
stretching vibration around 3250 cm ™! corresponds to the water mole-
cules trapped between GO sheets [32].

The spectra of rGO-PDA confirm the successful functionalization of
GO with the PDA by the presence of several bands at 3184, 3038, 1619,
1500, and 1287 cm™!. These bands were reported in some studies and
were related to the amide functionality of PDA [38]. It can be clearly
seen that the C = = O band of GO (~ 1707 cm ') was disappeared after
the functionalization with PDA indicating a clear reduction of GO to rGO
[39] which is consistent with the expected rGO-PDA chemical structure
in Fig. 1.

Raman spectra presented in Fig. 3b show that the two characteristic
bands of GO particles, D and G, are presented in both spectra around
1350 and 1590 cm 2, respectively. The ratio of the relative intensities of
D and G bands (Ip/Ig) was estimated to be 1.8 and 1.3 for GO and rGO-
PDA, respectively, suggesting a clear change in the crystallite size and
structure of the GO particles due to the functionalization reaction [32,
40]. The XPS survey spectra of GO and rGO/PDA are shown in Fig. 3c.
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Fig. 4. FTIR-UATR spectra of My, Mgo4, and Mppa4 membranes.

Both spectra show the presence of C 1s and O 1s core-levels at binding
energies of ~ 284 and 531 eV, respectively. The rGO-PDA spectra show
an emerging peak at a binding energy of 398 eV corresponding to the N
1s core-level (6.79 at%) which indicates a successful amination of GO
particles. Further, the carbon/oxygen (C/0) atomic ratio increased from
3.04 to 3.39 with the amination of GO particles indicating a partial
reduction of GO which is in a good agreement with the FTIR findings.
Fig. 3d and e presents the SEM images of GO and rGO-PDA, respectively,
at different magnifications. The SEM images show clear differences in
the morphological structure of GO and rGO-PDA. Images of the pristine
GO show sharp, clear and smoother flakes whereas the surface became
rough with irregular structure after the functionalization with PDA. The
distribution and attachment of PDA particles on the GO sheets can be
clearly seen in the SEM images at 10,000x magnifications confirming
the morphological change due to the functionalization reaction.

3.2. Characterization of membranes

FTIR-UATR spectra of the control PSF (M), Mgo4, and Mppa4 as an
example are shown in Fig. 4. The spectra of other membranes are pre-
sented in Fig. S2 of the supplementary information. Spectra for all
membranes show the characteristic bands of polysulfone that have been
reported in literature [41,42]. The following functional groups were
identified in the spectra of the prepared membranes: S—O stretching (~
1106 cm’l), 0-S-O symmetric stretching (~1150 cm’l), C-0-C
stretching (~1242 ¢cm™!), S=0 stretching (~ 1294 cm™}), 0-S-O
asymmetric stretching (~ 1320 em™ 1), aromatic ring stretching (~
1488, 1588 cm™!), and aromatic ring breathing (~ 1660 cm ™). No
obvious difference was found in the spectra of PSF and PSF composites
due to the low concentration of GO and rGO-PDA and the dominance of
PSF in the membrane matrix. Similar observations were reported with
PSF MMMs incorporating low loadings of GO particles [13].

The surface and cross-section SEM images of the prepared mem-
branes were obtained at different magnifications to study the effect of
GO and rGO-PDA embedding on the PSF structure. The surface and
cross-section SEM images of the pristine PSF, PSF/rGO-PDA-0.02, and
PSF/GO0-0.02 are presented in Fig. 5. The SEM images of the other PSF/
GO and PSF/rGO-PDA composite membranes are presented in Figs. S3
and S4 in the supplementary information, respectively. The surface SEM
images do not show significant difference between the pristine PSF and
PSF composites. However, the cross-section SEM images exhibited clear
influence of GO and rGO-PDA embedding onto the PSF structure. Two
distinct layers can be observed in all membranes: a thin dense layer on
the top and a typical sponge structure sub-layer. The sub-layer consists
of several finger-like macro-voids and small pores surrounded by the
polymer wall. With the addition of GO and rGO-PDA particles, the
finger-like macro-voids became wider and longer because of the hy-
drophilicity of GO and rGO-PDA that increase the mass transfer rate
between the solvent (NMP) and non-solvent (water) during phase
inversion process [43]. Similar observations were reported in several
studies in literature [18,44]. At high magnifications, it can be clearly
seen that both GO and rGO-PDA particles are distributed on the polymer
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Fig. 5. Surface and cross-section SEM images of Mo, Mppa1, and Mgo1 membranes.
Fig. 6. AFM images of the pristine PSF, PSF/GO and PSF/rGO-PDA composite membranes.

wall of the sub-layer with spherical shape. Similar observations were some areas of the sub-layer causing a partial clogging of the membrane
previously reported with PEI/GO MMMs [45]. The high magnification pores even at low concentrations (e.g. 0.02 wt% GO). This clogging
SEM images shows also that pristine GO particles are agglomerated in usually reduces the water flux through the membrane as discussed in the
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Table 2

The average values of the membrane thickness (1), porosity (€), mean pore size
(rm), root-mean-square roughness (RMS), and average roughness (Ra) of the
prepared membranes.

Membrane I (pm) € (%) I, (nm) RMS (nm) Ra (nm)
My 205.3+0.5 81.2+0.1 375+01 94+23 7.8 +2.1
Mgo1 188.3+4.2 86.6+51 33.7+21 6.2+08 5.1 + 0.6
Mgo2 1743+26 855+0.2 344+01 141+09 11.3+0.8
Mgos 255 + 2.9 82.9+0.1 36.9+0.0 16.2 + 3.0 13.0+ 25
Mgo4 2089+34 799+28 33.0+1.1 21.6+56 169+5.4
Mppa1 161.2+35 87.7+29 375+16 257+3.4 20.6+28
Mppas 206.3 £5.1 79 £ 2.1 48.2+ 2.2 31.0+0.8 24.7+1.2
Mppas 200.7+09 805+11 50.6+09 34.0+02 28.2+0.7
Mppas 210.4+0.5 787+0.2 427+13 27.7+13 227+1.1
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Fig. 7. Contact angle values of the pristine PSF, PSF/GO, and PSF/rGO-PDA
composite membranes.

coming sections. On the other hand, the rGO-PDA particles exhibited
better distribution without obvious agglomeration which can be related
to the higher dispersity of rGO-PDA particles in NMP than the pristine
GO. It is worth mentioning that rGO particles were found to have higher
dispersity than pristine GO particles in several organic solvents making
them ideal nanofillers for different membrane materials [46].

Surface roughness is essential factor that affect the separation and
fouling resistance of a membrane. Hence, AFM analysis was conducted
to study the effect of GO and rGO-PDA incorporation on membrane
roughness. The three-dimensional surface AFM images of PSF, PSF/GO
and PSF/rGO-PDA composites over 10 x 10 pm scan area are shown in
Fig. 6. The roughness parameters represented by the root-mean-square
roughness (RMS) and the average roughness (Ra) are listed in Table 2.
Two pieces of each membrane were tested, and the average RMS and Ra
values were calculated. The surface roughness was found to increase
with the addition of GO and rGO-PDA except for Mgo1 (PSF/G0-0.02).
The RMS and Ra values of pristine PSF were found to be 9.4 and 7.8 nm,
respectively, that lie in the range of roughness parameters for other PSF
membranes in literature [47,48]. The highest roughness values among
the PSF/GO composites were obtained with Mgos4 (PSF/GO-0.15) with
RMS and Ra of 21.6 and 16.9 nm, respectively. On the other hand, the
roughness increase was much higher with the addition of rGO-PDA even
at low concentrations which can be attributed to the presence of the
amine and hydroxyl groups of PDA [49]. The highest roughness among
the PSF/rGO-PDA composites was obtained with Mppas
(PSF/rGO-PDA-0.1) with RMS and Ra values of 34.0 and 28.2 nm,
respectively. It can be also observed that the roughness decreased with
higher loadings of rGO-PDA (Mppa4). This is can be explained by the
high viscosity of the casting solution which delays the phase inversion
process and result in highly dense surface [42,50]. It is well established
that membranes with rough surface have higher surface area which
enhance the water flux through the membrane [42]. However, the high
roughness could increase the fouling due to the contaminants accumu-
lation in the valleys [51].
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Other parameter that affect the flux and fouling resistance are the
membrane porosity, pore size and hydrophilicity. The surface hydro-
philicity of the pristine and composite membranes in terms of static
contact angle (CA) is illustrated in Fig. 7. Obviously, CA decreased
slightly with the addition of GO providing more hydrophilicity to
membrane surface. The average CA of pristine PSF was found to be 84.4°
while it decreased up to 75.5° with the addition of 0.15 wt% GO. This
observation was previously reported in different studies with PSF and
other polymers and was related to the hydrophilic nature of GO [8,13,
52]. The decrease in CA was more obvious with the addition of rGO-PDA
particles. This observation can be linked to the abundant hydroxyl
groups of PDA grafted on the surface and between GO sheets [22]. The
average CA of PSF/rGO-PDA composite membranes ranged between
73.2° and 74.6°. The observed CA values for both PSF/GO and
PSF/rGO-PDA composites are lying in the same range (70°-80°) of other
PSF/GO-based MMMs reported in literature [13,18,53]. Although the
measured CA values of the membranes do not show significant
improvement, the GO and rGO-PDA particles are expected to have more
effect on pores hydrophilicity than the surface hydrophilicity. This can
be confirmed from the SEM images that show higher distribution of
nanoparticles within the membrane pores and polymer wall than this on
the surface.

The overall porosity (€) and the mean pore size (Ry,) of the prepared
membranes are listed in Table 2. With the addition of 0.02 wt% of GO
and rGO-PDA, the porosity of PSF increased from 81.2% to 86.6% and
87.7%, respectively. This can be explained by the increase of mass-
transfer rate between the solvent (NMP) and non-solvent (DIW) during
the phase inversion process caused by the addition of hydrophilic
nanofiller, namely GO and rGO-PDA [54]. However, with further in-
crease of the both nanofillers concentration, the porosity decreases.
Excessive loadings of the nanofiller increase the viscosity of the casting
solution which delays the de-mixing during the phase inversion process
and leads to lower porosity and the formation of smaller pores [42]. The
estimated mean pore size (ry) of PSF/GO composite membranes was
lower than this of the pristine PSF. The mean pore size of the pristine PSF
was found to be around 37.5 nm while it ranged between 33 and 36.9
nm for PSF/GO composites. This can be linked to the agglomeration of
GO particles inside the pores resulting in a partial blockage as evidenced
by the cross-section SEM images. Similar observations have been re-
ported with GO-based MMM in earlier studies [43,45,54]. Conversely,
the PSF/rGO-PDA composite membranes exhibited bigger pore sizes
than the pristine PSF. This could be attributed to the high dispersibility
of rGO-PDA particles in the solvent which prevents the aggregation of
rGO-PDA particles inside the pores as confirmed by the SEM images.

3.3. Permeability and separation performance

The pure water permeability (PWP) of the prepared membranes are
depicted in Fig. 8. The PWP of the pristine PSF was recorded to be 182.9
+ 4.5 LMH/bar. With low concentration of the pristine GO (0.02 wt%),
the PWP was not significantly affected (181.1 + 9.4 LMH/bar).
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However, with further loadings of the GO particles, membranes
exhibited clear decreases in PWP to 166.5 4+ 10.5, 164.5 + 2.7, and
132.8 + 3.7 LMH/bar for Mgo2, Mgos, and Mgo4, respectively. On the
other hand, the PWP was significantly enhanced with the embedding of
rGO-PDA particles. The PWP values of PSF/rGO-PDA composite mem-
branes were found to be 241.5 + 13.7, 291.9 + 8.1, and 326.5 &+ 10.3
LMH/bar for Mppa1, Mppag, and Mppas, respectively. The PWP was then
decreased to 212.9 + 10 LMH/bar with excessive loadings of rGO-PDA
particles (0.15 wt%). The flux reduction upon high loadings of nano-
material have been previously reported in several studies [13,52,55]
and can be attributed to the presence of a tipping mass percentage of
nanofiller [34,56]. The embedding of a hydrophilic nanofiller changes
the overall hydrophilicity of the casting solution which accelerates the
solvent and non-solvent exchange during phase inversion process.
However, excessive loadings of the nanomaterial increase the viscosity
of the casting solution resulting in porosity and pore size reduction as
shown in the results obtained from porosity and pore size measure-
ments. The tipping mass percentage is a critical point after which the
permeability decreases because of the increase in casting solution vis-
cosity [54,56]. It varies depending on the type of nanofiller and polymer
[13]. Therefore, the results herein suggest a tipping mass percentage
<0.02 wt% for pristine GO and <0.1 wt% for rGO-PDA particles. These
findings can be confirmed by the viscosity measurements of the casting
solutions of My, Mgos and Mppas presented in Fig. S5 of the supple-
mentary information. The addition of 0.1 wt% GO-PDA increased the
viscosity of the casting solution by approximately 11%. However, the
viscosity was increased by approximately 76% with the addition of 0.1
wt% pristine GO. Similar observations were recently reported by
Alammar et al. [57] where the viscosity increase was higher with pris-
tine GO particles than this with rGO particles. The significant increase in
the dope solution viscosity resulted in the formation of a semi-dense top
layer leading to the reduction in water flux [12].

Further analysis of the results obtained from PWP, mean pore size,
roughness and hydrophilicity measurements helps to elaborate more on

the factors affecting the change in PWP. Therefore, a simple data anal-
ysis was conducted (Microsoft Excel) to find the correlation coefficient
between the PWP and other characteristic parameters including the
porosity (€), average roughness (Ra), and contact angle (CA). The cor-
relation coefficient is a statistical measure that indicates the strength of
the linear relationship between two variables by measuring and relating
the variance and standard deviation of each variable as shown in Eq.
(10).

C 1 A, B
Correl(A, B) = ovariance(A, B)

" Std. DevA x Std.Dev B an

The output of the correlation test is presented in Table S1 of the
supplementary information. Fig. 9 depicts the plots of the PWP against
other parameters. The findings suggest that the PWP, of membranes
studied herein, is more affected by the average roughness with a cor-
relation factor of 0.7614 (Fig. 9c) followed by CA with slight correlation
of —0.5236 (Fig. 9b); while a weak correlation with the porosity was
observed as shown in Fig. 9a. Fig. 9d shows that CA is affected by the
surface roughness with a correlation factor of —0.8205. This simple
analysis is suggesting a dominance of the surface roughness (Ra) on the
water permeability compared to other factors like contact angle and
membrane porosity. This agrees with some findings in the literature [58,
59], while other studies showed the porosity to have higher impact on
the membrane permeability [13,60].

The separation performance was studied by the filtration of 500 ppm
BSA and 25 ppm HA solutions. All tested membranes, including the
pristine PSF, exhibited a complete rejection of both BSA and HA
(virtually 100%). Similar findings have been reported by different
studies [9,36,42,61]. Generally, the rejection mechanisms in mem-
branes include sieving (size-based), charge, and adsorption-based
mechanisms. However, for UF membranes, sieving is considered the
key mechanism of rejection. Hence, the rejection of both BSA and HA is
mainly a size-based filtration mechanism due to their high molecular
weights [13]. The rejection performance of My, Mgos, and Mppas with
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four other aqueous solutions containing different dyes with small mol-
ecules were tested and presented in Fig. 10a. The SO (350.88 Da) and
ORII (350.32 Da) dyes were tested to find the rejection properties of the
two dyes as they have almost similar molecular weight. The rejection of
SO dye ranged between 18.5 and 22.9% while the ORII dye rejection
ranged between 31.1 and 35.2%. This could be to the higher affinity of
the prepared membranes to reject the negatively charged molecules (e.g.
ORII) than the positively charged molecules (e.g. SO). PSF membranes
were reported in several studies to exhibit negative surface charge at pH
> 6 [62]. The rejection of the MB (799.81 Da) was found to be 88.2 +
1.2,90.6 + 0.4, and 87 + 1.2% with My, Mgos, and Mppas, respectively;
while all these membranes exhibited excellent rejection (>98.5%) of
DR80 (1373.07 Da). Fig. 10b and c shows photographs of the feed and
permeate samples during the filtration of DR80 and MB dyes, respec-
tively. It can be clearly seen from the dyes rejection results that the
pristine PSF and the composite membranes exhibit almost similar
rejection performance regardless of the differences in their water fluxes.

10

Also, the rejection values of DR80 and MB are considered high for ul-
trafiltration membranes. This performance was reported with some
GO-based UF membranes against low molecular weight dyes such as
PES/GO (~ 90% rejection of Sunset Yellow dye, 452.4 Da) [10],
PVDF/rGO-SiO2 and CA/rGO-PDA-g-C3N4 (99.8% rejection of Methy-
lene Blue, 319.85 Da) [27,31]. These findings suggest that the separa-
tion is not only dependent on the physical sieving and might be affected
by the surface charge and additional interactions (e.g. adsorption
mechanisms), indicating that the prepared membranes can be utilized in
the treatment of different types of wastewater.

3.4. Antifouling properties

The fouling resistance is one of the key properties of a good-
performance membrane. The filtration process typically leads to the
blockage of membrane pores, formation of cake layers on the membrane
surface and concentration polarization [63]. In the current study, it was
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observed that all membranes exhibited a flux decline after switching the
feed from pure water to BSA or HA solutions. This can be attributed to
the formation of foulant layers as a result of the deposition of BSA or HA
molecules onto the membranes surface. After 30 min of membrane
washing with DIW, the pure water flux was partially recovered for all
membranes and the flux recovery ratio of the first fouling cycle (FRR;)
was then calculated. The second and third fouling cycles were performed
under the same conditions (1 h filtration followed by 30 min washing)
and the corresponding recovery values were calculated (FRRy and
FRR3). The antifouling performance of the tested membranes repre-
sented by their FRR against BSA and HA are depicted in Fig. 11a and b,
respectively. Obviously, all PSF/GO and PSF/rGO-PDA composite
membranes exhibited higher FRR compared to the pristine PSF. FRR;,
FRRjy, and FRR3 of the pristine PSF against BSA were found to be 67.2 +
2.2%, 60.5 + 0.7, and 57.8 + 0.4%, respectively. Mgo3 (PSF/G0O-0.1)
exhibited the highest recovery ratio in the first cycle (86.9 + 0.1%) and
then decreased to 72.5 + 4.5% and 60.9 + 5.6% in the second and third
cycles, respectively. The highest BSA-FRR among the PSF/rGO-PDA
composite membranes were obtained with Mppas (PSF/rGO-PDA-0.05)
with FRR;, FRRy, and FRR3 of 84.2 + 2.2%, 71.2 + 6.8%, and 69.2 +
3.3%, respectively. Interestingly, after 3 cycles of protein fouling, the
flux recovery (FRR3) of PSF/rGO-PDA composites were found to be
higher than those of PSF/GO composites indicating higher antifouling
stability of rGO-PDA based composites in long runs. When using HA as
the model foulant, the flux recovery ratios of the pristine PSF were found
to be 86.5 + 2.5%, 78.0 + 5.1% and 70.7 + 1.2% for FRR1, FRR3, and
FRRg, respectively. The highest HA antifouling properties were obtained
with Mppas (PSE/rGO-PDA-0.1) that achieved 99.4 + 0.2%, 94.9 +
0.7%, and 92.1 + 2.6% for FRR;, FRRy, and FRR3, respectively. The
highest FRRs among the PSF/GO composites was obtained with Mgo4
(PSF/GO0-0.15) with 97.0 + 0.5%, 93.6 + 4.3%, and 89.2 + 3.3% for
FRR1, FRRy, and FRRg, respectively.

For further analysis of the fouling resistance of the tested mem-
branes, Ry, R; and R;; of cycle 1 were estimated and presented in Fig. 12a
and b for BSA and HA, respectively. As depicted by Fig. 12a, all com-
posite membranes exhibited lower total fouling ratio (R¢) and irrevers-
ible fouling ratio (R;;) with higher reversible ratio (R;) compared to
those of the pristine PSF against BSA. The reversible fouling (R;) of the
pristine PSF was 6.2% which was elevated to 10.8% and 15% with 0.1
wt% addition of GO and rGO-PDA, respectively. With HA fouling, the
reversible fouling ratio was not enhanced with GO addition, while it was
elevated up to 14.6% and 28.5% with the addition of 0.1 and 0.15 wt%
rGO-PDA, respectively, compared to 7.5% of the pristine PSF. These
results indicate higher fouling resistance against protein and organic
fouling of the PSF/rGO-PDA composite membranes compared to the
pristine PSF and PSF/GO composite membranes.

It is well established that both surface hydrophilicity and roughness
affect the membranes antifouling properties [16]. As elaborated in the
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morphological study above, both PSF/GO and PSF/rGO-PDA composites
showed higher surface roughness and hydrophilicity than the pristine
PSF. Therefore, in the first stage of foulant filtration, foulant molecules
accumulate in the valleys and the pores because of the high surface
roughness leading to clear reduction in the flux. During the washing step
with water, GO and rGO-PDA particles attached to the pores and on the
surface enhance the removal of foulants by water due to their hydro-
philicity [16,61,64]. Therefore, the FRRs of all composite membranes
were higher than this of the pristine PSF. Similar observations were
reported by Yang et al. where the FRR increased disregards the increase
in surface roughness [65]. To further investigate the effect of hydro-
philicity on the membranes fouling resistance, the correlation coeffi-
cient between FRR3 and CA was calculated and depicted in Fig. 13.
Clearly, the resistance against both foulants are affected by the mem-
brane’s hydrophilicity. The HA fouling resistance is highly dependent on
the hydrophilicity as shown in Fig. 13b, while the BSA FRR3 have lower
correlation. This can be explained by the penetration and accumulation
of BSA molecules into the pores, which impedes their removal during the
membrane washing. In contrast, HA molecules have lower possibility to
penetrate into the pores due to their higher molecular sizes and hence
can be easily washed out from the surface [66]. Consequently, it can be
concluded from these results that the antifouling properties, of these
membranes, were enhanced by the hydrophilic nature of GO and
rGO-PDA particles. Fig. 14 shows photographs of the washed pristine
PSF, Mgo4, and Mppa4 after the third fouling cycle with HA. The pho-
tographs of BSA-fouled membranes were not shown as BSA is almost
colorless on membrane surface.

Table 3 compares the performance of Mgos (PSF/GO-0.1) and Mppas
(PSF/rGO-PDA-0.1) with other UF composite membranes in literature
that are synthesized via the phase inversion approach. The comparison
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Table 3
Performance comparison of the MMMs prepared in this work with other GO-based UF MMMs prepared by phase inversion in literature.
Membrane Foulant composition (ppm) Conditions PWP (LMH/ Rejection % FRR1% Ref.
bar)
PES/CSGO 1000 ppm BSA Dead-end, 2 bar, 1 h 41.3 99.8 92.1 2020 [17]
PSF/GO 1000 ppm BSA Cross-flow, 1 bar, 100 352.2 88.6 71.9 2020 [12]
min
PVDF/PFSA-g-GO 500 ppm BSA and HA Dead-end, 1 bar, 30 min 587.4 Rpsa = 93.9 90.8 2020 [68]
Ruya = 79.6
PSF/GFG 200 ppm BSA Cross-flow, 1 bar, 1 h 217 95.2 82.4 2019 [15]
PES/SPSF/GO 1000 ppm BSA Cross-flow, 1 bar, 1 h 816.9 99.5 94.2 2019 [9]
PSF/CGO 1000 ppm BSA, 10 ppm Methyl Orange (MO) Dead-end, 1 bar, 2 h 48.8 + 3.7 Rpsa = 100 76.3 + 17 2019 [13]
dye Ryo = 52.7
PES/GO 50 ppm HA Dead-end, 1 bar, 2 h 340 94.5 95 2019 [36]
PVDF/TiO»-GO 1000 ppm BSA Cross-flow, 1 bar 199.97 91.38 89.22 2019 [67]
PES/GO 1000 ppm BSA Dead-end, 1 bar, 30 min 245 97 75 2018 [10]
PSF/Fe304-GO 20 ppm HA Dead-end, 1 bar 156.99 84 - 2017 [69]
PVC/GO 1000 ppm BSA Dead-end, 1 bar, 20 min 430 91.2 70.4 2016 [11]
PES/GO-Ag 500 ppm BSA Dead-end, 3 bar, 90 min 143.3 98 67.2 2015 [70]
PES/C0304-GO 1000 ppm BSA Dead-end, 1 bar, 2 h 3479 95 81.1 2015 [52]
PVDF/GO-APTS 1000 ppm BSA Dead-end, 1 bar, 1 h 401.39 57 >95 2014 [16]
BPPO/PEI-GO 500 ppm BSA Cross-flow, 2 bar, 1 h 532.5 91 63 2014 [65]
PVDF/GO 1000 ppm BSA Dead-end, 1 bar ~90 ~85 90 2014 [8]
PSF/Isocyanate- 1000 ppm BSA Cross-flow, 1 bar, 2 h 135 95 40.27 2013 [18]
GO
PSF/rGO-PDA-0.1 500 ppm BSA Cross-flow, 1 bar, 1 h 326.5 +10.3 Rpsa = Rya = 100 FRRpsp = 80.4 Present
25 ppm HA Rso =229 + 3.8 FRRya =99.4 £ 0.2 study
25 ppm SO, ORII, MB and DR80 dyes Rorn=35.2+7.8
Ryp =87 £1.2
Rprgo = 98.8 £
0.7
PSF/GO-0.1 164.5 + 2.7 Rpsa = Rya = 100 FRRpsp = 86.9 +

Rso =21.5 £25
Rorn = 30.8 £7.1

0.1
FRRpp = 95.4+4.2

Ryp = 90.6 £ 0.4
Rprgo = 99.2 +
0.1

was performed in terms of PWP, rejection, and FRR;. Obviously, Mgos
and Mppas perform as well as or better than most of these membranes. It
can be clearly noticed from the table that composite membranes incor-
porating pristine GO particles [10-12,65] suffer from the low FRR
(<75%) against BSA fouling. In contrast, composite membranes
embedding functional GO structures like CSGO [17], TiO2-GO [67], and
GO-APTS [16] generally exhibit high fouling resistance (~ 90%) but
suffer from the low rejection or flux. Commonly, composite membranes
with high flux exhibit lower rejection and fouling resistance and vice
versa. However, a recent study by Hu et al. [9] reported high performing
membranes with respect to flux, rejection and FRR.

4. Conclusion

In this work, polydopamine functionalized GO (rGO-PDA) particles
were used as nanofiller to produce novel ultrafiltration PSF MMMs.
Starting from natural graphite, GO particles were prepared and then
reduced and functionalized during the self-polymerization of dopamine
(DA). The success of functionalization reaction was confirmed using
different analytical techniques including FTIR, Raman spectra, XPS, and
SEM. Via the phase inversion technique, two types of MMMs were
synthesized incorporating different loadings of the pristine GO and the
rGO-PDA particles for comparison purposes. Obvious differences in the
pore structure were observed by the cross-section SEM images. The
pristine GO particles were found to agglomerate in the pores and some
regions of the polymer matrix resulting in flux decline with the increase
of GO loading. In contrast, better distribution of rGO-PDA particles in
the PSF matrix was confirmed by the SEM images owing to the high
dispersity of rGO-PDA in NMP. The enhancement of pore structure,
hydrophilicity and surface roughness resulted in a high pure water flux
that is approximately 1.8 and 2 times higher than the pristine PSF and
PSF/GO-0.1, respectively. The rejection performance of the prepared
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membranes was explored by the filtration of BSA, HA, and different dyes
having different molecular weights. The results showed almost similar
rejection performance of the pristine PSF and the composite membranes.
Furthermore, after 3 protein fouling cycles, the highest FRR was ob-
tained with PSF/rGO-PDA-0.1 (74.6%) that was 29% and 22% higher
than this of the pristine PSF and PSF/GO-0.1. FRR3 of PSF/rGO-PDA-0.1
was also higher than the pristine PSF and PSF/GO-0.1 by 30% and 3%,
respectively. Taken together, results reported in this work showed that
the incorporation of rGO-PDA particles could greatly enhance the flux
and antifouling properties of PSF ultrafiltration membranes without
affecting the rejection performance. The results reported herein are
expected to be of a great benefit in protein-rich and NOMs-rich waste-
water treatment and provide insights on developing other rGO-PDA
based membranes with different materials and for different purposes.
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