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ABSTRACT

Alkhouzaam, Abedalkader, I, Doctorate : June : 2021, Doctorate of Philosophy in
Environmental Engineering

Title:  Bio-Inspired Fabrication of Ultrafiltration Membranes incorporating

Polydopamine Functionalized Graphene Oxide Nanoparticles

Supervisor of Dissertation: Hazim, Qiblawey.

Graphene oxide (GO) and its based materials have gained a significant interest
in the membrane functionalization sector in the recent years. Inspired by their unique
and tunable properties, several GO-based nanomaterials have been investigated and
utilized for various membranes in water treatment, purification and desalination
sectors. In this dissertation, novel polysulfone (PSF) ultrafiltration membranes
incorporating polydopamine-functionalized reduced graphene oxide nanoparticles
(rGO-PDA) were fabricated and investigated. Starting from natural graphite, GO
nanoparticles with high oxidation degree were synthesized using an improved
Hummers' method. A GO functionalization based on the bio-inspired PDA was then
conducted to produce rGO-PDA nanoparticles. The high-oxidation degree of graphite
and the successful functionalization with PDA were confirmed using several
analytical techniques including CHNSO elemental analysis, XPS, FTIR-UATR,
Raman spectroscopy and XRD. Several bands have emerged in the FTIR spectra of
rGO-PDA attributed to the amine groups of PDA confirming the successful
functionalization of GO. Raman spectra and XRD patterns showed different
crystalline structures and higher interlayer spacing of rGO-PDA. The change in

elemental compositions was confirmed by XPS and CHNSO elemental analysis while



the change in the morphological structure was confirmed by SEM and TEM analyses.

The second part of the dissertation was on the embedding of the above-
mentioned nanoparticles in a membrane matrix. Pristine PSF, PSF/GO, and PSF/rGO-
PDA mixed matrix membranes (MMMSs) were prepared by embedding GO and rGO-
PDA at concentrations from 0 to 0.15 wt% using the phase inversion technique. All
membranes were analysed using FTIR-UATR, SEM, AFM, and contact angle. The
cross-section SEM images showed better distribution of rGO-PDA nanoparticles in
the pores and polymer wall whereas the pristine GO nanoparticles aggregate and
partially block the pores. Thus, the flux increased with the embedding of rGO-PDA
without affecting the rejection properties, while it decreased with the embedding of
pristine GO. 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
rejection performance against different dyes. The flux recovery ratio of the pristine
PSF after three fouling cycles (FRRs) against BSA and HA were recorded to be
57.8% and 70.7% respectively. FRRs 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 provide insights on developing other types of

membranes embedding rGO-PDA with different materials and for different purposes..
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CHAPTER 1: INTRODUCTION

The limitation of water resources with the huge increase in population
generate 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
[2, 3]. These technologies include distillation, membrane filtration, ion exchange, and
aqueous adsorption [4, 5]. Selection and use of these technologies throughout the
world depend on the power requirements, availability of resources, contamination
level, and economic factors [6]. Therefore, cost and power efficient technologies need
to be developed for desalination and wastewater treatment. Among the various
methods developed for water treatment, membrane filtration have gained wide
acceptance due to their low cost, high efficiency, and ease of operation [7, 8].

Membrane separation is a well-developed technology and is considered one of
the most economical and efficient methods that can afford clean water [9, 10]. The
membrane water treatment can be described by the separation of two phases through a
semi-permeable barrier which allows passing of certain molecules (e.g. water) while
rejecting others (e.g. bacteria, proteins, ions, etc.). Figure 1-1 classifies the major

membrane processes and describes the basic concepts and properties of each process.
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Figure 1-1: The basic concepts and classifications of membrane processes.

Developing and investigating new membrane materials gained huge interest in
both academia and industry to explore new materials that can enhance the membrane
performance and/ or increase the membrane resistance against various foulants. [11,
12]. Therefore, developing antifouling membranes for desalination and water
treatment purposes has become an important research objective [13-17]. Different
methods, materials and modifications have been investigated over the years to

produce antifouling membranes with enhanced flux and rejection properties. The use



of nanotechnology is one of the well investigated methods being developed in
membrane sector [18]. The addition of nanomaterial (nanofiller) to conventional
membranes was reported to enhances their performance with respect to flux, rejection
and fouling resistance [19]. Several nanomaterials have been used as membrane fillers
and showed excellent performance such as graphene based materials, metal organic
frame works (MOFs), zeolites, carbon nanotubes (CNTSs), nano-silica (SiO2), titanium
dioxides (TiO2), etc. [20].

One of the lately explored nanomaterials in membrane technology is graphene
oxide (GO) and GO-based materials due to their unique properties [21]. Among the
various membrane nanofillers, GO and its derivatives proved their efficiency as
nanofillers that can enhance the membranes performance with respect to water flux
and rejection as well as their fouling resistance [19, 22]. Due to their easy
accessibility, chemical stability and tunable properties, several GO-based materials
were developed over the years for different purposes and applications including
membranes [23, 24], adsorption [25, 26], catalysis [27, 28], supercapacitors and
sensing applications [29, 30]. Such unique properties resulted in significant research
interest in the last years to develop different membranes incorporating pristine GO (p-
GO) and GO-based (f-GO) nanoparticles. Figure 1-2 depicts the increasing number of
publications related to GO-based membranes over the period of 2012 to 2020 that are
indexed within Scopus. Over this period, nanofiltration (NF) gained the highest
research interest (39%), in terms of publications, among other GO-based membranes
followed by ultrafiltration (UF) (24%), forward osmosis (FO) (15%), reverse 0Smosis
(RO) (10%), membrane distillation (MD) (5%), microfiltration (MF) (4%) and
pervaporation desalination (PVD, 3%). Prior to 2012, no obvious research input on

GO embedding in membranes for water treatment was reported. GO was mainly used
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with UF and NF membranes in the beginning, while after 2015, other GO-based
membranes started to evolve. The total number of publications in 2020 has been
doubled to year 2016 suggesting an increasing interest in GO-based membranes

especially for NF, UF, FO and MD applications.
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Figure 1-2: Number of publications related to GO-based membranes in recent years.
Data were obtained from Scopus by searching for articles having "graphene oxide"
and "the name of membrane process" in the author's keywords or in the title. For
example, the query strings of nanofiltration was the following: AUTHKEY
("graphene oxide" AND nanofiltration) OR TITLE (“graphene oxide" AND
nanofiltration) AND DOCTYPE (ar). Data were obtained on October 5, 2020.

1.1.  Scope and Objectives

This dissertation aims to develop novel nano-functionalized mixed matrix
membranes (MMMs) to be applied to the wastewater treatment sector. Graphene
oxide-functionalized membranes have been chosen as the overall research theme for
several reasons. Over the past few years, there has been a significant increase in

research relating to GO and GO-based nanomaterials as promising and efficient
4



nanofillers that can improve the membranes performance and fouling resistance
against various foulants [19]. The ease of tuning GO properties and its capability to be
modified and functionalized with various functional groups paved the way to develop
various membranes and for different applications.

A successful functionalization of GO nanoparticles can significantly enhance
the membrane properties. One of the efficient functionalization methods being done in
this aspect is the amine functionalization of GO nanoparticles. The amination of GO
was investigated in several studies using different amines and was found to enhance
the GO properties such as the hydrophilicity, dispersibility, conductivity, antibacterial
properties, surface area, adsorption capacity, mechanical and thermal stability, and the
antifouling properties of the materials in contact with water like membranes [31].
Amine-functionalized GO (AGO) nanoparticles were considered as promising
nanofillers in various membrane processes. Some examples of the AGO nanofillers
include GO-p-aminophenol for RO [32], m-xylylenediamine-f-GO (GO-MXDA) for
FO [33], octadecylamine-f-GO (GO-ODA) and triethanolamine-f-GO (GO-TEOA)
for NF [34, 35], 3-aminopropyltriethoxysilanef-GO (GO-APTS) for UF [36], and N-
butylamine-f-GO (GO-ButA) for MD [37].

Owing to its unique properties over other amines and the abundant functional
groups on its surface, polydopamine (PDA) has been widely utilized for the
functionalization of several nanomaterials. The amination of GO nanoparticles using
PDA was reported in some studies for different purposes including anticorrosion
coatings [38], electrocatalysis applications [39], and sensing applications [40].
However, no clear input has been done on the utilization of polydopamine-
functionalized graphene oxide (GO-PDA) nanoparticles in membranes as revealed by

the literature review conducted in Chapter 2. Additionally, to the author's knowledge
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the use of GO-PDA nanoparticles as nanofiller in ultrafiltration (UF) mixed matrix

membranes (MMMSs) has not been investigated in literature yet.

Therefore, by identifying the the gap of knowledge and the challenges in this

area, the main research objectives of this dissertation were defined as follow:

1.

Synthesis of graphene oxide (GO) nanoparticles with high oxidation degree
based on different improvements on the conventional Hummers' method.
Characterization of the obtained GO nanoparticles using different analytical
techniques to explore the effect of the improved reaction conditions on the
oxidation degree as well as the structural and morphological properties of GO.
Functionalization of GO nanoparticles of highest oxidation degree with
polydopamine to produce GO-PDA.

Characterization of the pristine GO and GO-PDA nanoparticles using different
analytical techniques to investigate the effect of PDA functionalization on the
structural, spectral, hydrophilic, and dispersion properties of GO particles.
Fabrication of two sets of polysulfone (PSF) UF MMMs incorporating pristine
GO and GO-PDA nanoparticles via the non-solvent induced phase separation
(NIPS) technique.

Characterization of the pristine PSF, PSF/GO and PSF/GO-PDA MMMs to
investigate the effect of GO and GO-PDA embedding on the PSF properties.
Testing the performance of the prepared membranes with respect to their
permeability and separation properties to investigate and compare the effect of
both nanomaterials on the PSF performance.

Testing the antifouling properties of the prepared membranes against protein
and organic foulants to investigate and compare the effect of both

nanomaterials on the PSF fouling resistance.



CHAPTER 2: BACKGROUND

This chapter reviews and highlights the recent studies on the utilization of
pristine GO (p-GO) and other GO-based (f-GO) nanoparticles in water treatment,
purification and desalination using pressure, concentration and thermal-driven
membrane processes. General overview about GO nanoparticles, synthesis methods,
and functional GO nanoparticles is provided and discussed in Section 2.1. Section 2.2
provides an overview about the polydopamine (PDA) and its applications in the
membrane processes. Section 2.3 summarizes and describes the fabrication methods
of GO-based membranes. Section 2.4 discusses the antifouling properties of GO-
based membranes. Finally, Section 2.5 summarizes and discusses the advancements
of the utilization of p-GO and f-GO nanoparticles in enhancing membranes

performance for different applications.

2.1  Graphene Oxide (GO)

Graphene is a 2D material which can be produced from natural graphite (Gr).
It is made of sp? hybridized carbon atoms organized in a honeycomb structure [41,
42]. Graphene-based materials have been widely investigated in the past years for
various applications due to their attractive properties. These applications include
membrane separation processes [43-45], heavy metals adsorption [26, 46], dyes
adsorption [47], microwave absorption [48, 49], photocatalysis [28, 50] and sensing
applications [51, 52]. Graphene possesses high tensile strength which is estimated to
be 300 times stronger than A36 structural steel and 40 times stronger than diamond
[42].

One of the widely explored graphene-based materials is GO that can be
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produced by the oxidation of graphite. GO exhibits attractive chemical, electrical, and
optical properties caused by the graphene skeleton and its oxygen content. The
oxygenated functional groups located on the edges of GO sheets causes its
hydrophilic properties and make the surface modifications easier to produce other

graphene-based materials [53, 54].

2.1.1 GO synthesis
GO can be synthesized using several approaches. Brodie’s method developed

in 1859 was the first one using HNO3z and KCIOz as the oxidant and intercalant [55].
However, several drawbacks associated with this approach have been reported. The
reaction needs about 4 days with 4 oxidation cycles, washing, and drying to complete.
Additionally, the highly explosive CIO2 gas is produced during the reaction caused by
mixing of acids with chlorate [56]. The most commonly used approach for GO
production nowadays is Hummers method that was reported in 1958 [57]. Sulfuric
acid (H2SOg4), sodium nitrate (NaNOgz) and potassium permanganate (KMnOgs) are
used for graphite oxidation (Figure 2-1). Hummers method eliminated the flaws of
Brodie’s method where the use of KMnOg4 as oxidant completes the reaction within
shorter time. Also, it eliminates the risk of ClIO2 gas formation as chlorate is not being
used in the GO synthesis. However, there are few flaws associated with Hummers
method as well including the formation of Gr-GO mixture due to the incomplete
oxidation of graphite, and the formation of toxic gases (e.g. NO2 and N2O) due to the
use of NaNOs [58]. Several improvements have been developed on the conventional
Hummers method to enhance the GO properties, improve the yield, and/ or to reduce
the flaws of the conventional method. Most of these studies excluded the use of

NaNOs to avoid the formation and release of the toxic gases (e.g. NOx) [59].
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Figure 2-1: Illustration of GO synthesis via the Hummers method.

The variation of oxidation conditions and reactant ratios results in GO
particles with different physico-chemical properties making them applicable for wide
range of applications [60]. The tuning of these properties of GO particles is much
easier than other nanomaterials [61]. It is well established that the oxygen-containing
groups on GO edges have significant effect on membrane's permeability [62, 63].
However, there is no intensive investigations on the effect on GO preparation
methods on membrane performance. In a recent study, Zambare et al. [64]
investigated the effect of oxidation degree on the performance and microstructure of
polysulfone-GO composite membranes (PSF/GO) prepared by the non-solvent
induced phase separation (NIPS) technique. The oxidation degree was controlled by
varying the loadings of oxidant (KMnQa). It was reported that GO particles of high
oxidation degree have more negative zeta potential and high dispersibility in the
solvent leading to a uniform distribution of the particles within the polymer matrix
[41]. Consequently, the rate of phase separation was enhanced and resulted in well-
defined finger-like pore structure and interconnected transport channels that

accelerate the permeation of water across the membrane matrix. In contrast, GO



nanoparticles of lower oxidation degree were found to have high tendency to
aggregate resulting in poor dispersion within the polymer matrix [64]. The effect of
physico-chemical structure of GO particles on the membrane performance was also
investigated by varying the reaction temperature to produce GO particles with
different properties [65]. The results showed high temperature dependence of GO
flake size and oxygen content. The produced GO particles were assembled onto a
mixed cellulose ester (MCE) via the vacuum assisted self-assembly technique (VAS).
It was found that the GO flake size has higher impact on the membrane permeability
compared to its oxygen content; where the highest permeability was obtained with
GO of smallest flakes size although it has the lowest oxygen content. Table 2-1
summarizes the reactants ratios and oxidation conditions of some modified Hummers
methods in literature and the corresponding oxygen/carbon (O/C) ratios of GO

particles.

Table 2-1: Experimental conditions of GO preparation reported in the literature.

Reactants T(°C) t(h) OIC Ref.

Gr (100 g); KMnO4 (100 g); NaNOs (50 g); H2SO4 (2.3L) 98 075 0.44  [57]
Gr (1 g); KMnOs4 (3 g); H2S04 (20 mL); HNO;3 (15 ml) 25 24 0.69 [66]

Gr (1 g); KMnO4 (3 g); NaNO3 (3 g); H2S04 (30 mL) 25 2 074
Gr (3 g); KMnO4 (9 g); NaNO3 (1.5 g); H2SO4 (98 mL) 98 1 059 [67]
Gr (1 g); KMnOj4 (3 g); H2S04 (23 mL) 95 075 0.50 [56]

Gr (7.5 g); KMnOy4 (45g); NaNOs (7.5g); H2SO4 (360mL) 35 3 0.56 [68]
Gr (1g); KMnO4 (3 g); NaNO3 (0.75 g); H2SO4 (23 mL) 98 3 020 [41]

Gr (1 g); KMnO4 (6 g); H2SO04 (46 mL) 95 65 037 [69]
Gr (1 g); KMnOs (6 g); NaNOs (2 g); H2SOx4 (46 mL) 95 65 033

Gr (1g); KMnOs (6 g); H2S04 (70 mL); HiPO, (20 ml); 85 3 0.7  [70]
HNO3 (10 ml)

Gr (1 g); KMnOs (6 9); H2SO4 (120 mL); HsPOs (15ml) 50 12 0.7  [60]
Gr (1 g); KMnO4 (7 g); NaNO3z (0.5 g); H2SO4 (23 mL) 90 25 053 [64]
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2.1.2 Reduced GO (rGO) and Functional GO Structures (f-GO)

The incorporation of p-GO nanoparticles was reported to improve the
performance of different membrane materials and with different applications
including RO [71, 72], NF [73, 74], UF [75, 76], MF [77, 78], FO, MD [79] and PVD
[80, 81]. Nevertheless, in many studies, the embedding of p-GO particles resulted in a
limited membrane performance in terms of antifouling [64, 82, 83], flux [84-87], or
rejection [88, 89]. The limited performance of p-GO-based membranes is usually
linked to the aggregation of GO particles owing to their poor dispersibility in some
solvents [90]. Additionally, p-GO-coated membranes are unstable in water due to the
possibility of GO layer detachment from the membrane surface [91]. Therefore, the
performance of p-GO membranes is usually inconsistent and varies significantly in
literature which is attributed to the fact that GO properties are very sensitive to the
oxidation conditions. Hence, a successful reduction of GO nanoparticles (rGO),
functionalization (f-GO), or combination with other materials can improve their
stability and dispersion properties allowing them to attain their highest potential for
improving the overall membrane performance [92]. Several ways of GO reduction
have been reported in literature including hydrothermal reduction [91, 93],
photoreduction [94, 95], electrochemical reduction [96], and chemical reduction [97,
98]. Fan et al. [91] investigated the GO reduction degree on the performance of rGO-
coated Polyvinylidene fluoride (PVDF) membranes. GO nanoparticles were
hydrothermally reduced at different times and then coated on PVDF membranes via
the VAS technique. The authors reported a high increase in the water flux of rGO-
PVDF membranes compared to GO-PVDF accompanied with excellent dyes rejection
(> 98%). However, when the reduction time exceeds 9 h, the dyes rejection

significantly decreased. Additionally, rGO-PVDF membranes exhibited higher
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stability in water while GO-PVDF membranes were unstable due to the detachment of

GO layer from the surface in short time as illustrated in Figure 2-2.

Figure 2-2: Stability measurments of GO-PVDF (top) and rGO-PVDF (below)

membranes in water [91]

The chemical reduction of GO is the most used method in the membranes
sector due to the ease of process and the wide variety of reducing agents. Commonly,
hydrazine hydrate (N2H2.H20) is used as a GO reductant which was firstly proposed
by Stankovich et al. [97]. In this context, the functionalization of GO with various
functional groups can be also considered a reduction method in the same time. These
functional groups can act as reducing agents as well as capping agent to stabilize GO
nanoparticles and to decorate them [99]. Some functional GO materials were reported
to improve the membrane flux, rejection and antifouling properties. For example, PSF
UF membranes incorporating guanidyl-f-GO particles (GFG) showed around 60%
flux enhancement, compared to membranes incorporating p-GO particles, with 95.2%
rejection of Bovine serum albumin (BSA) [100]. The authors related this

improvement to the higher hydrophilicity of GFG nanoparticles compared to p-GO

12



particles, which enhanced the membrane's pore structure. Kim et al. [101]
functionalized the GO particles using the self-polymerization of tannic acid (TA) and
then embedded them into a polyamide (PA) RO membranes using the interfacial
polymerization technique (IP). The f-GO particles (GO-TA) showed improved
hydrophilicity and better compatibility with the polymer matrix leading to a
significant enhancement in the membrane performance in terms of permeability,
antibacterial properties and chlorine resistance compared to membranes incorporating
p-GO particles. In a similar study, GO-TA nanoparticles were incorporated and
showed promising performance with NF membranes [102]. Amber and co-workers
[103] reported that the starch (ST) functionalization of GO particles could
significantly enhance the hydrophilicity and the compatibility of GO particles with the
PA thin layer of NF membranes. The results showed enhanced flux and stability of
membranes embedding GO-ST particles compared to those embedding p-GO particles
without affecting the salt rejection.

Some functional GO materials result in a trade-off between the rejection, flux
and the fouling resistance, when embedded into membranes. For instance, 3-
aminopropyltriethoxysilane f-GO particles (GO-APTS) showed significant
enhancement to the flux and fouling resistance of PVDF UF membranes, while the
rejection of BSA was about 57%, which is considered lower than this of other UF
membranes [104]. Similar observation were reported with some UF membranes
embedding GO-TiO [105] and GO-GA [106]; NF membranes embedding POSS-GO
[44], GO-TETA [107], and GO-PSBMA [108]. Therefore, exploring new ways of GO
functionalization to produce f-GO particles with enhanced properties will pave the
way for the development of new membranes with high performance and for different

applications. Figure 2-3 depicts some f-GO structures used as membrane nanofillers.
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Figure 2-3: Illustrations of the chemical structure of: (a) guanidyl-f-GO (GFG) [100],
(b) Tannic acid-f-GO (GO-TA) [101], (c) Starch-f-GO (GO-ST) [103], (d) 3-
aminopropyltriethoxysilane f-GO (GO-APTS) [109], (e) p-aminophenol-f-GO [32],
(f) amine-functionalized ZIF-8-GO nanocomposite [110], (g) Ethylenediamine-f-GO
(GO-EDA) and (h) Polyethylenimine-f-GO (GO-PEI) [111].
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2.2  Polydopamine (PDA)

In 2007, dopamine (DA), a unique mussel-inspired biomolecule, was found to
undergo self-polymerization in aerobic and mild alkaline media producing thin film
(polydopamine) that can be easily adhered on different materials [112]. Since then,
mussel-inspired chemistry attracted good attention as an evolving technique for
surface modification and functionalization of different materials [113]. Because of the
abundant functional groups like amine, catechol, and imine [40] on its surface,
polydopamine (PDA) is considered a versatile platform for additional modification
with the various functional groups [114]. Although the exact adhesion mechanism of
PDA is still unclear, it has been extensively utilized for different coating applications
like membranes [115, 116], anticorrosion coatings [117] sensors and semiconductors
[118, 119].

The deposition of PDA is controllable and simple and provided insights on the
membrane surface functionalization. PDA can be either co-deposited with other
functional materials on the membrane's surface [23, 115], used as an interlayer for
post functionalization [114, 120, 121], or used as the main active layer via the self-
polymerization of dopamine of the membrane surface [122]. Figure 2-4 illustrates the
common methods used for membranes functionalization with PDA. Wang et al. [115]
fabricated a high flux NF membranes via the co-deposition of PDA and poly(vinyl
alcohol) (PVA) on a PSF substrate followed by crosslinking with trimesoyl chloride
(TMC). The prepared membranes were found to have higher flux with almost similar
rejection of sodium sulfate (Na.SOs) when compared to the conventional thin-film
composite (TFC) NF membranes. The modified membranes were also found to have
high antifouling properties against protein fouling as well as long-term stability. Wai

et al. [121] immobilized Ag nanoparticles on a PDA-coated polyethersulfone (PES)
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substrate where the PDA interlayer acted as a reductant and polymer linker that
facilitated the Ag coating on the substrate. The PES/PDA/Ag composite membrane
achieved higher rejection of humic acid (HA) than the pristine PES with excellent
antibacterial activity against E. coli. In a recent study, Teng et al. [122] prepared a
PDA-coated TFC membranes via the self-polymerization of dopamine on the PA
layer surface. The PDA-coated membranes were found to have higher stability and
selectivity than the pristine TFC membranes due to their higher hydrophilicity than

the pristine TFC membranes.
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Figure 2-4: Methods used for membranes functionalization with PDA.
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Because of its versatility and unique properties, bio-inspired functionalization
based on PDA has been widely utilized for the functionalization of several
nanomaterials like multi-walled carbon nanotubes (MWCNTSs) [123], silver
nanoparticles [124], hydroxyapatite nanotubes (HANTS) [125], zeolites [126], SiO-
and TiO2 nanoparticles [127, 128]. It has been reported that the functionalization of
nanoparticles with PDA improves their hydrophilic, dispersion, antibacterial and
adhesion properties which increase their potential use for several purposes [129]. The
amination of GO nanoparticles using PDA was previously reported in some studies
for anticorrosion coatings purposes [38], electrocatalysis applications [39], and
sensing applications [40].

GO and PDA have been simultaneously used in the synthesis and
functionalization of different membranes in several studies [23, 130]. However, all
these studies used the methods illustrated in Figure 2-4 where the PDA layer was
either co-deposited with GO nanoparticles or deposited before or after the GO
nanoparticles on the membrane surface. Additionally, all these membranes were
fabricated by the physical assembly approaches leading to poor mechanical stability
of the membrane because of the weak interface between the adjacent layers [19].
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 [121]. As an example of the post-functionalization method illustrated
in Figure 2-4a, Liu et al. [131] deposited a PDA interlayer onto a mixed cellulose
ester membrane (MCE) to act as a covalent linker followed by the assembly of GO
layer via the vacuum-assisted self-assembly technique (VAS). The PDA/GO-coated
membranes showed higher oil separation efficiency than membranes coated with PDA

layer. However, a decline in the flux was observed with the GO coating layers.
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Benefiting from the self-polymerization and high adhesive properties of PDA, the co-
deposition of PDA and GO illustrated in Figure 2-4b was also reported in several
studies to fabricate different PDA/GO-based membranes. Choi et al. [132] co-
deposited a GO-PDA interlayer on PSF substrate followed by the formation of the PA
layer using the interfacial polymerization technique to produce TFC-FO membranes.
The authors reported a significant reduction in the flux with long-time coating due to
the pores blockage by GO and PDA. Using the same technique, Liu and coworkers
[133] deposited a GO and Uio-66 nanoparticles with PDA on the surface of cellulose
acetate (CAc) substrate by the VAS technique. The authors reported a poor
performance of membranes coated with PDA/GO layer, while the separation
efficiency was significantly enhanced with membranes coated with PDA/GO/Uio-66.
The PDA layer can be also coated on a pre-functionalized membrane to act as the
main active layer and to provide stability of the GO layer as illustrated in Figure 2-4c.
Peng et al. [130] assembled rGO@SiO2 nanohybrid on a PVDF substrate followed by
PDA coating via the self-polymerization of dopamine. The PDA coating provided
active sites to the membrane surface and enhanced its hydrophilicity which resulted in
good flux accompanied with high rejection of oil and dyes. In a similar study by Yang
et al. [134], GO nanoparticles were vacuum-assembled on a MCE substrate, reduced
with hydriodic acid vapor (HI) and then coated with PDA by dipping into dopamine
solution. It has been found that the rGO layer with PDA-coated membrane have
higher stability than the uncoated membranes and could achieve higher flux and lower

reverse solute flux (RSF) with FO measurements.
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2.3 Fabrication Methods of GO-based Membranes

Several techniques have been evolved for the synthesis of GO-based
membranes to produce different types of membranes with different characteristics.
The selection of the fabrication method and the type of GO-based membranes is
mainly governed by the application. These methods include non-solvent induced
phase separation (NIPS), vacuum/evaporation/pressure-assisted self-assembly
methods (VAS, EAS, and PAS), layer-by-layer assembly (LBL), interfacial
polymerization (IP), blending, and coating [63]. The subsections below provide a
summary on the fabrication methods and types of the recently investigated GO-based

membranes.

2.3.1 Non-solvent induced phase separation (NIPS)

Non-solvent induced phase separation (NIPS) is one of the most used
techniques in the preparation of polymeric membranes [135]. Three components are
involved in the NIPS technique (polymer, solvent and non-solvent) where the
membrane is formed through the exchange of the solvent from the polymer solution
through the non-solvent from a coagulant bath [136]. A wide range of polymer
materials were utilized for membrane fabrication via NIPS method like PSF, PES,
PVDF, and CAc. In addition to the fabrication of pristine polymer substrates, NIPS
can be used to fabricate GO-based mixed matrix membranes (GO-MMMSs) by
incorporating the GO-based material into the polymer matrix. This can improve the
pore structure and enhance the flux, rejection and antifouling properties of the
membrane [137, 138]. The fabrication of MMMs membranes using NIPS technique
goes through the following stages [139, 140]:

1. Preparation of the casting solution: The casting solution is usually prepared by

direct mixing of polymer and the functional materials in appropriate solvent
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until a clear and homogenous solution is obtained [141]. GO is usually

sonicated for some time to ensure well-dispersion through the solvent.

Common solvents used for GO-based MMMs fabrication are N,N-dimethyl

formamide (DMF), Dimethylacetamide (DMA), N-Methyl-2-pyrrolidone

(NMP). In addition to the GO, other additives like polyvinylpyrrolidone (PVP)

and polyethylene glycol (PEG) are usually added to the polymer solution to

act as pore forming agents [142].

2. Casting the solution, usually on a glass plate, using a doctor blade to adjust the

desired thickness of the membrane.

3. The casted membrane is then dipped into a coagulant bath, usually deionized

water (DIW), to precipitate the polymer and form the asymmetric membrane.

Figure 2-5 illustrates the NIPS technique for GO-based MMM s fabrication.

Stirring

GO-based MMMs

GO /f-GO Polymer + pore former

Membranes
Casting

Phase
inversion

Membrane

DIW bath

Figure 2-5: GO-based MMM s fabrication using NIPS technique.
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GO-MMMs can be also fabricated by simple casting and drying (without
phase inversion). This method is commonly used for the fabrication of hydrophilic

dense (nonporous) membranes for pervaporation applications (PV) [81, 143].

2.3.2 Vacuum/ evaporation/ pressure-assisted self-assembly techniques

Pressure-assisted self-assembly (PAS), vacuum-assisted self-assembly (VAS)
and evaporation-assisted self-assembly (EAS) techniques were used widely for the
fabrication of GO-based primary rejection layer (PRL) membranes [1], and free-
standing GO membranes [144]. PAS, VAS and EAS rely on the same concept where a
GO suspension is deposited and filtered through a porous substrate, usually UF or MF
substrate, to form a thin film of GO sheets on the surface. Figure 2-6 illustrates the

setup of GO-based membrane fabrication using VAS, PAS and EAS techniques.

Evaporation Pressure
(N, gas)

l

GO suspension

bt

Dead-end
filtration cell

(c)

Figure 2-6: illustration of the GO composite membranes fabrication using (a) VAS,
(b) EAS, and (c) PAS methods.

21



Tsou et al. [145] compared the performance of GO/mPAN composites
prepared by PAS, VAS, and EAS. It was found that composites prepared via PAS
technique exhibited high performance in pervaporation separation. This was related to
the denser and higher ordered laminate structure of GO membranes prepared by PAS

compared to those prepared by VAS and EAS methods (Figure 2-7a-f).

(a) (b) (c)

l(mm

Figure 2-7: photographs and cross-section TEM images of GO/mPAN prepared using:
(@) and (d): PAS, (b) and (e): VAS, (c) and (f): EAS techniques [145].

Free-standing GO membranes can be also fabricated using the same
techniques while the extraction of the GO-film from the support differs from a study
to another. Liu et al. [146] prepared a freestanding forward osmosis GO membrane
using VAS technique by filtering a GO suspension though a mixed cellulose ester

substrate (MCE). The GO film was then exposed to hydriodic acid (HI) vapor to be
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reduced to rGO. The rGO film was then extracted from the MCE substrate by dipping
the rGO film into water where the free-standing rGO film floated on the water surface
(Figure 2-8). Similarly, Chen and co-workers [144] fabricated freestanding GO
membrane using VAS method by filtering the GO suspension on a porous
nitrocellulose substrate. However, the freestanding film was extracted by dipping it in
NMP and ethyl ether sequentially. Zhao et al. [147] filtered a GO and GO-
Palygorskite (GO-PGS) composite through cellulose acetate (CAc) membrane using
the VAS method. The CA membrane was then dissolved in acetone to obtain a
freestanding MF GO membrane. Freestanding GO membranes usually exhibit good
separation performance, however, their poor stability compared to other types of

membranes limits their usage under high pressure (e.g. NF and RO) [148].

GO dispersion

i
I Freestanding
GO film "
V
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Hl vapor

i DI water
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Figure 2-8: Freestanding rGO membrane fabrication using VAS technique [146].

2.3.3 Layer-by-layer self-assembly (LBL)

The LBL self-assembly is a commonly used technique used to produce GO
thin films charged at the molecular level by sequential depositions of oppositely
charged GO suspensions or polycations/polyanions solutions [148]. The LBL
assembly depends mainly on either the electrostatic interactions or the hydrogen
bonding between the oppositely charged layers [149]. Before the assembly process,

the substrate should be treated to have charged surface [150]. In a recent study,
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Halakoo and Feng [80] prepared GO-based membranes via LBL assembly method
using PEI/GO for desalination by pervaporation (PVD). Nan et al. [151] fabricated
positively charged NF membranes using LBL assembly technique on a hydrolysed
PAN substrate (hPAN) using PEI/GO solutions. Choi and co-workers [152] prepared
a multilayer GO-based membrane by LBL assembly of oppositely charged GO and
aminated-GO (AGO) particles on a polyamide TFC membrane. The LBL assembly of
GO/AGO was repeated several times to obtain a GO multilayer-based membrane.
Kang et al. [153] prepared novel FO membranes based on LBL assembly technique
using GO and oxidized carbon nanotubes (OCNTSs) solutions and reported improved
performance compared to GO-based membranes. Figure 2-9 illustrates an example of

the LBL assembly method using polycation/GO solutions.

Figure 2-9: lllustration of the LBL self-assembly technique using polycation and

negatively charged GO solution.

2.3.4 Interfacial polymerization (IP)

Interfacial polymerization (IP) is one of the well-established techniques used
to fabricate thin-film composite membranes (TFC). This technique relies on the
polymeric reaction of two monomers dissolved in two immiscible solvents
(aqueous/organic) [154, 155]. TFC membranes are usually fabricated by soaking a UF

or MF substrate (e.g. PES, PSF, PVDF, etc.) in an aqueous solution, drying the
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substrate, and finally soaking the substrate in the organic solution [156]. The two
monomers react then at the aqueous/organic interface to form a polyamide barrier

(PA). Figure 2-10 illustrates the PA-TFC layer formation using the IP reaction.

The IP reaction occurs

at the interface of
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GO particles are incorporated into the GO particles are deposited on the GO particles are bonded on the GO particles are incorporated into the
PA layer (TFN) surface of PA layer (s-TFC) substrate surface as interlayer (i-TFC) polymer matrix (m-TFC)

Figure 2-10: Illustration of the interfacial polymerization (IP) technique to prepare:
(@) TFN membrane incorporating GO into the PA layer, (b) TFC membrane having
GO on the surface of PA layer (s-TFC), (c) TFC membrane having an interlayer of
GO (i-TFC), and (d) TFC membrane incorporating GO into the polymer matrix (m-
TFC).

Most of the NF TFC membranes are produced by the reaction of piperazine
(PIP) in the aqueous medium and trimesoyl chloride (TMC) in the organic medium
[73, 85, 157]; while with RO and FO TFC membranes, m-phenylenediamine (MPD)
in the aqueous medium and TMC in the organic medium are commonly used [158-
160]. The nanofillers like GO and its derivatives are usually loaded into the PA layer
during the IP reaction (Figure 2-10a) to form a thin film nanocomposite layer (TFN)
at which the most of the salt rejection occurs [160]. p-GO nanoparticles exhibits poor

dispersibility in some organic solvents (e.g. hexane and dodecane) [161]. Therefore,
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most of GO-based TFN membranes are synthesized by incorporating the GO in the
aqueous layer (PIP and MPD). Li and co-workers [162] prepared a TFN RO
membranes by incorporating silver phosphate loaded GO guantum dots (GOQD-AP)
in the PA layer by loading GOQD-AP particles in the MPD aqueous phase. Similar
technique was used by Rajakumaran et al. [163] by loading the zinc oxide and GO
nanocomposite (GO-ZnO) in MPD aqueous phase to form a GO-based TFN RO
membranes. Modification and functionalization of GO can enhance its dispersion
properties and then can be loaded into the TMC organic phase during the IP reaction
[164]. Other morphologies of GO-based TFC membranes can be fabricated by
depositing the GO particles on the PA layer surface, as interlayer between the
substrate and the PA layer, or by incorporating them into the substrate matrix
(hereinafter referred to as s-TFC, i-TFC, and m-TFC, respectively). The preparation
of GO-based s-TFC membranes is simply done by the deposition of GO particles onto
the PA layer after the IP reaction using several techniques like LBL assembly [80,
152, 165, 166], chemical grafting and direct coating [23, 167] (Figure 2-10b). The
chemical grafting of a GO layer onto the PA layer surface is usually facilitated by -(3-
dimethylaminopropyl)-3-ethylcarbodiimide  hydrochloride  (EDC) and  N-
hydroxysuccinimide (NHS) [43, 72, 168]. In this method, the PA layer surface and
GO particles are both activated by EDC/NHS, ethylenediamine (EDA) is then grafted
onto the activated membrane surface followed by grafting the activated GO solution
onto the surface.

GO-based i-TFC membranes can be prepared by binding the GO particles to
the substrate surface prior to PA layer formation as illustrated in Figure 2-10c. Like
the s-TFC membranes, the GO-based interlayer can be assembled on the substrate

surface using direct coating or self-assembly based approaches. In a recent study,
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Kang et al. [73] fabricated a GO-interlayer-based TFC nanofiltration membranes
using VAS and IP techniques. A GO suspension was first filtered through a porous
PES substrate using VAS method, and the PA layer was then formed by IP method
using PIP/TMC as aqueous/organic layers. In a similar study, Zhao et al. [169]
assembled a GO/MWCNT interlayer on a nylon substrate using VAS technique
followed by PA layer formation using the IP reaction. The coating of a GO-based
interlayer can be facilitated by the adhesion properties of some highly adhesive
polymers. For example, Ng et al. [167] used the adhesion properties of polyvinyl
alcohol (PVA) to coat a PVA-GO composite layer onto a PSF substrate followed by
the IP reaction. Choi et al. [132] used the self-polymerization and high adhesive
properties of polydopamine (PDA) to form a GO-PDA interlayer on PSF substrate.
The IP reaction was then done using MPD/TMC to prepare TFN FO membranes.
Figure 2-10d illustrates the morphology of GO-based m-TFC where GO
particles are embedded into the substrate matrix prior to the PA layer formation. This
method improves the substrate hydrophilicity and porosity which indirectly enhance
the performance of membrane [170]. Park et al. [139] embedded GO particles into the
PSF matrix using the NIPS technique and then prepared the PA layer using IP
technique to prepare TFC FO membranes. Similar technique was used by Lai et al.
[85] and Wang et al. [171] to prepare TFC membranes incorporating GO into the
polymer matrix. However, this could result in inefficient formation of the PA layer
especially with high loading of GO because of the non-homogenous dispersion into
the polymer matrix [139]. The difference in membrane fabrication method and GO
layer location cause a variation in the performance of these membranes which will be

discussed in Section 2.5.
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2.4  Antifouling Properties of GO-based Membranes

Fouling is one of the main challenges facing the membrane technologies and
their applications in industrial scale. Fouling is a phenomenon where the contaminants
in the feed water accumulate on the membrane surface or within the pores,
consequently resulting in a flux decline and reducing the permeate quality [172, 173].
Fouling can be divided into four main categories depending on the type of foulant in
the feed: colloidal fouling [174, 175], biofouling [176, 177], scaling [178-180], and

organic fouling [181, 182]. Figure 2-11 depicts the four types of membrane fouling.

0 0 o o o

Biofouling Colloidal fouling Organic fouling

Scaling

Figure 2-11: Types of membrane fouling.

Although the performance of fouled membranes can be moderately restored by
various washing methods, the operation difficulties and costs are inevitably increased
[183]. Among the other nanomaterials, p-GO and f-GO nanoparticles showed high
antifouling properties with different membranes and for different applications.
Generally, BSA and HA are used as model foulants representing protein and organic
fouling, respectively. BSA is a globular protein that is extracted from bovine blood. It
is usually used as model protein in different science applications due to its
availability, ease of production and stability at room temperature [184]. Humic acids
(HA) are natural organic matters (NOMSs) extracted from soil humus [185]. NOMs
exist in natural waters at varying concentrations depending on the water source (e.g.

~20 ppm in rivers) [186].
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The embedding of p-GO nanoparticles was reported to significantly improve
the fouling resistance [74, 187-191]. However, more studies reported a limited fouling
resistance of p-GO-based membranes resulting in moderate flux recovery ratio (FRR
< 80%) [82, 83, 90, 192-194]. This can be related to the fact that p-GO particles tend
to aggregate because of their poor dispersion in some solvents. Therefore, membranes
incorporating f-GO were found to have better fouling resistance than those
incorporating p-GO particles [92]. In a recent study by Kong et al. [45], a significant
enhancement on the PES antifouling properties were achieved by incorporating
cysteine-f-GO (CSGO) into PES matrix due to the higher hydrophilicity and lower
roughness of PES/CSGO composite surface compared to the pristine PES. Similar
observations were reported by Xu et al. [104] with PVDF/GO-APTS composite
membranes prepared via NIPS technique. The FRR against BSA of PVDF/GO-APTS
was about 1.7 and 1.1 times higher than the FRR of pristine PVDF and PVDF/GO,
respectively. 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. Bandehali et al. [44] compared the fouling resistance of NF-MMMs
incorporating p-GO (PEI/GO) and glycidyl polyhedral oligosilsesquioxane-f-GO
(PEI/POSS-GO) against salt solutions. POSS-GO composites were found to have
higher hydrophilicity accompanied with lower surface roughness compared to pristine
PEI and PEI/GO composites leading to a significant increase in the FRR (96%)
compared to 33% and 40% FRR of pristine PEI and PEI/GO composites, respectively.

Embedding GO and its derivatives into TFN and PRL based membranes was
also investigated and showed promising antifouling properties. Gu et al. [195] showed
that the chemical grafting of GOQDs on the surface of an APTS-functionalized

alumina MF membrane (Al20s-APTS) could enhance the fouling resistance against
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BSA and HA with a FRR of > 94% due to the lower roughness and higher
hydrophilicity of the membrane surface. In a similar study, Li et al. [162] showed that
the embedding of GOQD-AP into the PA layer of TFC-RO membranes could enhance
the fouling resistance by 18% and 34% against BSA and HA, respectively.
Furthermore, the GOQD-AP-based TFNs exhibited excellent antibacterial properties
with a sterilization rate of 99.9% against E. coli due to the synergetic effects of AP
and GOQD. Sulfonated GO particles (SGO) were also reported to increase the fouling
resistance against both organic and protein foulants [196]. SGO-based TFNs exhibited
lower reduction in flux (17% for HA and 14% for BSA) compared to pristine TFC
that showed 46% and 31% decrease in flux after HA and BSA filtration, respectively.
A recent study by Ng et al. [167] showed that the morphology of GO nanocomposites
and the position of GO layer in the membrane highly impact the overall fouling
resistance. It has been found that the TFN-RO membranes having GO-PVA layer
coated on the surface of the PA layer (s-TFN) could recover 100% of the flux after the
filtration of BSA and sodium alginate (SA). However, no significant enhancement of
the fouling resistance was observed with membranes having the GO-PVA layer as
interlayer (i-TFN). This can be linked to the higher surface hydrophilicity of (s-TFN)
than (i-TFN) membranes caused by the presence of GO-PVA layer on the top of PA
layer which facilitates the formation of hydrate layer and prevent the deposition and
accumulation of foulant molecules on the membrane surface.

The combination of GO particles with other nanomaterials was also
investigated in several studies and showed enhanced membranes fouling resistance
due to the synergetic effect of these nanocomposites [197]. A recent study by Ayyaru
et al. [198] showed that the use of GO-ZnO nanocomposite as nanofiller have better

impact on the fouling properties than the p-GO. PVDF/GO-ZnO composite
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membranes exhibited up to 92.8% FRR against BSA while the FRR was dramatically
dropped with PVDF/GO composites due to the agglomeration of GO particles.
Similar conclusions were reported by Rajakumaran et al. [163] with the use of
spherical GO-ZnO nanocomposite into TFN-RO membranes. The grafting of TiO-
particles onto GO sheets was also reported to enhance the surface hydrophilicity and
smoothness when embedded to TFN-NF [157] and UF-MMMs [199, 200] resulting in
high fouling resistance. Zhang et al. [201] reported a remarkable fouling resistance of
PVDF UF composite membranes incorporating GO-OMWCNTSs nanocomposites
against BSA with FRR of 98.3% compared to 34% and 90% of the pristine PVDF and
composites incorporating p-GO particles. Other GO-based nanocomposites reported
in literature to improve the fouling resistance include GO-SiO; [36, 130] and ZIF-8-

GO [110] for UF; GOQD-Ag [202] for RO; and GO-Fe304 [197] for FO.

2.5  Applications & Properties of GO-based Membranes

Although the utilization of GO and its derivatives in membrane separation
processes is still evolving, much work in research has been conducted to investigate
their impact for various applications. Most of these studies were conducted on
pressure-driven membrane processes (e.g. RO, NF, and UF) due to their wide
applications in the global market [19]. Much work has been done also on the GO-
based FO membranes because of their advantages over pressure-driven membrane
processes [197]. This section summarizes the work done on GO-based membrane
technology based on their application. The advances in thermal-driven GO-based

membranes (MD and PVD) will be discussed as well.
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25.1 GO-based RO membranes

Reverse osmosis (RO) is considered the most extensively utilized process for
desalination to afford drinking water [203]. Because of its advantages over other the
conventional thermal distillation in terms of energy consumption, ease of operation
and low environmental impacts, most of the desalination technologies recently are
based on RO membrane separation [204, 205]. Different RO membranes have been
prepared in literature embedding different GO-based materials. Most of these studies
focused on the incorporation of f-GO materials rather than the p-GO particles. Table
2-2 summarizes the types, fabrication methods, testing conditions and the
performance of the investigated GO-based RO membranes in terms of pure water
permeability (PWP, LMHY/bar), rejection, and FRR.

Most of these are TFC based membranes, where GO nanomaterial is
incorporated into the PA layer (TFN), coated on the surface (s-TFC), or as interlayer
between the substrate and PA layer (i-TFC). In a recent study by Yi et al. [43],
nitrogen-doped graphene oxide quantum dots (N-GOQDs) were prepared and
chemically grafted on the surface of a commercial RO-PA membrane (s-TFC) with
the help of EDC/NHS. The flux and salt rejection were not significantly improved
with N-GOQD addition compared to the pristine membrane (11.1 % and 2.3%,
respectively). However, the chlorine resistance increased by 32.8% when grafting
0.002 mg/ml of N-GOQD on the surface of PA layer. Similar study was previously
reported by Fathizadeh et al. [159] where N-GOQD-modified TFN RO membrane
were prepared. However, N-GOQD were incorporated into the PA layer during the IP
reaction (in the MPD aqueous layer). The modified membranes showed 3 times-
higher flux than pristine TFC while maintaining the same NaCl rejection (92.1%). It

was found also that further increase in the concentration of N-GOQD in the PA layer
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(0.1 wt/v% and above) reduces both flux and salt rejection. High loadings of
nanoparticles in the PA layer usually cause a deformation of the PA layer due to the
agglomeration of nanoparticles which consequently reduces the overall performance
[206]. Zhang et al. [32] investigated the effect of p-aminophenol-modified GO
addition on the performance of TFC RO membranes. The modified GO particles were
added in the MPD aqueous layer and blended into the PA layer during the IP reaction.
The modified TFN membranes showed a remarkable increase in water flux compared
to the pristine TFC membrane (by 24.5%) accompanied with high NaCl rejection of
99.7%. Li et al. [162] reported that the embedding of GOQD-AP nanocomposites into
the PA layer exhibited high salt rejection (98.4%) and 50% improvement in the
membrane permeability compared to pristine TFC.

Rajakumaran et al. [163] investigated the effect of particles morphological
structure on RO performance by incorporating GO-ZnO nanocomposites having
different morphologies (spherical, flower, and rod) into the PA layer during the IP
reaction. The results showed that GO-ZnO-S (spherical) exhibited higher performance
than pristine TFC and TFN membranes with other nanocomposites (flower and rod
shaped). The TFN membranes loaded with 0.02 wt% GO-ZnO-S were found to have
twice the flux of the pristine TFC with 96.3% salt rejection. Using EDC/NHS
facilitated chemical grafting, Cao et al. [72] grafted GO particles on a commercial
TFC RO membrane (ESPA 2) to investigate its effects on desalination performance
and gypsum scaling. Although the modified membranes exhibited similar flux and salt
rejection, the recovered flux after scaling was much lower compared to the pristine
membrane. This was related to the carboxyl groups that form strong chemical bonds
with Ca?* and therefore make it difficult to be removed during cleaning. In a previous

study, Perreault et al. [168] used the same technique (EDC/NHS facilitated grafting)
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to prepare GO-coated TFC membrane (s-TFC) by grafting GO particles on the PA
layer. The flux and rejection of GO-modified TFC membranes didn't differ from the
pristine TFC membranes. However, the modified membranes were found to have
higher antimicrobial activity than the original TFC. Novel TFN RO membranes were
prepared by Safarpour et al. [161] by incorporating reduced graphene oxide
(rGO)/TiO2 nanocomposites into the PA layer via IP technique. With very low
concentration of rGO/TiO2 (0.02 wt% in MPD), the pure water flux increased by 21%
without a noticeable reduction in the salt rejection (99.45%) eliminating the trade-off
relation between flux and rejection. Additionally, rGO/TiO2 TFN membranes
exhibited much higher chlorine resistance compared to the pristine TFC membranes.
The salt rejection of the bare TFC declined by 30% after chlorination while it declined
by only 3% with rGO/Ti0O,-0.02 wt% TFN membranes. Choi et al. [152] coated the
surface of PA layer using oppositely charged GO and aminated GO (AGO) solutions
via the LBL assembly technique. The results showed that the membrane coating with
GO and AGO layers didn’t affect the performance of the pristine TFC regardless of
the number of the bilayers. However, the resistance against chlorine and protein
fouling were significantly improved.

The incorporation of p-GO nanoparticles without prior functionalization into
the PA layer was also reported to enhance the performance of TFC RO membranes in
few studies. Yin et al. [158] synthesized GO particles using modified Hummers
method and incorporated them during the IP reaction in the TMC organic phase in the
presence of ethanol to facilitate the dispersion. The addition of 0.015 wt% GO
improved the water flux by 52% while the salt rejection decreased slightly by 2%.
Chae et al. [207] demonstrated that GO embedding into the MPD aqueous phase of

the PA layer enhanced the desalination performance, antibiofouling and chlorine
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resistance of TFC RO membranes. The flux was elevated by around 80% while
retaining the same salt rejection. Further, the modified membranes were found to have
higher chlorine resistance as they maintain high salt rejection even at high
chlorination levels. In a recent study, Khanzada et al. [23] prepared a GO coated TFC
RO (s-TFC) membranes with the help of dopamine self-polymerization, which
exhibited slightly higher salt rejection (by 4%) and lower flux (by 3.8%) than the
pristine TFC membrane. Kim et al. [208] prepared novel TFN RO membranes by
incorporating p-GO into a polymer matrix containing N-isopropylacrylamide
(NIPAM) and N,N’-methylene-bis-acrylamide (MBA). The mixture was then
assembled on a porous PES substrate using the VAS technique and then polymerized
in a convection oven. The prepared PES/poly(NIPAM-MBA)/GO membranes
exhibited high pure water permeability (3.56 LMH/bar) and 98.5% salt rejection.
Furthermore, the poly(NIPAM-MBA)/GO layer showed higher chlorine resistance
when compared to commercial PA membranes. It was found that chlorine exposure
damaged the PA layer of the commercial RO and reduced salt rejection. However, the
poly(NIPAM-MBA)/GO membranes retain the same performance even at high
chlorine exposure. Abbaszadeh et al. [166] prepared a multi-layered GO-based TFN
membranes by alternating PA and GO layers via LBL technique. The modified
membranes exhibited better chlorine resistance while the flux and rejection properties
remained unchanged.

The fabrication of GO-based mixed matrix RO membranes (MMMSs-RO) was
not extensively investigated in literature because of the lower salt rejection compared
to TFN-RO membranes. Ghaseminezhad et al. [209] prepared GO embedded cellulose
acetate (CAc) MMMs using the NIPS technique. The CA/GO composites exhibited

higher flux and rejection than the pristine CA membranes. However, the rejection is
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much lower than other TFN-RO membranes. In a similar study, Chen et al. [89]
prepared GO embedded cellulose triacetate (CTA) composite using melting method.
However, the modified composites exhibited low pure water permeability (0.16
LMH/bar) and low salt rejection (66%) which is also lower than other RO membranes

reported in the literature.
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Table 2-2: Summary of the recently developed GO-based RO membranes.

Type Method?  Membrane Testing conditions Membrane performance Year & Ref.
Feed compositions (ppm) Pressure (bar) PWP (LMH/bar) Rejection%  FRR %
s-TFC Grafting LCLE4040/N-GOQD" 1000 ppm NaCl 15 2.7 96.2 - 2020 [43]
TFN IP PSF/PA/p-aminophenol-GO 2000 ppm NaCl 15 1.6 99.7 - 2020 [32]
s-TFC Coating BW4040AFR/PDA-GO" 2000 ppm NaCl 10 4.6 97 - 2020 [23]
s-TFC Coating  PSF/PA/GO-PVA 2000 ppm NaCl 16 ~1.4 97.85 FRRgsasa=100 2020 [167]
TFN IP PSF/P1/GO 2000 ppm NaCl 20 1.59 96.2 FRRna=86.7 2020 [71]
MMM NIPS CAc/GO 25000 ppm NaCl 25 2.6 90 FRRNaci=77 2019 [209]
s-TFC LBL hPAN/PA/GO 2000 ppm NaCl 27.6 1.3 925 - 2019 [166]
TFN IP PSF/PA/N-GOQD 2000 ppm NaCl 15 1.8 92.1 - 2019 [159]
TFN IP PSF/PA/GOQD-AP 2000 ppm NaCl 16 2.5 98.4 FRRgsa=83.2 2019 [162]
FRRHA:87
TFN IP PSF/PA/GO-Zn0O-S 2000 ppm NaCl 20 1.57 96.3 FRRHa=86.3 2019 [163]
TFN IP PSF/PA/IGOQD-Ag 2000 ppm NaCl 16 2.4 98.9 FRResa=82.4 2019 [202]
MMM Melting CTA/TMS/PEG/GO 2000 ppm NaCl 30 0.16 66 - 2018 [89]
s-TFC Grafting ESPA2/GOP" 7 mM NaCl 34.5 4.8 Rnaci=97.8 - 2018 [72]
1mM CaC|2 Rcaci2=98.3
TFN VAS PES/poly(NIPAM-MBA)/GO 2000 ppm NaCl 10 3.56 Rnaci=98.5 2018 [208]
PRL LBL PSF/PA/GO-TiO; 1000 ppm NacCl 15 1.57 95.5 - 2017 [210]
m-TFC NIPS PSF/GO/PA 2000 ppm NacCl 15.5 ~2.5 ~98.6 - 2017 [211]
TFN IP PSF/PA/GO 2000 ppm NaCl and 20.5 29 Rnaci=93.8 2016 [158]
Na,SO4 RNaZSO4:97-3
TEN IP PSF/PA/GO-TA 2000 ppm NaCl 15.5 ~2.9 ~96 - 2016 [101]
TFN IP PSF/PA/GO 2000 ppm NaCl 15.5 1.07 Rnaci=99.5 2015 [207]
TFN IP PSF/PA/rGO-TiO; 2000 ppm NaCl 15 3.42 Rnaci=99.45  FRRgsa=75 2015 [161]
s-TFC Grafting PSF/PA/GO 2920 ppm NaCl 27.6 1.45 Rnaci=97.8 2014 [168]
s-TFC LBL PSF/PA/ AGO-GO 2000 ppm NaCl 15.5 0.9 Rnaci=96.4 2013 [152]

@ Method of GO incorporation
b GO coating/grafting was done on a commercial RO membrane
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25.2 GO-based NF membranes

The interest in the development of NF membranes has grown over the past
years and found wide range of applications in water treatment, food engineering,
biotechnological and pharmaceutical processes [212]. Nanofiltration is a molecular
separation technology that lies between ultrafiltration (UF) and reverse osmosis (RO)
and combines their advantages in terms of low-energy consumption and high
separation [213]. GO-based NF membranes can be used for the separation of
mono/multivalent salts [34, 44, 73, 74, 85, 88, 108, 111, 151, 157, 187, 196, 214-
216], dyes [108, 188, 189, 217, 218], heavy metals [44, 84, 218], and organic solvents
(OSN) [219-221]. Table 2-3 summarizes the types, fabrication methods, performance
and testing conditions of the investigated GO-based NF membranes. Most of GO-NF
membranes are TFN-based that are prepared using IP technique (using PIP/TMC) and
PRL-based that are commonly prepared via the self-assembly techniques (e.g. PAS,
VAS, and LBL).

Like GO-TFN RO membranes, most of GO-TFN NF membranes are prepared
by the incorporation of GO-based material into the aqueous phase (e.g. PIP) during
the IP reaction. Shao et al. [111] prepared two types of positively charged aminated
GO (AGO) by functionalizing the GO with polyethylenimine (PEI) and
ethylenediamine (EDA). The AGO particles were then embedded into the PA layer
via the IP technique. The optimal membranes were obtained by embedding 40 ppm
GO-PEI and 60 ppm GO-EDA which improved the flux of the pristine TFC by
160.9% and 154.4%, respectively, accompanied with high rejection of divalent salts.
Kang and co-workers [196] embedded sulfonated GO particles (SGO) into the PA
layer during IP reaction. The addition of 0.3 wt% SGO into the PIP aqueous layer

elevated the flux by 87% (compared to the pristine TFC) while maintaining similar
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salt rejection. Zhao et al. [214] found that the incorporation of GO particles at low
concentrations of monomer promotes the formation of the PA-TFN layer with better
surface hydrophilicity, roughness and charge. The optimum membranes were
obtained by incorporating 0.01 wt% GO into 0.25 wt% aqueous PIP solution which
resulted in 32% higher flux and almost similar salt rejection. Xue et al. [34] proposed
novel strategy to fabricate TFN-NF membranes incorporating octadecylamine-
modified GO (GO-ODA). The aqueous phase was prepared using mixed amines of
fluorine-containing monomer (BHTTM) and PIP; while the GO-ODA particles were
embedded in the organic-TMC phase during the IP reaction. The prepared GO-ODA
TFNs prepared with mixed amines resulted in 2.5 times the flux of neat TFN-PIP
membranes while maintaining high rejection of sodium sulphate of 98.4%. It has been
also reported that the stability of GO sheets along with the existence of fluorine-
containing groups in BHTTM provided excellent chlorine resistance for the GO-ODA
membranes. Safarpour et al. [157] prepared rGO/TiO2 nanocomposites and embedded
them into the PA layer via IP reaction on a PSF substrate. With the optimum
concentration of rGO/TiO2 nanocomposites (0.005 wt% in PIP), the flux and Na>SO4
rejection were improved by 27% and 7%, respectively. The embedding of p-GO
particles into the aqueous phase of the PA layer was also reported to enhance the pure
water flux of TFN-NF membranes while retaining high divalent salts rejection [74,
214].

TFC-NF membranes can be also prepared by embedding GO particles into the
substrate polymer matrix (m-TFC) or as interlayer between the substrate and PA layer
(i-TFC) before the IP reaction. In a recent study, Valamohammadi et al. [187]
prepared positively charged TFN membranes by embedding GO particles into PAN

matrix (m-TFC) via the NIPS technique. Hyperbranched polyethyleneimine (HPEI)
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was then assembled onto the PAN-GO composite followed by a chemical cross-
linking with glutaraldehyde (GA). The incorporation of GO improved the flux by
64% compared to the unfilled TFC membranes, while incorporating CNTs enhanced
the flux by 38% only. Furthermore, the salt rejection results confirmed the positively
charged surface of the prepared TFN-GO and the rejection was mainly governed by
Donnan exclusion. In a similar study by Lai et al. [85], m-TFC NF membranes were
prepared by incorporating the GO particles into the PSF matrix via NIPS technique
followed by the formation of PA layer via the IP reaction. The optimum GO
concentration was found to be 0.3 wt% which exhibited 50.9% and 88.5% higher flux
and NaCl rejection, respectively, compared to this of the pristine TFC membranes.
Kang et al. [73] prepared GO-interlayer-based TFC NF membranes (i-TFC) on a PES
substrate using VAS and IP techniques. The modified membranes exhibited high
rejection of divalent salts with high pure water permeability (26.63 LMH/bar). The
prepared membranes showed also high stability under ultrasound and good resistance
against different organic solvents.

The use of PAS, VAS, and LBL assembly techniques have been also used to
fabricate primary-rejection-layer (PRL)-based GO-NF membranes with different
performance and properties. Commonly, the desalination efficiency of PRL-based NF
membranes is much lower than this of TFN membranes. Hence, most of these studies
were conducted for other purposes including dyes removal, heavy metal removal,
organic materials removal, etc. In a recent study by Kang et al. [222], novel loos NF
membranes with high permeance were prepared by the vacuum-assisted assembly of
GO layer onto a PES substrate followed by dip-coating of the resulted membrane into
TA/Ni solution. The resulted membranes achieved high permeability compared to

other membranes in literature (71.7 LMH/bar) with high rejection of Methyl blue
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(MB) and Congo Red (CR) dyes. However, the rejection of divalent and monovalent
salts was less than 6%. Loose NF membranes usually have higher permeance of salts
and hence they are proposed for the organic compounds removal and not for
desalination purposes [222, 223]. Chen et al. [84] prepared GO-NF membranes on a
PES MF substrate via VAS technique for the separation of mercury from
desulfurization wastewater. The composite membranes exhibited Hg (I1) rejection of
80.33% with PWP of 5.26 LMH/bar. Zhang et al. [217] assembled diamine-grafted-
partially reduced GO (PrGO) onto PVDF substrate membrane via the PAS technique.
The prepared PrGO-based membranes showed high Methyl orange (MO) dye
rejection (96.6%) with PWP of 4.16 LMH/bar; while Na2SO4 rejection was lower than
most of NF membranes (81.5%). Yuan et al. [215] conducted investigated the effect
of GO carboxylation on the desalination performance of GO-NF membranes. GO-
COOH-based membranes were synthesized via PAS assembly method on a PSF
ultrafiltration membrane. It was found that GO-COOH based membranes exhibited
higher flux (by 23%) and salt rejection (by 10%) compared to membranes having p-
GO. Using LBL assembly method, Nan et al. [151] prepared positively charged NF
membranes using PEI/GO solutions on a hydrolysed PAN substrate (hPAN). The
prepared membranes exhibited good permeability as well as good performance in
water softening applications. Wang et al. [88] prepared PAN/GO NF membranes via
VAS technique for the separation of Congo red dyes (CR) and Na:SOs. The
membranes exhibited complete rejection of CR dyes while Na>SOa rejection was as
low as 56.7%. Chen et al. [188] prepared CNT-intercalated rGO membranes
assembled on anodic aluminium oxide (AAO) microporous membranes via VAS
method for dyes removal. When using well-dispersed CNTs-rGO, a uniform network

can be formed providing many mass-transfer channels through the nanostructure.
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Therefore, the composite membranes exhibited high permeability (31.5 LMH/bar)
with excellent dyes rejection (97.3% for MO and >99% for other dyes).

Less work has been done in the literature on developing GO-based mixed
matrix NF membranes (MMMSs) because of their poor performance in desalination
applications. Therefore, these membranes are usually developed for the separation of
dyes and heavy metals from wastewater. In a recent study by Bandehali et al. [44],
POSS-GO nanocomposites were embedded into PEI polymer matrix via NIPS
technique. When embedding 0.1 wt% POSS-GO into PEI, the flux was enhanced by
84% with 78, 80, and 76% rejection of Pb(ll) ,Cr(Il) and Na2SQs, respectively.
Lugue-Alled et al. [24] fabricated PES MMMs incorporating GO-APTS using the
NIPS approach. The PES/GO-APTS composites showed high rejection of dyes (SY
and AO) and BSA (>96%) while the MgSQOj rejection was 51.6%. Abdi et al. [218]
reported that the embedding of magnetic GO composites (MMGO) into PES via NIPS
technique improves the flux by 180%. Furthermore, cupper rejection of the composite
membranes was significantly enhanced (5.7 times higher than pristine PES). Similar
study was conducted by Zhu et al. [108] by incorporating poly(sulfobetaine
methacrylate) (PSBMA)-f-GO into PES matrix via NIPS technique. The resulted
PES-GO-PSBMA NF membranes exhibited excellent dyes rejection (97.2% Reactive
red and 99.2% Reactive black). However, the rejection of salts was as low as 10% for
Na2SOg.

In general, much work has been done in the development of GO-based NF
membranes for variety of applications. Based on the comparisons provided above and
in Table 2-3, it can be concluded that TFN-NF membranes are the best choice for
desalination purposes, while other types like MMMs and PRL-based membranes are

efficient for other applications like dyes and heavy metals removal.
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Table 2-3: Summary of the recently developed GO-based NF membranes.

Type Method? Membrane Testing conditions Membrane performance Year & Ref.
Feed compositions (ppm) Pressure (bar) PWP (LMH/bar) Rejection % FRR %
MMM  NIPS PEI/POSS-GO 1100 ppm NazSO4 4.5 7.2 RNazsos= 76 FRRNa2s04=96 2020 [44]
500 ppm Pb(Il), Cr(11), and Cu(ll) Rep=78
Rer= 80
Rcu= 55
MMM  NIPS PES/GO-APTS 100 ppm SY and AO 4 9.9 Resasv.a0> 96 FRRpsa=64 2020 [24]
1000 ppm BSA; 2000 ppm MgSO4 Rwmgsos =51.6
MMM  NIPS PVA/SA/GO 100 ppm BSA 3 38.6 Resa=97.36 FRRgsa=88.7 2020 [224]
30 ppm LB3R dye Rig= 86.6
m-TFC  NIPS PES-GO/PEI/TMC 2000 ppm MgSO; and LiCl 3 11.15 Rwmgsos= - 2020 [225]
95.14
RLiCI: 20.93
i-TFC  VAS PES/GO/PA 1000 ppm NaCl, MgCl,, Na;SOsand 4 26.63 Rna2sos= 985 - 2020 [73]
MgSOq Rwmgsos=
95.88
m-TFC  NIPS PAN-GO/PEI 500 ppm MgCl; 4.5 11.5 Rwmgciz= 86 FRResa=91.2 2020 [187]
TFN IP PES/PA/GO-TETA 1000 ppm NaCl and Na,SO4 6 12.17 Rnazsos= 65.3  FRRgsa=95.3 2020 [107]
Rnaci= 33
PRL VAS PES/GO-TA-Ni 1000 ppm NaCl, MgCl,, Na;SO4 and 71.7 Rsaits < 6 FRRms=90.5 2020 [222]
MgSO.; 50 ppm dyes (CR and MB) Rcr=98.8
RMB:92.9
TFN IP PES-Fe*}/GO-TA 1000 ppm NaCl, MgCl,, Na;SOsand 2 21.7 Rnazsos= 84 - 2019 [102]
MgSO4 RMgSOA= 91.2
RMgc|2= 32.7
Rnaci= 10.8
TFN IP PES/GO-ST/PA Na>SO4 8 10 Rna2sos= 96.4 - 2019 [103]
TFN IP PSF/PA/GO-PEI 2000 ppm NaCl, MgClz, Na,SOsand 5 12.4 Rna2sosa=98.2 - 2019 [111]

MgSOs

Rwmgsos= 97.4
Rmgeiz= 92.1
Rnaci= 35.9
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Type Method? Membrane Testing conditions Membrane performance Year & Ref.
Feed compositions (ppm) Pressure (bar) PWP (LMH/bar) Rejection % FRR %
TFN IP PSF/PA/SGO 2500 ppm NaCl, Na;SO4 and MgSOs 5 2.37 Rnaci= 77.6 - 2019 [196]
RNa2s04=
96.45
Rmgsos= 95
PRL VAS PES/GO 3 ppm Hg(l) 5 5.26 80.33 - 2019 [84]
TFN IP PES/PA/GO 1000 ppm Na SO4 and MgSO, 4 15.63 Rna2sos= 2018 [214]
96.56
RMgso4: 90.5
TFN IP PES/PA/GO-ODA 2500 ppm NaCl, Na,SO4 and MgSO, 6 8.3 Rnazsos4= 98.4 2018 [34]
300 ppm glucose, sucrose and Rwmgsos= 98
raffinose. Rnaci= 34
Rglucose =804
Rsucrose = 93.8
Ruraffinose = 94.5
PRL PAS PVDF/PrGO 500 ppm NaCl, and Na,SO4 8 4.16 Rnazsos= 81.5 2018 [217]
50 ppm MO dye Rnaci= 42.4
Rmo=96.6
MMM  NIPS PES/MMGO 30 ppm DR16 dye 4 9 Ropr= 99 FRRwmik=90.6 2018 [218]
20 ppm Cu(ll) Recu= 92
PRL PAS PSF/GO-COOH 2000 ppm NaCl, and Na;SO4 15 4.89 Rnaci=39.2 2017 [215]
Rnazsos4= 87
MMM  NIPS PMIA/GO 50 ppm dyes (CR, AR, and RY) 8 15.65 Rcr > 92 FRRgsa=98.7 2017 [226]
Rar > 92
Rry > 95
PRL LBL hPAN/(PEI/GO/PEI) 1000 ppm NaCl and MgCl, 5 4.2 Rnaci=38.1 2016 [151]
Rwmgciz= 93.9
m-TFC  NIPS PSfIGO/PA 1000 ppm NaCl, MgCl,, Na;SOsand 8 2.43 Rnazsos= 95.2 2016 [85]
MgSO. Rmgsos= 91.1
Rnaci= 59.5
Rwmgc1z=62.1
MMM  NIPS PES/GO-PSBMA 1000 ppm NaCl, MgCl,, Na,SOsand 4 11.98 Rsais < 10 FRResa=94.4 2016 [108]
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Type Method? Membrane Testing conditions Membrane performance Year & Ref.
Feed compositions (ppm) Pressure (bar) PWP (LMH/bar) Rejection % FRR %
MgSOQO4 Rre=99.2
500 ppm dyes (RR49 and RB5) Rrr=97.2
TFN IP PES/PA/GO 2000 ppm NaCl, MgCl, Na,SOsand 6 14.6 Rna2sos=98.2 - 2016 [74]
MgSO, Rmgsos= 96.5
Rnaci= 56.8
Rmgc2=50.5
PRL VAS AAO/rGO-CNT 50 ppm dyes (DR80, MO, TY, CFP, 3 315 Rayes > 99 - 2016 [188]
and CB) Rmo=97.3
PRL LBL PSF/OCMC/GO 1000 ppm NaCl and Na,SO4 15 1.8 Rnaci=69.1 - 2015 [216]
RNa2s04=93.74
TFN IP PSF/PA/rGO-TiO; 2000 ppm NaCl and Na;SO4 10 6.1 Rnazsos= 94 FRRgsa >90 2015 [157]
Rnaci=37
MMM  NIPS PES/GO 30 ppm DR16 dye 4 6 Rayes = 96 FRRgsa=90.5 2014 [189]
PRL LBL hPAN/GO-PEI/PAA  NaCl and Na;SO4 5 0.81 RNazsos= 92.6 - 2012 [227]
RNaCI:43-2

@ Method of GO incorporation
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25.3 GO-based UF membranes

Ultrafiltration (UF) is a fast-growing technology that showed significant input
in the clean water production. Because of the relatively low-cost, UF is considered
economical and efficient pre-treatment process for nanofiltration (NF) and reverse
osmosis (RO) and can remove wide range of pollutants from wastewater [228]. It is a
promising technology to produce affordable clean water because of its cleanliness,
safety, ease of operation, and high separation efficiency of organic substances,
proteins, bacteria, viruses, and turbidity. In addition to water and wastewater
treatment, UF membranes are utilized in several applications including dairy
production, chemical recovery, food industry, paint treatment, pharmaceutical and
medical applications. Most of GO-UF membranes reported in literature were
fabricated for the proteins removal [24, 45, 75, 76, 83, 90, 100, 104, 106, 191, 194,
199, 201, 229-235]. Other studies were conducted on the removal of dyes [24, 82, 90,
105, 192], oil [130, 236, 237], natural organic matters (NOMs) [190, 193, 238, 239]
and heavy metals [86].

Table 2-4 summarizes the types, fabrication methods, performance and testing
conditions of the investigated GO-based UF membranes. Most of GO-UF membranes
are mixed-matrix that are prepared by NIPS technique. GO and GO-based materials
are usually embedded into UF membranes to enhance the flux, rejection, or
antifouling properties against various foulants. BSA is usually used for testing the
separation and fouling performance of UF membranes. Several functional GO
structures have been developed in literature and showed remarkable enhancement on
flux and BSA rejection. A recent study by Kong et al. [45] showed that the
embedding of CSGO into PES matrix via NIPS technique could improve the pure

water flux by 60% with 99.7% BSA rejection. Prince and co-workers [232]
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functionalized the GO with amines and carboxyl groups to increase the wettability of
GO and its based membranes. The f-GO particles were then covalently embedded into
poly acrylonitrile-co-maleic anhydride (PANCMA) matrix via NIPS method. The
ultra-wetting GO based membranes exhibited much higher PWP than most GO-UF
membranes reported in literature (978 LMH/bar) with 85% BSA rejection. The
embedding of cobalt oxide/GO (CO30s-GO) nanocomposites into PES matrix was
found to highly improve the flux of PES membranes while retaining similar BSA
rejection [233]. The authors related the flux enhancement to the higher hydrophilicity
of PES/C0O304-GO composites compared to that of pristine PES. A recent study by
Wu et al. showed that the addition of PEG-2000 and TiO.-GO nanocomposites to
PVDF UF membranes improves the flux and BSA rejection by >400% and 43%,
respectively [199]. Khakpour et al. [229] prepared PVC MMMs by embedding GO-
nanodiamond nanocomposite. The hybrid membranes exhibited higher flux than
pristine PVC membranes with respect to flux, rejection and fouling resistance. The
shape of GO particles was found to affect the performance of UF membranes. Jiang et
al. [90] conducted a study on the effect of GO shape, flat GO and crumpled GO
(CGO), on the performance of PSF UF membranes. Both GO and CGO were
embedded via NIPS technique. The results showed that the difference in GO shape
resulted in different performance. For example, PSF-CGO exhibited 150% lower flux
than PSF-GO which was related to the difference in dispersibility and stability of
these particles in the NMP solvent because of the shape effect. However, PSF/CGO
showed better rejection of MO dyes (52.7%) compared to PSF/GO (41.4%), while
both composites exhibited complete rejection of BSA.

Generally, the flux of the MMMs can be improved with the addition of low

contents of GO and GO-based materials because of the hydrophilic nature of GO. The
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incorporation of a hydrophilic filler changes the overall hydrophilicity of the casting
solution [240]. This increase accelerates the exchange of solvent and non-solvent
during NIPS process. However, excessive addition of the GO-based nanofillers was
found to cause a reduction in the flux of the membrane [76, 100, 140, 230, 240]. This
can be explained by the presence of a tipping mass percentage of nanomaterial [241,
242]. Excessive loadings of GO-based nanofillers increase the viscosity of the casting
solution leading to a reduction in porosity and pore size and therefore a reduction in
the membrane flux. It has been reported that a tipping mass percentage is a critical
point after which the permeability decreases as a result of the increase in solution
viscosity [239, 242, 243]. The tipping mass percentage varies depending on the type
of nanofiller and polymer [90]. PSF/Guanidyl-f-GO (PSF/GFG) MMMs were
reported by Zhang et al. [100] to have PWP of 217 LMH/bar and 95.2% BSA
rejection. Hu et al. [76] prepared GO embedded PES-sulfonated PSF (PES-SPSF/GO)
MMMs with superior performance at low GO content (0.012 wt%). The PWP was as
high as 816.9 LMH/bar (1.6 times unfilled membrane) accompanied with 99.5% BSA
rejection. High performance-MMMSs were also prepared by Ayyaru and Ahn [240] by
embedding sulfonated GO (SGO) into PVDF matrix using NIPS method. The
prepared PVDF/SGO membranes exhibited PWP of 740 LMH/bar (147% and 61%
higher than the pristine PVDF and PVDF/GO) with 98% BSA rejection. SGO
particles were also reported to enhance the flux of PSF MMMs by approximately
125% with > 98% BSA rejection [230].

The application of GO-UF membranes in natural organic matters (NOMs)
separation has been also investigated in the literature by embedding both p-GO and f-
GO particles. Kumar et al. [36] embedded aminated GO nanohybrid (GO-SiO2-NH>)

into the sulfonated poly(ether sulfone) (SPES) for HA removal as a model NOM. The
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composite membranes embedding the aminated nanohybrid exhibited high HA
rejection rate (>97%) accompanied with a remarkable flux enhancement (~2.9 times
higher than the pristine SPES). Algamdi et al. [238] fabricated PES/GO MMMs via
the NIPS technique for HA removal. The flux of the PES/GO membranes (5 wt%
GO) was 3.1 times the flux of pristine PES with insignificant decrease in HA rejection
(2% decrease). Similar study was previously conducted by Chu et al. [190] on HA
removal using PES/GO UF membranes. p-GO particles were coated on a commercial
PES substrate with different molecular weight cut-offs (MWCOQO) via VAS technique.
The flux of the coated membranes was approximately 20% higher than the pristine
PES and the HA rejection was significantly elevated. On the other hand, some GO-UF
membranes were found to have low rejection of NOMs or exhibit a trade-off between
the flux and the rejection. Liu et al. [244] functionalized the GO particles with
perfluorosulfonic acid (PFSA-g-GO) and then embedded them into PVDF MMMs.
The prepared composites showed high PWP (587.4 LMH/bar), while the HA rejection
was 79.6%. Xia and Ni [239] investigated the effect of GO embedding on the
performance of PVDF UF membranes for NOM removal from micro-polluted water.
With the optimum GO concentration (0.5 wt%), the flux was improved by
approximately 115%. However, all the prepared membranes exhibited poor dissolved
organic carbon (DOC) removal (around 10%) and slight increase in the removal of
other dissolved organic matters (DOMs) such as fulvic acids, humic acids and
proteins.

Some GO-based UF showed excellent performance in oil separation
applications. In a recent study, Alammar et al. [236] blended GO particles with
polybenzimidazole (PBI) via NIPS technique. The authors reported approximately

complete oil rejection of the modified PBI/GO (99.9%) while retaining PWP of 91.3
49



LMH/bar. Using the VAS approach, Peng et al. [130] fabricated PVDF/rGO@SiO>
nanohybrid membranes for oil and cationic dyes removal. The rGO@SiO»-coated
PVDF membranes were then dip-coated with polydopamine (PDA) to increase the
hydrophilicity and active sites of the membranes. The optimum membrane was
obtained with mass ratio of 2 mg GO/2.67 mg SiO> at which excellent rejection of oil
and Methylene Blue (MB) dye was obtained (99.2% and 99.8%, respectively). For the
similar purpose, Li et al. [237] prepared composite UF membranes with a primary
rejection layer (PRL) consisting of rGO and graphitic carbon nitride composite (rGO-
g-CaNg). The rGO-g-C3Ns composite was firstly modified with PDA and then
assembled on a commercial cellulose acetate (CAc) membrane using VAS approach.
The composite membrane exhibited high rejection of oil and dyes (99.5% and 99.8%,
respectively) with approximate PWP of 75 LMH/bar.

Several GO-based UF membranes have been investigated for the dyes removal
and showed promising separation performance. Using the LBL and PAS assembly
approaches, Homem and co-workers [192] modified a microfiltration PES membrane
with PEI/GO solutions for reactive dyes removal. The obtained membranes showed
97.8% rejection of Blue Corazol (BC) dye with a PWP of 99.4 LMH/bar. Abdel-
Karim et al. [82] reported that the use of poloxamine Tetronic (T904) as pore forming
agent in PES/GO MMM s could significantly improve the pure water flux from 2 to
245 LMH/bar as well as the rejection of Acridine Orange (AO) dye (by 20%).
However, the rejection of Sunset Yellow (SY) dye was 45% lower than the pristine
PES membrane. Jiang et al. [105] assembled GO-TiO2 nanocomposites on a porous
PES substrate via the VAS technique and investigated its performance on MO dye
removal as model organic matter. The GO-TiO2-modified membranes showed better

rejection of BSA and MO dye (82.6% and 26.4%, respectively) compared to bare PES
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(<10% rejection of BSA and MO) with PWP of 246 LMH/bar. The rejection of most
of these dyes is considered high for UF membranes due to their small molecular sizes.
This indicates that the separation of these membranes is not only dependant on the
molecular sieving and might be affected by additional interactions like the surface
charge and adsorption-based mechanisms. Therefore, the reported GO-UF membranes
can be used to separate various contaminants and to treat different types of

wastewater.
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Table 2-4: Summary of the recently developed GO-based UF membranes

Type Method? Membrane Testing conditions Membrane performance Year & Ref.
Feed compositions (ppm) Pressure (bar)  PWP (LMH/bar) Rejection %" FRR %"
MMM  NIPS PES/CSGO 1000 ppm BSA 2 41.3 99.8 92.1 2020 [45]
MMM  NIPS PBI/GO 1000 ppm oil - 91.3 99.9 95.1 2020 [236]
MMM  NIPS PVDF/GONRs 1000 ppm BSA 1 532 95 86 2020 [245]
MMM  NIPS SPES/GO-SiO2-NH; 100 ppm BSA, HA and SA 2 268.5 Rgsa=92.8+0.7 FRRgsa=82 2020 [36]
Rua=97+0.4 FRRua=91
Rsa=89.7+0.6 FRRsa=95
MMM  NIPS PVDF/GO-ZnO 500 ppm BSA 1 170.73 92 92.79 2020 [198]
MMM  NIPS PVDF/PFSA-g-GO 500 ppm BSA and HA 1 587.4 Resa=93.9 FRRgsa=90.8 2020 [244]
RHA:79.6
MMM  NIPS PVDF/QGO 1000 ppm dextran-500 1 1285 ~80 FRRgsa=85.6 2020 [246]
MMM  NIPS PES/ZIF-8-GO 1000 ppm BSA 1 95.49 > 95 84.4 2020 [110]
MMM  NIPS PSF/GO-TIO; 500 ppm BSA 3 165.4 96.6 75.8 2020 [247]
MMM  NIPS PSF/GO 1000 ppm BSA 1 249.5 97.2 99 2020 [64]
MMM  NIPS PVDF/GO-PEG 500 ppm BSA 1 93 >94 78 2020 [248]
PRL LBL PES/PEI/GO 10 ppm BC dye 3 99.4 97.8 >80% 2019 [192]
MMM  NIPS PSF/IGFG 200 ppm BSA 1 217 95.2 82.4 2019 [100]
MMM  NIPS PES/SPSF-GO 1000 ppm BSA 1 816.9 99.5 924 2019 [76]
MMM  NIPS PSF/CGO 1000 ppm BSA 1 48.8+3.7 Resa = 100 FRRgsa=76.3+ 2019 [90]
10 ppm MO Rmo= 52.745 17
PRL VAS PES/LIG/GO-GA 1000 ppm BSA 1 78+7 Resa=69%2 91 2019 [106]
10% CFU/ml bacteria Reacteria=99.9+0.1
MMM  NIPS PES/GO 10-100 ppm HA 1 340 94.5 ~95 2019 [238]
MMM  NIPS PVDF/TiO,-GO 1000 ppm BSA 1 199.97 91.38 89.22 2019 [199]
MMM  NIPS PVC/GO-ND 1000 ppm BSA 2 220 95.08 83.07 2019 [229]
MMM  NIPS PSF/GOQD 500 ppm BSA 1 130.54 100 ~85 2019 [249]
MMM  NIPS PES/GO 1000 ppm BSA 1 245 Resa=93.3 FRRgsa=~75 2018 [82]
68 ppm SY dye Rsy=62.3
200 ppm AO dye Rao=48.4
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Type Method? Membrane Testing conditions Membrane performance Year & Ref.
Feed compositions (ppm) Pressure (bar)  PWP (LMH/bar) Rejection %" FRR %"
MMM  NIPS PSF/SGO 1000 ppm BSA 2 175.2 > 098 2018 [230]
PRL VAS p-PES/GO 100 ppm PEG (200 kDa) 0.7 70+5 ~95 FRRgsa=93.9 2018 [250]
MMM  NIPS PSF/GO 50 ppm Pb 1 50 98 - 2018 [86]
PRL VAS PVDF/rGO-SiO,/PDA 10 ppm oil and MB dye 0.9 148 Rme =99.8 FRRme=79 2018 [130]
Roii= 99.2 FRR.ii=87
MMM  NIPS PVDF/SGO 500 ppm BSA 740 98 88.7 2017 [240]
PRL VAS CAc/rGO-PDA-g-CsNs 10 ppm oil and 5 ppm MB dye 1 75 Roii= 99.5 - 2017 [237]
RMB:99.8
PRL VAS PES/GO 10 ppm HA 3.5 77 85.3 89.5+7.3 2017 [190]
PRL Coating  PES-g-NH,/GO 20 ppm HA 0.7 79 - 70 2016 [193]
PRL VAS PSF/GO 1000 ppm BSA 1.4 309.2 90.4+2.8 2016 [231]
MMM  NIPS PVC/GO 1000 ppm BSA 1 430 91.2 70.4 2016 [83]
MMM  NIPS G-PANCMI 10 ppm BSA 1 978 + 27 85 - 2016 [232]
PRL VAS PES/GO-TiO> 7.5 ppm MO, 10 ppm BSA 1 246 Resa= 82.6 - 2015 [105]
Rmo:26.4
MMM  NIPS PES/GO-Ag 500 BSA ppm 3 143.3 Resa= 98 67.2 2015 [140]
MMM  NIPS PES/C0304-GO 1000 ppm BSA 1 347.9 95 81.1 2015 [233]
MMM  NIPS PVDF/GO 3000 ppm DOC 1 94.0 10 - 2015 [239]
MMM  NIPS BPPO/GO-PEI 500 ppm BSA 2 532.5 91 63 2014 [194]
MMM  NIPS PVDF/GO-APTS 1000 ppm BSA 1 401.39 57 > 95 2014 [104]
MMM  NIPS PVDF/GO 1000 ppm BSA 1 100 85 90 2014 [75]
MMM  NIPS PVDF/rGO-TiO; 500 ppm BSA 3 76 98.5+1.1 88.1 2014 [200]
MMM  NIPS PVDF/GO-OMWCNT 1000 ppm BSA 1 410 - 98.28 2013 [201]
MMM  NIPS PES/GO-HPEI 500 ppm (PEG 20000) and (PVA 1 153.5 Repec20,000 = 85 FRResa=92.1 2013 [234]
30000-70000); 1000 ppm BSA Reva=90
MMM  NIPS PSF/ GO-Isocyanate 1000 ppm BSA 1 135 95 40.27 2013 [235]
MMM  NIPS PVDF/GO 100 ppm BSA 1 26.49 79 88.56 2013 [191]
MMM  NIPS PSF/GO - 1 450 99 - 2013 [251]
MMM  NIPS PVDF/GO 1000 ppm BSA 1 382.15 91.8 95.15 2012 [252]

& Method of GO incorporation

b Rejection and FRR values are with respect to the feed specified in the "Feed compositions” column, unless it is specified with value itself.
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25.4 GO-based MF membranes

Microfiltration (MF) is one of the oldest membranes processes applied
commercially [253]. MF can efficiently separate wide range of micro-meter sized
pollutants like proteins, large bacteria, suspended solids, pathogens, yeast and oil
which make it a versatile process [254]. Several GO-based MF membranes were
prepared in literature for the removal of oil, yeast, proteins, NOMs, bacteria, and
turbidity. GO-MF membranes usually exhibit high removal efficiency oil removal
(>99%) with varying flux depending on the synthesis method and the materials
intercalated with GO. For example, a significant flux enhancement has been reported
by Shao et al. [255] when assembling a mixture of sepiolite and GO (Sep-GO) as PRL
on a PVDF MF membrane compared to the use of p-GO particles. The significant
enhancement was related to the hierarchical nanostructure on PVDF surface and the
expanded channel of mass-transfer resulted from the embedded Sep nanofibers
between GO sheets. The Sep-GO-coated PVDF membranes showed good
multifunctional water treatment efficiency as they exhibited high rejection of MB and
CR dyes (>99%) and partial removal of Fe*®* and Cu*? (68.7% and 65.3%,
respectively). Sun et al. [256] fabricated an ultrahigh-flux membrane (>4550
LMH/bar) by the vacuum assembly of GO-SiO- dispersion on a MCE MF substrate.
The modified membrane showed high separation efficiency (>99%) with variety of
oil-water emulsion including dodecane, engine oil, gasoline and rapeseed oil. Zhao et
al. [147] found that the intercalating of palygorskite nanorods (PGS) into free-
standing GO membranes creates hierarchical nanostructure on the membrane surface,
improves the hydration capacity and enlarges mass transfer channels. Therefore, GO-
PGS composite membranes exhibited 7 times higher flux than the p-GO-based
membranes with complete rejection of oil. Using p-GO particles, Hu and co-workers
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[77] modified a commercial alumina MF membrane via the VAS technique. The
modified membranes showed 27.7% higher PWP than the pristine membranes while
retaining high oil rejection (98.7%).

Zhao et al. [257] proposed an integrated water treatment of microfiltration and
visible-light-driven photocatalysis via assembling g-C3Ns-rGO nanocomposite as a
photocatalyst on a commercial CA MF membrane. The hybrid membranes were tested
under the integrated conditions to treat surface water and showed better performance
for the removal of COD, turbidity, TOC, and bacteria compared to their performance
under MF filtration alone. GO-modified MF membranes were also found to have
promising performance in the removal of radioactive materials from wastewater. Kim
et al. [258] modified a commercial PES MF membrane with PEI-f-GO (PEI-rGO) and
potassium copper hexacyanoferrate (KCuHCF) nanoparticles via VAS approach for
cesium removal from wastewater. It was reported that PEI-rGO helped effectively to
uniformly distribute KCuHCF nanoparticles in the composite and to increase the
interlayer spacing of the laminar membrane structure which resulted in high PWP
(>500 LMH/bar). Also, the hybrid membranes achieved a complete rejection of
cesium because of the selective cesium adsorption properties of KCuHCF. Table 2-5
summarizes the types, fabrication methods, testing conditions and the performance of

the recently reported GO-modified MF membranes.
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Table 2-5: Summary of the recently developed GO-modified MF membranes

Type Method?  Membrane Testing conditions Membrane performance Year & Ref.
Feed compositions (ppm) Pressure (bar) PWP (LMH/bar) Rejection % FRR %
PRL VAS PES/Cu-PEI-rGO 1 ppm Cs* 1 > 500 > 98 - 2020 [258]
PRL Coating  APTS-Al,O3/GOQD 50 ppm (BSA and HA) 1 1827 - 94.6 2020 [195]
PRL VAS PVDF/Sep-GO Oil-water emulsion, 10 ppm 1 531.75 Roii= 99 - 2019 [255]
MB and 50 ppm CR dyes, 20 Rme=99.2
ppm Fe*® and 20 ppm Cu*? Rcr=99.2
RFe: 68.7
RCu: 65.3
PRL VAS MCE/GO-SiO; Oil-water emulsion 1:9 1 4550 99.3 - 2018 [256]
PRL Coating PVDF/PBSA/GO-P* 1000 ppm BSA 2 791 - 95.5 2018 [259]
PRL PAS CA/g-CsNs NS/rGO 1.1 COD, 82 TOC, 1x10° 1 957 Riurbidiy= 84 81.12 2016 [257]
cfulL! Ecoli, 26 NTU Recoi= 97
turbidity Rcop= 25
Rroc=21
Free.std® VAS GO-PGS 1000 ppm oil 0.5 3734 99.9 93 2016 [147]
PRL VAS AL,03/GO 1000 ppm oil 1 667 98.7 2015 [77]
MMM NIPS PVDF/PVP/GO 1000 ppm yeast 0.25 443 - 2014 [78]

@ Method of GO incorporation
b Free.std: free-standing GO membrane.
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2.5.5 GO-based FO membranes

Forward osmosis (FO) has gained an extensive attention recently because of
its potential applications in the desalination sector [170]. FO is a concentration-driven
membrane process that does not require hydraulic pressure making it more energy-
efficient with lower fouling propensity than other membrane processes [260, 261].
Additionally, FO is capable to concentrate feed solution (FS) with a concentrated
draw solution (DS) making it applicable to separate wide range of contaminants [262,
263]. In spite of its advantages, FO suffers from some drawbacks such as low
permeability, concentration polymerization, and reverse solute flux (RSF) [264]. FO
membranes can be operated in two orientations, active layer oriented towards feed
solution (AL-FS) and active layer oriented towards draw solution (AL-DS). FO
membranes exhibit higher flux in AL-DS mode [265], however, AL-FS mode is
recommended to prevent the internal fouling [266]. GO and GO-based materials were
applied in several studies to overcome these drawbacks and/or to improve the
performance of FO membranes.

Like GO-RO and GO-NF membranes, GO-FO membranes are usually
fabricated using IP, LBL, PAS or VAS techniques. A recent study by Saeedi-
Jurkuyeh et al. [160] was conducted on the embedding of GO into TFN-FO
membranes through the IP technique for desalination and heavy metals removal. The
TFN layer was formed on a PSF substrate using GO-MPD and TMC solutions. With
low loadings of GO (0.008 wt%), the water flux increased by 174% compared to the
TFC membrane and the specific reverse solute flux (SRSF) was slightly lowered to
0.03 g/L. The optimum membrane also showed high rejection rates (99.9, 99.7, and
98.3%) for Pb, Cd, and Cr, respectively. Akther et al. [267] investigated the effect of

GO flakes size on the performance and morphology of TFC-FO membranes. The
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authors reported that the embedding of small-sized GO flakes into the TFN layer
resulted in thinner and more uniform PA layer, while the embedding of large GO
flakes resulted in a defective PA layer as depicted in Figure 2-12. Therefore, the water
flux was improved by 50% accompanied with 60% reduction in the SRSF, when
reducing the GO flakes size from 1.06 to 0.01 pm?.

Shakeri et al. [164] synthesized polyoxometalate based open frameworks
using quaternary graphene oxide (QGO) and blue lemon polyoxometalate (LGO-OFs)
that were then embedded into the TMC organic phase during the IP reaction. The
authors reported that the incorporation of 1000 ppm LGO-OFs improved the
hydrophilicity and the morphology of PA layer and hence resulted in 188% increase
in the water flux with no significant change in the SRSF. Rastgar et al. [197] proposed
a new method of producing magnetically modified GO-TFN layers. GO/Fe304
nanocomposites were dispersed in the MPD aqueous phase and then deposited with
TMC monomer via IP reaction under the exposure of magnetic field to form a
magnetically modified PA layer. It was found that when using the optimal
concentration (100 ppm) of GO/Fe304 with the magnetic field exposure, the flux was
improved by 117.4% and 63.2% compared to the pristine TFC and TFN membranes
prepared without magnetic field exposure, respectively. However, the magnetic-
modified membranes exhibited higher RSF and SRSF. Jin et al. [33] fabricated TFN-
based GO-FO membranes via the IP technique using GO-m-xylylenediamine (GO-
MXDA) and TMC solutions for the separation of Na>SOs4, MgCl> and trisodium
citrate (TSC). It was found that the highest performance was achieved when using
TSC as draw solute suggesting that the solute barrier has significant impact on the

performance of FO membranes.
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00 1: Height 50 pml
Average size = 1.06 pm?

GO flakes
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Average size = 0.01 um?

Figure 2-12: effect of GO flake size on the PA layer structure [267].

The performance of i-TFC-based GO-FO membranes was explored in several
studies and showed comparable performance to the conventional TFN-FO
membranes. Using the self-polymerization of dopamine, Choi and co-workers [132]
deposited a GO-PDA interlayer on a PSF substrate followed by the IP reaction of
MPD and TMC to produce i-TFC-based GO-FO membranes. At the optimum
conditions (1 h coating time and 0.5 g/L GO concentration), the flux was improved by
57.6% with 75% reduction in the SRSF. For longer coating time, a significant
reduction in the flux was observed because of pore blockage by GO and PDA. In a

similar study, Zhao et al. [169] prepared i-TFC-FO membranes via the VAS assembly
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of a GO-MWCNTSs nanocomposite interlayer followed by the formation of PA layer
via the IP technique. It was reported that the interlayer lowered the thickness of PA
layer and provided ultrafast nanochannels for water transport. Therefore, the modified
membranes exhibited 59% higher water flux and 45% lower SRSF compared to
pristine TFC. The performance of TFC-FO membranes can be also improved by the
incorporation of GO and GO-based materials into the polymer matrix prior to the
formation of PA layer (m-TFC) [139, 171]. Using the NIPS approach, Park et al.
[139] embedded p-GO particles into PSF matrix and the PA layer was then formed via
IP technique. The authors reported a significant increase in the flux (255%) and 42%
reduction in the RSF compared to pristine TFC. However, the addition of high
concentrations of p-GO particles (>0.5 wt%) resulted in poor structure and lower
water flux which can be attributed to the presence of a tipping mass percentage of
nanomaterial [240-242]. In a similar study, Wang et al. [171] embedded rGO-g-C3N4
into PES matrix via the NIPS technique followed by the PA layer formation. It was
reported that the modified structure of PES resulted in 20% higher flux while the RSF
increased by approximately 45% resulting in lower selectivity compared to the
pristine TFC.

Several PRL-based GO-FO based membranes were developed in literature
using PAS, VAS, and LBL approaches. Membranes having p-GO particles as PRL
usually exhibit lower flux and higher SRSF than other FO membranes [268, 269].
This performance is ascribed to the presence of hydrophilic functional groups which
make GO layer easily to swell and be delaminated in aqueous environment [270,
271]. Therefore, GO nanoparticles should be stabilized by crosslinking [271],
chemical reduction [134, 146], mixing with other materials [153, 169, 272] or ion

adjusting [273]. A recent study by Jang et al. [271] described the synthesis of FO
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membranes having PRL of p-GO and EDA/PAAc-cross-linked GO assembled on a
MCE substrate via the VAS approach. It was reported that membranes modified with
GO/EDA/PAAC could overcome the trade-off between rejection and flux by
improving the flux by 72% and reducing the RSF by 77% compared to membranes
modified with p-GO. This performance was attributed to the hydrogen bonds between
GO and PAAc with the anchoring of GO sheets by GO-EDA and EDA-PAAc
covalent bonds. The resulted nanocomposite structure provided optimal condition for
allowing the permeance of water molecules while blocking the hydrated salt ions.
Kang et al. [153] found that when using PRL of GO-OCNTSs nanocomposites instead
of p-GO nparticles, the performance of PES-FO membranes can be significantly
enhanced with different solutes. For example, the flux was enhanced by
approximately 63% and 16%; and the SRSF was reduced by approximately 30% and
77% when using Na>2SO4 and NaCl, respectively, as draw solutions. Using the VAS
approach, Pang et al. [272] prepared two types of FO membranes using p-GO and
GO-Ui0-66 nanocomposite. It has been reported that the addition of UiO-66 to GO
introduced uniform nanochannels that can effectively block the solute ions while
allowing water molecules to pass. Therefore, FO membranes prepared with GO-UiO-
66 nanocomposites achieved a higher flux (270%) and lower RSF (83.5%) than the
membranes prepared with p-GO particles. Salehi et al. [274] prepared FO membranes
via LBL assembly of negative p-GO nanoparticles and positive chitosan (CHS) and
compared their performance with TFC membranes prepared using the same substrate
(SPES-PES). The flux of CHS/GO-based membrane was 4 times higher than this of
the pristine TFC membrane with lower SRSF. To stabilize the GO layer, Yang et al.
[134] applied a chemical reduction of GO layer via the exposure to hydriodic acid

vapor (HI) followed by dip-coating into PDA solution. It was found that the flux of
61



rGO membranes coated with PDA have 1.8 times higher flux and 50% lower RSF
than uncoated membranes, which is attributed to the hydrophilic nature provided by
PDA. Table 2-6 summarizes the types, fabrication methods, testing conditions and the

performance of the recently developed GO-based FO membranes in literature.
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Table 2-6: Summary of the developed GO-based FO membranes and their performance in AL-FS orientation.

Type Method  Membrane DS/FS Membrane performance Year & Ref.
Jw (LMH) RSF (GMH) SRSF (g/L) FRR %
TFN IP PSF/PA/GO 2.0 M NaCI/DIW 34.3 11 0.03 FRRHeavy metals=96 2020 [160]
TFN IP PSF/PA/GO 0.5 M NaCIl/DIW 24.72 5.19 0.21 2020 [267]
PRL VAS MCE/GO-EDA-PAAC 1.0 M NaCI/DIW 34.9 7.01 0.2 2020 [271]
TFN IP PES/PA/LGO-OFs 1.0 M NaCI/DIW 34.7 11.9 0.34 2019 [164]
i-TFC Coating  PSF/PDA-GO/PA 1.0 M NaCl/DIW 24.3 3.8 0.16 2019 [132]
PRL PAS PANI/GO 1.0 M NaCl/DIW 6.2 4.3 0.69 FRRsa=98.8 2019 [268]
PRL PAS PES/ GO 1.0 M NaCl/DIW 10.5 7.1 0.68 FRRsa= 98.7 2019 [269]
PRL LBL PES/PDDA/GO-OCNTSs 1.0 M NaCl/DIW 5.8 0.4 0.07 2019 [153]
1.0 M Na2SO./DIW 9.3 0.25 0.03
PRL VAS Nylon/GO-UiO-66 2.0 M NaCI/DIW 29.16 12.86 0.44 2019 [272]
TFN IP PES/PA/GO-Fe304 1.0 M NaCIl/DIW 31.8 3.2 0.1 FRRsa=95.7 2018 [197]
FRRBSA:96.4

TFN IP PES/PA/GO 0.25 M TSC/DIW 13.2 25.8 1.96 2018 [33]
i-TFC VAS Nylon/GO-MWCNT/PA 1.0 M NaCIl/DIW 17.24 3.73 0.22 2018 [169]
TFEN IP PSF/PA/PVP-GO 2.0 M NaCl/10 mM NacCl 14.2 1 0.07 2017 [275]
PRL LBL SPES-PES/Chitosan/GO 1 M Na,SO4/DIW 52 4 0.08 2017 [274]
PRL VAS MCE/rGO/PDA 0.6 M NaCl/DIW 36.6 2.5 0.07 2017 [134]
TEN IP hPAN/PA/GO 0.5 M NaCl/DIwW ~26 ~2 0.08 FRRsa>90 2016 [276]
m-TFC IP PSF-GO/PA 0.5 M NaCl/DIwW 19.77 3.44 0.17 2015 [139]
m-TFC IP PES-rGO-g-C3N4/ PA 2.0 M NaCl /DIW 41.4 9.35 0.23 2015 [171]
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25.6 GO-based MD and PV membranes

Recently, membrane distillation (MD) and pervaporation (PV) attracted good
attention as potential desalination processes. MD and PV are usually confusing
because they are both thermal-driven membrane separation processes at which the
membrane upstream side is in contact with hot feed liquid allowing specific
components to permeate to the downstream side due to its lower vapor pressure. Also,
in both processes the feed is heated to generate a vapor difference across the
membrane [277]. However, there are key differences between the two processes like
the role and type of the membranes used as well as the separation mechanisms occur
in both processes, that were extensively discussed by Wang et al. [277].

MD separation relies on transport of vapor molecules through a porous
hydrophobic membrane (0.1 to 1 um) that is usually fabricated from PVDF, PSF,
polyethylene (PE), polypropylene (PP), etc. GO-MD membranes are usually mixed
matrix-based that are prepared via the NIPS technique. Commercial hydrophobic MF
membranes can be also used for MD processes, however, they usually suffer from
sub-optimal flux performance and pore wetting issues [278]. In a recent study,
Camacho et al. [79] fabricated PSF/GO MMMs via the NIPS approach and evaluated
their performance in direct contact membrane distillation (DCMD). The authors
reported an improvement in the membrane porosity and pore size due to GO addition.
However, at the optimum GO loading (1 wt%), the flux decreased by 22.7% with very
slight enhancement in salt rejection compared to the pristine PSF. Unlike the other
membrane processes, MD performs better with hydrophobic membranes due to the
lower pore wettability. Therefore, GO is usually reduced or functionalized with
different materials to avoid increasing the hydrophilicity and hence increasing the

pore wetting of the membrane while improving the porosity and its mechanical
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stability [279]. Abdel-Karim et al. [279] investigated the effect of GO reduction
degree the performance of PVDF MMMs in air gap membrane distillation (AGMD)
by incorporating rGO particles with different oxygen contents using the NIPS
approach. It has been found that the oxygen content of the rGO have significant
impact on the MD performance as well as the rGO content in PVDF. The optimum
membrane (0.5 wt% rGO with 15.5% oxygen content) exhibited 170% higher flux
than the pristine PVDF while maintaining high salt rejection (99.99%) and a stable
performance during the long-time runs. Leaper et al. [109] compared the effect of p-
GO and GO-APTS nanoparticles on the PVDF MMMs performance in AGMD. The
results showed that GO-APTS exhibited 86% and 24% higher flux than the pristine
PVDF and PVDF/GO, respectively, with 99.9% salt rejection which was attributed to
the higher porosity of GO-APTS-based composite membranes. Zahirifar et al. [280]
proposed a new method of dual-layer membrane fabrication by casting a smooth layer
of PVDF-GO-ODA composite on PVDF substrate via the NIPS technique. The
modified membranes showed significant increase in the surface roughness,
hydrophobicity and salt rejection with 8% reduction in the flux compared to the
unmodified PVDF. Additionally, the modified membranes showed lower thermal
conductivity on the surface, which reduces the heat diffusion and temperature
polarization across the membrane. In a similar way, a PVDF-GO mixture was
immobilized on PTFE membrane surface which resulted in high performing
membranes for for DCMD [281]. The PTFE/PVDF-GO composite membranes
exhibited superior flux of 97 LMH and excellent stability under high salt
concentrations and long-time runs. Lu et al. [37] reported a slight reduction in DCMD
performance when embedding n-butylamine-f-GO (GO-NBA) into PVDF matrix.

However, the PVDF/GO-NBA MMMs were found to have higher mechanical
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properties than the pristine PVDF and PVDF/GO membranes due to the better
crystallite structure and dispersibility of GO-NBA particles.

Regardless of its evolving in desalination sector, GO-PV membranes have
been extensively used for the dehydration of organic solvents [282-289], separation of
mixed organic mixtures [149, 290], and volatile organic compounds (VOC) removal
from aqueous solutions [291]. As this review focuses on the GO-based membranes
utilized in water treatment, only pervaporation desalination (PVD) is discussed herein.
Unlike MD, PV generally requires a nonporous (dense) membranes where the
permeation is mainly governed by solution-diffusion mechanism. Hence, the
separation performance depends mainly on the diffusivity and solubility of feed
components in the membrane and is not only dependent on molecular size like other
membrane processes [292-294]. Additionally, hydrophilic membranes are preferred in
PVD to increase the membrane's affinity to water molecules through hydrogen
bonding, dipole-dipole interactions and ion-dipole interactions [143, 292, 295]. In a
recent study, Sun et al. [296] prepared laminated GO membranes with remarkable
performance in PVD and high stability under sonication destruction. p-GO sheets
were first intercalated with PVA with different concentration and the composite
solution was then assembled on a MCE substrate via the PAS technique followed by
membrane crosslinking with GA (Figure 2-13). The microstructure and interlayer
spacing of GO membranes were tailored by varying PVA content which showed clear
impact on PVD performance. Using the VAS approach, Xu et al. [297] assembled p-
GO and PDA-GO particles on a porous alumina membrane to study their performance
and stability in PVD. The authors reported a weak stability of the membranes
prepared using p-GO as it can be easily peeled off from the support during the runs.

However, using PDA as a covalent linker significantly enhanced the stability of the
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membrane while achieving good PVD performance (flux of 48.4 LMH and 99.7%
NaCl rejection). Qian and co-workers [143] prepared CHS/GO MMMs using the
simple casting/drying approach for PVD. The authors reported an improved
hydrophilicity and mechanical stability caused by the GO embedding. The optimum
performance was obtained with 1 wt% GO in CHS at 81 °C at which the flux was
improved by 25% while maintaining high NaCl rejection (99.99%). Similar approach
was conducted by Ugur Nigiz [81] to prepare SA/GO MMMs for PVD. The highest
flux and rejection were 8.11 LMH and 99.41% that was obtained with 2 wt% GO at
feed temperature of 60 °C. Table 2-7 compares the performance of the recently

reported GO-based membranes for MD and PVD processes.
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Figure 2-13: Illustration of laminate GO membrane fabrication (a) assembly of GO-
PVA thin layer via the PAS technique, (b) GO-PVA drying, (c) membrane
crosslinking with GA, and (d) the final membrane (c-GO-PVA) [296].
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Table 2-7: Summary of the recently developed GO-based MD and PVD membranes and their performance

Type Method  Membrane Application Conditions Remarks Year & Ref.
s-TFC  LBL PA/PEI/GO PVD 200,000 ppm NaCl, Na;SOs, e Flux= 8.4 LMH, R>99.9% 2020 [80]
MgSOs and MgClz, Feed at e Stable performance up to 220 h.
65 °C, flowrate =53.5 L/h
MMM  PAS MCE/c-GO-PVA PVD 10 wt% NaCl, feed at 85 °C, e Flux=98 LMH, R=99.99% 2020 [296]
flowrate = 16 L/h e High stability and resistance under sonication destruction
MMM  Cast/dry SA/GO PVD 3-7 wt% NaCl, feed at 60 °C. e Flux=8.11 LMH, R=99.41% 2020 [81]
e The mechanical and thermal properties were improved with
GO addition.
MMM  NIPS PSF/GO DCMD 25,000 ppm NaCl, feed at 90 e The optimum GO content in PSF is 1.0 wt% 2020 [79]
°C, permeate at 20 °C, e With the optimum membrane, Flux = 20.8 LMH and R=99.9%
flowrate 5.7 L/min o Membrane hydrophilicity decreased with GO addition.
e Mean pore size increased with GO addition.
MMM  NIPS PVDF/rGO AGMD 35,000 ppm NaCl, feed at 80 e The optimum rGO content in PVDF is 0.5 wt% with 58% 2019 [279]
°C, permeate at 20 °C. reduction degree.
flowrate 385 mL/min. * With the optimum membrane, Flux = 7 LMH and R=99.99%
o Stable performance up to 96 h
MMM  Cast/dry CHS/GO PVD 5 wt% NaCl, feed at 81 °C. e The optimum performance was obtained with 1 wt% GO in 2018 [143]
CHS, 81 °C and 5 wt% NaCl.
o At the optimum conditions, Flux = 30 LMH and R=99.99%
o Improved hydrophilicity with GO addition.
MMM  NIPS PVDF/GO-APTS AGMD 3.5 wt% NacCl solution, feed e The optimum GO-APTS content in PVDF is 0.3 wt%. 2018 [109]
at 85 °C, permeate at 20 °C. o With the optimum membrane, Flux = 6.2 LMH and R=99.9%
MMM  NIPS PVDF/GO-ODA AGMD 3.5 wt% NaCl solution, feed e The optimum proportion of GO-ODA to PVDF is 5:3 2018 [280]

at 60, 70, and 80 °C, permeate
at 15 °C. flowrate 15 L/h

¢ With the optimum membrane, Flux = 16.7 LMH and R=98.3%
e Significant improvement in surface hydrophobicity and
roughness and lower thermal conductivity compared to PVDF.
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Type Method  Membrane Application Conditions Remarks Year & Ref.
MMM  NIPS PVDF/GO-NBA DCMD 3.5 wt% NaCl solution, feed e The optimum GO-NBA content in PVDF is 0.5 wt% 2017 [37]
at 60 and 80 °C, permeate at e With the optimum membrane, Flux = 61.9 LMH and R=99.9%
16 °C. flowrate 0.1 L/min
MMM  Casting PTFE/GO-PVDF DCMD 3500 - 34,000 ppm NaCl e Flux=97 LMH and R=99.9% 2016 [281]
solution, feed at 60, 70, and e High stability under high salt concentrations and 90 days runs.
80 °C, permeate at 20 °C.
flowrate 250 mL/min
PRL VAS a-Al,03/PDA/GO PVD 3.5 wt% NaCl solution, feed e Flux = 48.4 LMH and R=99.7% 2016 [297]

at90 °C

High stability up to 336 h
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CHAPTER 3: METHODOLOGY & EXPERIMENTAL WORK

3.1 Materials
Natural graphite flakes (-10 mesh, 99.9%) were obtained from Alfa Aesar,

Germany. Sulfuric acid (H2SOs4, 95%), potassium permanganate (KMnOs, 99%),
toluene (> 99.5 %) and polyvinylpyrrolidone (PVP, > 95%) were purchased from
Fisher Scientific. Phosphoric acid (HsPOs, 85%), hydrogen peroxide (H202, 30%),
hydrochloric acid (HCI, 35 to 38%), Safranin O (SO, 350.88 Da), and Methyl Blue
(MB, 799.81 Da) were purchased 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 Il sodium salt (ORII, 350.32 Da), ethanol (> 99.8%), N,N-
dimethylacetamide (DMA, > 99%) and 1-methyl-2-pyrrolidinone (NMP, 99.5%) were
obtained from Sigma Aldrich. Dodecane (> 99%) and N,N-dimethylformamide
(DMEF, > 99.8%) were obtained from Honeywell. Polysulfone substrate (PS-30) with
20 K molecular weight cut-off was purchased from Sepro Membranes, US. The
deionized water (DIW) was produced using the ELGA PURELAB Option water
purification system. All the chemicals were used as procured without further

purification.

3.2  Synthesis of Graphene Oxide Nanoparticles

The laboratory synthesis of GO nanoparticles from graphite involves two
steps: the oxidation of graphite to GO, followed by washing and purification of GO
from impurities (acids, manganese salts, etc.). High-oxidation and NOx-free synthesis
of GO was carried out using several variations on the conventional Hummers’ method

[57] in the absence of NaNOs, and by varying the reaction temperature, time, and
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reactant ratios [59]. Two groups of GO samples were synthesized by varying the
reactant compositions and oxidation temperatures. The residence time within each

group was also varied, as shown in Figure 3-1.

Graphite KMnO, Thermometer Graphene oxide (GO)

] l Oil bath
E F Step 1 B
* Stirring 30 min, T (°C) =3 -

addition of 50 mL DIW

HCl addition

_
Washing and

centrifugation
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| Stirring: t (min), T (°C)
addition of 150 mL  Reactants
> DIW + 20 mL H,0,

4
be e ]
A 4
H,S0, + H,PO,
@ Oxygen @ Carbon (O Hydrogen
Group GO Sample Reactants T(°C) t (min)
e Graphite (1 g), KMnO, (9 g) e
N raphite (1 g), KMnO, (9 g), .
Group 1 GOo1-b H,50, (90 mL), and H,PO, (10 mL) 85%2 =
GOl-c 90
Goz-a Graphite (1 g), KMnO, (3 g) 30
. raphite (1 g), nO, (3 8), s
Group 2 il H,50, (24 mL), and H,PO, (6 mL) 95%2 =
GO2-c ‘ 90

Figure 3-1: Schematic illustration of GO synthesis and the reaction conditions.

In brief, for group 1, sulfuric acid (H2SO4) and phosphoric acid (H3PO4) were
mixed in a 9:1 volume ratio and stirred in an ice bath for several minutes. Graphite
powder and KMnO4 were slowly added to the mixing solution under stirring. The
mixture was transferred to an oil bath at 85 + 2 °C for 30 min. A total of 50 mL of
deionized water (DIW) was added to the mixture, which was maintained under
stirring at the same conditions for 30, 60, and 90 min for GO1-a, GO1-b, and GO1-c,
respectively. The mixture was placed in an ice bath, and 150 mL of DIW and 20 mL
of H>O> were slowly added to terminate the reaction. An exothermic reaction
occurred, and the solution was allowed to cool down.

Similar steps were conducted for group 2 with varying reactant compositions
(Figure 3-1) and a reaction temperature of 95 + 2 °C. The resulting solution was
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diluted with 20% HCI solution and centrifuged using an Ohaus Frontier 5000 Series
Multi Pro Centrifuge at 7500 rpm for 20 min. The supernatant was removed, and the
residuals were washed several times with deionized water until a neutral pH was
obtained. Finally, the prepared samples were dried in an oven at 80 °C for

approximately 48 h.

3.3  Functionalization of Graphene Oxide with Polydopamine

The synthesized GO nanoparticles were characterized using several techniques
as will be explained in Section 3.5 to investigate the properties and the oxidation
degree of the obtained samples. The GO sample having the highest oxidation degree
was then selected to be functionalized with polydopamine (PDA).

The amine functionalization of GO nanoparticles with PDA was performed via
the temperature-assisted reflux method [67, 298]. Briefly, 100 mL of 10 mM Tris
solution was prepared, and the pH was adjusted to 8.5 using HCI. 100 mg GO and 200
mg DA were dispersed in the Tris solution using a bath sonicator (SONREX
DIGITEC DT 255 H, BANDELIN electronic, Germany) for 1 h. The GO-PDA
suspension was stirred at 60 °C for 48 h in an oil bath under the reflux conditions. The
functionalized nanoparticles were then washed and extracted by the solvent
evaporation approach. The resulted product was in the form of fine powders and was
dried under vacuum at 80 °C overnight. The amination of GO with PDA was reported
in some studies to cause a partial reduction of GO [99, 237], therefore the
functionalized GO sample was denoted as rGO-PDA. Figure 3-2 illustrates the

functionalization reaction of GO and the anticipated chemical structure of rGO-PDA.
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Figure 3-2: Illustration of the functionalization reaction of GO with PDA.

3.4  Fabrication of Mixed Matrix Membranes (MMMs)
The preparation of the pristine PSF, PSF/GO and PSF/rGO-PDA MMMs was

conducted using the phase inversion technique described in Section 2.3.1 [90].
Briefly, a 17 wt% PSF in NMP was used as the casting solutions with PVP (3 wt% in
NMP) as pores forming agent. First, two stock dispersions of GO and rGO-PDA in
NMP were prepared with concentration 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 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. Figure 3-3 illustrates the fabrication process of the pristine PSF and PSF
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MMMs incorporating GO and rGO-PDA via the phase inversion technique. The

notations and compositions of the prepared membranes are listed in Table 3-1.

Phase inversion

Membrane

GO-based MMMs Pl
DIW bath Membranes Casting

GO / rGO-PDA PSF + PVP
PSF/GO  PSF/rGO-PDA
l PSF (0.1 wt%) (0.1 wt%)
GO GO -P
(S
Solvent
(NMP) ‘
(f
Sonication (1h) Stirring overnight Casting solutlons

Figure 3-3: Illustration of the fabrication process of the pristine PSF, PSF/GO a
PSF/rGO-PDA MMM s using the NIPS technique.

Table 3-1: GO and rGO-PDA compositions in the prepared membranes

nd

Code  Membrane PSF  PVP NMP  Stock dispersion GO rGO-PDA
@ (mL)  (mL) (wt%)"  (wit%)®

Mo PSF 553 0975 25 0 - -

Mgo1  PSF/GO-0.02 553 0975 23 2 (GO) 0.02 -

Mgo2  PSF/GO-0.05 553 0975 20 5(GO) 0.05 -

Mgos  PSF/GO-0.1 553 0975 14 11 (GO) 0.1 -

Mgos  PSF/GO-0.15 553 0975 8 17 (GO) 0.15 -

Mppar  PSF/rGO-PDA-0.02 553 0975 23 2 (rGO-PDA) - 0.02

Mppa2 PSF/rGO-PDA-0.05 553 0975 20 5 (rGO-PDA) - 0.05

Mppaz  PSF/rGO-PDA-0.1 553 0975 14 11 (rGO-PDA) - 0.1

Mppas  PSF/rGO-PDA-0.15 553 0975 8 17 (rGO-PDA) - 0.15

* The compositions of GO and rGO-PDA are with respect to PSF weight.
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3.5 Materials Characterization
3.5.1 Characterization of GO nanoparticles

The GO samples prepared in Section 3.2 were analyzed using several
analytical techniques to investigate the effect of the oxidation conditions on the GO
properties. An elemental analysis was conducted using a Thermo Scientific™ FLASH
2000 CHNSO elemental analyser. Fourier transform infrared spectroscopy-universal
attenuated total reflectance sensor (FTIR-UATR) was performed in the range of 400—
4000 cm™ using a FTIR Perkin Elmer 2000. The FTIR analysis was carried out to
investigate the surface functional groups of GO samples prepared under different
reaction conditions. A quantitative analysis of the FTIR spectra was conducted to
estimate the oxygen content and O/C ratio for comparison with the elemental analysis
results [41]. The quantitative analysis was conducted as follows: the baseline spectra
were subtracted from the raw spectra, and the resulting spectra were multiplied by (-1)
to produce positive peaks that were then deconvoluted to Gaussian peaks for peak
area estimation. The oxygen content and O/C ratio were estimated by calculating the
ratio of all the oxygen related bands (ORB) to the total area of the spectra and to the

area of C=C band using equations 1 and 2, respectively.

ORB% = 2FE. % 100% (1)
Total
0/C = 2oz8 @)
Ac=c

The Raman spectra were recorded at room temperature using a DXR Raman
spectrometer from Thermo Scientific equipped with a 532-nm laser and a 10x%
objective. The GO morphology was evaluated by scanning electron microscopy
(SEM) with a JEOL model JSM-6390LV and transmission electron microscopy
(TEM) with a FEI Talos200x. Prior to TEM analysis, the GO powder was dispersed in

isopropyl alcohol and sonicated for approximately 15 minutes. A total of 20 uL of the
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dispersed solution was dropped over a 300-mesh Cu grid and dried at room
temperature. X-ray photoelectron spectroscopy (XPS) was performed over a 0-1200
eV range using a ThermoFisher ESCALAB 250i. Thermogravimetric analysis (TGA)
was performed to evaluate the GO thermal stability using a PerkinElmer
thermogravimetric analyser (Pyris 6 TGA) under nitrogen over a temperature range of

30-800 °C at a heating rate of 10 °C/min.

3.5.2 Characterization of rGO-PDA nanoparticles

The pristine GO and rGO-PDA nanoparticles were characterized using various
characterization techniques to confirm the functionalization and to explore its effects
on GO properties. CHNSO elemental analysis, FTIR-UATR spectra, Raman Spectra,
SEM and TGA analysis were carried out using the same conditions and analysers
described in Section 3.5.1. XPS measurements were conducted over a 0-1200 eV
range on a Kratos AXIS Ultra DLD with Al-Ka source and X-ray power of 15 Kv and
20 mA. X-ray diffraction analysis (XRD) measurements were carried out using
EMPYREAN PANalytical diffractometer, Netherlands, equipped with a Cu-Ka
radiation source (A = 1.5406 A). TEM analysis was carried out using a FEI Tecnai
F20 (200kV).

Additionally, to investigate their dispersion properties, the pristine GO and
rGO-PDA were dispersed in DIW and different organic solvents including, hexane,
DMA, DMF, dodecane, toluene, and NMP. The dispersion tests were performed in an
ultrasonic bath for 2 h at room temperature and a concentration of 0.5 mg/mL.

To investigate the hydrophilic properties of the pristine GO and rGO-PDA,
both samples were deposited on a PS-30 substrate using the pressurized assisted self-

assembly (PAS) approach described in Section 2.3.2 [268]. In brief, two stock
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dispersions containing 0.02 mg/mL of GO and rGO-PDA particles in DIW were first
prepared using an ultrasonic bath sonicator for 2 h to ensure a good dispersion of the
nanoparticles. 50 mL of the stock solution was then transferred to a dead-end
membrane cell (Sterlitech, US) with effective membrane area of 14.6 cm?. The cell
was then pressurized with 4 bar of nitrogen gas to force the water to pass through the
substrate while the nanoparticles are being assembled. The nanoparticles composition
in the obtained membranes is 1 wt% with respect to the effective area of PS-30. The
obtained membranes were then dried in an oven at 50 °C. Figure 3-4 illustrates the
PAS technique for PS/GO and PS/rGO-PDA membranes preparation. The
hydrophilicity of the pristine and the coated membranes was then explored using the
OCA15 Pro contact angle analyzer (DataPhysics, Germany). The contact angle
measurements were carried out at room temperature and using a DIW droplet of 2 um
at different points of each membrane sample (minimum of 10 points) and the average

contact angle value was then calculated.

Nitrogen (4 bar)

0.02 mg/mL 0.02 mg/mL l
GO rGO-PDA

g ! Dead-end

L 50 mL GO/rGO-PDA | filtration
A | —>  suspensions cell

Poroussubstrate  |; . :
(PS-30)

Mesh support
Filtered
water

Figure 3-4: Illustration of the GO/rGO-PDA assembly using the PAS technique.
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3.5.3 Characterization of the membranes

Different characterization techniques were performed on the pristine PSF and
MMM s to explore the effect of GO and 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 magnifications. To prepare the cross-section samples, the freeze-
fracturing method was used to avoid the deformation of the membrane structure by
freezing the prepared membranes in liquid nitrogen and breaking them immediately
[299]. Atomic force microscopy (AFM) measurements were conducted using (AFM-
MFP-3D, Asylum Research) over 10 x 10 um 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 um 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.

The overall porosity (&) of the prepared membranes was determined using the

gravimetric method as described by Eq. 3 [90]:

= tu-va ©

T AXIXpy
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 (cm?), | is the membrane
thickness (cm) determined from the cross-section SEM (Figure B1 in Appendix B),
and pw is the water density at 23 °C (0.998 g cm™). The mean pore size (rm) was then

determined using the Guerout-Elford-Ferry equation (Eq. 4) [104, 240]:

__ [(2.9-1.75¢)x87lQ
Tm = \/ EXAXAP (4)
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Where 7 is the water viscosity at 23 °C (9.3 x10* Pa.s), Q is the permeate flow rate

(m3.s1), and AP is the operational pressure (Pa).

3.6  Permeability & Separation Experiments

The separation performance and antifouling properties of the prepared
membranes were studied using a commercial cross-flow membrane apparatus
(Sterlitech Corp, US) equipped with a temperature control system. Flux (Jw, LMH),
pure water permeability (PWP, LMH/bar) and rejection (R%) were calculated using

equations 5, 6, and 7, respectively [114, 300].

J== (5)
PWP = % (6)
R(%) = (1 — E—’;) x 100 )

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, Cp and Ct are the
solute concentration in the permeate and feed respectively.

The rejection properties of the prepared membranes were evaluated using different
dyes including Safranin O (SO), Orange 1l sodium salt (ORII), Methyl Blue (MB) and
Direct Red 80 (DR80). Table 3-2 lists the chemical formulas and molecular weights
of BSA, HA, and dyes used in separation measurements. 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™. The dyes rejection tests were then
performed at gage pressure of 1 bar and the same cross-flow velocity for 1 h with 25

ppm dye concentration in the feed. The concentrations of feed and permeate, Cs and
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Cp, were measured using UV-VIS spectrophotometer (UV-2700, Shimadzu) at

wavelengths of 520, 485, 600, and 528 nm for SO, ORII, MB, and DR80,

respectively. Figure 3-5 illustrates the process flow diagram of the cross-flow

membrane unit used during this study.

1 Conical Feed Tank 6 Permeate Collector D
2 Feed Pump 7 Electronic Balance Vi
3 Control Panel A Feed Line V2
4  Cross-Flow Membrane Cell B Retentate Line

5 Flat Sheet Membrane C By-Passline

Permeate Line
By-Pass Control Valve
Retentate Control Valve

Figure 3-5: Process flow diagram of the cross-flow membrane unit.
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Table 3-2: Chemical formulas, structures and molecular weights of chemicals used for

separation and fouling measurments.

Material Chemical formula  Structure Mw (DA)
Bovine serum C123H193N35037 - ~ 66,000
albumin (BSA)

Humic acid (HA)  Ci1s7H186083NoS1 - 2,000 - 500,000

Safranin O (SO)  CaoH1gN4Cl HBC:@:NUCHS 350.88
HoN N7 NH,

Orange Il sodium  CisH11N2NaO4S Q 350.32

S-ONa
salt (ORII) /@/ a
N=N

Methyl Blue Csz7H27N3Na209S3 g,o- 799.81
(MB) peL

'o—g " ‘ “ 2

b o'o o
Direct Red 80 CasH26N10Nas021Se come NaoaS\O 1373.07
(DR80) A U
v o o\:
o L

3.7 Dynamic Fouling Experiments

Antifouling properties of the prepared UF membranes were investigated using
500 mg/L BSA and 25 mg/L HA as the model foulants representing protein and
natural organic matters (NOMSs) 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 prepared foulant solution at the

same pressure and cross-flow velocity for 1 h and the foulant flux (Jwr) was then
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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
shifted to pure DIW at 1 bar and the steady flux was recorded (Jw1). The total fouling
ratio (Ry), flux recovery ratio (FRR), the reversible fouling ratio (Ry) and the

irreversible fouling ratio (Rir) were estimated using the equations 8 to 11, respectively

[115]:
_ ]wo_]wf
Rt(%) = ]— X 100 (8)
wo
FRR (%) = jW—l X 100 9)
wo
_ Jwi—Jwr
wo
— Jwo—Jw1
Ry (%) = T x 100 (11)
wo

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, Cs and Cp,
were measured using UV-VIS spectrophotometer (UV-2700, Shimadzu). BSA
concentration was measured at 278 nm [301], while HA concentration was measured
at 254 and 280 nm [238]. 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 performance and fouling
parameters. Table 3-3 summarizes the measurements and analyses performed for GO
nanoparticles from the improved Hummers' method, pristine GO and rGO-PDA

nanoparticles, and the prepared membranes.
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Table 3-3: Summary of the measurments and characterization performed on GO,

rGO-PDA nanoparticles and the prepared membranes.

Measurement/characterization ~ GO samples rGO-PDA Membranes

FTIR-UATR v v v

Raman spectroscopy v 4

XRD 4

XPS v v

CHNSO v v

TGA v 4

SEM v v v

TEM v 4

AFM v

Dispersibility v

Contact angle v v

Porosity and mean pore size v

Permeability and separation v
v

Antifouling properties
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CHAPTER 4: RESULTS & DISCUSSION

This chapter presents and discusses the outcomes and results of each phase of
the research. Section 4.1 discusses the characterization results of the GO samples
prepared in the first phase. A comprehensive analysis on the pristine GO and rGO-
PDA characterization is presented in Section 4.2. Section 4.3 discusses the
characterizations of the prepared membranes. The separation performance and the
antifouling properties of the prepared membranes are then discussed in Sections 4.4
and 4.5, respectively. Finally, Section 4.6 compares the membranes prepared in this

work with other GO-based UF-MMMs reported in the literature.

4.1  Characterization of GO Nanoparticles

4.1.1 Morphology and chemical compositions

SEM images of the prepared GO particles at different magnifications are
presented in Figure 4-1. The images show different GO sample morphologies resulted
from varying the reaction conditions. All GO samples have wrinkled surfaces with
folded regions which is attributed to the formation oxygen-containing functional
groups and Sp® carbons in the basal planes [70]. The GO samples were found to have
separated graphitic layers with different separation levels, which is also attributed to
the difference in oxidation level. Separated graphitic layers in GO result from a high

oxygen content and the intercalation of oxygen atoms between graphene sheets [66].
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Figure 4-1: SEM images of the prepared GO samples.

The TEM images in Figure 4-2 show different stacking levels of GO sheets,
which affect the transparency of the GO flakes. The comparatively high amount of
sheet stacking in GO1l-a and GO1-c results in opaque and dense flakes. GO1-b
exhibits two morphologies, corresponding to dense and transparent regions. By
contrast, GO2-a, GO2-b, and GO2-c exhibit comparatively lower levels of stacking,
resulting in highly transparent sheets. The more wrinkled sheets of GO1-c and GO2-a
indicate the presence of oxygen functional groups and a higher oxidation level than

for the other samples [41, 70].

85



Figure 4-2: TEM images of the prepared GO samples

The elemental compositions of the prepared GOs, as determined by the
CHNSO elemental analysis, are listed in Table 4-1. The oxygen content of the
prepared GO ranged between 34.7 and 50 wt%. For group 1, the highest oxygen
content was recorded for GO1-c (45.2 wt%). This result suggests that for the ratio of
graphite to the other reactants (0.5 wt%) and temperature (85 °C) used to prepare
GO1-c, the oxidation degree increased with the reaction time. However, for group 2,
which had a high ratio of graphite to the other reactants (1.7 wt%), the highest oxygen
content and O/C ratio were obtained for the shortest reaction time (GO2-a). Muzyka
et al. [66] reported similar result, that is, the highest oxygen content (41.4 wt%) was
obtained for 2 hr of oxidation and decreased to 21.1 wt% for a reaction time of 72 hr.

The samples with the highest oxygen contents of the prepared GOs, GO1-c

and GO2-a, also exhibited the highest O/C atomic ratios (0.65 and 0.8, respectively).
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This result suggests that a high graphite composition in the reactants at high
temperature produces a good degree of oxidation in a short time, as in the case of
GO2-a. The results of the elemental analysis are also in good agreement with
observations of TEM analysis where GO1-c and GO2-a samples were found to have

more wrinkled sheets indicating higher level of oxidation than other samples.

Table 4-1: Elemental compositions of GO samples from CHNSO analysis

Sample Weight composition (wt%) Atomic composition (at.%)
N C% H% S% O% N% C% H% S% 0% O/C

GO1-a 03 546 24 02 426 02 474 246 01 277 059
GO1-b 19 605 27 02 34713 501 269 01 216 043
GO1-c 02 519 25 00 452 02 447 259 00 292 0.65
GO2-a 03 468 26 03 500/| 02 403 271 01 323 0.80
GO2-b 04 581 18 02 395 03 532 194 01 271 051
GO2-c 00 561 19 00 419 00 506 209 00 284 0.56

XPS spectra were recorded to investigate the chemical states, the nature of the
functional groups and the surface elemental compositions of the synthesized GOs.
The complete XPS surveys of all the GO samples in Figure 4-3 show the presence of
C 1s and O 1s core-levels in all the samples. The functional groups were further
analysed by deconvoluting the C 1s and O 1s core-levels of the XPS spectra, as
illustrated in Figure 4-4. The deconvolution of the C 1s region of all the GO samples
resulted in four peaks at binding energies of ~284, 286, 289, and 290 eV,
corresponding to C=C/C—C, C—O0, C=0, and COOH, respectively. These functional
groups have been reported in several studies in the literature [60, 61, 66, 302].
Following study [70], the O 1s region of the XPS spectra was similarly deconvoluted
into four main peaks at ~530, 532, 533, and 536 eV, corresponding to O—C=0, C=0,

C—O0, and C—O—C, respectively.
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Figure 4-3: XPS survey spectra of the prepared GO samples.
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Figure 4-4: Deconvolution of C 1s and O 1s core-level XPS spectra of GO1-a.

Table 4-2 shows the surface elemental compositions obtained from the XPS

analysis. In comparison to the elemental compositions obtained from CHNSO, carbon

is clearly overestimated in all the tested samples. This observation has been

previously reported in some studies [60, 66, 70, 303]. The elemental compositions

obtained from XPS and CHNSO differ because XPS only provides information on the

elemental distribution on the surface and represents only the area surveyed [304],

whereas the CHNSO analysis provides information about the bulk sample [305, 306].

Table 4-2: Elemental compositions of GO samples from XPS analysis

Sample Elemental analysis (at.%)

C1ls O1s N 1s S2p o/C
GOl-a 63.16 34.27 0.56 1.17 0.54
GO1-b 80.1 19.1 0 0.8 0.24
GOl-c 66.2 31.65 0.73 1.43 0.48
GO2-a 65.27 33.89 0.57 0.27 0.52
GO2-b 70.98 27.11 0 1.9 0.38
GO2-c 66.53 33.04 0.32 0.1 0.50
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Table 4-3 is a comparison of the oxidation conditions, reactants and O/C
atomic ratios of the GO prepared in this study with results from the literature. A
higher oxidation degree of GO (i.e., for GO2-a) was obtained in this study than in the
literature. Thus, the experimental conditions clearly affect the GO properties. The
graphite characteristics also affect the GO properties. Hou et al. [69] investigated the
effect of oxidant, intercalator, and graphite flakes size on GO properties. It was found
that the oxidation level increases with the increase of both oxidant and intercalator.
Further, the authors reported that the use of excessive amount of NaNOs reduces the
oxidation level. In a similar study, Chen et al. [56] investigated the effect of the
properties of the starting graphite material on the GO characteristics. It was found that
GO prepared from small graphite flakes had a higher O/C ratio than that prepared
from large graphite flakes. Similar oxygen contents and O/C ratios were obtained in
this study as by Al-Gaashani et al. [70], although different oxidation conditions were
used. This result is related to the type and characteristics of graphite, because Al-
Gaashani et al. used a similar type of graphite as that used in this study (-10 mesh,
99.9%, Alfa Aesar, Germany). Hence, GO characteristics are determined by the
graphite properties and the experimental conditions.

In terms of cost, compared to high-oxidation-degree GO in literature, GO2-a
was produced with lower cost with respect to the amount of acids used or the reaction
time. For example, Al-Gaashani et al. [70] used 100 ml acid per 1 g of graphite for 3 h
reaction to produce GO with O/C of 0.7. However, GO2-a (O/C = 0.8) was produced
with 30 ml acids per 1 g of graphite in 1 h reaction. Muzyka et al. [66] produced high-
oxidation-degree GO (O/C = 0.74) with low amount of acids (30 ml per 1 g of
graphite) with the use of NaNO3z which results in NOx formation and release during

the reaction. Therefore, the method used in this work can be considered cost effective
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and NOx-free for production of large quantities of high-oxidation-degree GO

particles.

Table 4-3: Comparison of experimental conditions and O/C atomic ratio of GO

prepared in this study with literature values

Reactants T t(h) O/C Ref.
(°C)

Gr (100 g); KMnO4 (100 g); NaNOs (50 g); H2SO4 (2.3 98 0.75 044 [57]
L)

Gr (1 g); KMnOs (3 g); H2SO4 (23 mL) 95 0.75 050 [56]
Gr (1g); KMnO4 (3 g); H2SO4 (20 mL); HNO3 (15mL) 25 24 0.69  [66]
Gr (1 g); KMnO4 (3 g); NaNO3 (3 g); H2S04 (30 mL) 25 2 074

Gr (7.5 g); KMnO4 (45 g); NaNOs (7.5 g); H.SO4 (360 35 3 056  [68]

mL)

Gr (1 g); KMnO4 (3 g); NaNO3 (0.75 g); H.SO4 (23 mL) 98 3 0.20  [41]
Gr (1 g); KMnOs (6 g); H2SO4 (46 mL) 98 1 059 [67]
Gr (1 g); KMnOs (6 g); H2SO4 (46 mL) 95 6.5 037 [69]

Gr (1 g); KMnO4 (6 g); NaNOs (2 g); H2SO4 (46 mL) 95 65 0.33

Gr (1 g); KMnOs (6 9); H2SO4 (70 mL); HsPO4 (20mL); 85 3 0.7  [70]
HNO3z (10 mL)

GO2-a: Gr (1 g); KMnO4 (3 g); H2SO4 (24 mL); HsPO, 95 1 0.8 Present
(6 mL) study

4.1.2 FTIR-UATR spectral analysis
The FTIR spectra of the prepared GO samples and graphite are presented in

Figure 4-5. There are several bands associated with oxygen functionalization in the
spectra of all the samples, clearly showing the oxidation of graphite. The presence and
nature of the functional groups in the FTIR spectra are in good agreement with the
XPS analysis results. The following functional group signals were identified in the
spectra of the prepared GO samples: the epoxy C—O—C stretching vibration
(~1030-1050 cm™), C—OH bending vibrations of hydroxyl groups (~1235 cm™), the
C==0 stretching vibration of carbonyl functional groups at the edge of the GO sheets
(~1705 cm™), the C==C skeletal vibration from unoxidized graphene (~1600-1620
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cm™) [41, 66], and O—H stretching vibrations corresponding to the residual water

intercalated between the GO sheets (~3200 cm™) [56].
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Figure 4-5: FTIR spectra of prepared GO samples: (a) group 1 and (b) group 2.

The comparatively large area of oxygen related bands (ORB) in these samples
indicated a relatively high oxygen content. Figure 4-6 is a graphical treatment of the
FTIR spectra of GOl-a as an example. The graphical treatment and FTIR

guantification of the other GO samples are presented in Figure Al in Appendix A.
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Figure 4-6: FTIR spectra treatment and deconvolution for the quantitative analysis of
GO1l-a.

Different oxidation conditions have produced GO samples with different
properties related to the oxygen content. This conclusion was borne out by the FTIR
spectra as well as the other characterization results. The calculated areas of the ORBs
differed from one sample to the next, resulting in comparable results to those obtained
by the elemental analysis. Figure 4-7 is a comparison of the calculated ORB% from
the FTIR spectra with the O% obtained from the elemental analysis. The calculated
ORB% differs slightly from the elemental analysis results for GO1-b and GO2-b by 3
and 8 wt%, respectively. For GOl-a and GO1-c, the corresponding differences
between the two analyses were higher by15% and 20%, respectively. By contrast, the

results of the two analyses were identical for GO2-a and GO2-c.
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Figure 4-7: ORB% obtained from FTIR quantification compared to O wt% obtained

from CHNSO elemental analysis

4.1.3 Raman spectral analysis

Raman spectroscopy is an essential tool for the characterization of GO and
other graphene-based materials [307]. A good analysis of the Raman spectra provide
quantitative and qualitative information about the properties of GO like defects, the
number of layers, and crystallite size [307, 308]. The Raman spectra of the prepared
GO samples are shown in Figure 4-8. All the spectra exhibit two characteristic bands
for D and G at ~1350 and 1590 cm, respectively, in addition to second-order bands
(~2500-3200 cm™t) [307]. To enable a more accurate interpretation of the spectra, the
first-order spectra were deconvoluted and fitted to four peaks, D, D", G, and D'
Shadezky et al. [309-311] reported another peak at approximately 1110 cm related to
disordered graphitic lattices. However, this peak was not subsequently reported for
GOs synthesized from natural graphite [312] and was not observed in this study

either.
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Figure 4-8: Raman spectra of prepared GO samples: spectra have been stacked

vertically for clarity.

Figure 4-9 illustrates the spectral deconvolution and peak fitting using GO1-a
as an example. The deconvolution and fitting details of the other GO samples are
presented in Figure A2 in Appendix A. It is well established that first-order bands are
related to the crystallite size of graphene-based materials. The D" band has been
correlated with reduced crystallite size that is related to amorphous phases in GO

nanoparticles [313].
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Figure 4-9: lllustration of Raman spectra deconvolution and peak fitting using GO1-a

as an example.

There have been several reports that the in-plane sp? crystallite size (La) is
inversely proportional to the ratio of the D and G intensities (Io/lg) [41, 56, 312, 314,
315]. Hence, the relative intensities of the D and G bands were calculated from the
fitted spectra and used to estimate the crystallite size. GO1-b has a strong G band
accompanied with a weak D band and a correspondingly low Ip/lg ratio (0.38)
compared to those of the other samples. The Ip/lg ratio of the other samples ranges
between 1.06 and 1.15, which suggests that all the prepared GOs have almost similar
crystallinities and structures, except for GO1-b. The band parameters estimated from
the first-order spectra fits are presented in Table Al in Appendix A. The crystallite
size La (nm) was estimated using the Tuinstra-Koenig model [314, 316]:

Ly = (2.4 % 1071 A%(Ip /1) ! (12)
where 4 is the laser wavelength (nm), and Ip and I are the integrated intensities under
the D and G bands, respectively. The estimated crystallite sizes of GO samples are

listed in Table 4-4.
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Table 4-4: Crystallite sizes of GO samples estimated by Tuinstra-Koenig model

GO1-a
9.7

GO1-b
23.6

GO1-c
9.2

GO2-a
10.9

GO2-b
9.0

GO2-c
9.0

Sample
La (nm)

The second-order spectra of the GOs can be used to assess graphene quality
[317]. Ferrari et al. [318] related the position and width of the 2D band to the number
of layers in GO. The 2D band was found to shift to higher wavenumbers as the
number of layers increased. Lopez-Diaz et al. [310] found that the Ip/lg ratio and the
position of the 2D-band were good estimators of the graphitization degree in graphene
oxides. To investigate these results, the second-order region of the spectra was
deconvoluted and fitted to 3 peaks, 2D, D+D', and 2D, as illustrated in Figure 4-9.
The band parameters estimated from the second-order spectra are presented in Table
A2 in Appendix A. The Ip/lg ratio from the first-order spectra and the positions of the
2D and D+D' bands from the second-order spectra are plotted against the C (%)

values obtained from the CHNSO analysis in Figure 4-10a and b, respectively.
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Figure 4-10: (a) Ip/lc ratio of first-order Raman spectra and (b) positions of 2D and

D+D' bands of second-order Raman spectra as functions of C (%).

It has been reported by Lopez-Diaz et al. [310] that both the Ip/lg ratio and the

positions of the 2D and D+D' bands are correlated with C (%). However, no clear

correlation can be observed in the results shown in Figure 4-10a and b.
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4.1.4 Thermal stability
TGA was conducted to investigate the thermal stability of the prepared GO.

Figure 4-11 shows the TGA curves of the prepared GO nanoparticles and the
corresponding derivatives. The curves exhibit three stages of weight loss: the slight
weight loss before 100 °C resulted from the evaporation of water trapped between GO
sheets [27, 56], the major weight loss between 200 and 250 °C resulted from the
thermal degradation of unstable oxygen-containing functional groups (hydroxyl,
epoxy and carboxyl) [60, 319], and the final stage can be attributed to the
decomposition of most of the stable groups at higher temperatures [60, 302]. The
prepared GO exhibited different thermal stabilities. The major degradation of the
unstable oxygen-containing groups occurred at approximately 222-239 °C and 243
°C for group 1 and group 2, respectively, as depicted in the derivative curves. The
major percentage weight loss was found to increase for the samples in the following
order: GO1-b < GO1-a < GO2-b < GO1-c < GO2-a < GO2-c. The difference in the
weight loss of the GO samples mainly resulted from differences in the elemental
compositions [319], because the thermal decomposition of GO depends on bond
dissociation energies, whose magnitudes increase in the following order: H-bonding <
C-O-C < COOH, HO-C-C-OH < C-C < C=C [320]. The relation between thermal
stability and elemental composition can be more clearly seen by plotting the weight
loss % (in decomposition stages 2 and 3) versus the GO oxygen content as illustrated
in Figure 4-12. Figure 4-12 shows the clear dependence of the weight loss on the GO
elemental composition, and the thermal stability decreases with the increase of
oxygen content and vice versa. For example, GO with a high oxygen content tends to
have a low thermal stability (e.g., GO2-a), whereas a low-oxygen-content GO (e.g.,

GO1-b) exhibits a high thermal stability.
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Figure 4-11: TGA curves (solid lines) of GO samples and corresponding derivative

curves (dotted lines).
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Figure 4-12: Plots of weight loss (%) in stages 2 and 3 of thermal decomposition
obtained by TGA as a function of O (wt%)

4.2  Characterization of rGO-PDA Nanoparticles
Bases on the results obtained from the characterization of GO samples

(Section 4.1), GO2-a was found to have the highest oxidation degree among the
samples. Therefore, GO2-a (hereinafter referred as GO) was selected to be
functionalized with PDA and for the embedding into membranes as well. The
following subsections elaborates on the differences between GO and rGO-PDA
nanoparticles with respect to their morphology, structure, chemical compositions,

thermal stability, dispersibility and hydrophilicity.

4.2.1 Structural and morphological properties

The structural change represented by the XRD patterns of the pristine GO and
rGO-PDA nanoparticles is shown in Figure 4-13. The diffraction peak of the GO
sample at 11.2° corresponds to the 001 plane of the hexagonal crystal structure of GO

[70]; while the peak at 25.9° corresponds to the 002 plane which can be attributed to
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unoxidized graphite in the synthesized GO [60, 321, 322]. The incomplete oxidation
of graphite results in the formation of graphite-GO mixture which is considered one
of the main drawbacks of Hummers-based methods [56]. For rGO-PDA, the 001
plane was shifted to 10.9° with the presence of several peaks confirming the structural
change resulted from the functionalization reaction. A sharp diffraction peak has
emerged in the rGO-PDA patterns at 21.7° which is close to the graphite diffraction
peak at 25.9° indicating a partial reduction of GO [99]. The diffraction peaks at 31°,
32.2° and 32.9° have been previously reported with PDA-functionalized carbon
nanotubes (CNT-PDA) and they were related to the PDA [323]. Furthermore, the
diffraction peaks around 41.4° and 42.9° were previously reported with rGO/PDA

nanoparticles [324].

001)
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Figure 4-13: XRD patterns of GO and rGO-PDA nanoparticles.

The interlayer spacing of the samples (d-spacing) can be correlated to the
oxygenated functional groups of GO. The interlayer spacing of the 001 plane (doy)-

spacing) was calculated by Bragg's equation to be 7.9 A for GO which is close to the
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values reported for GO synthesized by modified Hummers methods [60, 70, 302]. The
d(o1)-spacing of rGO-PDA was found to be 8.1 A indicating a slight expansion in the
interlayer spacing. The expansion in the interlayer spacing confirms the formation of
new oxygenic functional groups from the PDA between the GO layers. This can be
also demonstrated in the SEM images of GO and rGO-PDA presented in Figure 4-14.
SEM images at different magnifications show a clear difference in the morphological
characteristics resulted from the amination of GO. Images of the unfunctionalized GO
nanoparticles exhibit sharp, clear, and smoother flakes while the rGO-PDA
nanoparticles exhibited rougher surface and irregular structure. SEM images at high
magnifications show well distribution and attachment of PDA particles on the surface
and between the GO sheets which lower the stacking level of GO layers and expands

the interlayer spacing as demonstrated by XRD results.

GO

rGO-PDA

Figure 4-14: SEM images of GO and rGO-PDA nanoparticles.

The TEM images in Figure 4-15 depict two distinct morphologies of GO and
rGO-PDA nanoparticles. The pristine GO exhibited wrinkled surface and highly

transparent sheets which can be related to the lower stacking level of GO sheets. The
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high transparency and wrinkled surface indicate a high oxidation level of GO sheets
[41, 59]. In contrast, the TEM images show dense and opaque surface of the rGO-
PDA indicating a successful grafting of PDA on the GO surface, which agrees with

the results obtained by the SEM images.

“5“

GO

rGO-PDA

Figure 4-15: TEM images of GO and rGO-PDA nanoparticles.

4.2.2 Compositional properties

XPS survey spectra were recorded to explore the effect of PDA
functionalization on the surface elemental compositions, nature, and the chemical
states of the functional groups of GO nanoparticles. The complete XPS survey spectra
of GO and rGO-PDA in Figure 4-16 shows the existence of O 1s and C 1s core-levels
around binding energies of 531 and 284 eV, respectively. The small peaks at 166 eV
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correspond to S 2p indicating the presence of trace amounts of sulphur in both
samples. The N 1s peak emerged in GO-PDA spectra at binding energy of ~398 eV
indicates that GO was successfully aminated with PDA. Additional two peaks
emerged in the spectra of rGO-PDA around 196 and 266 eV corresponding to Cl 2p

and CI 2s due to the chlorine content of dopamine.
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Figure 4-16: XPS survey spectra of GO and rGO-PDA nanoparticles.

For a better interpretation of the XPS spectra, C 1s and O 1s core-levels were
deconvoluted and the abundance percentage of functional groups are presented in
Figure 4-17a and b. Four peaks were obtained by deconvoluting the C 1s region of
GO: C=C/C—C (40%) at a binding energy of 284 eV attributed to sp? bound graphitic
carbon, C—O (41%) at 286 eV related to the epoxide groups, C=0 (14%) of the
carbonyl functional groups at 287 eV, and the carboxylic group on the GO edges
(COOH) at 289 eV (5%). These peaks were reported in the literature for GO
nanoparticles [60, 61, 66]. Similar peaks were obtained from the deconvolution of C

1s core-level of GO-PDA in addition to a fifth peak corresponding to C—NH> at a
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binding energy of 281 eV emerged from the PDA amine groups [325], which resulted
in a slight reduction in the compositions of oxygen-containing groups. The
deconvolution of the O 1s spectra illustrated in Figure 4-17c and d resulted into four
main peaks, O—C=0, C=0, C—O0, and C—0—C, at binding energies of ~530, 531,
533, and 535 eV, respectively [70].

The N 1s peak emerged in the rGO-PDA spectra was deconvoluted and fitted
into three main peaks at binding energies of 402, 399, and 396 eV corresponding to
primary amine (N—Hy), secondary amine (N—H), and aromatic/tertiary amine (N—
C) functional groups, respectively, as illustrated in Figure 4-17e [326-328]. Peak
parameters and the corresponding compositions estimated from the XPS fit are listed

in Table A3 in Appendix A.
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Figure 4-17: High-resolution and deconvolution of XPS spectra of (a) GO C 1s, (b)
GO-PDA C 1s, (c) GO O 1s, (d) GO-PDA O 1s, and (e) GO-PDA N 1s core-levels.
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Table 4-5 and Table 4-6 compare the elemental compositions of GO and rGO-
PDA as determined by the XPS and CHNSO elemental analyzer, respectively. The
results obtained from CHNSO analysis show a good oxidation degree of graphite to
GO with an oxygen content of 50 wt% and an atomic O/C ratio of 0.8. However, the
functionalization with PDA resulted in partial reduction of GO lowering its oxygen
content to 37.7 wt% and the O/C ratio to 0.6 which agrees with the FTIR results. The
reduction is not as significant as this reported with other amines like n-butylamine
[67], dodecylamine [329] or melamine [30], which can be attributed to the oxygenated

functional groups of PDA that compensated some of the reduced oxygen in GO.

Table 4-5: XPS elemental compositions of the GO and rGO-PDA.

Sample Atomic composition (at.%)

C1s O 1s N 1s S2p Cl2p Cl 2s
GO 74.58 24.52 0.5 0.4 - -
rGO-PDA 69.94 20.61 6.61 0.11 1.82 0.91

Table 4-6: CHNSO elemental compositions of the GO and rGO-PDA.

Sample Weight composition (wt%) Atomic composition (at.%)

N C H S 0] N C H S O ol/C
GO 03 468 26 03 500 02 403 271 01 323 0.80
rGO-PDA 7.8 498 48 00 377 47 352 401 00 200 0.6

4.2.3 FTIR-UATR and Raman spectral analysis
The FTIR spectra of the pristine GO and rGO-PDA nanoparticles are shown in

Figure 4-18. As discussed in Section 4.1.2, the spectra of the GO confirm the
oxidation of graphite owing to the presence of several bands attributed to oxygen

functionalization. The successful functionalization of GO particles can be also
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confirmed by the emerging bands in the spectra of rGO-PDA that are attributed to the
amide functionality at ~1285, 1500, 1619, 3038, and 3184 cm™. These bands have
been previously reported in literature and were related to PDA [330-332]. Further, it
was found that the C=0 band at 1707 cm™ was almost disappeared with rGO-PDA

spectra demonstrating a partial reduction of GO nanoparticles [39].
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Figure 4-18: FTIR spectra of the pristine GO and rGO-PDA nanoparticles.

Raman spectra of the pristine GO and rGO-PDA are shown in Figure 4-19a.
The two distinctive bands for graphene-based materials, G and D, are existing in both
spectra at ~1590 and ~1350 cm, respectively. As demonstrated in Section 4.1.3, the
In/lg in the first-order spectra is related to the crystallite size of GO nanoparticles
[312]. Consequently, the first-order spectra of both samples were deconvoluted and
fitted into four peaks, D, D", G, and D' at ~1352, 1495, 1585, and 1610 cm™,
respectively. A fifth peak (D*) emerged in the spectra of rGO-PDA at ~1188 cm™
which was earlier reported and attributed to disordered graphitic lattices [309, 310].

The Ip/lc ratio was then estimated from the fitted spectra. Figure 4-19b and c depicts
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the spectra deconvolution and peak fitting of GO and rGO-PDA, respectively. From
the estimated intensities (Io and Ig), the crystallite size (La, nm) for both samples was
then calculated using the Tuinstra—Koenig model (Eq. 12) [316]. The parameters of G
and D bands and the evaluated crystallite sizes Lo of the pristine GO and rGO-PDA
nanoparticles are presented in Table A4 in Appendix A. The crystallite sizes
estimated from the Ip/lg ratios were found to be 10.9 and 15.2 nm for the pristine GO
and rGO-PDA, respectively. Further, the Ip/lc ratio of rGO-PDA (1.3) was found to
be lower than this of the pristine GO (1.8) indicating lower oxygen content of rGO-
PDA [41, 318]. This is in a good agreement with the results obtained from XRD,
FTIR analyses and the elemental analysis. The complete bands parameters estimated
from the first order spectra fitting are listed in Table A5 in Appendix A. Second-order
bands around (~2500-3200 cm™) are also presented in the spectra of both samples.
The second-order spectra were deconvoluted into three peaks, 2D, D+D’, and 2D', as
depicted in Figure 4-19b and c. Bands parameters estimated from the deconvolution
and fitting of the second-order spectra are listed in Table A6 in Appendix A. The
second-order bands are associated with the quality of GO [317]. The positions of the
2D and D+D' peaks were reported to be good estimators of graphitization degree,
represented by Csp? content, in GO nanoparticles [310]. It was demonstrated in
Section 4.1.3 that the correlations reported by Lopez-Diaz et al. [310] don’t always
provide accurate values of the Csp? content especially when other elements like
nitrogen are presented in the sample. However, it can be said that the positions of 2D
and D+D’ shifts to higher wavenumbers with samples having lower oxygen contents.
Therefore, the slight shift of 2D and D+D' positions in the rGO-PDA spectra could be
attributed to the lower oxygen content of rGO-PDA due to the partial reduction

resulted from the functionalization reaction.
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Figure 4-19: (a) Raman spectra of GO and rGO-PDA nanoparticles and illustration of

Raman spectra deconvolution and peaks fitting for (b) GO and (c) rGO-PDA.
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4.2.4 Dispersibility & hydrophilicity properties
Figure 4-20 shows photographs of GO and rGO-PDA suspensions after

sonication. The pristine GO nanoparticles exhibited good dispersibility in DIW, NMP,
DMF, and DMA; while with other solvents (i.e. hexane, toluene, and dodecane), the
dispersibility was very poor. These observations were previously reported in some
studies in literature and are mainly attributed to the polarity of GO [67, 333]. In
contrast, rGO-PDA nanoparticles showed high dispersion in all solvents except in
hexane with average dispersibility. The high dispersibility of rGO-PDA in polar and
nonpolar solvents expands its potential uses for various applications over the pristine
GO including surface functionalization of RO and NF membranes [32, 111],
anticorrosive coatings [334], conductive inks [335], and oil recovery [336].

Figure 4-21 presents the optical micrographs of GO and rGO-PDA dispersion
in DIW with a low concentration (0.02 mg/mL). It is obvious that the pristine GO
particles agglomerate even at this low concentration. In contrast, rGO-PDA showed
less agglomeration and have better dispersibility in water than the pristine GO. This
observation indicates that GO-PDA nanoparticles have higher dispersion stability in
water with less agglomeration. This could be attributed to the hydrophilic functional

groups of PDA that provide better dispersibility and stability of GO nanoparticles.
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Figure 4-21: Optical micrographs of GO and rGO-PDA dispersions in DIW (0.02
mg/mL).

112



Figure 4-22 depicts photographs of the pristine PS-30 and the nanoparticles-
coated membranes with their hydrophilicity in terms of contact angle. Obviously, the
surface hydrophilicity of PS-30 was slightly enhanced with the pristine GO
deposition. The average contact angle of the pristine PS-30 substrate was measured to
be 76.7° while it was reduced to 53.3° after the coating with the GO layer. This
observation has been reported in several studies with different membrane materials
and was attributed to the hydrophilic nature of GO particles [75, 90]. Interestingly, the
contact angle was much lower (27.8°) with the assembly of the rGO-PDA layer
suggesting higher hydrophilicity of rGO-PDA than the pristine GO nanoparticles. The
high hydrophilicity of rGO-PDA can be explained by the presence of abundant
hydroxyl groups of PDA that is consistent with the predicted chemical structure of
rGO-PDA nanoparticles in Figure 3-2. The high hydrophilicity accompanied by the
high dispersibility makes the rGO-PDA an efficient nanofiller in membrane
technology. The high dispersibility allows the utilization of rGO-PDA with different
types of membranes that use NMP, DMF, and DMA to prepare mixed matrix
membranes (MMMs), dodecane or hexane, to prepare thin-film nanocomposite (TFN)

membranes, or water to prepare coated membranes based on assembly approaches.

27.8+3.6°

Figure 4-22: Contact angle measurments of the pristine PS-30, PS/GO, and PS/rGO-

PDA membranes.
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4.25 Thermal stability
The thermal stability of the pristine GO and rGO-PDA nanoparticles was

studied using the TGA analysis. Figure 4-23 illustrates the TGA curves of GO and
rGO-PDA and their corresponding derivatives. Three stages of weight loss can be
observed from the TGA curves of both samples. A minor weight loss around 100 °C
attributed to the release of water intercalated between GO sheets [27, 56]. The second
stage represents the thermal decomposition of unstable oxygenic functional groups
(carboxyl, epoxy, and hydroxyl) [60, 319] resulting in a major weight loss of the
sample. The major weight loss of GO and rGO-PDA occurred around 243 and 263
°C, respectively, as depicted by the derivative curves. This indicates better thermal
stability, at this stage, of rGO-PDA than the pristine GO which can be explained by
the partial GO reduction and the replacement of some oxygen-containing functional
groups with amine groups that slow down the thermal decomposition. The final stage
of thermal decomposition occurs then at high temperatures at which the most stable
functional groups decompose [60, 302]. The weight of rGO-PDA at the final stage
decreased sharply to 50% around 440 °C; while the 50% loss occurred around 612 °C
for pristine GO. The TGA curves also suggest a lower char yield of rGO-PDA (about
35% at 600 °C and 13% at 800 °C) compared to the pristine GO (about 52% at 600 °C
and 19% at 800 °C). The difference in thermal stability of GO and rGO-PDA can be
related to the different functional groups presented in each sample, as the thermal
decomposition is highly dependent on the bond dissociation energies as demonstrated

earlier in Section 4.1.4.
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Figure 4-23: TGA curves (solid lines) of GO and rGO-PDA nanoparticles and the
corresponding derivative curves (dotted lines).

4.3 Characterization of the membranes

After the preparation and functionalization of GO nanoparticles, the pristine
GO and rGO-PDA nanoparticles were embedded into PSF ultrafiltration membranes
using the NIPS approach to produce two sets of PSF mixed matrix membranes
(MMMs): PSF/GO and PSF/rGO MMMs. The pristine PSF and the MMMs were
analyzed using several analytical techniques to investigate the effects of each type of
nanoparticles on the PSF properties with respect to the structure, morphology,

hydrophilicity, pore size and porosity.

4.3.1 Structural and morphological properties

The FTIR-UATR spectra of the prepared membranes were obtained to investigate
the effects of GO and rGO-PDA embedding on the chemical structure of PSF. The
FTIR-UATR spectra of the control PSF (Mo), Mcos, and Mppas as an example are
shown in Figure 4-24. The spectra of the other membranes are presented in Figure B2

in Appendix B. Spectra for all membranes show the characteristic bands of
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polysulfone that have been reported in literature [230, 293, 294]. The following
functional groups were identified in the spectra of the prepared membranes: S=O
stretching (~1106 cm™), 0—S—O symmetric stretching (~ 1150 cm™?), C—O—C
stretching (~ 1242 cm™), S=0 stretching (~1294 cm™?) , 0—S—O  asymmetric
stretching (~1320 cm™), 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 MMM s incorporating low loadings of GO nanoparticles [90].
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Figure 4-24: FTIR-UATR spectra of Mo, Mcos, and Mppas membranes.

The surface and cross-section SEM images of the prepared membranes 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/GO-0.02 are presented in Figure 4-25.
The SEM images of the other PSF/GO and PSF/rGO-PDA composite membranes are

presented in Figure B3 and Figure B4 in Appendix B, respectively. The surface SEM
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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 hydrophilicity of GO
and rGO-PDA that increase the mass transfer rate between the solvent (NMP) and
non-solvent (water) during phase inversion process [189]. Similar observations were
reported in several studies in literature [201, 235]. At high magnifications, it can be
clearly seen that both GO and rGO-PDA nanoparticles are distributed on the polymer
wall of the sub-layer with spherical shape. Similar observations were previously
reported with PEI/GO MMMs [44]. The high magnification SEM images show also
that the pristine GO nanoparticles are agglomerated in some areas of the sub-layer
causing a partial clogging of the membrane pores even at low concentrations (e.g.
0.02 wt% GO). This clogging usually reduces the water flux through the membrane as
discussed in the coming sections. On the other hand, the rGO-PDA nanoparticles
exhibited better distribution without obvious agglomeration which can be related to
the higher dispersity of rGO-PDA in NMP than the pristine GO nanoparticles. It is
worth mentioning that rGO nanoparticles were reported to have higher dispersibility
than the pristine GO nanoparticles in several organic solvents making them good
nanofillers for different membrane materials [37]. This was also demonstrated by the

dispersibility measurements in Section 4.2.4.
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Figure 4-25: Surface and cross-section SEM images of Mo, Mppa1, and Mego1

membranes.

Surface roughness is an essential factor that affects 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 Figure 4-26. The roughness parameters represented by the
root-mean-square roughness (RMS) and the average roughness (Ra) are listed in
Table 4-7. 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 nanoparticles except for Mgo1 (PSF/GO-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 [125, 337]. The

highest roughness values among the PSF/GO composites were obtained with Mgoa
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(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
nanoparticles even at low concentrations which can be attributed to the presence of
the amine and hydroxyl groups of PDA [338]. The highest roughness among the
PSF/rGO-PDA composites was obtained with Mppaz (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 (Mppas). 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 [230, 339]. It is well established
that membranes with rough surface have higher surface area which enhance the water
flux through the membrane [230]. However, the high roughness could increase the

fouling due to the contaminants accumulation in the valleys [340].

Table 4-7: The average values of the root-mean-square roughness (RMS) and the

average roughness (Ra) of the prepared membranes.

Membrane RMS (nm) Ra (nm)

Mo 94+23 78+21
Mco1 6.2+0.8 51+£0.6
Mco2 14.1+0.9 11.3+0.8
Mcos 16.2 + 3.0 13.0+25
Mecos 21.6+5.6 169+54
Mppa1 25.7+3.4 20.6 +£2.8
Mppa2 31.0+0.8 24.7+1.2
Mppa3 340+0.2 28.2+0.7
Mppa4 27.7+1.3 227+x1.1

119



Figure 4-26: AFM images of the pristine PSF, PSF/GO and PSF/rGO-PDA composite

membranes.

4.3.2 Hydrophilicity, porosity and mean pore size

Other parameter that affect the flux and fouling resistance are the membrane
porosity, pore size and hydrophilicity. The surface hydrophilicity of the pristine and
composite membranes in terms of static contact angle (CA) is illustrated in Figure
4-27. 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 [75, 90, 233]. The decrease in CA

was more obvious with the addition of rGO-PDA particles. This observation can be
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linked to the abundant hydroxyl groups of PDA grafted on the surface and between
GO sheets [115]. 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 [90, 235, 341]. 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.
Additionally, rGO-PDA particles have much higher hydrophilicity than the pristine
GO particles as confirmed by the CA measurements in Section 4.2.4 accompanied
with better distribution within the membrane matrix as confirmed by SEM images in
Figure 4-25. This suggests higher pore hydrophilicity of PSF/rGO-PDA MMMs than

this of PSF/GO MMM:s.
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Figure 4-27: Contact angle values of the pristine PSF, PSF/GO, and PSF/rGO-PDA

composite membranes.
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The overall porosity (£) and the mean pore size (Rm) of the prepared membranes are
listed in Table 4-8. 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 [239]. However, with further
increase 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 [230]. The estimated mean pore size (rm) of PSF/GO
composite membranes was lower than this of the pristine PSF. The mean pore size of
the pristine PSF membrane was found to be around 37.5 nm while it ranged between
33 — 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 reported with GO-based MMMs
in earlier studies [44, 189, 239]. 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.
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Table 4-8: The average values of the membrane thickness (l), porosity (€), and mean

pore size (rm) of the prepared membranes.

Membrane I (um) € (%) rm (NM)

Mo 2053+ 0.5 81.2+0.1 37.5+£0.1
Moz 188.3+4.2 86.6 £5.1 33.7+£21
Mco2 1743 £ 2.6 85.5+0.2 34.4+0.1
Mcos 255+£2.9 829+0.1 36.9+£0.0
Mcos 2089+ 34 79.9+28 33.0+£1.1
Mppa1 161.2 £ 3.5 87.7+£29 37516
Mppa2 206.3+5.1 7921 482 +£2.2
Mppa3 200.7x£0.9 80.5+1.1 50.6 £0.9
Mppas 2104+ 0.5 78.7+0.2 42.7+1.3

4.4  Permeability & Separation Performance

The pure water permeability (PWP) of the prepared membranes are depicted
in Figure 4-28. The PWP of the pristine PSF was recorded to be 1829 + 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). However, with further loadings of the
GO particles, membranes exhibited clear decreases in the PWP to 166.5 + 10.5,
164.5+ 2.7, and 132.8 £ 3.7 LMH/bar for Mcoz, Mcos, and Mcoa, respectively. On the
other hand, the PWP was significantly enhanced with the embedding of rGO-PDA
nanoparticles. The PWP values of PSF/rGO-PDA composite membranes were found
to be 241.5 + 13.7, 291.9 + 8.1, and 326.5 £ 10.3 LMH/bar for Mppa1, Mppa2, and
Mprpas, 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 nanomaterial have been previously reported in several studies [90, 233,
234] and can be attributed to the presence of a tipping mass percentage of nanofiller
[240, 242]. The embedding of a hydrophilic nanofiller changes the overall

hydrophilicity of the casting solution which accelerates the solvent and non-solvent
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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
measurements in Section 4.3.2. The tipping mass percentage is a critical point after
which the permeability decreases because of the increase in casting solution viscosity
[239, 242]. It varies depending on the type of nanofiller and polymer [90]. Therefore,
the results herein suggest a tipping mass percentage < 0.02 wt% for the pristine GO
and < 0.1 wt% for rGO-PDA particles. These findings can be confirmed by the
viscosity measurements of the casting solutions of Mo, Mcos and Mppasz presented in
Figure B5 in Appendix B. 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. [236] where the viscosity increase was
higher with pristine 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 [64].

370 .
l 1 326.5
I 1
I L}
320 - 1 : f
‘ : 291.9
‘ :
I 1
- 270 A ! V2415
2 ‘ =
! ! 2129
T 220 ! '
2 1829 1 1811 .
- ! 166.5 '
g 04 l 164.5 :
I 1
a ! 1328 !
I 1
o | D : I I
I 1
I 1
I 1
70 i I 1
Mo MGO1 MGO2 MGO3 MGO4 MPDA1  MPDA2Z  MPDA3  MPDA4
PSF PSF/GO PSF/rGO-PDA

Figure 4-28: The PWP (LMH/bar) of the pristine PSF, PSF/GO, and PSF/rGO-PDA
composite membrane (1 bar, 23 °C, 1 h).
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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 analysis was conducted (Microsoft Excel)
to find the correlation coefficient between the PWP and the average roughness (Ra),
and contact angle (CA).The correlation 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.13.

Covariance(A,B) (13)
Std.Dev A X Std.Dev B

Correl(A,B) =

The output of the correlation test is presented in Table B1 in Appendix B.
Figure 4-29 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 correlation factor of 0.7614 (Figure 4-29b) followed by CA with
slight correlation of -0.5236 (Figure 4-29a). Figure 4-29c shows that CA is affected
by the surface roughness with a correlation factor of -0.8205. It has been reported that
for hydrophilic surfaces (CA < 90°), the increase in surface roughness leads to a
decrease in contact angle and vice versa for hydrophobic surfaces (CA > 90°) [342,
343]. This can explain the slight increase in MMMs hydrophilicity at low
concentrations of nanoparticles. This also suggests 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 [344, 345],

while other studies showed the porosity to have higher impact on the membrane

permeability [90, 346].
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Figure 4-29: The correlations of the PWP with (a) water contact angle (CA), (b)
average roughness (Ra), and (d) the correlation of CA with Ra.

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 [76, 230, 238, 251]. The rejection performance of Mo,
Mcos, and Mppaz with four other aqueous solutions containing different dyes with
small molecules were also tested and presented in Figure 4-31. 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 ORIl 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 [347]. 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 Mo, Mcos, and Mppas, respectively; while all
these membranes exhibited excellent rejection (> 98.5%) of DR80 (1373.07 Da).
Figure 4-31a and b show photographs of the feed and permeate samples during the

filtration of DR80 and MB dyes, respectively.
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Figure 4-30: Dyes rejection performance of Mo, Mgos, and Mppaz (25 ppm dye
concentration, 1 bar, 23 °C, 1 h)
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Figure 4-31: Photographs of the feed and permeate sample from the filtration
experiments of (a) DR80 and (b) MB dyes.
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Generally, the rejection mechanisms in membranes include sieving (size-
based), charge, and adsorption-based mechanisms; and for UF membranes, sieving is
considered the key mechanism of rejection [90]. However, tt 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 mean pore
size. Also, the rejection values of DR80 and MB are considered high for ultrafiltration
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) [82], PVDF/rGO-SiO2 and CA/rGO-PDA-g-C3N4 (99.8%
rejection of Methylene Blue, 319.85 Da) [130, 237]. These findings suggest that the
separation performance of these membranes 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.

45  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
[348]. In the current study, it was 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 (FRR1) was then calculated. The second and
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third fouling cycles were performed under the same conditions (1 h filtration followed

by 30 min washing) and the corresponding recovery values were calculated (FRR2

and FRR3). The antifouling performance of the tested membranes represented by their

FRR against BSA and HA are depicted in Figure 4-32a and b, respectively.
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Figure 4-32: The flux recovery ratio (FRR%) of the tested membranes against (a)
BSA and (b) HA.

Obviously, all PSF/GO and PSF/rGO-PDA composite membranes exhibited

higher FRR compared to the pristine PSF. FRR1, FRR2, 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%,
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respectively. Mgos (PSF/GO-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 Mppa2 (PSF/rGO-PDA-0.05) with FRRy,
FRR2, and FRRs 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, FRR2, and FRR3, respectively.
The highest HA antifouling properties were obtained with Mppas (PSF/rGO-PDA-0.1)
that achieved 99.4 £ 0.2%, 94.9 + 0.7%, and 92.1 + 2.6% for FRR1, FRR2, and FRRs3,
respectively. The highest FRRs among the PSF/GO composites was obtained with
Mgos (PSF/GO-0.15) with 97.0 £ 0.5%, 93.6 £ 4.3%, and 89.2 + 3.3% for FRRy,
FRR2, and FRR3, respectively.

For further analysis of the fouling resistance of the tested membranes, Ry, Ry
and Rjr of cycle 1 were estimated and presented in Figure 4-33a and b for BSA and
HA, respectively. As depicted by Figure 4-33a, all composite membranes exhibited
lower total fouling ratio (Rt) and irreversible fouling ratio (Rir) with higher reversible
ratio (Rr) compared to those of the pristine PSF against BSA. The reversible fouling
(Rr) of the pristine PSF was 6.2% which was elevated to 10.8% and 15% with 0.1wt%
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 Mppaz and Mppaas, respectively, compared to 7.5% of the pristine PSF

membrane. These results indicate higher fouling resistance against protein and
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organic fouling of the PSF/rGO-PDA composite membranes compared to the pristine

PSF and PSF/GO composite membranes.
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Figure 4-33: The fouling resistance parameters (cycle 1) of the tested membranes
against (a) BSA and (b) HA.

It is well established that both surface hydrophilicity, pore size, and roughness

affect the membranes antifouling properties [104]. As elaborated in the 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
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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 hydrophilicity [104,
231, 251]. 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 [194]. To further investigate
the effect of hydrophilicity on the membranes fouling resistance, the correlation

coefficient between FRR3 and CA was calculated and depicted in Figure 4-34.
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Figure 4-34: The correlations of the (a) BSA FRR3z and (b) HA FRR3 with the contact

angle.

Clearly, the resistance against both foulants are affected by the membrane's
hydrophilicity. The HA fouling resistance is highly dependent on the hydrophilicity as
shown in Figure 4-34b, while the BSA FRRz 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 [349].

Consequently, it can be concluded from these results that the antifouling properties, of
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these membranes, were mainly enhanced by the hydrophilic nature of GO and rGO-
PDA nanoparticles. Figure 4-35 shows photographs of the washed pristine PSF,
Mgcos4, and Mppas after the third fouling cycle with HA. The photographs of BSA-

fouled membranes were not shown as BSA is almost colorless on membrane surface.
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0
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Figure 4-35: Photographs of Mo, Mcos, and Mppas after the third cycle of HA fouling.

4.6  Comparison with the Literature

Based on the permeability, rejection, and antifouling measurements, it can be
concluded that the optimum nanoparticles concentration for both PSF/GO and
PSF/rGO-PDA MMMs is 0.1 wt%. Therefore, the optimum membranes were
considered to be Mcos and Mppas. Table 4-9 compares the performance of Mgos and
Mprpaz with other GO-based UF composite membranes reported in literature that are
fabricated using the same technique (NIPS approach). The comparison was performed
in terms of the PWP, rejection, and FRR1. Obviously, Mppaz performs better than

most of PSF MMMs incorporating different GO-based materials reported in literature
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either with respect to the flux, rejection, fouling resistance, or with respect to the
overall performance. Zambare et al. [64] investigated the effect of GO oxidation
degree on the PSF microstructure and the overall performance. It was found that the
highest performance was obtained with membranes embedding GO nanoparticles of
high oxidation degree. The authors related this performance to the higher
dispersibility of these nanoparticles in the solvent and the uniform distribution within
the polymer matrix. With 1% of GO nanoparticles, the flux was 249.5 LMH/bar and
the BSA rejection and FRR% were 97.2% and 99%, respectively. when increasing the
concentration to 2% of GO, the flux enhanced up to 352.2 while the rejection and
FRR declined to 88.6% and 71.9%, respectively, indicating a trade-off between the
flux and rejection. Jiang et al. [90] embedded pristine GO (p-GO) and crumpled GO
(CGO) nanoparticles into PSF MMMs and reported that the embedding of p-GO
nanoparticles enhanced the flux of PSF while the CGO nanoparticles lowered the
flux. The authors linked this to the lower dispersibility of CGO particles caused by the
shape effect. However, the MO dyes rejection was approximately 27% higher with
CGO than p-GO nanoparticles accompanied with slight enhancement in the BSA
fouling resistance (76.3% FRR). PSF MMMs embedding GOQD (PSF/GOQD) were
found to have also complete rejection of BSA with good antifouling properties (~85%
FRR) [249]. However, these membranes were found to have lower flux than other UF
membranes reported in literature.

When compared to GO-MMMs made of other polymers, Mppaz Was also
found to perform as well as or better than most of these membranes. Most of these
membranes have a trade-off between the flux, rejection and the antifouling properties.
Liu et al. [244] fabricated high-flux PVDF membranes embedding perfluorosulfonic

acid-grafted GO nanoparticles (PFSA-g-GO). The optimum membrane (PVDF/PFSA-
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g-GO-0.5%) exhibited a PWP of 587.4 LMH/bar with an FRR of 90.8% against BSA.
However, the rejection of BSA and HA were 93.9 and 79.6%, respectively which is
lower than this of other UF membranes. PVDF MMMs embedding GO-ZnO
nanocomposite were also found to have high antifouling properties against BSA
[198]. However, the PWP and BSA rejection of these membranes were 170.7
LMH/bar and 92%, respectively. Similar findings were also obtained with PVDF
MMMs embedding TiO2-GO nanocomposite [199]. Several PES MMMs embedding
different types of GO-based nanomaterials were also reported with varying
performance. Some of these membranes suffer from the low flux such as PES/CSGO
[45] and PES/ZIF-8-GO [110] while other membranes suffer from the low fouling
resistance such as PES/GO-Ag [140] and PES/GO [82]. On the other hand, some
literature reported high performing GO-based MMMs with respect to flux, rejection
and antifouling properties like PES/SPSF/GO [76], PES/GO [238], and PES/C0304-
GO [233].

Additionally, it can be clearly noticed from the table that composite
membranes incorporating pristine GO nanoparticles [64, 82, 83, 194] suffer from the
low FRR (<75%) against BSA fouling. In contrast, composite membranes embedding
functional GO structures generally exhibit high fouling resistance (~90%) [104, 199].
This emphasizes on the importance of GO functionalization on GO properties as well
as on the overall membrane's performance. However, proper selection of the
functional material should be considered to avoid the trade-off between the
performance parameters and to produce high-performance membrane with high

antifouling properties.
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Table 4-9: Performance comparison of the MMMs prepared in this work with other GO-based UF MMMs prepared by phase inversion in

literature.
Membrane Feed composition (ppm) Conditions PWP (LMH/bar) Rejection % FRR1 % Year & Ref.
PES/CSGO 1000 ppm BSA Dead-end, 2 bar, 1 h 41.3 99.8 921 2020 [45]
PSF/GO 1000 ppm BSA Cross-flow, 1 bar, 100 min ~ 352.2 88.6 71.9 2020 [64]
PVDF/PFSA-g-GO 500 ppm BSA and HA Dead-end, 1 bar, 30 min 587.4 Resa=93.9 90.8 2020 [244]
Rua=79.6
SPES/GO-SiO,-NH; 100 ppm BSA, HA and SA Dead-end, 2 bar, 2 h 268.5 R::A:92.810.7 FRRpsa= 82 2020 [36]
Rpa=97+0.4 FRRua= 91
Rsa=89.7+0.6 FRRsa= 95
PVDF/GO-ZnO 500 ppm BSA Cross-flow, 1 bar, 1 h 170.73 92 92.79 2020 [198]
PES/ZIF-8-GO 1000 ppm BSA Cross-flow, 1 bar, 90 min 95.49 > 95 84.4 2020 [110]
PSF/GO-TIO; 500 ppm BSA Dead-end, 3 bar 165.4 96.6 75.8 2020 [247]
PSF/GOQD 500 ppm BSA Dead-end, 1 bar, 2 h 130.54 100 ~85 2019 [249]
PSF/GFG 200 ppm BSA Cross-flow, 1 bar, 1 h 217 95.2 82.4 2019 [100]
PES/SPSF/GO 1000 ppm BSA Cross-flow, 1 bar, 1 h 816.9 99.5 94.2 2019 [76]
PSF/CGO 1000 ppm BSA, 10 ppm Dead-end, 1 bar, 2 h 48.8 +3.7 Resa= 100 76.3+17 2019 [90]
Methyl Orange (MO) dye Rmo=52.7
PES/GO 50 ppm HA Dead-end, 1 bar, 2 h 340 94.5 95 2019 [238]
PVDF/TiO2-GO 1000 ppm BSA Cross-flow, 1 bar 199.97 91.38 89.22 2019 [199]
PES/GO 1000 ppm BSA Dead-end, 1 bar, 30 min 245 97 75 2018 [82]
PSF/SGO 1000 ppm BSA Dead-end, 2 bar, 700 min 175.2 > 98 2018 [230]
PSF/Fe;04-GO 20 ppm HA Dead-end, 1 bar 156.99 84 - 2017 [350]
PVC/GO 1000 ppm BSA Dead-end, 1 bar, 20 min 430 91.2 70.4 2016 [83]
PES/GO-Ag 500 ppm BSA Dead-end, 3 bar, 90 min 143.3 98 67.2 2015 [140]
PES/C0304-GO 1000 ppm BSA Dead-end, 1 bar, 2 h 347.9 95 81.1 2015 [233]
PVDF/GO-APTS 1000 ppm BSA Dead-end, 1 bar, 1 h 401.39 57 > 95 2014 [104]
BPPO/PEI-GO 500 ppm BSA Cross-flow, 2 bar, 1 h 532.5 91 63 2014 [194]
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Membrane Feed composition (ppm) Conditions PWP (LMH/bar) Rejection % FRR1 % Year & Ref.
PVDF/GO 1000 ppm BSA Dead-end, 1 bar ~90 ~85 90 2014 [75]
PSF/Isocyanate-GO 1000 ppm BSA Cross-flow, 1 bar, 2 h 135 95 40.27 2013 [235]
PSF/rGO-PDA-0.1 500 ppm BSA Cross-flow, 1 bar, 1 h 326.5+£10.3 Resa=Rna= 100 FRRgsa=80.4  Present study
(MPDAS) 25 ppm HA Rso: 229+38 FRRHA: 99.4

25 ppm SO, ORII, MB and Rori=35.2+7.8

DR80 dyes Rwve=87 + 1.2

Rprso=98.8 £ 0.7

PSF/GO-0.1 500 ppm BSA Cross-flow, 1 bar, 1 h 164.5+2.7 Resa=Rna= 100 FRRgsa=86.9  Present study
(Mco3) 25 ppm HA Rso=215%25 FRRua= 95.4

25 ppm SO, ORI, MB and Rorni=30.8+7.1

DR80 dyes Rwme=90.6 + 0.4

Rprgo=99.2 +0.1
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CHAPTER 5: CONCLUSIONS & FUTURE WORK

Amongst the various nanofillers utilized in membrane technology, GO and its
derivatives gained a remarkable interest in the recent years in academia and practical
applications. Owing to their unique and tunable properties, several GO-based
materials have been developed and customized for this aspect. As per the review
provided in Chapter 2, much work has been done in utilizing pristine GO (p-GO) and
functionalized GO (f-GO) particles as membranes nanofillers to produce different
membranes and for different purposes. Based on the GO embedding method, these
membranes were classified into MMMs, PRL, TFN, s-TFC, i-TFC, m-TFC and free-
standing GO membranes. The performance of these membranes in terms of flux,
rejection, and antifouling properties with pressure, thermal, and concentration-driven
membrane processes was also reviewed and discussed.

The incorporation of p-GO nanoparticles was reported to enhance the
membranes performance in few studies; though, more studies reported a deterioration
in the performance of p-GO-based membranes. This variation in the performance of
p-GO-based membranes could be attributed to several factors including the flake size,
shape, and oxygen content of p-GO particles. One of the major challenges being faced
when using p-GO as nanofiller is the tendency to aggregate caused by their poor
dispersibility in some solvents. Therefore, many functionalization methods have been
proposed in literature aiming to enhance GO properties and consequently allowing
them to achieve their highest potential for improving the performance of GO-based
membranes.

Recently, bio-inspired functionalization of nanoparticles with polydopamine

(PDA) gained a remarkable attention due to its versatility and unique properties.
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Owing to the abundant functional groups on its surface, PDA can significantly
enhance the hydrophilic, dispersion, antibacterial and adhesion properties of
nanomaterials which increase their potential use for several purposes.

In this dissertation, the use of polydopamine-functionalized graphene oxide
(rGO-PDA) nanoparticles as membrane nanofiller has been successfully
demonstrated. Starting from natural graphite flakes, a high-oxidation and NOx-free
synthesis of GO nanoparticles was carried out using several variations on the
conventional Hummers’ method in the absence of NaNOs, and by varying the reaction
temperature, time, and reactant ratios. Benefiting from the self-polymerization,
versatility and high adhesive properties of PDA, the prepared GO nanoparticles were
functionalized with PDA using a simple temperature-assisted reflux technique. The
structural change was evaluated using XRD, FTIR-UATR, Raman spectroscopy, SEM
and TEM. Several bands have emerged in the FTIR spectra of the rGO-PDA
attributed to the amine groups of PDA confirming the high functionalization degree of
GO nanoparticles. Raman spectra and XRD patterns showed different crystalline
structures and defects and higher interlayer spacing of rGO-PDA. The change in
elemental compositions was confirmed by XPS and CHNSO elemental analysis and
showed an emerging N 1s core-level in the rGO-PDA survey spectra corresponding to
the amine groups of PDA. Furthermore, the rGO-PDA nanoparticles showed better
dispersibility in polar and nonpolar solvents than the pristine GO, accompanied with
excellent hydrophilicity expanding their potential use as nanofiller for modifying
different membrane materials and types.

To investigate their potential use as membrane nanofillers, the pristine GO and
rGO-PDA nanoparticles were embedded into PSF MMMs via the well-known NIPS

technique. The influence of both nanofillers on the PSF structural morphological
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properties, hydrophilicity, pore size and porosity has been investigated using various
analytical techniques. The effect of both nanofillers on the ultrafiltration performance
of PSF was investigated with respect to permeability and separation efficiency of
different dyes. Furthermore, the dynamic antifouling properties of the prepared
membranes against protein and organic fouling were evaluated. Overall, the main
outcomes of this dissertation can be summarized by the following points:

1. A NOx-free and high-oxidation of graphite was carried out using an improved
Hummers' method. The highest oxygen content and O/C ratio were found to
be 50 wt% and 0.8, respectively, which are considered higher than most of
those reported in literature. Additionally, the improved method conducted in
this work consumed less oxidants and acids and could achieve high O/C ratio
which would have positive impact on cost issues associated with GO
production.

2. Highly aminated GO nanoparticles were obtained by the amine-
functionalization of GO with PDA.

3. All characterization techniques confirmed the successful functionalization of
GO. FTIR-UATR and XPS spectra showed the presence of several nitrogen-
containing functional groups corresponding to amine groups of PDA. A partial
reduction in oxygen content was also confirmed by the XRD, FTIR-UATR,
XPS, and CHNSO elemental analysis caused by the reduction of C=0 in
functionalized GO. Raman spectra showed the two typical bands of GO (D
and G) with a lower Ip/lg ratio for rGO-PDA suggesting different crystallite
properties and defects and lower oxygen content.

4. Two sets of PSF MMMs embedding the pristine GO and rGO-PDA

nanoparticles were fabricated via the NIPS approach.
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10.

11.

12.

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. 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 increase in membrane surface roughness was much higher when
embedding rGO-PDA nanoparticles than this with the pristine GO
nanoparticles.

The performance of the prepared membranes with respect to their
permeability, separation, and antifouling properties were evaluated using a
cross-flow membrane filtration system.

The pure water flux was enhanced with the embedding of rGO-PDA while a
flux decline was observed with the embedding of pristine GO nanoparticles.
This can be attributed to the better distribution of rGO-PDA in the polymer
matrix than the pristine GO nanoparticles that were found to aggregate and
block the pores as confirmed by the SEM images.

The optimum concentration of both GO and rGO-PDA in PSF was found to be
0.1 wt% after which the flux decreases as a result of the increase in the dope
solution viscosity. Therefore, the optimum membranes among the two
membrane sets are Mppas (PSF/rGO-PDA-0.1) and Mgos (PSF/GO-0.1).

The pure water permeability (PWP) of Mppas was approximately 1.8 and 2
times higher than this of the pristine PSF (Mo) and Mgoa.

All the prepared membranes exhibited almost similar rejection performance
including Mo.

rGO-PDA-based MMMs showed higher fouling resistance against protein and
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organic fouling. After 3 cycles of protein fouling (BSA), Mppas exhibited a
flux recovery ratio (FRR3) of 74.6% that was approximately 29% and 22%
higher than this of Mo and Mcos. Similarly, against organic fouling
represented by humic acid (HA), the FRR3 of Mppa3 was approximately 30%

and 3% higher than this of Mo and Mgos.

Taken together, results reported in this work showed that the incorporation of

rGO-PDA nanoparticles 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 wastewater treatment and provide insights on developing other rGO-PDA-based

membranes with different materials and for different purposes.

Numerous lines of research have raised from this dissertation which should be

pursued and addressed in the future:

1.

2.

3.

Separation and fouling mechanisms of the prepared membranes

The rejection of the prepared membranes will be tested using different
conditions (pH, ionic strength of the feed solution, temperatures, etc.) to
investigate the mechanisms governing the separation and fouling properties of
these membranes.

Antibacterial activity of the prepared membranes:

Both GO and PDA were reported to have antibacterial activity against
different bacteria. The prepared rGO-PDA could pose higher antibacterial
activity as it combines both GO and PDA. Therefore, further analysis will be
conducted to evaluate the antibacterial activity of the prepared membranes.

Developing other rGO-PDA-based membranes:
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The use of rGO-PDA nanoparticles is not limited to the membranes prepared
in this work as the high dispersibility would enhance their utilization with
different membrane processes and with different materials. For example, it can
be used to fabricate other MMMs with other polymers like PVDF and PES
due to its high dispersibility in NMP, DMF, and DMA. The high dispersibility
in dodecane and hexane allows its usage in the preparation of thin-film
nanocomposite (TFN) membranes for NF, RO, and FO applications.
Additionally, it can be used in membrane coating by the assembly approaches
because of the high dispersibility in water.

Effect on the mechanical strength:

Some studies reported a deterioration in the membrane performance, low
stability, or a deformation in the membrane structure resulted from the
embedding of nanoparticles into the membrane. Therefore, the effect of GO
nanoparticles embedding on the membrane's mechanical strength should be
investigated.

. The effect of GO surface chemistry and characteristics on the membrane
performance with various membrane processes need to be adequately
investigated. This would give insights on new ways to synthesize functional
GO materials (f-GO) and tailoring them for the desired applications at which

they can achieve their highest potential.
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APPENDIX A: CHARACTERIZATION OF NANOPARTICLES
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Figure A1: llustration of FTIR spectra treatment and deconvolution for the

quantitative analysis
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Table Al: Bands parameters estimated from the Raman first-order spectra fits.

Sample Band Peak center  Peak intensity Peak Area  Ip/lc  La
(cm™) (arb. units) (arb. units) (nm)
GOl-a D 1352 445 78998 20 97
D" 1495 70 15938
G 1595 421 39748
D' 1601 105 4575
GO1-b D 1353 44 6684 0.8 236
D" 1530 7 934
G 1599 166 8216
D' 1579 34 543
GOl-c D 1354 669 141196 21 9.2
D" 1498 69 10705
G 1601 583 67732
D' 1584 140 11922
GO2-a D 1352 1884 334053 1.8 109
D" 1497 282 55642
G 1588 1737 189857
D' 1619 394 22390
GO2-b D 1352 1328 253379 21 9.0
D" 1519 224 39607
G 1590 1238 118540
D' 1618 197 7012
GO2-c D 1348 940 211287 21 9.0
D" 1515 156 22466
G 1592 849 98624
D' 1613 117 6620
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Table A2: Bands parameters estimated from the Raman second-order spectra fits.

Sample Band Peak center Peak intensity Area
(cm™) (arb. units) (arb. units)
GO1l-a 2D 2698.2 136 13798
D+D' 2949.1 77 9952
2D' 3182.3 32 3876
GO1-b 2D 2705.1 104 11361
D+D' 2955.6 10 1846
2D' 3208.2 7 1151
GOl1-c 2D 2705.2 45 5991
D+D' 2943.3 91 12049
2D' 3209.6 7 766
GO2-a 2D 2685.5 199 28497
D+D' 2937.7 353 46929
2D' 3193 118 9796
GO2-b 2D 2694.5 163 21601
D+D' 2936 252 35558
2D' 3180.6 87 8939
GO2-c 2D 2690 66 8464
D+D' 2940.7 134 17109
2D' 3195 59 5126
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Table A3: Peaks parameters and the atomic compositions estimated from the XPS

spectra fits for the pristine GO and rGO-PDA nanoparticles.

Sample Peak functional Binding Peak area at. %
group energy (eV) (arb. units)
GO Cls C-C 284.4 10026 11.48
C1s C-0 285.8 10334 11.84
Cls C=0 287.0 3444 3.94
C1s C(O)OH 289.0 1170 1.34
O 1s 0O-C=0 529.5 4284 491
O1s C=0 530.8 17439 19.97
O 1s C-0O 532.7 17757 20.34
O1s C-0-C 535.2 22856 26.18
rGO-PDA Cls C-NH2 281.0 4129 4.36
C1s C-C 283.3 23635 24.98
Cls C-0 285.3 9495 10.04
C1s C=0 287.0 3684 3.89
Cls C(O)OH 289.0 1020 1.08
O1s O-C=0 529.0 9978 10.55
O 1s C=0 529.8 12369 13.07
O1s C-0 531.6 20223 21.37
O 1s C-0-C 534.6 1202 1.27
N 1s N-C 396.2 538 0.57
N 1s N-H 398.7 7125 7.53
N 1s N-H* 401.8 1216 1.29

Table A4: D and G bands' parameters of the Raman

crystallite size of the GO and rGO-PDA nanoparticles.

spectra and the estimated

GO sample Curve Peak center (cm™) Peak area (arb. unit) Ip/lc La (nm)

GO

GO-PDA

OGono

1352
1588
1352
1583

334053
189857
59039
46638

1.8 10.9

1.3 15.2
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Table A5: Bands parameters estimated from the Raman first-order spectra fits for the
pristine GO and rGO-PDA nanoparticles.

Sample Band Raman shift Peak intensity  Peak area (arb.
(cm™) (arb. units) units)
GO D 1352 1737 334053
D" 1496 282 55642
G 1588 1736 189858
D' 1619 394 22390
rGO-PDA D 1352 282 59039
D" 1492 72 8735
G 1583 292 46638
D' 1603 66 2724
D* 1188 53 9783

Table A6: Bands parameters estimated from the Raman second-order spectra fits for
the pristine GO and rGO-PDA nanoparticles.

Sample Band Raman shift Peak intensity ~ Peak area (arb.
(cm™) (arb. units) units)
GO 2D 2685 199 28497
D+D' 2938 353 46929
2D 3193 118 9796
rGO-PDA 2D 2722 69 31083
D+D' 2950 56 12224
2D' 3160 51 12439
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APPENDIX B: CHARACTERIZATION OF THE MEMBRANES

M PDA2 M PDA3 M PDA4

Figure B1: determination of the average membranes thickness by the cross-section

SEM images.
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Figure B2: FTIR-UATR spectra of the prepared membranes.
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Figure B3: SEM images of pristine PSF and PSF/GO MMMs.
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Figure B5: Viscosity measurements of the casting solutions of Mo, Mgoz and Mppaa.

Table B1: The output of the correlation test of PWP, contact angle, mean pore size

(Rm), average roughness (Ra) and flux recovery ratios (FRR).

PWP Ra CA BSA-FRR3 HA-FRR3
PWP 1
Ra 0.7614 1
CA -0.5235 -0.8205 1
BSA-FRR3 0.5664 0.6830 -0.6822 1
HA-FRR3 0.4148 0.6719 -0.9107 0.5585 1
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