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Abstract

ABSTRACT

“Nothing in life is to be feared, it is only to be understood. Now is time to understand
more so that we may fear less.”

MARIE CURIE, (1867-1934)

Graphene Oxide (GO) is an equitable next generation membrane material and
significant graphene alternative owing to its large-scale production scalability
specifically and physicochemical characteristics. The use of GO as a water
purification and desalination membrane was first demonstrated by Nair et al in 2012.
As such, its feasibility as a nanofiltration separation membrane material is still in its
primary usage hence the need for optimisations, modifications and understanding of

its permeation mechanisms.

Major limitations in the use of GO as a separation membrane material include the
widening of the membrane interlayer spacing (pore-gap) during operation and poor
membrane stability. This doctoral research in consequence looked into the use of
different crosslinkers to enhance the performance and stability of GO membranes
through both inter and intralayer crosslinking. Successively, p-Phenylenediamine,
1,3,5-triazine — 2,4,6 triamine (melamine) and polyethyleneimine were systematically
introduced onto the GO nanosheets via the dip-assisted layer-by-layer method to

fabricate crosslinked GO membranes.

Principally, the feasibility of the use of the aforementioned crosslinkers in
interconnecting GO nanosheets and fabricating thin-films/membranes via the layer by
layer assembly method was explored. The nature of interaction between GO and the
crosslinkers was analysed and subsequently crosslinked thin films were fabricated to

demonstrate the control of key characteristics like thickness. Respective



Abstract

characterizations were undertaken, proving successful thin-film assembly. Following
thin film fabrication, the thesis goes on to look into the nanofiltration performance of
respective  membranes assembled on poly (acrylonitrile) and polycarbonate
substrates. The impact of crosslinking in enhancing performance was apparent.
Successively, the impact of the physicochemical properties of GO, specifically its
lateral size and surface chemistry onto the nanofiltration performance of the
crosslinked membranes was studied. Ultimately, GO and crosslinker concentration
alteration on membrane nanofiltration performance was analysed. These were
optimisation stages where the aim was to determine the optimum lateral-size of GO

nanosheets and concentration effects in membrane stability and performance.
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Chapter 1 - Introduction

INTRODUCTION

“I seem to have been only like a boy playing on the seashore, and diverting myself
now and then finding a smoother pebble or a prettier shell than ordinary, whilst the
great ocean of truth lay all undiscovered before me.”

SIR ISAAC NEWTON (1642 —1727)

1.1 Background and Motivation

The eminent global water shortage intensified by an exponentially increasing global
population and changing climate calls for the derivation of materials and processes to

alleviate the impending impact [1-4]. Alarmingly, it is predicted that by 2050 global
water scarcity could affect up to 5 billion people [5]. This highlights the urgent need

for the implementation and improvement of current water purification, which involves
the removal of particulates, undesirable chemicals, biological contaminants,
suspended solids and gases as well as the removal of monovalent and divalent salts

from water for consumptive means [6-8].

Several methods from physical processes such as distillation, sedimentation and
filtration to chemical processes like flocculation and chlorination are currently being
explored in these realms [9]. Notably, the chemical methods have low favourability
owing to cost ineffectiveness due to large sludge generation and removal after
purification [10]. Furthermore, potential damage to separation modules due to the
introduction of chemical compounds is also a notable limitation that impedes their

usage [11]. On the other hand, despite their relatively wide usage, physical methods
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such as distillation’s high energy consumption and increased operation costs limits the

method’s use [12].

Separation membranes on the contrary have a significant favourability over the other
purification processes [13-15]. Environmental benignity and relative energy
efficiency are among the key advantages of their use over other conventional methods
in water purification [16]. Since their commercialization by Loeb and Sourirajan in
the 1960s’, several materials have been employed in the quest for efficient, affordable
and highly stable membranes [17]. Both polymeric and inorganic membrane materials
are being used at the moment owing to their abundance and large-scale production
[18]. The most commonly used polymers are polyamides, cellulose acetate and poly
(vinylidene fluoride) (PVDF) [16-19]. However, poor mechanical strength and
susceptibility to fouling has resulted in fading of the use of polymeric membranes in
favour of inorganic ceramic based membranes [23]. Ceramics’ use in commercial
membranes over the polymeric materials is heightened specifically by their high
selectivity and stability in turbulent operation conditions [24]. Nonetheless, Joshi et al
noted that limited permeability inhibits their use in large scale water purification plants
[25]. Another inorganic membrane material currently in use is micro porous silica, but
complexity in precise instillation of sub nanometre pore sizes for molecular filtration

has been reported as a major limitation [25].

For instance, most recently at the Sorek Desalination plant in Rishon Lezion, Israel,
Glass Reinforced Plastic (GRP) and polyamides are deployed as separation modules
[26]. The major limitations reported for these materials modules were relatively low
mechanical strength, in consequence the need to improve the overall performance of

these plants cannot be understated. Similarly, the James W. Jardine Water Purification
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Plant in Chicago currently employs ceramic modules whose limitations has been cited

as limited permeability as aforementioned.

In the recent past decades, carbon-based materials with different dimensions have
emerged as possible favourable next generation separation membrane materials. The
first generation of these carbon-based groups are the 1-Dimensional single and multi-
walled carbon nanotubes (CNTSs) [8,27]. In addition to their mechanical strength,
CNTs are advantageous in water purification, as they offer an ultrafast uni-directional
transport channel of water molecules across fabricated membranes owing to the slip-
flow phenomenon [28-30]. However, their poor dispersibility in water and most polar
solvents, complexity in fabrication and hydrophobicity greatly limit their candidature

as next generation separation membrane materials [31,32].

The successful isolation of graphene by Andre Geim and Konstantin Novoselov has
ushered in a new generation of promising 2-Dimensional carbon-based separation
material [33]. It is mechanically the strongest material ever tested, one atom thick with
a high aspect ratio [33,34]. Its outstanding properties make it a very interesting

precursor to most applicative devices including separation membranes [35-38].

Despite its outstanding properties and promising application capabilities, a great
challenge in bringing graphene-based products to market has been the lack of an
economically large-scale production method [39,40]. It is extremely challenging to
fabricate continuous defect free graphene nanosheets for applicative industrial usage
[41,42]. As such, graphene derivatives and related materials with large-scale

production capabilities are considered as plausible alternatives.

Fortunately, graphene oxide (GO) is a reasonable substitute especially with regard to

solution based separation membranes [25,43]. It can be fabricated in a facile manner
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with an economically feasible large-scale production method [44]. GO is also
chemically versatile, hydrophilic and atomically thin making it a favourable candidate
as a next generation water purification membrane material [45]. In consequence, the
aforementioned reasons are what mounted to its selection and usage in this doctoral
research. The recentness in the use of GO as a separation membrane material alludes
to the fact that the broader scope in terms of the membrane’s operation mechanisms,
limitations, influence of material characteristics on performance is yet to be
established. The quest to understand this is among the driving motivations behind this

doctoral research.

A major challenge in the use of GO in water purification has been established to be
poor stability during operation. This stems from the widening of the membrane pore
gap (interlayer spacing) during membrane performance, as a result of the accumulation

of water molecules onto the membrane pores [46,47].

The alleviation of the GO pore-gap widening problem is thus of paramount importance
to having efficient, stable and durable GO membranes. Several efforts have been
undertaken to date to alleviate this problem. For instance, Huang et al. explored the
use of reduced GO (r-GO) to diminish the oxygenated functional groups in GO
membranes, hence limiting the entrapment of water molecules [48]. However, GO
reduction results in loss of hydrophilicity and narrowing down of the interlayer
spacing which lowers permeability hence the need for a higher operation pressure
[49,50]. Abraham et al. used an epoxy encapsulate to physically confine the pore gap
of GO membranes for water desalination [51]. The major limitation to the physical
confinement method employed is that scale up for production of such membranes is a

great challenge [51].
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In this regard, the doctoral research analyses the use of different amino group
containing crosslinkers to interconnect the GO nanosheets systematically to stabilise
the membranes during nanofiltration via layer-by-layer crosslinking. A key advantage
to the systematic layer-by-layer crosslinking is that it offers controlled interconnection
of the GO nanosheets to enhance the overall stability of the membrane structure [52].
This in theory gives strong intactness to the membranes, hence enhancing their
stability and performance during membrane operation [53]. This is also further likely
to increase the operation longevity of the fabricated crosslinked membranes. The
selected crosslinkers offer key advantages of affordability, facile preparation and

storage together with the ease of fine-tuning of the GO membranes’ pore gap.

Fabrication methods also have an impact on the degree of membrane crosslinking,
hence determining the prime-end performance and stability of the membranes [54,55].
Conventionally, the commonly used membrane fabrication methods for GO based
membranes are the phase inversion, vacuum filtration and spray coating methods [55—
57]. Significant general drawbacks to these conventional fabrication methods can be
deduced in the lack of quanta control of the significant membrane characteristics like
thickness and requirement of complex equipment [57]. Higher material load usage,
which decreases the economic viability of these methods, is also an observable
limitation to the vacuum filtration and phase inversion methods. Hu and Mi further
reported that the vacuum filtrated GO membranes are susceptible to disintegration in
aqueous environments from the high hydrophilicity of the GO nanosheets [58]. After
these considerations, the dip-assisted layer-by-layer fabrication method was opted for
in this research from its ease of control of the membrane’s key characteristics like
thickness. Among the key characteristics are the membrane thickness, hydrophilicity

and homogeneity. The method entails the interchangeable attachment of two on more
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materials via either electrostatic, covalent or weak interactions [52]. It also
comparatively uses low material load hence being economically efficient [59].
Furthermore, the dip-assisted layer-by-layer method offers controllable systematic

crosslinking to fabricate stable superimposed GO membranes.

1.2 Research Aim and Objectives

Instability of the GO membranes during operation is an established limitation, which
needs to be alleviated to bring forth GO based membranes as aforementioned.
Moreover, characteristics of GO like nanosheet lateral size, surface chemistry,
morphology and individuality also require further scrutiny in order to optimise GO
nanofiltration membranes. All these modifications ought to be studied with respect to
a specific membrane fabrication method, as there is a greater dependence between
specific operating conditions during membrane fabrication and membrane

performance.

The overall aim of the doctoral study was therefore the controlled fabrication and
optimisation of GO water purification membranes with enhanced stability,

reusability and nanofiltration performance.

The following key objectives were established to achieve the outlined aim:

i) To fabricate controlled thickness, GO thin films by means of dip-assisted

layer-by-layer deposition.

It was significant to demonstrate the feasibility of membrane fabrication prior. This
bring about to understanding more in detail the impact of the operating conditions of
the deposition method, specifically the immersion time and the number of assembly

cycles, onto the fabricated membrane characteristics. As such, the initial aim of the
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thesis was to fabricate respective p-phenylenediamine (PPD), 1,3,5-triazine-2,4,6-
triamine (melamine) (MLM) and poly (ethyleneimine) (PEI) (Figure 1) layer-by-layer
crosslinked GO films. This was done to show the plausibility of successful thin-film
fabrication through relevant characterisations. Affordable glass slide substrates were
used at this stage. The demonstrative fabrication of the thin films on glass slides was
also in part carried out to establish a relation between the immersion time, number of
assembly cycles and the significant crosslinked GO thin films characteristics like

homogeneity, thickness, morphology and hydrophilicity.

A B

A
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Figure 1. Crosslinkers to be used for the fabrication of GO-based thin films A) PPD,

B) MLM and C) PEI

i) To evaluate the crosslinkers’ enhancement of GO membrane water

purification performance and stability.

Following successful confirmation of the plausibility of GO crosslinked thin films via

the dip-assisted layer-by-layer method, the thesis goes on to primarily evaluate the
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impact of crosslinking in enhancing the water purification performance of GO
membranes. Since different sized crosslinkers; PEI, MLM and PPD are employed in
this study, a significant objective will be to look into the influence of each crosslinker
onto the membrane nanofiltration  performance.  The  crosslinkers
hypothetically/theoretically improve the performance of the membranes through
enhancing their stability through interlinking the nanosheets. A comparative analysis
between the crosslinked layer-by-layer assembled membranes and uncrosslinked dip-
coated GO membranes is to be undertaken to verify performance and stability

enhancement.

Concurrently, performance dependence on the number of membrane layers and bi-
layers is to be studied in this stage. Different porous substrates are to be used as well;
0.2 um pore sized porous poly (acrylonitrile) (PAN) and polycarbonate (PCB) as
support for the respective crosslinked GO membranes. Membrane separation
performance is to be tested through the nanofiltration of an aqueous solution of
methylene blue (MB) via a homemade poly (methyl methacrylate) nanofiltration cell.
The conditions at which the membranes work, including maximum operation pressure,
flux and rejection rate are therefore subject to the fabrication conditions i.e. number

of bi-layers, crosslinker used and the immersion time.

iii) To investigate the impact of physicochemical characteristics of GO onto the

nanofiltration performance of the crosslinked membranes.

Here an analysis of the impact of physicochemical properties like GO lateral size and
surface chemistry onto overall membrane performance is to be studied. The relation
between lateral size and the abundance of specific functional groups in GO is duly to

be evaluated. These properties are normally altered during either fabrication or
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preparatory ultrasonication of the GO suspensions. As such, the impact of different
GO lateral size and chemical functionalities (functional group composition) on

membrane performance are to be studied via different characterization means.

iv) Optimization of the impact of GO and crosslinker concentrations on

membrane homogeneity and overall nanofiltration performance.

Impact of the concentration of both GO and crosslinker on the overall performance of
the membranes is to be analysed under this objective. Concentration plays a significant
role in the structural characteristics of fabricated membranes, such as membrane
thickness, topographical roughness and homogeneity. This is also an attempt to further
optimise membrane fabrication through determining the impact of GO and crosslinker
concentrations on membrane performance. In consequence, instigating material

conservation.

1.3 Thesis Structure

The thesis consists of 7 key chapters detailing in chronology the route towards the
fabrication, enhancement and optimisation of GO membranes via crosslinking for
water purification purposes. The motivation and background of the thesis together
with an outline on the selection of GO as the principal membrane material in this
regard are outlined in Chapter 1. The key objectives of the thesis are also sequentially
outlined in this introductory chapter. Successively Chapter 2 goes on to review
previous works done elsewhere regarding the use and improvement of GO membranes
in water purification and the limitations of these methods. Since graphene is the parent
material to GO, the fabrication and properties of graphene are briefly discussed in the
literature review chapter. This was to give a leeway to the discussion of the fabrication

of GO and its properties and to give more detailed discussion on the equitability of
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GO as a relevant graphene substitute. Background on separation membranes is also

discussed in details in this chapter.

The subsequent chapters 3 to 6 outline the experimental work on the dip-assisted layer-
by-layer crosslinked GO membranes together with their optimisations. First, the
plausibility of the thin-films fabrication and control of their significant characteristics
is detailed in Chapter 3. In Chapter 4 the performance of the fabricated crosslinked
membranes relative to uncrosslinked ones to confirm the impact of each of the
crosslinkers in enhancing membrane performance and stability is analysed. Membrane
operation mechanisms and reusability are also studied and demonstrated in this
chapter. In the latter stages of the chapter the use of other substrates is also discussed

in this chapter.

In Chapter 5, the impact of lateral size of GO nanosheets on their surface chemistry
and colloidal suspension and subsequently on the membrane performance is explored.
Chapter 6 on the other hand looks into the impact of concentration of both the
crosslinker and GO on the average performance of the fabricated layer-by-layer
crosslinked membranes to enhance material conservation. In the end, the summary of
the whole research is provided in Chapter 7, where the key findings and future works

are also discussed.

10
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2.

LITERATURE REVIEW — GRAPHENE, GRAPHENE OXIDE AND

SEPARATION MEMBRANES

“It is of great advantage to the student of any subject to read the original memoirs on
that subject, for science is always most completely assimilated when it is in the nascent
state...”

JAMES CLARK MAXWELL, (1831 —1879)
2.1 Graphene

2.1.1 Structure and historical overview

Graphene is a monolayer 2-dimensional carbon allotrope consisting of carbon atoms
arranged in a hexagonal lattice of C-C bonds (Figure 2) [60]. The formation of
different C-C bonds via orbital hybridization is well documented and in the case of
graphene, the sp? hybridization occurs when one carbon atom is bonded to three others
[61]. An s orbital is inter-joined to two p-orbitals forming a trigonal planar structure
with a 0.142 nm ¢ bond between the carbon atoms [62]. The C-C-C angle is calculated
to be 120° [63]. The strength and short length of the C-C bond heightens its high
mechanical strength over other semi-conducting materials such as silicon [63]. The
properties arising from the structure makes graphene a promising precursor material
in the fabrication of various nanomaterials, from flexible nanoelectronics to polymer

nanocomposites and even separation membranes [64].

11
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Figure 2. Pristine graphene structure

Sporadic theoretical studies of graphene can be traced back to 1859, when Benjamin
Collins Brodie examined the lamellar structure of oxidised thermally reduced graphite
oxide [65]. Further detailed theoretical postulations were carried out in 1947 by Phillip
Russell Wallace through examining of the electrical properties of monolayers of 3D
graphite [60]. Practically, observations of several layers of graphite by electronic

microscopes have been reported as early as in 1962 by Hans-Peter-Boehm [66].

In 2004, Andre Geim and Konstantin Novoselov used the micromechanical exfoliation
method; where scotch tape was used to repeatedly peel off layers of graphite until
monolayers (graphene) were obtained (further details on the fabrication procedure in
section 2.1.3) [67]. Stable 2-dimentional monocrystalline graphene films of high
quality were produced from this technique [67]. It has since been proclaimed the
wonder material of the 21% century as a result of its outstanding properties and scope
of possible applications [68,69]. This has henceforth culminated in the graphene gold
rush, where an exponential increase in research on graphene based products has been

observed since [70].

12
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2.1.2 Properties of graphene

2.1.2.1 Mechanical properties

The intrinsic mechanical strength of graphene has been reported by Hone et al via
Atomic Force Microscopy (AFM) nano-identification, proving graphene to be the
strongest material ever tested with a tensile strength of 42.1 N/m (130 GPa) [71]. Its
Young’s modulus of around 1 TPa makes graphene magnitudes stronger than most
conventional materials [72]. Comparatively, strong regular materials like A36
structural steel and aramid (Kevlar) have a tensile strength of 0.4 GPa and 0.375 GPa
respectively [73,74]. Despite being mechanically very strong, graphene is also very
light. A square meter of the material only weighs 0.77 mg, which is a 1000 times

lighter than a square meter of paper [75].

Furthermore, the C-C sp? bonds are able to rotate, this gives graphene excellent
flexibility and elasticity [71]. Elastic stiffnesses of up to 690 N/m has been reported

[71].

2.1.2.2 Electrical properties

Electrically, graphene is a zero-energy semiconductor [76]. This is due to the
overlapping of the valence and conduction bands at the Dirac points (Figure 3). This
offers unique charge transport characteristics, such as high ballistic transport and
mobility of charge carriers at room temperature [77]. = electrons are present in the
graphene plane and they are highly mobile, which gives graphene excellent electrical
properties [77]. There is also a combination of electrons in the conduction band and
holes in the valence band referred to as the electron-hole pair meeting at the Dirac
points (Figure 3) [62]. These give an electron and hole conduction under the external
electric field, which forms a microscopic current [62]. Charge carrier mobility in

excess of 15000 cm?/V.s at room temperature has been recorded [70].

13
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Figure 3. Left, Electronic dispersion in the graphene honeycomb lattice: Right; zoom

in of the energy bands close to one of the Dirac points [62].

Electrons propagating through graphene sheets tend to lose their mass producing
massless Dirac fermions (quasi particles), which also constitutes to the unique
electronic properties of graphene [62]. This makes the electrons to hardly encounter

any scattering, causing a high ballistic transport system at room temperature [62].

2.1.2.3 Optical properties

Optical properties of graphene are influenced by its high electron mobility. This makes
graphene to have a relatively high opacity (ra = 2.3% (red light)) for a monolayer
material [78,79]. This optical absorption is attributed to the electron transition within
and between the valence bands [80]. At increased number of layers of graphene, the
opacity increases as more white light is absorbed by the same percentage. It has been
experimentally proven that the visual transparency of graphene solely depends on the
fine structure constant [79]. This is a fundamental physical constant detailing the

interaction between electromagnetic waves and the charged atoms in a material [81].

14
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2.1.3 Graphene fabrication methods

Since its isolation using the micromechanical exfoliation method [67], physical and
chemical methods have so far been deployed to produce graphene sheets for research
and commercial purposes. Present graphene synthesis methods entail both top-down
and bottom-up approaches. In top-down approaches graphite is used as the precursor
and separated to produce graphene sheets, while for bottom-up approaches self-

assembly of carbon atoms to form graphene sheets is entailed [82].

2.1.3.1 Micromechanical exfoliation (Scotch tape) method

With graphite as the parent material, the micromechanical exfoliation procedure
involves repetitive peeling of layers of graphite until single layers of graphene are
obtained (Figure 4) [67]. The peeling, which is aided by scotch tape, overcomes weak
forces interconnecting graphene layers in graphite [83]. This process is facilitated by

a normal upward force and the shear force [83].

At present, mechanical exfoliation is the method giving the purest almost defect free
graphene sheets in comparison to other production methods [84]. The extremely low
yield of the method however, makes it impractical for large-scale production. As such

it is mainly used for research and lab scale applications [82].
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~ Single-layer graphene

Figure 4. Schematic of mechanical exfoliation fabrication method (scotch tape

method illustration) [83]

2.1.3.2 Unzipping of carbon nanotubes

Graphene nanoribbons can also be produced by unzipping carbon nanotubes. To
fabricate graphene sheets, single walled (SWCNTs) and multi walled nanotubes
(MWCNTS) are broken along the lines by various mechanisms [85]. One way of
unzipping carbon nanosheets is through immersion of the nanotubes in sulphuric acid
(H2S04) and subsequently in potassium permanganate (KMnQs) [86] (Figure 5). Other
unzipping methods include etching of the nanotubes in plasma and sonication in
organic solvents [87,88]. Though the lateral size of the produced graphene
nanoribbons is relatively small and limited by the geometry of the nanotubes, the
production of graphene nanoribbons in this manner has a potential for large scale

production [86,89].
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Figure 5. Unzipping of carbon nanotubes mechanism [86]

2.1.3.3 Chemical Vapour Deposition (CVD)
CVD is the art of depositing gaseous molecules onto substrates to assemble thin film
structures [90]. The fabrication of graphene via CVD was pioneered by Somani et al

using camphor (terpinoin, C10H160) as the precursor material and nickel foil as the
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holding substrate [91]. To produce graphene via CVD, gaseous precursor carbon
molecules are obtained by heating (at ~1000°C) carbon-containing materials, most
preferably hydrocarbons like methane in a reaction chamber [92]. The high
temperature heating decomposes the hydrocarbons, leaving the carbon atoms to
rearrange onto a substrate during a cooling phase in argon gas to form graphene sheets
[93]. Transition metals like copper (Cu) and nickel (Ni) are the most regularly used

assembly substrates [94,95].

Since high temperatures are entailed, to lower the temperatures during the pyrolysis
and assembly stages, catalysts are usually used [96]. However, the introduction of
catalysts result in increased impurities in the assembled graphene films, which is a

notable limitation to the method [97].

Another drawback in the use of CVD as a fabrication method has been in the later
stage of exfoliation of graphene films. This is because the graphene films ‘grow’ onto
the substrate and removal and transfer without damage is highly unlikely [97]. Recent
attempts to solve this problem has been in the use of Poly (methyl methacrylate)
(PMMA) as an assembly substrate instead of the usual Cu and Ni [98]. The PMMA is

then chemically etched leaving the graphene films intact [98].

2.1.3.4 Liquid phase exfoliation of graphite

To produce graphene via the liquid phase exfoliation, three stages are entailed i.e.
dispersion of graphite flakes in a solvent, exfoliation and purification [99]. During the
dispersion/suspension stage surfactants containing sulfonic groups are used to aid
graphite suspension in solvents [100]. Significance is drawn to the solvent that is
selected to suspend the graphite flakes during fabrication. This is because a good

carrier solvent can minimise interfacial tension between graphite flakes thus
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diminishing clustering of the graphene sheets [100].. The exfoliation stage entails
ultrasonication, which is followed by centrifugation or sedimentation as purification
stages to attain graphene sheets [101]. Graphene nanosheets of up to 1 pm? have so

far been reported [102,103].

2.1.3.5 Epitaxial growth on Silicon Carbide (SiC)

The epitaxial growth of graphene on silicon carbide is another widely recognised
graphene production method. The method entails heating of SiC at high temperatures
in excess of 1650 °C to sublimate the Si atoms [104]. This is because the vapour
pressure of carbon is negligible in comparison to that of silicon. Therefore, at high
temperatures the silicon atoms desorb leaving the carbon atoms to rearrange to form
graphene thin films (Figure 6) [105]. Epitaxial growth falls into two categories; homo
when the film and the substrates are of similar material composition and hetero when

they are of different compositions [106].

00000000

SiC

Figure 6. Schematic showing the growth of multi-layer graphene sheets[107].
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2.1.3.6 Pyrolysis of sodium ethoxide

The pyrolysis of sodium ethoxide, which is also known as the solvothermal method,
first involves thermal reaction of sodium and ethanol on a 1:1 ratio in a closed vessel
to form sodium ethoxide [108]. This is followed by the pyrolysis of the produced
sodium ethoxide in a nitrogen environment. In the process, carbon atoms rearrange in
lattice formats to form graphene sheets. Sheets of up to 10 um in lateral length have
been reported in previous fabrications (Figure 7) [108]. The method offers low cost
production, however, the quality of the graphene attained is relatively low due to the
presence of up to 10% of ethanol and water impurities [108].

Solvothermal
sodium ethoxide EtONa

™

N, pyrolysis ——> #84

Mechanism

Commercial .
of formation

sodium ethoxide EtONa

Figure 7. Pyrolysis of sodium ethoxide (EtONa) to graphene schematic [109].

Speyer et al. further explored the production of graphene under this method by
introducing sodium ethoxide in an Inconel alloy crucible in an inert argon atmosphere
[109]. The mixed entities were hereafter placed in a vertical tubular oven under a 500
mL min~? nitrogen flow. After that the oven was heated to 850°C for 4 hours before
cooling down while keeping the nitrogen flow constant [109]. This resulted in the

formation of strands of high-quality graphene foam (Figure 7).

2.1.4 Main challenge in bringing graphene-based products to market
An overall limitation in bringing graphene-based product to market currently is the
lack of production scalability of pure defect free graphene nanosheets at a competitive
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price [110]. Currently, the method giving the purest defect free is the micromechanical
exfoliation, which evidently cannot be scaled to mass production as aforementioned.
However, progress is being made in bringing the cost of graphene down. For instance

in the past 2 years a 30% reduction in graphene market price has been reported [39].

Alternatively, graphene’s derivative graphene oxide (GO), is a reasonable substitute
in various graphene related applications as it can be easily scaled up to mass
production at relatively lower costs [110,111]. Moreover, in specific applications like
water purification and desalination, GO has favourable physicochemical
characteristics, such as hydrophilicity and unique water permeation pathway [45].
These ease water permeation and flow across the GO based membranes. In these
regards, it is continually being explored as a precursor material for different next

generation products as an alternative to graphene.

2.2 Graphene Oxide

2.2.1 Definition and structures

GO is a single layer of graphite oxide [112]. It is by definition a graphene sheet
interrupted by various oxygenated functional groups. The prevalent oxygenated
functionalities present being the epoxy, hydroxyl, carboxylic and carbonyl groups

[113].

The chemical structure of GO in terms of the prevalence and position of certain
functional groups is still under scrutiny and varying theoretical propositions exist
[113]. The structural ambiguity stems from its non-stoichiometric nature [114]. Six
major structural models have been proposed to date i.e. the Hofmann, Lerf-Klinowski,

Ruess, Scholz-Boehm, Nakajima-Matsuo and Dekany models [113] (Figure 8).
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Figure 8. Major GO models; A) the Hofmann model, B) the Ruess model, C) the
Scholz-Boehm model, D) the Nakajima-Matsuo model E) the Dekany model, F) the

Lerf-Klinowski model [113]

The first theorised GO model was proposed by Hofmann and Holst. In this model, the
predominant functional group presumed was the epoxy group in the sp? hybridised
plane and edges of the graphene plane (Figure 8A) [115]. Basing on the Hofmann
model, Ruess et al. proposed the introduction of hydroxyl groups together witha 1, 3
ether to the model, culminating in the Ruess GO model (Figure 8B) [112,116]. It
consists of a sp3-hybridised system unlike the precursor model. The Ruess model
further denotes that 25% of the cyclohexanes had epoxide groups at their 1, 3
positions, while the hydroxyls stood at the 4" position [116]. Later on, Scholz and
Boehm proposed the incorporation of cyclohexane rings linked with quinoidal
structure onto the Ruess structure to replace the epoxy and hydroxyl groups (Figure
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8C) [66,117]. Another proposed model is the Nakajima-Matsuo model (Figure 8D),
which contains a free lattice assembly that is similar to the poly (fluorocarbon) (CF»)
structure [118]. The proposition of these latter aforementioned lattice models were

based on the chemical composition and XRD characterisations [119].

The Dekany model (Figure 8E) on the other hand is a combination of the Ruess and
Scholz-Boehm models [119]. It is composed of two main characteristics; the trans
linked cyclohexyl species consisting of tertiary alcohols together with the 1,3 ethers
and a network of keto species to resemble the acidic nature of the material [120]. The
model like the other ones do not incorporate the presence of any carboxylic groups,

which makes it characteristically incomplete [112].

The most widely accepted model presently is the Lerf-Klinowski model, which rejects
the lattice model in favour of a nonstoichiometric amorphous structure entailing
epoxy, carbonyl, hydroxyl in the basal plane of the GO sheet and the carboxylic groups
at the edges (Figure 8F) [121]. The functional groups’ presence in this model are
experimentally confirmed by both Nuclear Magnetic Resonance (NMR) and X-ray
Photo-spectroscopy (XPS) together with Fourier transform infra-red (FTIR)

characterisations [122].

Lerf and co-workers in proposing the structure of GO further demonstrated that
carbon-carbon double bonds are either conjugated or aromatic. This was highlighted
in conjunction with the fact that isolated carbon—carbon double bonds are likely to not

exist in strong oxidising conditions during GO production [112].

In overall, ambiguity is still present regarding the chemical structure of GO
nonetheless, propositions continue to emerge with the most recent nonstoichiometric

based ones being the Tour and Ajayan models [123,124]. The Ajayan model is
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structurally similar to the Lerf-Klinowski, however, relative ratios of functional
groups are established at 115(hydroxyl and epoxide) :3(lactol O—C—O): 63(graphitic
sp? carbon) :10(lactol + ester + acid carbonyl): 9(ketone carbonyl) [123]. The Tour
model on the other hand propose a dynamic structure with definite functional groups
alike in the Lerf-Klinowski model but their ratio constantly changing in the presence
of aqueous solvents [124]. It was proposed to explain the high acidity of GO which is
difficult to harmonise with the other proposed models. Using relevant
characterisations from potentiometric titration, 13C NMR, to thermogravimetric
analysis, it was proven that GO does not contain a higher proportion of pre-existing
acidic functional groups, they are produced as the nanosheets interact with water

molecules in suspensions [124].

2.2.2 Properties of graphene oxide

2.2.2.1 Mechanical properties

GO’s intrinsic mechanical strength and stiffness characterisations were pioneered by
Ma et al. in 2007 [125]. Homogeneous cross sheet stress distribution of about 40 GPa
and an intrinsic mechanical strength of 120 MPa was obtained [125]. In overall, E
varies with the degree of coverage of the oxygenated functional groups. Values from
380 to 470 GPa for ordered GO and from 290 to 430 GPa for the amorphous GO have
been reported (Figure 9) [126,127]. This proves that amorphousness, orderliness
together with the oxidation degree play a significant role in the extent/magnitude of

its mechanical strength and properties [126,127].
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Figure 9. (E) as a function of oxygen coverage for both amorphous and ordered GO

[126].

Mechanically GO is stronger than most conventional polymers like polyamide and
poly (ethersulfone), hence its reported use in the enhancement of the mechanical

properties of these polymers [128].

2.2.2.2 Electrical properties

The presence of various oxygenated functional groups in the material impedes the flow
of charge carriers in GO, making it a non-conducting nanomaterial [129]. Nonetheless,
electrical conductivity can be instigated through the removal of these oxygenated
functional groups, either through chemical or thermal reduction to form reduced
graphene oxide (r-GO). The threshold carbon to oxygen ratio for there to be an
electrical conductivity after reduction has been noted to be 6 [130]. At this ratio, partial
graphene structure is recovered making the reduced conjugate electrically conductive
[130]. However, r-GO is still not as conductive as graphene owing to the presence of
some oxygenated functional groups.
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2.2.2.3 Hydrophilicity

From its possession of oxygenated functional groups, GO is inherently very
hydrophilic [131]. However, the degree of hydrophilicity depends on the prevalence
of the functional groups present. Water contact angles ranging from 30° to 60° have
been reported validating this assertion [132]. Other determinants of the hydrophilicity
of GO include the lateral size of the nanosheets and pH of the suspensions [133]. This
is because these parameters determines the ionizability degree of the functional groups
which affects the adsorption energy of the water molecules on GO surface and thus

hydrophilicity [133].

2.2.3 Graphene Oxide fabrication methods

Various methods are currently being used to produce GO. Inherently, the quality of
the GO differs owing to the different fabrication techniques and the precursor used
[134]. Notably each fabrication approach has its own advantages and disadvantages,

and modifications to improve method efficiency continue to be undertaken.

2.2.3.1 The Brodie Method

To fabricate GO via the Brodie method, graphite samples are first mixed with nitric
acid (HNOz) under continuous stirring at 0°C, usually in an ice bath to avoid
agglomerations [65,135]. The quenching in the ice bath is followed by a slow addition
of potassium chlorate (KCIOs3) to the prepared mixture and stirred for about 18 hours
at 0°C as well. KCIOz is an oxidising agent and as such it incorporates the oxygenated
functional groups onto the graphite inter planes. This enlarges the nanosheets inter-
flake gap, which eases subsequent exfoliation. Special care has to be undertaken
during the addition of KCIOs3, as explosions are bound to occur due to the release of
chlorine dioxide gas (ClO2) [136]. lonised water is added to the mixture after 18 hours
of stirring. The mixture should be successively filtered under vacuum conditions until
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a neutral pH in the filtrate is reached. The residue of the filtration process, which is
graphite oxide powder, is then dried in vacuum at around 700°C and then sonicated in

distilled water to obtain free flakes of GO [65,135].

2.2.3.2 The Staudenmaier Method

For the Staudenmaier method, graphite samples are first added to a mixture of
concentrated H.SO4 and sodium nitrate HNOs [137]. This is done under cold
conditions, usually in an ice bath. Successively, KCIOs powder is added and the
sample is left to quench for about 18 hours. The resultant solution is then washed in
hydrochloric acid (HCI) to remove the formed sulphate ions followed by rinsing in
distilled water until the pH of the sample is neutral. Here after it is dried overnight
under vacuum conditions at 40°C [137]. The powder is then suspended in water and

sonicated for a shorter period of about 30 minutes to exfoliate GO [138].

2.2.3.3 Modified Hummers and Offerman’s Method

The modified Hummers method is a modification of the original Hummers’ method
which was initially employed to produce graphite oxide [139]. Graphite is first
oxidised through the addition of H2SOj4 in the presence of NaNOgz at 0°C [140,141].
The oxidising agents enhance the formation of various oxygenated functional groups
in the interlayer between the sheets in graphite. These weakens the van der Waals’
forces connecting the graphene nanosheets in graphite and thus making exfoliation
easier [139,142]. This is followed by adding potassium permanganate (KMnQ4) under
constant stirring, which act as a catalyst to fasten the oxidation process under a 2-hour
stirring. The mixture is then further stirred for a further 2-hour period at room
temperature until a pasty brownish sample is observed. Hot water at around 96 °C is
then added to further liquefy the sample [141]. Finally, to remove the excess of
KMnOa, hydrogen peroxide (H20>) is slowly introduced to the mixture [143], which
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is followed by centrifugation and rinsing in hydrochloric acid (HCI) to purify and
collect the exfoliated GO via ultrasonication. The Modified Hummers’ method is not
only economical but also result in the production of highly oxygenated GO samples
[144]. The fact that strong oxidising agents with high toxicity are entailed, is a
limitation. The release of toxic gases such as nitrogen oxides (NOx) is also a notable
disadvantage [144]. Nonetheless, despite these limitations it is the widely employed

method owing to its cost effectiveness and large-scale production.

Improvements to the Modified Hummers method in an attempt to produce a more
environmentally friendly approach are continuing to be undertaken. For instance, Peng
and co-workers substituted KMnO4 and NaNOs with potassium ferrate (K2FeQOs) to
limit the production of toxic NOx gases and the heavy metal pollutant Mn?* waste that
is generated by the original modified Hummers’ method [145]. Their method entailed
the reaction and stirring of a mixture of graphite, H.SO4 and the oxidising agent
K2FeO4 at room temperature for an hour [145]. The purified precipitate of GO was
then obtained by centrifuging the reacted mixture. However, iron (Fe) impurities in

the resultant GO has been reported as a limitation to this modification [145].

2.2.3.4 Tang - Lau Method

Unlike the conventional top — down approaches starting with graphite, the Tang-Lau
method is a newer bottom-up hydrothermal approach involving the use of glucose,
sugar and fructose as reagents to grow GO nanosheets [146]. The basis of the method
is the cyclic polymerisation of glucose by growing it on astatine (As) substrates.
Glucose is dissolved in deionised water and then put under hydrothermal conditions,
this result in the intermolecular dehydration of the glucose molecules, which causes
the formation of planar GO nanosheets [146]. This physically grows the disentangled
glucose bits to form GO [146].
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The accumulated nanosheets are relatively hydrophobic, as such, they tend to floats at
the top of the dispersion. Dipping and lifting with As substrates is then undertaken

followed by thorough rinsing prior to annealing at different temperatures (Figure 10).
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Figure 10. Procedural chronological growth of GO using the Tang-Lau method [146].

Most carbohydrates that have carbon: hydrogen: oxygen ratio of 1:2:1 can be used as
raw materials (reagents) in this environmentally friendly fabrication process [146].
The merit to the method is that mass production of GO is easily attainable. It is
however labour intensive as many synthesis stages are involved. Furthermore, lack of

material purity is a further limitation to its implementation [146].

In most of the discussed preparatory methods, ultrasonication is undertaken and it is
worth mentioning that apart from exfoliating the graphite oxide into GO nanosheets,

the sonic waves also aid the suspension of GO into polar solvents. Other impacts like
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onto the physicochemical characteristics of the nanosheets is further discussed in

chapter 5.

2.2.3.5 The Tour Method

For the Tour method, KMnQO4 and graphite flakes are thoroughly mixed with H2SO4
and phosphoric acid (H3POs) on a 9:1 ratio is added [140]. A thorough steering of the
entities for about 12 hours at 50 ° C. follows this. The sample is then poured over
deionised ice water followed by the addition of hydrogen peroxide (H.O:) and
continuous stirring. This is filtered to remove the excess graphite to end with a solution
of GO [140]. GO oxidation efficiency during fabrication is greatly increased in this
regard [140]. Due to the omission of HNO3s/NaNQg, the release of toxic NOx gases is
avoided, making it more environmentally friendly in comparison to the Modified

Hummers method for instance [140].

2.2.4 Graphene oxide’s potential applications
GO is a versatile material with promise in a wide range of applications from coating
films, drug delivery materials to separation membranes as a result of its

physicochemical characteristics [147].

For instance, its use in polymer nanocomposites as a nanofiller to enhance the
mechanical and morphological properties of certain polymers is well reported
[128,148,149]. The carboxyl, epoxides and hydroxyl functional groups help in
facilitating the interaction between the GO nanofillers across the polymer matrix to
enhance their properties [128]. Primary uses in nanoelectronics and related
applications has also been reported [150], however in these applications it is usually
reduced either thermally or chemically to recover electrical properties as

aforementioned. Nonetheless, its use as a field effect transistors (FET) without
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reduction has been noted [151]. Potential applications of GO in drug delivery systems
in medicine have also been reported [152]. This stems out from the flexibility, two
dimensionality and larger surface area of the material. Continual research in its use as
a potential gas sensor precursor material owing to its 1-atom thick structure has been
conveyed in the recent past-a-times [153]. For instance, its use in the detection of

ethanol using optical fibre sensors is well noted [154].

Another emerging use of GO is as a water purification and desalination separation
membrane material [45,155]. Its hydrophilicity and unique water pathways between
its nanosheets offers ultrafast permeation and therefore makes GO a promising
candidate in this area [45]. Henceforth, its potential as a separation membrane
material, which is an area of interest in this doctoral research is discussed in detail in

the latter sections of this chapter.

2.3 Separation membranes

2.3.1 Background and historical overview

Separation membranes date back to the 18th century from J. Abbe Nollet’s initial
investigations of the phenomenon of osmosis [156,157]. The first pressure based
separations were carried out by Bechhold, who used paper and acetic acid collodion
(nitrocellulose) to fabricate the first ultrafiltration membranes [158]. This paved a way
to the major breakthrough by Loeb and Sourirajan, who fabricated the first controlled

pore size membranes and asymmetric membranes [159].

The major mechanism of separation in operational conventional membranes is a
physical filtration sieving (size exclusion) mechanism. Through size/molecular
exclusion, different species are separated according to the relation between their size

with respect to the membrane pore size [160]. With regard to size of their pores, the
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separation membranes are classed from microfiltration, ultrafiltration, nanofiltration
to reverse osmosis in accordance to the downward chronology of the membrane pore-

size (Table 1) [161].

Another notable mechanism is the charge based Gibbs-Donnan effect, where
separation is based on an electrostatic relation between charged solute and membrane
charge [162,163]. However, this is mostly pronounced at the nanofiltration and reverse
osmosis levels as that is where most of the particulates being separated, such as

divalent and monovalent salts together with organic dyes, are charged [161].

Table 1. Filtration membranes and their respective sizes and a general comparative

description of their separation mechanisms [161]

Pore size Major Entities Limitations
(m) separation  separated
mechanism
Microfiltration ~ 10°-107  Size Sandand  Limited
exclusion  clay separation
(sieving) particles. range
Green especially
Algae and  for smaller
some sized
bacteria particles
Ultrafiltration 107-10®  Size High MW  Membrane
exclusion  Organic susceptibility
solids, to fouling
bacteria
and some
viruses
Nanofiltration 108-101°  Size Organic Relatively
exclusion  dyes, heavy expensive
and the metals and  and high
Donnan divalent membrane
effect salts susceptibility
to fouling
Reverse Osmosis 107°-1071!  Size Organic High
exclusion  dyes, heavy operation
and the metals, costs
Donnan divalent
effect and High energy
intensity

32



Chapter 2 — Literature Review

monovalent
salts

For GO based membranes, pore size is defined by the inter-flake gap between
nanosheets. This is in the sub-nanometre range, and therefore the nanofiltration region

is the area of interest in this study and for GO membranes.

Since their inception in 1980, the use of nanofiltration membranes has steadily
increased [164], mainly because of their low energy consumptive nature and the wide
scope of the species that can be separated. Furthermore, the properties of nanofiltration
membranes, which overlap those of ultrafiltration and reverse osmosis, make them
significantly versatile mounting to their reported wide usage and fabrication from a

range of materials like polymers, ceramics and several metallic substrates [165,166].

The use of nanofiltration membranes has been widely noted in water desalination,
purification and treatment [167]. Their use in the food industry for the treatment of
whey effluents in dairy manufacturing has been reported [168]. Their use in these areas
is strengthened by the fact that it is a non-destructive process that does not require any

phase change [167].

As previously stated, separation basis of nanofiltration membranes is governed by
sieve and electrostatic effects of the pores of the membranes (Table 2.1). The sieving
separation happens when the molecular weight/hydrated diameter of the solutes being
separated is larger than the pore sizes of the membranes or the maximum molecular
weight cut-off (MWCO) [167]. However, in the case of charged solutes, separation
can occur due to electrostatic repulsions, this is therefore governed by the charge

relation between the particulates being separated and the membrane pores [169].
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2.3.2 Graphene oxide as a nanofiltration/separation membrane material

The feasibility of GO as a water purification and desalination separation membrane
material was first demonstrated in 2012 by Nair et al [45]. Unimpeded permeation of
water through a micrometre thick GO membrane was observed in tandem with
complete im-permeability to liquids, vapours, and gases including helium. The high-
water permeability is attributed to both capillary driven force and low-friction flow of

water between the GO nanosheets (d-spacing) [45].

The fast permeation of water molecules across the GO membranes is further advocated
to the emergence of a high driving force (Ap) in the GO nanosheet channels with a

driving capillary pressure of around 103 bar having been reported [45].

It is established that owing to the 2-dimentionality of the nanosheets, the permeation
of water molecules across GO based membranes follows a tortuous route (Figure 11).
Apart from the tortuous size exclusion-based separation mechanism, Donnan effect
exclusion (electrostatic repulsions) also often occurs depending on the electrostatic
nature of the species being separated (Figure 11) [170]. The incorporation of
crosslinkers onto GO membranes aids these mechanisms in different ways, for
instance in the case of size exclusion a constant pore size is maintained [53]. The
chemistry and charge nature of the crosslinkers will also have an impact depending on

the particulates being separated, repulsive or attractive separations can be observed.
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Figure 11. The tortuous path flow of water molecules across a GO membrane and

additional GO separation mechanisms’ illustrative schematic [170]

It is also significant to note that depending on the particulates, other separation
mechanisms like = — 7 and cation - & interactions can exist depending on the chemical
structure of the solutes [171]. For instance, the m — m interactions separation is
especially applicable in organic dyes such as methylene blue, and methyl orange,

which all in their chemical structure have an aromatic benzoic ring [171].

In spite of the plausibility of other separation mechanisms, the most significant feature
of GO based membranes is the d-spacing as demonstrated in further experimentation
by the Nair group. It was observed that when GO membranes are annealed at 250°C
in a hydrogen-argon atmosphere, the d-spacing decreased from around 10A to 42\,
causing a more than 100 times reduction in water permeation across the membranes

[45,172].

2.3.4 Limitations of graphene oxide as a separation membrane material

The major challenge in the use of GO as a separation membrane for water purification
has been outlined to be the swelling of the membrane during nanofiltration [173]. This
causes the enlargement of the pore-gap as water molecules are entrapped by the

hydrophilic  oxygenated  functional groups [46,47]. Furthermore, re-
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dispersion/disentanglement of GO membranes in water during and post membrane
operation has been noted as a major limitation [55,173]. Fine-tuning and fixing this
inter-flake gap is thus of high significance in enhancing both aqueous stability and

overtime performance of GO membranes [46,53].

2.3.3 Graphene oxide-based membrane fabrication methods

The fabrication techniques entailed impact membrane morphology and structural
quality hence overall performance [55]. The existing various methods also have
notable differences in terms of material usage and fabrication procedure. Respective

established fabrication ways are hereby discussed;

2.3.3.1 Vacuum filtration

To fabricate the membranes via the vacuum filtration method, a GO suspension is
filtrated over a substrate. Vacuum suction is used to instigate a pressure difference to
assemble GO nanosheets onto the substrate as the solvent is filtrated across (Figure
12) [174,175]. To have membranes with good homogeneity, a well dispersed
suspension is required [176]. The facile nature of this method validates its common

use in fabricating GO based membranes [125].

Vacuum filtration
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Figure 12. Vacuum filtration membrane fabrication schematic [177]

However, despite the method’s wide use, fragility of the membranes when exfoliated
from the substrate is a reported limitation [178]. Furthermore, difficulty in precise
control of membrane homogeneity and thickness are major drawbacks to vacuum and
pressure assisted filtration methods [179]. Mi et al. further highlighted that GO
membranes fabricated in this way tends to disintegrate in aqueous environments
during operation owing to the hydrophilicity of the GO nanosheets and poor

membrane intactness [155].

2.3.3.2 Spin, Spray and Dip Coating

In the case of spin coating, the process commences with the introduction of a GO
dispersion droplet followed by rotation of the substrate at high speeds to assemble the
film/membranes via the centrifugation force (see schematic in Figure 13A) [180].
Membrane characteristics like thickness are controlled by varying the volume of the

droplet introduced and the rotational speed [181,182].

Similarly, for spray coating the GO dispersion is spurted onto the substrate using a
spray gun (Figure 13B) [183]. The thickness and physicochemical characteristics of
membranes fabricated via this method are controlled by changing spray volume and

the distance between the nozzle and the substrate [183,184].

Dip coating akin to its name entails repeated immersion of respective substrates in
suspensions to fabricate GO based membranes [185]. Specifically, to assemble
membranes on substrates, they are dipped in suspension material and a thin layer of
the membrane self assembles during immersion and withdrawal stage [185]. Dipping
time, immersion and withdrawal speeds together with the number of assembly cycles

are key variables in controlling membrane thickness and physicochemical properties
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via this method [186,187]. For instance, to fabricate membranes with higher thickness
longer immersion times and more assembly cycles are entailed while the contrary for

thinner membranes [188].
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Figure 13. Illustrative fabrication schematic of the A) spin coating and B) the spray

coating methods [183,189].

2.3.3.3 Layer by layer self-assembly

Developed in the 1960°s by Iler [52], the layer by layer method is based on an
interchangeable attachment of two or more materials either electrostatically,
covalently or otherwise. Material interconnections via other chemical forces like the

van der Waals forces, halogen and hydrogen bonding are also plausible [155,190].

In the case of electrostatic interactions, the negatively charged GO suspensions at
lower pH values and room temperature and pressure in agueous environments are

usually interconnected alternatively with positively charged compounds and polymers
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[52,191]. The GO nanosheets can be activated to have opposite charges for an
electrostatic based assembly as it was the case when Shen et al. activated GO with
acrylic acid (negatively charged) and acryl amine (positively charged) [192].
Similarly, Choi et al. also prepared aminated GO through the reaction of a GO
dispersion and ethylenediamine (EDA) in the presence of a coupling agent the 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide methiodide (EDC) to enhance amide
formation in GO. The aminated GO, which is positively charged, was then used on a
layer by layer basis with untreated negatively charged GO to fabricate electrostatically

layer by layer assembled GO membranes [193].

In the case of covalent interactions, the oxygenated functional groups in GO
chemically react with respective functional groups in the interconnecting agents
forming covalent bonds at each interface. For instance, Hu et al. successfully
interconnected GO nanosheets and 1, 3, 5-benzenetricarbonyl trichloride (TMC) via
the carboxylate groups in GO and the carbonyl chloride in TMC to fabricate layer by

layer assembled membranes [194].

The layer-by-layer assembly method is facilitated in several ways. These range from
dip (immersion), spin, spray coating electromagnetic interactions assisted fabrications
[195]. However, the commonly used offshoot is the dip-assisted layer-by-layer

assembly.

A notable advantage of the dip assisted layer by layer assembly is that it is a very cost
effective method with high material efficiency [194]. The method also offers ease of
control of key membrane characteristics like thickness through altering fabrication

conditions, especially the immersion time and the number of assembly cycles [196].
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Given the interfacial interconnection of the materials via this method, crosslinked

membranes with enhanced stability can be fabricated.

2.3.5 Recent improvements in the use of graphene oxide as a separation

membrane material

As aforementioned, the major limitation to the use of GO as a separation membrane
material is the widening of the membrane pore-gap during operation, in consequence,
several attempts are being undertaken in order to enhance the stability of these
membranes. For instance, Xu et al. incorporated cationic tetrakis(1-methyl-
pyridinium-4-yl)porphyrin (TMPyP) onto vacuum filtrated GO based membranes to
enhance their stability by holding the nanosheets together (Figure 14) [197].
Crosslinking GO membranes in this manner was facilitated by m — m interactions
between GO and TMPyP. Membrane performance in terms of the rejection of Na>SO4
solute increased from 58.0% to 86.7% with crosslinking owing to aqueous stability

enhancement.
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Figure 14. lllustrative schematic showing the uncrosslinked GO membranes and

those crosslinked by TMPyP [197].

In other works, Cheng-Ning et al. enhanced GO membrane stability and intactness by

using Anodised Aluminium Oxide (AAQ) as substrates [198]. In this work, GO

suspension was filtrated through porous AAO substrates to fabricate membranes with

improved stability. The aluminium ions (AP*) enhanced the stability of the

membranes through cationic electrostatic crosslinking [198]. The impact of the AAO

substrates in improving GO membrane intactness was evident especially in

comparison to other substrates like Teflon where overtime disintegration was observed

(Figure 15).
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Figure 15. Change in the intactness of the GO membranes under different substrates

signifying the enhancement stability and intactness by AAO [198]

Abraham et al. in a recent study used an epoxy encapsulant to physically confine the
GO nanosheets, fine-tuning the pore-gap size for water purification and desalination
applications (Figure 16) [51]. In this work, GO nanosheet with a sub-nanometer sized
d-spacing was embedded in sty-cast epoxy to prevent the widening of the membrane
pore-gap in aqueous environments. Notably, excellent NaCl rejections at about 97%
was achieved [51]. Despite the promise of physical confinement as an improvement
method, lack of upscaling of the method to mass production has been noted as a

significant limitation to the implementation of the approach [51].
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Figure 16. Schematic illustrating the use of the epoxy encapsulant to physically

confine the GO nanosheets [51].

Elsewhere, sporadic attempts to limit the enlargement of the GO membrane pore gap
during operation were in using chemically and thermally reduced GO [48,199].
Chemical reduction of GO is commonly done using hydrazine in an alkaline aqueous
medium [48]. More environmentally friendly reducing agents such as vitamin C are
now emerging as equitable substitute to the highly toxic hydrazine [200]. Thermal
reduction on the other hand is done at temperatures in excess of 350°C [201]. Both
thermal and chemical reduction of GO are done in lieu of the fact that the presence of
oxygenated functional groups is responsible for pore-gap widening. Henceforth, their

removal can alleviate this fundamental problem in GO membranes. Despite successful
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improvement in membrane performance in the rejection of Na>SOs4, Gao et al.
observed that the reduced nanosheets tends to aggregate overtime, their hydrophilicity
and antifouling properties are also compromised [202]. Moreover, the removal of the
oxygenated functional groups also narrows down the d-spacing in GO membranes
[45]. This decreases the permeability across the membranes and therefore a high
operating pressure will be required which is tantamount to higher operation costs

[199].

Other attempts include the use of chemical compounds to interconnect the GO
membranes via both covalent and electrostatic interactions. For instance, Hung et al.
recently used diamines to fabricate crosslinked GO membranes with enhanced
aqueous stability via the vacuum filtration method [53]. In another study, Nan et al.
also incorporated polyethyleneimine polymers to fabricate electrostatically
crosslinked GO membranes, which were evaluated for the removal of di-valent salts
[191]. The successful demonstration of the use of the stated crosslinkers opens a pool
of a variety of compounds that can be used and therefore an increasingly interesting

way to economically fabricate improved GO membranes with good stability.

2.4 Review Conclusions
In summary, comparative analysis of the properties of graphene and GO highlights the
superiority of graphene over GO, especially regarding mechanical and electrical

properties.

However, in spite of it not being mechanically as strong as graphene, GO can be cost
effectively produced. Most importantly, in nanofiltration GO based membranes offers
a unique ultrafast water flow between the nanosheets. This flow is responsible for a

higher permeation flux across the membrane without the need to instigate sub-
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nanometre pore sizes for separation. Its high hydrophilicity is also another notable
advantage in using GO. These key advantages of GO over graphene makes it an
equitable alternative to graphene especially in water purification, hence its selection

as the material to use in this doctoral thesis.

Regardless of its high plausibility as a next generation separation membrane material,
there are still major challenges in using GO as a separation membrane, which include
the widening of the membrane pore sizes in aqueous environments. Another limitation
that requires improvement is poor membrane stability, which causes both membrane
disentanglement during cross flow operation and the cracking infused by drying. This

brings a problem of lack of membrane reusability, which ought to be instigated.

Several attempts are continuing to be carried out to improve the performance of GO
membranes. The use of chemical species in crosslinking is one of the promising
methods as it can be done in an economic way and there is also a variety of many
compounds that can used. Different mechanisms of interactions from covalent and
electrostatic are plausible. Systematic incorporation of the crosslinkers with an easily
scalable fabrication technique that offers ease of operation and material efficiency is
a necessity. Among the discussed methods, the dip-assisted layer by layer is one of the

methods that offers this.
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THE FABRICATION OF CONTROLLED THICKNESS

CROSSLINKED GRAPHENE OXIDE THIN FILMS; SYSTEMATIC

CONTROL OF SIGNIFICANT CHARACTERISTICS

“I like the science spirit, the holding off, the being sure but not very sure, the willingness to
surrender ideas when the evidence is against them: this is ultimately fine, it always keeps the
way beyond open, always gives life, thought, affection, the whole man a chance to try over
after a mistake, after a wrong guess.”

WALT WHITMAN (1819-1892)

3.1 Introduction

The performance efficiency of graphene oxide (GO) based films and coatings,
including separation membranes, is governed by significant characteristics, such as
thickness, morphology and hydrophilicity [203,204]. As such, having the ability to

control these characteristics during product fabrication is of high importance. The

= Parts of this chapter have been peer-reviewed and published in the Progress in Organic
Coatings Journal: .Kandjou V, Hernaez M, Acevedo B, Melendi-Espina S, Interfacial
crosslinked controlled thickness graphene oxide thin films by means of dip-assisted layer by
layer assembly, Progress in Organic Coatings Journal 137 (2019) 105345,
doi:10.1016/j.porgcoat.2019.105345

= Parts of the work in this chapter were also presented at the World Conference on Carbon in
Madrid, Spain, 2018: Kandjou V, Hernaez M, Mayes A.G, Acevedo B, Perez-Mas A. and
Melendi-Espina S, “The fabrication of controlled thickness graphene oxide thin films by
means of dip-assisted layer by layer assembly”, Oral Presentation, Abstract No. 0649

= Parts of the work in this chapter were also presented at the World Conference on Carbon in
Melbourne, Australia, 2017: Sanchez P, Kandjou V, Hernaez M, Zamarrefio F, Arregui C.R,
Mayes A.G, and Melendi-Espina S., “Graphene oxide film fabrication with controlled
thickness on silicon-based substrates™, Poster Presentation, Abstract No 144.
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overarching aim of the work explained in this thesis is to fabricate cost-effective GO

nanofiltration membranes with enhanced performance for contaminants removal.

In this context, it is essential to develop, comprehensively study and optimise a method
to fabricate thin-films with controlled characteristics, such as thickness and
morphology. This would enable relevant fine-tuning modifications to enhance the
performance of the products’ intended applications. Importantly, successful thin-film
fabrication and control of key characteristics enable their wide use in further different
applications [154,205], hence the significance of this chapter beyond nanofiltration
membrane fabrication. In this first part of the research, affordable glass-slides have

been used as substrates for the deposition of the thin-films.

Different thin-film fabrication methods have been discussed in the literature [206].
The methods fall into two classes: chemical and physical deposition techniques [207].
With regard to the physical deposition techniques, thin films are fabricated through
the conversion of materials from a condensed state to a vapour phase and then back to
a thin-film condensed phase [208]. Examples of these physical deposition methods
include sputtering and thermal evaporation [209,210]. Sputter deposition entails the
ejection of a film fabrication material from a source of the film material to a substrate
on which the thin film is assembled [211]. A self-sustaining plasma is generated from
an electrically energised cathode. The gaseous atoms lose their electrons within the
plasma to become positively charged [211]. They are then accelerated toward the
target material from which they sputter the molecules or atoms that strike the substrate
to form a thin film [211]. However, high kinetic energy of atoms during sputtering is
known to cause damage to substrates and also nucleation of molecules resulting in

poor film homogeneity [212].
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In the evaporation technique, the source material is thermally evaporated in a vacuum
to reassemble on the substrate, where it condenses to form a thin film [213]. A noted
disadvantage of this method has been that gaseous contaminants are also activated in

the plasma, and their incorporation in the film results in film contamination [214].

The chemical solution deposition techniques, on the other hand, are ex-situ methods
where solutions are self-assembled onto substrates to form thin films [215]. The use
of solution-based precursors makes these techniques relatively cost effective in
comparison with the physical deposition techniques [216,217]. The most commonly
used chemical deposition techniques include spray, spin, dip coating and layer-by-

layer assembly [218].

To fabricate thin films via spin coating, material droplets are deposited onto a
substrate, which is rotationally accelerated to a desired rate [180]. High rotational
speed leads to film deposition due to the centrifugal force as the solvent is dispersed
along the substrate [180,219]. Significant thin-film characteristics such as thickness
are controlled by changing the rotational speed, surface tension and droplet viscosity
[181,182]. In spray coating, suspensions of the thin-film fabrication material are
sprayed onto the substrate using a spray gun [183]. The thickness of the thin films
produced by this method is controlled by various parameters including the spray
volume, solvent evaporation rate and the distance between the nozzle and the substrate
[183,184]. Dip-coating, in contrast, entails assembly of thin films through immersion
and withdrawal of substrates into and out of suspensions/coating media [185]. In this
case, fundamental thin-film characteristics such as thickness are controlled through
changing various parameters, such as the dipping time and number of assembly cycles

[186,187].
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Though the aforementioned chemical solution deposition techniques are readily used,
specific drawbacks are notable for each method. For instance, in spin-coating, it is
challenging to spun large substrates at sufficiently high rate to fine tune the film
thickness [220]. Lack of efficient use of the material has been noted as the biggest
disadvantage of the spin-coating deposition method [220]. With regard to spray

coating, low thin-film homogeneity has been reported as a major downside [221].

Comparatively, the development of thin films via the layer-by-layer method has
garnered considerable interest since initial development in the 1960s [52]. Layer-by-
layer assembly entails the interchangeable attachment of two or more materials to the
substrate to fabricate systematically intercalated structures [52,222]. Interchangeable
film fabrication in this manner is aided by the combination of different processes, from
immersion (dip-coating) to spray coating or spin coating, to assist in the layer-by-layer
deposition [195]. Offshoots of various layer-by-layer techniques such as dip-assisted

and spin-assisted layer-by-layer assemblies are well known [223].

Layer-by-layer assembly offers precise control over thicknesses at the nanometre level
[195]. The availability of an extensive variety of materials and the ability to use
different substrates are also significant advantages [195]. This means that thin films
for various applications from optics, membranes and energy to biomedicine can be
engineered easily through use of this method [196]. Furthermore, the physicochemical
properties of the thin films can be altered easily with the layer-by-layer methods,

which ultimately has an impact on the efficiency of their intended performance [196].

Though different techniques can be used for layer-by-layer assembly, the dip-assisted
layer-by-layer fabrication method is favoured for uniformity, good alignment and ease
of control of the thin-film thickness at low levels of material usage [59]. Simplicity of
operation and ease of scale-up to mass production are further advantages of the method
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[224]. The method further offers systematic interconnection of GO nanosheets to
enhance structural stability and intactness, a significance in GO nanofiltration

membranes [198].

These were primary reasons why, in the work described in this thesis, the dip-assisted
layer-by-layer deposition was chosen over other thin-film/membrane fabrication
methods. As an offshoot of the dip-coating method, key parameters in controlling thin-
film thickness include the alteration of the immersion time, the immersion/withdrawal
speed and the number of assembly cycles [225]. The nature and size of deposited
materials used during fabrication also determine the step control of thickness and other

characteristics, such as material hydrophilicity [195].

In this regard, different-sized crosslinkers that contained amine groups were selected
to fabricate crosslinked thin films of controlled thicknesses. These crosslinkers were
p-phenylenediamine (PPD), 1, 3, 5-Triazine-2, 4, 6-triamine (melamine) (MLM) and
polyethyleneimine (PEI) as previously stated in the introduction (Figure 1). Due to the
presence of the nucleophilic amine groups, the selected crosslinkers are in theory
highly reactive [226]. Therefore, GO is likely to interact strongly with the crosslinkers
due to the presence of oxygenated functionalities within it. However, the nature of the
interactions between each of the crosslinkers and GO needed to be established. The
compounds that contained small molecules (PPD and MLM) relative to those in PEI
were selected in order to control the film thickness at smaller quanta than would be
possible with branched PEI [227-229]. In order to produce a broad range of thin-film

thicknesses, the relatively large-sized, branched polymer-based PEI was selected.

In summary, the work described in this chapter laid a foundation for the fabrication of
crosslinked nanofiltration membranes through; firstly, determination of the interaction
between GO and each of the crosslinkers; and, second, demonstration of the ease of
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control of key membrane characteristics such as thickness, continuity coverage and
hydrophilicity. The correlations between immersion times, number of bi-layers and

the significant thin-film characteristics listed above were also demonstrated.

3.2 Experimental Section

3.2.1 Materials

GO powder (product code C889/GOB151/Pw) was commercially sourced from
Graphenea Co. in Gipuzkoa, Spain. The selected crosslinkers were all purchased from
Sigma-Aldrich, Haverhill, UK. PPD (99 % purity, product code: P6001) in granules
form was ground in a pestle and mortar to aid its rate of dissolution during solution
preparation; MLM powder (99% purity, product code: M2659) and 50% aqueous

solution of PEI (product code: 03880) were used as purchased.

The crosslinked films were fabricated on glass-slide substrates (CAT.NO.7101, 1.0-
1.2mm thick) obtained from Fisher Scientific (Loughborough, UK). A solution of 1M
potassium hydroxide (KOH) was prepared from KOH powder (product code:
P/5640/53) and used for substrate pre-treatment prior to thin-film fabrication. The

powder was also purchased from Fisher Scientific (Loughborough, UK).
3.2.2 Study of interactions between GO and the crosslinkers

Prior to thin-film fabrication, it was significant to confirm the presence of notable
functional groups in GO and the crosslinkers and to determine the predominant

nature/mechanism of the interaction between them.

A 0.5 mg/ml aqueous GO suspension was prepared and 2.0 mg/ml PPD, MLM and
PEI aqueous solutions were made. The anchor concentrations were selected based on

literature results regarding the fabrication of layer-by-layer crosslinked membranes
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[191,230]. Good solution solubility and suspension stability at these concentrations

has been noted in literature with other solvents [231,232].

Following preparation of the GO suspension and crosslinker solutions, each
crosslinker was reacted separately with GO at a 1:1 ratio for 1 minute and 5 minutes.
These times were chosen as they were also the selected immersion times for the
fabrication of the thin films via the dip assisted layer-by-layer technique later on.

Further details on the deposition process are found in the following section 3.2.3.

To react GO with the crosslinkers for the designated times, a pH switch was used to
control the reaction time through the addition of 99 % sulphuric acid (H2SO4) (product
code: 07208, Sigma-Aldrich, UK). The reaction with H>SOs resulted in the
protonation of the reacting entities, which rendered them unreactive at addition
[233,234]. Centrifugation of the reacted samples was then undertaken using a Bio-
fuge Primo Heraeus centrifuge for 10 minutes at 6000 rpm with thorough rinsing.
Rinsing was performed through a repetitive replacement of the supernatant with
distilled water, shaking and re-centrifuging to remove the unreacted crosslinker and

GO excess material.

The centrifuge residue samples were then collected for characterisation through
Fourier Transform Infra-Red (FTIR) spectroscopy (ATR-FTIR PerkinElmer) and X-
ray Photoelectron Spectroscopy (XPS) (Kratos Ultra-DLD XPS System (K-Alpha+)

to confirm the functional groups present and to verify GO-crosslinker interactions.

For the XPS characterisations, first a wide-scan spectrum in the binding energy range
of 0-1000 eV was obtained to identify the functional groups present and their relative
abundance in the prepared samples. A curve fitting of the carbon (C1s) spectra was

then undertaken using a Gaussian- Lorentzian peak shape, after performing a Shirley
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background correction. The major peaks for the Cls curve were seen for the C
graphitic (binding energy (BE) = 284.3-284.4 eV), C-O epoxide/C-OH hydroxyl (BE
= 285.6-285.7 eV), C=0 carbonyl (BE = 286.9-287.0 eV), as well as the COOH
carboxyl groups (BE = 288.9 eV). It is worth noting that at some binding energies,
there is an overlap of oxygen and nitrogen functionalities, specifically between
C(epoxy) and C=N, and between C=0 and C-N [235,236]. Furthermore, there was a

n-m* shake-up signal (290.8 eV) that is typical for sp>-hybridised carbon [123].
3.2.3 Thin-film fabrication procedure

To fabricate the GO — crosslinked films, cleaned glass-slide substrates were first pre-
treated by hydroxylation through immersion in 1M KOH for 30 minutes to accumulate
a negative charge on the slides surface though the build-up of hydroxyl groups [237].
The slides were then thoroughly rinsed with deionised water to remove excess
unattached KOH, and subsequently dried. The hydroxylated slides were then
immersed in 2.0 mg/ml PEI, which is positively charged [191], for 5 minutes in order
to instigate build-up of a positive charge on the glass slides electrostatically [191]. The
PEI-treated glass slides were then rinsed in deionised water and dried before dip-
assisted layer-by-layer assembly, which commenced with immersion in the negatively

charged GO suspension.

Before commencing the fabrication, the 0.5 mg/ml suspension of the GO nanosheets
was sonicated during 2 hours in an ultrasonic bath (Ultrawave Ltd, 50-60 Hz).
Sonification enhances the suspension by application of acoustic energy to disrupt the

formation of agglomerates [238].

A rotary dip-coater device (Nadetech Innovations, Spain) (ND-R 11/2, S/N: 522016)

(Figure 17) was used assemble the thin films. The coater was operated on an automated
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interchangeable dipping basis between GO and the crosslinkers using the

programmable ND-DC software to assemble all the thin films consistently.

Control hox —

Rotating arm

Substrate

Figure 17. Nadetech Innovations dip-coater (S/N: 522033)

To perform the interchangeable immersion, the glass slides were rinsed in deionised

water and dried prior to each immersion in either GO or the crosslinker (see schematic

diagram of fabrication in Figure 18).
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Figure 18. Schematic diagram of dip-assisted layer-by-layer fabrication technique

The films were fabricated in increasing numbers of assembly cycles (bi-layers) in
order to determine the dependence of thickness on bi-layers. The cycles were set to
produce 1, 5, 10 and 20 bi-layers, and at 1-minute and 5-minute immersion times.
From previous experience, it was known that good material accumulation at each
assembly stage was achieved at 2400 mm/min immersion and withdrawal speed
[239,240]. The fabricated films were then labelled accordingly (see nomenclature in

Table 2).
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Table 2. Nomenclature of the fabricated films at different immersion times and

numbers of bi-layers

Number of bi-layers

Immersion time 1 5 10 20
(mins)
1 GO-X-1'1 GO-X-1’5 GO-X-1’10 GO-X-1°20
5 GO-X-5"1 GO-X-5’5 GO-X-5’10 GO-X-5"20

Where X is PPD, MLM or PEI

3.2.4 Post-film fabrication characterisations

A FEI NOVA NanoSEM450 Scanning Electron Microscope (SEM) was used to
determine the coverage and continuity of the fabricated crosslinked thin films. The
films on glass-slide substrates were cut into 1 cm? squares to fit in the characterisation
chambers. The sputtering of a platinum coat using a high-resolution platinum sputter
coater (CC7640 Quorum Technologies Gold Coater) enhanced the resolution of the

images during characterisation.

The changes in thickness of the crosslinked thin films that corresponded with
increased immersion times and numbers of assembly cycles were evaluated with the
aid of a Bruker DektakXT Profiling System (Stylus Profiler). A razor cut was made in
each of the thin films before scanning to determine an average thickness from 10
measurements. The standard deviation of each of the calculated averaged thicknesses

was duly calculated and noted as error bars.

Similarly, the change in thin-film hydrophilicity with immersion time and the number
of assembly cycles was determined by the measurement of water contact angles
through introducing an approximately 3 ml pure water droplets. A DMK 31BF03

camera was used to record the contact images and the angles were processed by image
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j software (1.50i/ Java 1.6.0) (Public Domain, BSD-2). The reliability of these
characterisations was enhanced by taking an average of 10 measurements, which were
made through the introduction of pure water droplets in different positions on the thin

films and noting the standard deviation accordingly.

3.3 Results and Discussion

3.3.1 Nature of interaction between GO and the crosslinkers

The proof and nature of interaction between GO and each of the crosslinkers prior to
thin-film fabrication is a significant step. This is because sufficient interaction between
GO and the crosslinkers is a necessity for intra(horizontal) and inter(vertical) sheet
crosslinking and hence thin-film assembly [241]. FTIR and XPS characterisation

results that confirmed GO-crosslinker interactions are thus presented here.

First the presence of various oxygenated functional groups in GO is confirmed through
XPS characterisations (Figure 19). For instance, the presence of hydroxyl (-OH) is
verified by the observation of the absorption band at around 3340 cm™, while the
presence of the ketone, carboxylic and/or ester groups (-C=0) is substantiated by the
observed band at 1726 cm™ (Figure 19) [140,242-245]. The peak at 1616 cm™
corresponds to C=C stretching vibrations and the band at 1060 cm™ can be assigned

to C-O (epoxy) groups [227].

Regarding the molecular crosslinkers PPD and MLM, the most significant functional
groups present in their spectra are related to amine groups. Three bands that occur
between 3400 cm™ and 3000 cm™ in the spectra of these crosslinkers indicate the
presence of primary amines [246-248] (Figure 19). In the case of MLM, however,
similar bands at around 3460 cm™ and 3580 cm™ can be assigned to the -N-H

symmetric and asymmetric stretching respectively [249]. Additionally, the spectra
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bands observed at around 1630 cm™ and 1516 cm™* have been previously correlated
with —N-H deforming vibrations [250,251]. Finally, the band at 1250 cm identifies
the occurrence of —C-N bonds in aromatic amines such as PPD [246,252], while in
MLM, the band at 1418 cm™ corresponds to its triazine ring [249]. The out-of-plane
bending of the 1,3,5-s-triazine ring is presented by the absorption band that is observed
at around 810 cm™ (Figure 19) [253]. An -NH. deformation band in the MLM

spectrum is also identifiable at 1653 cm ™ [253].

When looking at the reacted entities (GO-PPD and GO-MLM) spectra, it is observed
that the characteristic triplet of primary amines in the 3400-3000 cm™ region
disappears after the 1-minute and 5-minute reaction times (Figure 19). A small but
clear peak at 1510 cm™ that can be assigned to the -N-H bend is observed in these
spectra [248,251]. These findings suggest the existence of secondary amines [248],
which consequently points to the occurrence of an epoxy ring opening reaction

between GO-PPD and GO-MLM at both reaction times (see schematic in Figure 20).
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Figure 19. FTIR characterisation spectra for the GO-PPD and GO-MLM interactions

after 1 minute and 5 minutes of reaction
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Figure 20. The epoxy-ring opening reaction between: A) PPD and GO; and B)

MLM and GO

The indication that the epoxy ring opening reaction occurs in both MLM and PPD
interactions with GO is further supported by the attenuation of the epoxy band at 1060
cm[227]. This is in agreement with the XPS results shown in Table 3. These results
show a reduction in the epoxide proportion of the GO-PPD reacted entities (37.1 %
GO vs ~ 26.9 % and 25.7 % GO-PPD at increased reaction time) and to a lesser extent
in the epoxide proportion of the GO-MLM reaction products (37.1 % GO vs ~34.5 %
and 32.5 % for GO-MLM at increased reaction time) (Table 3). With regard to the
GO-MLM interactions, overlapping of the C-O (epoxy) with the C=N functional
groups present in MLM molecules (Figure 20) [235], clouds the diminishment of the
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epoxy group in XPS characterisations. Additionally, the FTIR graphs for the reacted
entities show the emergence of a —C-N band at ~1220 cm™ [246,252]. This band is
also reflected in the XPS results, in which the C=0/C-N content increases from 1.2 %
to 9.3 % and 15.7 % at the increased reaction time for GO-PPD interactions and to

13.0 % and 16.1 % for the GO-MLM interactions (Table 3).

The XPS characterisations also show a small introduction of nitrogen into the material
that is absent in the GO starting material. The characterisations thus points to a
predominant interaction between GO and the molecular crosslinkers being between
the amines and epoxide groups over other functionalities like the carboxylates to form

amides.

To explain the claimed lack of interaction of the carboxylates with amines, which is
supported by the lack of significant reduction in composition of the COOH groups
(Table 3), the reaction conditions ought to be considered. Formation of amides is
heavily disfavoured under the aqueous reaction conditions used, especially in the
absence of catalysts and coupling agents, since amide formation is a condensation
reaction [254]. Normally acid-activation chemistry is required (e.g. starting materials
in the form of acid chlorides, active esters or similar) to achieve such reactions [255];
even then there is a competitive reaction with water as an active nucleophile. Unlike
the amide formation reaction, nucleophilic attack of epoxy groups to generate
secondary amines readily occurs under mild aqueous conditions [256]. Indeed, such
reactions are routinely used, for instance to couple proteins to epoxy-activated
polymeric supports [257]. As a result, the confirmed epoxy-ring opening reaction is

substantiated.
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Table 3. Surface chemistry of GO and GO-PPD, GO-MLM reacted entities.

GO GO- GO- GO- GO-
PPD PPD MLM MLM
reacted reacted reacted reacted

Imin 5min 1 min Smin
Cls (%) 71.2  70.1 67.5 68.2 68.4
Ols (%) 274 276 299 31.0 30.9
S1s (%) 1.4 1.6 1.6 0.0 0.0
N1ls (%) --- 0.7 1.0 0.8 0.7

Csp? + Csp*(%) 585 578 519 476 489
C(epoxy)/C=N (%) 37.1 269 257 345 325

C=0/C-N (%) 12 93 157 130  16.1
COOH (%) 32 50 63 46 2.2
- (%) 00 10 04 03 0.3

It is also worth noting that the presence of different functional groups may cause other
non-covalent interactions such as van der Waals’ forces and hydrogen bonds between
the crosslinkers and GO [258]. These have been noted in reported studies of MLM and
PPD [259,260]. Furthermore, GO’s non-oxidised regions contain aromatic rings [261],
and due to the presence of a benzoic ring and triazine in PPD and MLM, respectively,

7 — 1 interactions are plausible [260,262].

On the other hand, the polymer PEI (Figure 1) contains many primary and secondary
amine groups, as evidenced by the bands in the region between 3400 cm™ and 2900
cm* and by the strong —N-H band at around 1640 cm™ (Figure 21) [248,250,263]. The
band at 1460 cm™ corresponds to —CH, bending [248], and it can be detected in the

reacted entities (Figure 21).
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Figure 21. FTIR characterisation spectra of GO, PEI and the GO-PEI interactions

after 1 minute and 5 minutes of reaction

The GO-PEI reacted samples show no disappearance of the band at 1060 cm™, which
is ascribed to the epoxy group [227]. The FTIR characterisations therefore show no
indication of the epoxy ring opening reaction in the interaction between GO and PEI
(Figure 21). This result is further confirmed by the XPS characterisations (Table 4),
which show minimal change in the percentage of epoxy groups even at the increased
reaction time (37.1 % in the GO vs 35.7 %-35.4 % in the reacted entities).

However, at their recorded pH values (5.2 for GO and 8.3 for PEI) both compounds
exhibit significant ionisation and opposing charges [191,263]. lonisation of the -NH;
groups in PEI to -NHs" and of the -COOH to -COO" will result in -NH3*OOC-
electrostatic interactions [264]. It can thus be rightly claimed that the predominant
interaction between GO and PEI at the fabrication conditions entailed here is an

electrostatic one.
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Table 4. XPS characterisations (GO-PEI)

GO GO-PEI reacted GO-PEI reacted

1 min 5 min
Cls (%) 71.2 67.5 61.8
Ols (%) 27.5 23.0 26.6
S1s (%) 1.3 2.6 3.1
N1s (%) - 6.9 8.5
Csp? + Csp® (%) 58.5 58.2 52.3
C(epoxy)/C=N (%) 37.1 35.7 354
C=0/C-N (%) 1.2 2.0 8.0
COOH (%) 3.2 4.1 4.1
-1t (%) 0.0 0.0 0.2

3.3.2 Film continuity analysis

Successful assembly was evident through the observed uniformity across the thin films
(Figure 22). The darkening of the glass slides at the increased immersion time of 5
minutes compared with 1 minute, and with the increasing number of bi-layers from 1
to 20, across all the crosslinked thin films can be attributed to increased material
accumulation. Furthermore, good uniformity of film thickness at respective bi-layer
numbers and immersion times is confirmed to an extent by the observed homogeneous

change in surface colour.

Film continuity coverage and homogeneity is observed in further detail by means of
SEM. This can be seen from the first bi-layer at 1-minute immersion time across all
the crosslinked films (Figure 23). Some wrinkles can be observed on the surfaces;

these are formed due to the folding of the GO nanosheets onto the substrates.
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Figure 22. Photographs of the crosslinked thin films
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Figure 23. SEM micrographs of the crosslinked thin films: A) GO-PPD 1’1; B) GO-

PPD 1°20; C) GO-MLM 1’1; D) GO-MLM 1°20, E) GO-PEI 1'1; F) GO-PEI 1’20

3.3.3 Analysis of the hydrophilicity of the fabricated films

Hydrophilicity is a significant characteristic of thin films. The significance of
hydrophilicity mainly depends on the intended application of the thin films. Some
applications require thin films of high hydrophilicity, while others demand low one.
For example, for thin films that are used as surface coatings, low film hydrophilicity
is required, while in water purification and desalination applications, high

hydrophilicity (good membrane wettability) is key [191,265].
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The magnitude of the water contact angle increases with increasing numbers of bi-
layers and immersion time (Figure 24). A notable decrease in hydrophilicity is
observed from the first bi-layer to the 10th for all film types, and then a gradual
decrease is seen from the 10th bi-layer to the 20th. For instance, for the PPD
crosslinked thin films under 1-minute immersion, the water contact angle rose from
45.3° to 62.8° and then gradually to 64.3° as the number of bi layers increased from 1
to 10 and subsequently to 20 (Figure 24). A similar trend was observed for the MLM

and PEI crosslinked thin films.

The decrease in hydrophilicity at increased numbers of bi-layers and long immersion
time is attributed to increasing accumulation of crosslinkers, which are hydrophobic
relative to GO. The measurement estimates for the water contact angle of GO and
individual crosslinkers are 31.4°+2.3° for GO, 68.2°%£6.8° for PPD; 57.3°+4.3° for
PEI; and 54.3°+5.7° for MLM. These values were gotten from depositing suspensions
of just GO, PPD, MLM and PEI onto glass slides and letting them to dry to estimate

their contact angles.

Larger contact angles were recorded for the PPD films in comparison with the MLM
and PEI crosslinked films. The aromatic benzene ring in PPD has been noted in
literature to enhance the hydrophobicity of the material monomer [53,266,267].
Furthermore, on-surface polymerisation of PPD during thin-film assembly can lead to
higher hydrophobicity of the PPD crosslinked thin films. This is an established
phenomenon that is used in the production of superhydrophobic GO-based thin films
[268]. MLM, on the other hand, is reported to be an intrinsically hydrophilic material
[269], which therefore produces a relatively less hydrophobic films. For the PEI
crosslinked thin films, chemical reduction of GO by PEI monomers is likely to be a

contributing factor to their reduced hydrophilicity as noted elsewhere [270]. A
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plausible cause to the recorded higher hydrophobicity than PEI itself for the PEI film

set at increased accumulation.

5 bi-layers 10 bi-layers 20 bi-layers

62.8°+ 5.1° 64.3° + 4.7°

45.3° + 6.3° 50.1° 4+ 7.2°

5 mins

53.2.4° 4+ 8° 57.5°+4.3° 65.0° + 7.3° 68.3° £ 10°

MLM 20 bi-layers

1 min

1 bi-layer 5 bi-layers 10 bi-layers

30.0° £ 3.8° 38.1° £ 4.9° 41.8°+7.7° 44.3° +5.3°
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33.4° +4.4° 40.5° + 6.3° 51.2°+2.7° 53.2° +4.9°

PEI 10 bi-layers 20 bi-layers
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Figure 24. Camera images of the contact angles formed by water droplets on the

crosslinked thin films of PPD, MLM and PElI.
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3.3.4 Film thickness and analysis

The relationship between the change in film thickness as immersion times and the
numbers of bi-layers increase is noted in Figure 25. A strong linear correlation
between thin-film thickness and increasing numbers of bi-layers is observed across all

the films.

It is important to highlight that, due to the thinness of the 1-bilayer films, especially
of those deposited at 1-min immersion time, it was necessary to fabricate them on
silicon wafers, as the roughness of the glass slides led to an inability to measure

accurately the thickness.
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The general trend shows that thicker films are obtained with an increasing number of
bi-layers and deposition times. This is due to the additional material accumulation as
the immersion time and the number of bi-layers increases. Nevertheless, the
thicknesses of the PEI-crosslinked films are much greater than those of the PPD and
MLM thin films, as can be seen in Figure 25. For instance, the thickness of the PPD
crosslinked film at 1-minute immersion rises from 3 nm to 21 nm as the number of bi-
layers increases from 1 to 20 bi-layers, and from 6 nm to 29 nm at 5-minutes
immersion time. For MLM, similarly, a 3 nm to 26 nm and an 8 nm to 36 nm increase
at 1-min and 5-min immersion time, respectively, is observed. Given the similar
molecular size of PPD and MLM (Figure 1) of about 0.5 nm due to the sizes of the
aromatic and triazine rings [227,228], the thickness of the two crosslinked sets of
films is of the same order. The recorded increase in thickness of these films is close to
the theoretical expected increase of 1.5 nm per bi-layer from the ~0.5 nm benzene and

triazine size and ~1.0 nm thickness of the GO nanosheets [227].

The thickness of the PEI crosslinked films increases from 5 nm to 92 nm (1 min
dipping) and from 14 nm to 330 nm (5 min immersion time). PEI is a polymer, hence
it contains a range of chain lengths, and consequently the expected step increase for
these films cannot be predicted [229]. However, in all the sets a strong linear

progression with the increasing number of bi-layers is observed.

The varying magnitude of increase in film thickness is mainly due to the differences
in the sizes of the crosslinkers, as PPD and MLM are much smaller molecules than
PEI, while PEI is a polymer with long branched chains and its use thus results in

greater film thickness as the number of bi-layers increases.

Immersion time also has a significant impact on film thickness. In the case of PEI,
increasing the immersion time from 1 minute to 5 minutes results in films 3 times
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thicker and between 1.5 and 2 times for PPD and MLM-crosslinked films. The type
of interlayer crosslinker and the deposition parameters (immersion time and number
of bi-layers) are therefore key to the tuning and modifying the thickness of the thin

films fabricated under the dip-assisted layer-by-layer method.

The overall importance of these results is the demonstration of the fabrication of GO
crosslinked thin films and the ease with which specific thin-film characteristics, such
as thickness and hydrophilicity, can be fine-tuned to specific industrial applications.
The study verifies the significance of both inter- and intra-layer crosslinking in altering
the significant properties of GO crosslinked thin films. In this regard the performance
efficiency of the thin films can be easily enhanced for intended applications.
Furthermore, successful fabrication of thin films on the glass-slide substrates
highlights that various support substrates can be used depending on the intended
applications of the films. This further opens the possibility of the use of other different-
sized crosslinkers and polymers to adjust significant thin-film characteristics via dip-

assisted layer-by-layer assembly.

3.4 Conclusions

Successful fabrication of GO crosslinked thin films was undertaken with the dip-
assisted layer-by-layer assembly method. The magnitude of significant thin film
characteristics, such as thickness, was also successfully controlled through the
alteration of the fabrication operating conditions (immersion time and the number of
assembly cycles). The control of these significant characteristics through the use of
different-sized crosslinkers was also demonstrated. The work described in this chapter
lays a significant foundation for the aim of the work undertaken for the thesis, which

is to fabricate crosslinked GO membranes on microfiltration support substrates with
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improved performance and stability for water purification. This further work is

explained in subsequent chapters.
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THE FABRICATION, CHARACTERISATION AND ENHANCEMENT
OF GRAPHENE OXIDE NANOFILTRATION MEMBRANES FOR

WATER PURIFICATION VIA LAYER BY LAYER CROSSLINKING

“We can only see a short distance ahead, but we can see plenty there that needs to
be done™”

Alan Turing (1912-1954)
4.1 Introduction

The changing climate and the exponentially increasing global human population
heightens the demand for clean water [4,271]. The diminishment of underground
aquifers further amplifies the impending water shortage [272]. The 2018 edition of the

World Water Development report outlined that by the year 2050 up 6 billion people

= Parts of this chapter have been peer reviewed and published in the Journal of Hazardous
Materials: Kandjou V, Perez-Mas AM, Acevedo B, Hernaez M, Mayes AG, Melendi-Espina
S, Enhanced covalent p-phenylenediamine-crosslinked graphene-oxide membranes: towards
superior contaminant removal from wastewaters and improved membrane reusability, Journal
of Hazardous Materials 380 (2019) 120840, doi.org/10.1016/j.jhazmat.2019.120840

= Parts of the work in this chapter have also been presented at the World Conference on Carbon
in Lexington, Kentucky, USA: Kandjou V, Hernaez. M, Acevedo. B, Mayes. A.G and
Melendi-Espina S, “The enhancement of graphene-oxide membranes’ water purification
performance and stability via covalent crosslinking with p-phenylenediamine”, 2019, Oral
Presentation, Abstract No. 150.

= Parts of the work in this chapter have also been presented at the World Conference on Carbon
in Madrid, Spain: Kandjou V, Perez-Mas AM, Hernaez. M, Acevedo. B, Mayes. A.G and
Melendi-Espina S, “The use of p-phenylenediamine to control graphene-oxide membrane
pore-gap and stability for water purification” in 2018, Poster Presentation, Abstract No. 0620
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will be affected by clean water scarcity [273]. To alleviate this predicted crisis,
wastewater effluents can be purified, in consequence countering the water demand and
mitigating environmental pollution [274]. The significance of water purification is
also in ensuring the general health of the global population, especially in the
developing world [275]. It is therefore imperative to find, derive and improve better
next generation water purification means, and this is the arch-aim of the work done in

this chapter.

As discussed in the introductory chapter, different water purification ways from
distillation to separation membranes have been deployed depending on the nature and
size of the particulates being separated [276,277]. Despite high product output,
distillation is limited by high energy consumption [12]. Separation membranes,
especially in the nanofiltration range, are increasingly being preferred over the other
conventional methods owing to their environmental friendliness and energy efficiency
[16]. Nanofiltration membranes further offers an advantage of having good rejection
rates for a wide range of particulates at higher flux and lower energy consumption,
especially in relation to reverse osmosis for similar species [278,279]. A variety of
materials can also be used to fabricate nanofiltration membranes [280].

Conventional polymers like polyamide, polysulfone and poly(ethersulfone) are
amongst the most used membrane materials due to their abundance and suitability, but
poor corrosion resistivity and lack of durability are major limitations [281].
Susceptibility to fouling, which shortens their lifespan, has also been a notable
disadvantage to most polymeric membrane materials [282]. Their modification for
enhanced performance has also been noted to be laborious [280]. In lieu of these
drawbacks, carbon-based materials like graphene and nanotubes have attracted much

attention and are being considered as significant alternatives. This is due to their
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notable properties, such as thermal tolerance, and chemical and mechanical stability
[30,283-285]. Structurally, for graphene in particular, its 2-dimentionality and 1 —
atom thickness makes it an ideal separation membrane material [284]. CNTs on the
other hand, provide a unique 1-dimentional water flow [284], with high water flux of
several orders higher than the predicted hydrodynamic flow having been reported
[30]. Nonetheless, these carbon based materials are also bound by some limitations,
for instance, for CNTs relative high cost, complexity in membrane fabrication
(vertically alignment) and large-scale production challenges limits their use [31,32].
For graphene, as previously discussed, lack of large scale production scalability of
defect free nanosheets is a notable limitation [39,40]. Moreover, graphene is
impermeable and therefore to convert it to a nanofiltration membrane, cost intensive
pore formation nucleation and ion bombardment processes are required [21, 22].

Fortunately, graphene oxide (GO) is emerging as an excellent substitute to the
aforementioned carbon based materials owing to its large-scale production scalability,
hydrophilicity and unique ultrafast water permeation pathways [45,288]. In spite of
the promise of GO membranes as a next-generation water-purification membrane
material, a notable limitation is the widening of the membrane pore-gap during
nanofiltration, as discussed in Chapter 2 [46]. This is caused by the accumulation of
water molecules in between GO nanosheets [46,47], which result in decreased
performance overtime as the membrane pore gap widens. Poor membrane structural
stability is also a restraint to the use of GO as a separation membrane material [289].
In this regard, specific modifications ought to be instigated to improve GO membrane

performance.

Several attempts have so far been undertaken to enhance the performance of GO

membranes, as detailed in the literature review. Some of these modifications include
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the use of epoxy encapsulants to physically confine GO nanosheets to improve their
structural stability and separation ability [51]. However, despite the method’s promise
in efficiency improvement, fabrication complexity and lack of production scalability
are major limitations [51]. Another effort in improving GO membrane performance
has been the chemical and/or thermal reduction of GO to remove the oxygenated
functional groups that entrap water molecules, which compromises the separation
degree of the membranes [48]. However, this approach culminates in diminished
membrane hydrophilicity and increased susceptibility to fouling, which leads to the

need for a higher operation pressure during use [290,291].

The use of chemical species (crosslinkers) to interconnect GO nanosheets is another
economic potential approach to improve membrane performance. Crosslinking offers
a variety of materials that can be used to link the GO nanosheets together to avoid
swelling during nanofiltration [292]. The interconnection of the GO nanosheets is
achieved either electrostatically, covalently or through non-covalent interactions
depending on the structural properties of the crosslinkers, as discussed in detail in the
literature review. As a way to improve GO nanofiltration separation capabilities, the
work described in this chapter details the incorporation of the amine-containing
crosslinkers; p-phenylenediamine (PPD), 1,3,5-Triazine-2,4,6-triamine (melamine)
(MLM) and polyethyleneimine (PEI) onto the GO membranes. Due to the presence
of the nucleophilic amine groups, the selected crosslinkers are in theory highly reactive
[226]. GO is thus likely to interact strongly with the crosslinkers forming intercalated
crosslinked membranes with improved nanofiltration performance. GO-crosslinker
interconnections were successively proven in the chapter 3, where covalent
interactions with the molecular sized crosslinkers (PPD and MLM) and electrostatic

for the polymer-based PEI were confirmed.
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The crosslinkers can be introduced onto GO membranes via different membrane
fabrication methods from vacuum filtration and spin coating to spray coating
[183,293,294]. However, there are notable limitations to the outlined methods, for
instance, in the case of vacuum filtration, difficulty in controlling membrane thickness
is a known limitation [179]. Drawbacks of the coating methods, as discussed in the
literature review and previous chapter, include low efficiency of use of materials,
difficulty in controlling significant membrane characteristics such as thickness, and

poor membrane homogeneity [220,221].

An increasingly used method in the fabrication GO nanofiltration membranes is the
layer-by-layer method. The dip-assisted layer by layer assembly in particular, offers
ease of control of membrane thickness and other significant characteristics as proven
in the previous chapter and elsewhere [295,296]. Another notable advantage of the
method, hence its selection as the method to use in this chapter, is efficient use of
material [59]. Furthermore, simplicity of operation and ease of scale-up to mass
production are further advantages of the method [224]. It is also particularly suitable
for fabricating large area membranes on irregularly shaped substrates especially
relative to counterpart versions like the spray and spin-assisted layer by layer [190].
Through the dip-assisted layer-by-layer method, crosslinkers can be incorporated onto
GO membranes via an interfacial interchangeable attachment resulting in an
interconnection of the nanosheets. Henceforth, the method also offers potential
improvement in membrane performance and stability. The arch-aim of this chapter is
thus to assemble dip-assisted layer-by-layer crosslinked GO membranes for water

purification.
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Relatively thin membranes of nanometre thickness range can be fabricated via this
method, as demonstrated in chapter 3. Support substrates are in consequence used so
that the membranes can withstand the high pressures at which they are required to
operate [55]. Various materials from polymer-based ones to inorganic anodic
aluminium oxide (AAO) can be employed as base support [284]. The inorganic
substrates are mechanically stronger, and some like AAO, helps in enhancing stability
and intactness of GO membranes through their possession of AI** ions [198].
However, their limitation include high market price and brittleness [297]. As a result,
the use of polymeric affordable substrates, such as polycarbonate (PCB) and poly
(acrylonitrile) (PAN) has garnered attention [191,298]. PAN is a synthetic polymer
with a negative charge, composed of an acrylonitrile and an aryl sulphonate [299]. Its
electrostatic activity and chemical functionalities provide increased interactions with
membrane assembly materials, hence its adoption as a support structure for various
GO based separation membranes [300,301]. Furthermore, its ease of activation and
excellent thermal stability prompted its use as a substrate for this work [302]. PCB, on
the other hand, belongs to a family of thermoplastic polymers that contain a carbonate
group [303,304]. Its selection is based on affordability, strength and toughness [305].
Consequently, relatively cheap microfiltration PAN and PCB substrates are used as

support substrates for the assembly of GO membranes in this chapter.

In lieu of the fact that current conventional nanofiltration membranes are relatively
expensive, have poor stability and short lifespans [306,307], this chapter details the
fabrication of GO-based membranes on cheaper microfiltration support substrates to
overcome these limitations. The enhancement of membrane performance is explored
through a layer-by-layer incorporation of respective crosslinkers. To confirm the

positive impact of the crosslinkers, uncrosslinked membranes are fabricated by dip-
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coating in tandem. The impact of assembly immersion time and the number of bi-

layers produced on the performance of the membranes is also studied.

4.2 Experimental Section

4.2.1 Materials

As in the previous chapter, GO powder purchased from Graphenea (product code:
C28/GOB02/Pw, Spain) was used. Fibrous PAN microfiltration support substrates of
0.2 um pore size and 47 mm diameter were purchased from Sterlitech Corporation
(Washington, USA). The PCB support substrates of 0.2 um pore size and 47 mm

diameter were acquired from Whatman, UK.

The different sized amine group containing crosslinkers, which were used in the
fabrication of thin films, PPD powder, (product code: P6001), MLM (product code:
M2659) and PEI (product code 03880), were all commercially sourced from Sigma-

Aldrich (Haverhill, UK).

As in the case of the glass slides in chapter 3, potassium hydroxide powder (KOH,
product code: P/5640/53) was used to prepare 1M KOH for substrate activation and it
was also purchased from Sigma-Aldrich, UK. A solution of methylene blue (MB),
prepared from its powder version (MB, C16H1sCIN3.3H20, >99% purity; product code:
M9140) and procured from Sigma Aldrich (Haverhill, UK), was used to determine the

performance of the crosslinked and uncrosslinked membranes.

4.2.2 Membrane fabrication on PAN substrates

4.2.2.1 Pre-treatment of PAN
There are several ways in which PAN substrates are modified to prepare them for GO

membrane assembly. These include plasma-initiated graft polymerisation [301,308],
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photo-induced grafting and, most commonly, hydrolysis [309-311]. Hydrolysis of
PAN substrates in alkaline conditions is noted to be the most favourable and
convenient activation method [312]. Consequently, for this research, the PAN
substrates were first pre-treated via immersion in 1M KOH for 30 minutes at 70 °C.
The hydroxylation edged the conversion of the nitriles (-C=N) in PAN to carboxylic
groups (-COQ), thereby creating a negative charge on the substrates [191,313,314].
The substrates were then rinsed thoroughly with deionised water and dried prior to
immersion in a positively charged 2.0 mg/ml PEI solution for 5 minutes. PEI conferred
a positive charge onto the hydroxylated substrates electrostatically [191,314]. The
positively charged substrates were rinsed in distilled water to remove excess of
unattached PEI and then dried prior to membrane fabrication, which commenced with

immersion in the negatively charged GO suspensions.

4.2.2.2 The fabrication of crosslinked and uncrosslinked GO membranes

The circular substrates were attached to home-made metal plates during the fabrication
process (Figure 26). An automated rotary dip-coater (Nadetech Innovations, Navarra,
Spain) was used to fabricate the membranes with pre-set immersion times and number

of assembly cycles via the ND-R Rotary Coater Software.
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Figure 26. PAN substrate mounted onto the stainless-steel metal plate before

membrane fabrication

A 0.5 mg/ml aqueous GO suspension was prepared and sonicated for two hours to
improve individuality and aqueous suspension stability. Uncrosslinked GO
membranes were fabricated via the dip-coating method. Following pre-treatment, the
substrates were immersed in GO suspension with rinsing and drying between
assembly cycles (see schematic diagram for fabrication in Figure 27). These were used
as the control membranes to verify the impact of crosslinking on membrane

performance.
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Figure 27. Schematic diagram showing fabrication of uncrosslinked membranes by

dip-coating

The crosslinked membranes were fabricated following a procedure similar to that
explained in the previous chapter for the fabrication of thin films. An alternating
immersion between GO and the crosslinkers with rinsing and drying after each
immersion in GO or crosslinker was carried out to remove extra unattached

components (see schematic diagram shown in Figure 28).
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Figure 28. Schematic diagram showing fabrication of crosslinked membranes by dip-

assisted layer-by-layer assembly

The membranes were fabricated in 1, 3 and 5 bi-layers at 1-minute and 5-minute
immersion times. The number of bi-layers in this case was limited to a maximum of
five as it was found that at higher number of assembly cycles, membrane tortuosity
drastically increased, resulting in reduced permeation flux and membrane clogging.

The fabricated membranes were accordingly labelled as in Table 5.

Table 5. Nomenclature of the fabricated membranes

Number of bi-layers

Immersion 1 3 5

time (mins)

1 GO-X-1’1 GO-X-1’3 GO-X-1’5
5 GO-X-5"1 GO-X-5’3 GO-X-5’5

Where X is PPD, MLM or PEI
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4.2.5 Membrane performance tests

4.2.5.1. Nanofiltration setup

To determine the nanofiltration performance of both crosslinked and uncrosslinked
membranes, a dead-end filtration cell was constructed from poly (methyl
methacrylate) (Figure 29). During nanofiltration performance tests, a porous sintered
polyethylene disc with an effective area of 13.20 cm? supported the membranes.
Neoprene gaskets were used to seal the filtration cell, as it was pressurised by inert
nitrogen gas. An economic low pressure of 1 bar was used in order to determine

membrane performance at reduced operational costs.

Pressurising

gas inlet
Pressurisin > Fe
: g inlet
nitrogen gas
regulator

2

Membrane
base

Permeate

Permeate
outlet

100 mm

Figure 29. The homemade nanofiltration cell unit in operation
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4.2.5.2. Membrane permeation flux and rejection

Performance of both crosslinked and uncrosslinked membranes was determined
through the nanofiltration of 100 ml of 10 mg/I of an aqueous solution of MB through
each of the fabricated membranes. Permeation flux (F) across all membranes was then
duly determined from the total permeate volume collected (V) per unit time (t) and
membrane effective/operation area (A) (area of the membrane in contact with the feed

solution) (see Equation 1).

F=V/(At) Eq (1)

Rejection of the MB solution by the membrane was determined by UV-Vis (Hitachi
U-3900 UV-Vis) characterisations of the permeate solutions relative to the feed
solution at a wavelength of 664 nm (maximum absorbance of MB). This necessitated
the construction of a calibration line in order to perform concentration-based MB
rejection calculations. From three sets of concentration vs absorbance results, an
average calibration line was established within the Lambert-Beer’s law application

linear range, given the low concentrations, as recorded elsewhere [315] (Figure 30).
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Figure 30. MB absorbance: concentration calibration line

The membrane percentage rejection [R (%)] was then calculated using Equation 2, in
which C, and Crare the permeate (after 100 ml of permeation) and feed concentrations
respectively. These values are interpolated from the constructed calibration-line

equation.
R(%)=(1- 2—?) .100 Eq(2)

To enhance the reliability of the results, three membranes of the same type were
fabricated and tested and subsequent standard deviations of the nanofiltration results

were noted for both the average flux and rejection results.

4.2.6 Continuity of the fabricated membranes

Continuity and substrate coverage are essential to have a larger membrane operation
area [316]. Morphology of the membranes (pre and post nanofiltration tests) was
evaluated. For that it was firstly employed a JEOL JSM — 5900 Scanning Electron

Microscope; following its technical breakdown, some characterisations were carried
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out by means of a high-resolution FEI Nova NanoSEM450 that contained a Gatan
cryo-system with detectors that used various methods from Energy Dispersive X-ray
Spectroscopy (EDS) to Backscattered Electron Imaging (BSE). Both SEM equipment

were operated at a low voltage of 1 kV in high-vacuum mode.

4.3 Results and Discussion

4.3.1 Membrane continuity analysis

The uncrosslinked dip-coated membranes at the respective immersion times and
assembly cycles are displayed in Figure 31. From the darkening in membrane
pigmentation, it can be observed that GO accumulation augment as the immersion
time and number of assembly cycles increases. Detailed good membrane homogeneity
and continuity coverage is proven via SEM characterisations (Figure 32). This is
evident even at 1 layer for the membranes fabricated under 1-minute immersion time,
which guaranteed good continuity at a high immersion time and number of layers.
Assembly and coverage for these uncrosslinked membranes is aided by the intra-
interactions between GO nanosheets through van der Waals’ forces and hydrogen

bonding [317].
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Figure 31. Photographic images of the fabricated uncrosslinked membranes on PAN

substrates
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Figure 32. SEM images of the respective fabricated uncrosslinked membranes on PAN
substrates

Correspondingly, the crosslinked membranes are displayed in Figure 33, and the SEM
images at 1-minute immersion time at 1 and 5 bi-layers are shown in Figure 34. Good
membrane homogeneity for all the crosslinked membranes at the respective assembly
cycles is evident. Substrate coverage in this case is increased by horizontal intralayer
and vertical interlayer nanosheet crosslinking/interactions, as reported in other related

works [241,318], and in the previous chapter.
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GO-PPD 1’1 GO-PPD 1’3 GO-PPD 1’5
GO-PPD 5°1 GO-PPD 5’3 GO-PPD 5°5

GO-MLM 1’1 GO-MLM 1’3 GO-MLM 1’5

GO-MLM 5°1 GO-MLM 5’3 GO-MLM 5°5

GO-PEI 1’1 GO-PEI 1’3 GO-PEI 1’5

GO-PEI 5’1 GO-PEI 5’3 GO-PEI 5’5

Figure 33. Photographic images of the crosslinked membranes on PAN substrates
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Figure 34. SEM images of the crosslinked membranes on PAN substrates

The SEM characterisations show that a greater accumulation of material is observed
in the PEI- crosslinked membranes relative to the PPD and MLM (Figure 34). This
claim is supported by the reduction in the protrusion of fibres of the PAN substrates.
The observation is also in consonance with the high film thickness recorded for the
PEI crosslinked films relative to the films of the molecular crosslinkers PPD and MLM
in chapter 3. Specifically, the thickness of the PPD crosslinked film at 1-minute
immersion rises from 3 nm to 6 nm as the number of bi-layers increased from 1 to 5
bi-layers, and from 6 nm to 12 nm at 5-minutes immersion time (Figure 25). For MLM,

similarly,a 3 nmto 7 nmand an 8 nmto 13 nm increase at 1-min and 5-min immersion
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time, respectively, has been noted (Figure 25). On the contrary, the thickness of the
PEI crosslinked films increase from 5 nm to 15 nm (1 min dipping) and from 14 nm
to 58 nm (5 min immersion time) (Figure 25), a relatively larger increase, which is in
conjunction with the observed high material assembly here.

4.3.2 Analysis of membrane performance results

4.3.2.1 Rejection analysis

The enhancement of membrane performance by the crosslinkers is evident when
comparing the separation of MB from water by retention of the dye between
crosslinked and uncrosslinked membranes. MB removal in the case of uncrosslinked
membrane is facilitated by -OH and -COOH groups electrostatically (attraction)
together with m — 7 interactions. The photographs of the permeates across each of the
fabricated membranes is displayed in Figure 35 showing a diminishment in colour

intensity at increasing MB rejection rate.
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Figure 35. Photographic images of the MB permeate across each of the fabricated

membranes

At similar fabrication conditions, all the crosslinked sets have a relatively higher
performance than the uncrosslinked (Table 6). For instance, in the case of the PPD
crosslinked membranes at 5-minute immersion time, the average MB rejection rate

increases from 20.4 % to 99.8 % with the number of bi-layers from 1 to 5. Across the
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same condition, the rejection rate for the MLM crosslinked membranes improves from
35.9 % t0 99.7 %. For the PEI crosslinked membranes one other hand, a rejection rate
of 34.2 % is recorded at the first bi-layer, however, increasing the bi-layers to 5 results
in membrane clogging. Comparatively, the rejection rate increase for the
uncrosslinked membranes is from 5.1 % to 87.4 % (Table 6), which is inferior to that
observed for the crosslinked membranes. The lower average membrane performance
for the uncrosslinked membranes can be attributed to the widening of pore gaps
during operation, as previously noted elsewhere [46,47]. This finding validates the

incorporation of crosslinkers to enhance GO membrane performance.

Table 6. Results of membrane rejection tests

Average MB rejection (%)

Membrane Uncrosslinked PPD MLM PEI
crosslinked  crosslinked  crosslinked

GO-X-1’1 1.4+0.1 10.7 £ 2.7 19.3+3.1 14.6 £4.3
GO-X-1’3 20.6 £5.1 47.7£8.2 547 + 4.6 53.9+55
GO-X-1°5 53.0+4.1 62.3+2.0 75.6 +3.1 68.5+ 2.3
GO-X-5’1 56+1.8 20.4+6.9 359+85 342+79
GO-X-5’3 81.5+0.1 86.0 +2.7 93.4+1.38 90.6 + 0.8
GO-X-5°5 87.4+0.7 99.8+0.2 99.7+0.2 Clogged

MB rejection rate also improves with the number of bi-layers and immersion time for

all the crosslinked and uncrosslinked membranes.

Improvement in performance of the covalently crosslinked membranes with regards
the uncrosslinked, i.e. the PPD and MLM sets, gives indirect evidence that the
crosslinkers hold the GO nanosheets together through covalent C-N bonds (as duly
confirmed from FTIR and XPS characterisations in the previous chapter). This
phenomenon was similarly observed elsewhere for differently fabricated amine-

crosslinked membranes [53,319].
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Similarly, for the PEI crosslinked membranes, enhancement of performance was
evident. This is advocated to the PEI crosslinker electrostatically holding the GO
nanosheets together, as confirmed from characterisations in chapter 3 and as also

observed in related works elsewhere [191].

The MLM-crosslinked membranes showed improved MB separation performance
compared with the PPD and PEI membranes. For instance, for GO-X-5’3, 93.4%,
86.0% and 90.6% average rejection rates are recoded for the MLM, PPD and PEI
crosslinked membranes, respectively. A correlation between membrane relative
hydrophilicity and performance is observable in this regard. The measurement
estimates for the water contact angle of individual crosslinkers from the previous
chapter are 68.2° + 6.8° for PPD; 57.3° + 4.3° for PEI; and 54.3° + 5.7° for MLM,
with MLM being more hydrophilic. Although correlation does not mean causation,
the significance of membrane hydrophilicity in enhancing membrane performance
efficiency through increased wettability and antifouling improvement has been
reported [320,321]. Hence, it is plausible that greater hydrophilicity has also an

influence on performance improvement of the membranes.

MB rejection rate also improves with the number of bi-layers and immersion time for
all the crosslinked and uncrosslinked membranes. In this case, higher material
accumulation at longer immersion time and increased number of bi-layers leads to
more adsorptive (physisorption) m — m and electrostatic interactions between the
membranes and MB, leading to improved rejection rates (Table 4.2) [322]. Additional
to the covalent interactions, non-covalent conjugations such as dipole-dipole,
hydrogen bonding and cation — & interactions between the amines groups and the non-

oxidised regions in GO have been reported [53,260]. Furthermore, m — © interactions
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between GO and the aromatic ring in PPD and the triazine in MLM are also plausible
[259,323]. These are likely to be contributing factors to the enhanced membrane
stability in aqueous environments leading to improved performance for these

membrane types.

4.3.2.2 Flux analysis

In line with the rejection results, permeation flux decreases as the number of assembly
cycles and immersion times augment for both crosslinked and uncrosslinked
membranes (Table 7). The lengthening of the tortuous path of the membranes at high
material accumulation is a probable cause of the flux trend [324,325]. It is also
noticeable that crosslinking results in a further decrease in flux. For instance, the 1-
layer uncrosslinked GO membranes fabricated at 5-minute immersion times shows a
flux of 18.7 I/m?.h, and this decreases to 6.2 I/m?.h, 7.4 I/m2.h and 4.1 I/m2.h for the
PPD, MLM and PEI crosslinked membranes, respectively.

Table 7. Permeation fluxes of the fabricated membranes on PAN substrates

Permeation flux (I/m?h)

Membrane Uncrosslinked PPD MLM PEI
Crosslinked Crosslinked Crosslinked
GO-X-1’1 957.1 £62.9 859.6 £83.1 933.1+56.3 826.9+13.3
GO-X-1’3 2215+5.7 2124 +44 1152+319 195334
GO-X-1°5 33.5+4.1 23.2+180 25.3+1.9 12.2+0.5
GO-X-5’1 18.7 £ 6.1 6.2 £0.54 74+03 44+05
GO-X- 53 6.0+0.7 2.5+0.87 52+15 1.8+0.3
GO-X-5°5 20+£0.7 1.8+0.1 3.6+0.1 Clogged

The decrease in flux with the number of assembly cycles for the crosslinked
membranes is advocated to the increased intactness as the crosslinkers hold the
nanosheets together. While for the uncrosslinked membranes, wetting result in

enlarged membrane pore — gap and therefore a higher flux [46,53].
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The PEI membrane clog at high immersion time and number of assembly cycles. This
is due to higher tortuosity [326,327] relative to the other crosslinkers, as is confirmed
by thickness measurements in the previous chapter (with a thickness of 58 nm at 5
minutes — 5 bilayers relative to only 12 nm and 13 nm for the PPD and MLM

crosslinked thin-films, respectively).

Despite the relatively low fluxes recorded in this work at high number of bi-layers, the
results obtained here show improvement in comparison to other studies, where a lower
average flux at operational pressures 10 times higher than the one used in this study
were observed. For instance, Aba et al. reported a flux rate in the range of 0.58 I/m2.h
to 0.60 I/m2.h for the separation of organic dyes at an operational pressure of 10 bars
[328]. In another work by Mi and Hu, a relatively low rejection rate of MB by layer
by layer 1,3,5-benzenetricarbonyl trichloride crosslinked GO membranes between 43
and 66% has been obtained [329]. Thus, given the low operational pressure of 1 bar,

the significance of the results described in this chapter are thus imperative.

A further importance of the work presented here is in the potential versatility of the
membranes in the separation of molecular species other than MB. The molecular size
of an individual (anhydrous) MB molecule is about 1.3 nm (13.84 A) [330,331], being
smaller than most textile dyes, such as remazol yellow and direct red 23 azo [330,332].
Although different separation mechanisms are used from dye to dye, based on
selective permeation (molecular sieving) these fabricated membranes could separate
other species. These are therefore significant results in water purification and gives an
indication that the membranes can be refined further to separate even smaller entities,

including divalent salts. The variety of the membranes, their ease of fabrication and
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cost effectiveness are steps forward in the purification of contaminated waters and

meeting the global water demand.

The performance of the membranes could be modelled with either molecular dynamic
simulations or numerically basing on the tortuous permeation model, however, there
are a variety of different factors that impact the performance of the membranes. These
range from different interactions between the respective crosslinkers to pore gap,
tortuosity, electrostatic repulsions between MB and PEI, stability/swelling, absence of
n — 7 interactions in the PEI and their presence in MLM and PPD. All these makes
comparing the performance of the crosslinkers a challenge as the magnitude of each
factor cannot be quantified with certainty for modelling without a higher number of

assumptions.

4.3.3 Membrane stability
Post-operation membrane stability is a significant characteristic, as it governs the re-
usability and longevity of the membranes. SEM characterisations were thus carried

out after the nanofiltration experiments to study membrane stability (Figure 36).

It can be observed that micrometre-sized cracks appeared in the uncrosslinked
membranes as they dry (Figure 36). This is promoted by the shrinkage of the GO
nanosheets during drying [333]. No cracks are spotted on the crosslinked membranes.
This finding demonstrates the influence of the crosslinkers on the intactness of the
membranes, though holding the GO nanosheets together. This also further explains
the observed lower MB rejection rate and higher flux for the uncrosslinked membranes

relative to the crosslinked counterparts.
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Figure 36. SEM images of the fabricated membranes post-nanofiltration.

To study membrane stability further, the respective crosslinked and uncrosslinked

membranes were fabricated via a pressure-assisted filtration method in order to
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increase the material load for observation. For the uncrosslinked membranes, a 15 ml
solution of 0.5 mg/ml of GO was filtered through PAN substrates using the homemade
nanofiltration cell (Figure 29) at a pressure of 3 bars. The crosslinked membranes, on
the other hand, were fabricated by first reacting the GO and each of the crosslinker
solutions and then filtering the reacted entities through the same device at the same
pressure. The fabricated membranes were then dried for 24 hours to observe their

stability over time in a dry environment (Figure 37).

Just GO GO + PPD

20 mm 20 mm
|
GO + MLM GO + PEI

20 mm
|

Figure 37. Uncrosslinked and crosslinked membranes after pressure-assisted

fabrication and drying

It can be observed that uncrosslinked membranes tend to break and shrink after 24
hours of drying. This phenomenon is ascribed to the drying-related shrinkage [333].
The higher material load in this case results in evident, visible cracks (Figure 37). This
finding validates the role of the crosslinker in improving the structural intactness and

performance of the fabricated crosslinked membranes in this chapter.
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4.3.4 Membrane separation mechanism, operational longevity and reusability

To understand the separation mechanism and operational longevity of the fabricated
membranes, the over time performance by a sample of the crosslinked membranes
(PPD crosslinked at 5 minutes and 5 bi-layers as a sample) was analysed. Continuous
operation of the membrane for more than 120 hours at 1 bar shows no decrease in the
membrane’s selective separation abilities; however, the flux across the membrane
considerably diminishes over time (Table 8). The maintenance of a constant rejection
rate at an increased operation time leads to the conclusion that the predominant dye-
separation mechanism in this instance was selective permeation (sieving) rather than

selective binding [329,334-337].

Table 8. Separation of dye from water by the 5-bi-layer crosslinked PPD membrane
(GO-PPD 5°5) over prolonged hours of operation (Working pressure 1 bar, MB

concentration 10 mg/l)

Operation time MB rejection Permeation flux
(h) (%) (/m?.h)
10 99.8 1.8
20 100.0 1.5
45 100.0 0.9
70 100.0 0.6
108 100.0 0.4
121 100.0 0.4

The separation was evaluated further by increasing the feed concentration from 10
mg/l to 125 mg/l and 250 mg/I. It is observed that the permeation flux at the high feed
concentration decreases drastically as operation time increases (Table 9). This can be
attributable to the increased initial adsorption of MB onto the GO membranes via
electrostatic attractions between the negatively charged carboxylate groups in GO and

the positively charged nitrogen containing groups in MB [335,338]. However, the
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composition of carboxylate functional groups in GO is relatively low (6.3% for the
GO-PPD 5 minutes reacted entity via XPS characterisations Table 3), in consequence,
saturation of these sites would occur quite rapidly, even at low MB concentrations
[335,338]. Importantly, the presence of aromatic rings in the GO, PPD and in MB
(Figure 38) gives rise to m — @ interactions, which are likely to enhance the adsorption
of MB onto the membranes in the initial operation stages of the permeation tests
[171,339,340]. This narrows the permeation path significantly and thus results in
decreased flux across the membrane and high MB rejection rates at prolonged

membrane operation times.

Figure 38. Structure of methylene blue (MB)

Table 9. Relationship between increased feed concentration and membrane

performance at short and long operation times for GO-PPD 5°5.

Feed concentration MB rejection (%) Permeation flux (I/m?.h)
(mg/l) after after
3 hours 20 hours 3 hours 20 hours
10 99.8 100 1.8 1.5
125 98.3 100 0.8 0.4
250 96.7 98.1 0.2 0.1

The sample membranes are rendered reusable through rinsing after use in a 15%
ethanol aqueous solution for 15 minutes. This results in the removal of attached MB

and gives the membranes good operational efficiency post initial use. Nanofiltration
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performance of the membranes post membrane rinsing is recovered almost to the
initial measured flux of 1.8 I/m2.h (Table 9) (Post-cleaning flux = 1.7 I/m2.h average
after 5 nanofiltration-cleaning cycles) and a rejection rate of 99.2% was achieved after
rinsing. Given the more than 120 h operation longevity of the membranes per cycle
before complete clogging and the excellent performance recovery, the use of the
crosslinked membranes in nanofiltration is thus highly feasible. Stored in dry
conditions at room temperature and pressure the membranes have been proven to have
a shelf life of several months (observed for more than 8 months) without the use of
any specific preservation methods. The lifetime of the membranes ought to be studied
further in conjunction with specific operation conditions such as the operation pressure

and fouling degree.

Overall, the modification of GO via crosslinking offers a myriad of opportunities for
the use of these membranes in separation requirements. These findings show that GO
membranes are potential alternatives to the current commercially available

membranes such as polyamide, taking into account the low pressure used in this study.

4.3.5 Further economic improvements: assembly on other substrates

To further explore the use of other support substrates, sample membranes were
assembled on polycarbonate (PCB) filters. Subject to their excellent mechanical
strength, toughness, dimensional stability, flexibility and economic affordability
[340,341], PCBs are good candidates to be used to support the thin crosslinked

membranes.

From the previous results, excellent membrane performance in terms of rejection rate
is achieved at a dipping time of 5 minutes and 5 bi-layers. Consequently, membranes

at 5 minutes dipping time and 5 bi-layers for PPD were assembled on PCB substrates
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to demonstrate their suitability. The membranes were fabricated following the same
procedure as for those on PAN substrates. A similar pre-treatment procedure entailing
the immersion of the membranes in H.SO4 and PEI respectively was entailed for the
PCB substrates as well. The presence of a benzene ring in PCB [304] leads to
attachment of the initial GO layer to the substrate electrostatically and through = — =

interactions [342].

The pictures and SEM images of the fabricated membranes are shown in Figures 39
and 40 respectively. Good membrane continuity of the respective membranes is

evident, which signifies successful fabrication and assembly on the PCB substrates.

PCB Substrate GO-PPD 5’5

Figure 39 Images of the membranes fabricated on PCB substrates

A
54

*|co-prp57s

Figure 40 SEMs of membranes fabricated on PCB substrates
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Excellent membrane performance in terms of rejection of 99.8% at a flux of 2.0 I/m2.h
was achieved for the PPD- membranes, this validates their use as potential substrates.
Not only from the fact that PCBs are economically affordable, but also can be
fabricated from easily recyclable polycarbonate waste discs, which enhances
environmental conservation and sustainability [343]. Moreover, owing to their
flexibility, varied shapes of crosslinked GO membranes can be assembled, for

instance, tubular structures can easily be fabricated.

4.4 Conclusions

The role of crosslinkers on GO membrane performance has been verified following
successful fabrication of crosslinked and uncrosslinked membranes. Crosslinking
significance has been in turn manifested in enhanced stability and membrane
intactness, which offer good membrane reusability and longevity. An improvement in
membrane performance at higher immersion time and assembly cycles has been
observed; excellent performance of ~100 % has been achieved for the PPD and MLM
crosslinked membranes produced at 5-minute immersion time and with 5 bi-layers.
Good membrane operation longevity at low operating pressure has been also
demonstrated as continuous operation of sample membranes has been achieved over
more than 120 hours with no reduction in dye rejection rate. Successful cycles of
reusability demonstrated also validated the significance of crosslinking GO
membranes. This work thus offers the potential use of these membranes with relevant

modifications for the separation of other organic dyes, heavy metals and divalent salts.
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THE IMPACT OF GRAPHENE OXIDE’S PHYSICOCHEMICAL

CHARACTERISTICS ON THE FABRICATION AND PERFORMANCE

OF CROSSLINKED NANOFILTRATION MEMBRANES

“Man’s first glance at the universe discovers only variety, diversity, multiplicity of
phenomena. Let that glance be illuminated by science, by the science which brings
man closer to God, and simplicity and unity shine on all sides.”

LOUIS PASTEUR, (1822-1895)

5.1 Introduction

In the previous chapter, successful incorporation of crosslinkers onto graphene oxide
(GO) membranes to enhance their performance was undertaken. However, little is
understood about the impact of physicochemical characteristics of GO used as the

starting material in both fabrication and performance of the crosslinked membranes.

The impact of GO’s physicochemical characteristics on other GO based product

efficiency has so far been reported. For instance, Kim et al. observed that for GO based

= 3Pparts of this chapter are being peer reviewed for publication published in the Surfaces and
Interfaces Journal : Kandjou V, Gonzalez Z, Acevedo B, Munuera JM, Paredes JI and
Melendi-Espina S, The impact of graphene oxide’s physicochemical characteristics on the
performance of crosslinked nanofiltration membranes, Surface and Coating Technology
Journal (2020) (Manuscript Under Review)

= Parts of the work presented in the chapter have also been presented at the World
Conference in Carbon in Lexington, Kentucky, USA, in 2019: Kandjou V, Acevedo B,
Munuera JM, Paredes JI and Melendi-Espina S: The impact of sonication on graphene oxide’s
physicochemical properties and nanofiltration performance of covalently crosslinked
membranes, Poster Presentation. Abstract No: 151.
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nanocomposites, dispersing ability and mechanical strength, are strongly dependent
on nanofiller lateral size [344]. Recently, the impact of lateral size on the performance
of GO—polyamide membranes for forward osmosis applications has also been studied
[345]. It was determined that at larger lateral sizes less homogeneous membranes
emerged, which inhibited their performance [345]. There are theoretical simulations
and experimental studies evaluating the impact of the synthesis conditions on the
physicochemical and transport characteristics of GO laminates [346], as well as the
influence of GO sheet lateral size on water permeance of GO pressure-assisted
membranes [347]. However, there are no studies simultaneously investigating the
effect of GO lateral size, its surface chemistry and colloidal stability on the subsequent
crosslinked membranes’ fabrication procedure and their nanofiltration performance.
Therefore, it is important to study this to further understand, improve and optimise

nanofiltration performance of the crosslinked membranes.

Lateral size and surface chemistry are inter-linked characteristics for GO when
considering its non-stoichiometric Lerf-Klinowski structural model (Figure 8F)
[121]. From the model, the position of specific oxygenated functional groups in GO is
fixed to certain regions of the nanosheet plane [113]. Specifically, the epoxide and
hydroxyl groups are situated at the basal plane, while the carboxylic groups are at the
peripheries [113]. Considering the change in GO lateral size during production and
preparation [125,348], it is significant to evaluate its impact on surface chemistry,

suspension stability and subsequently on membrane nanofiltration performance.

In summation, this chapter entails the preparation of GO suspensions with different
average lateral size and type/distribution of oxygen functional groups. The prepared

suspensions were then used to fabricate cross-linked membranes to study in detail the
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influence of GO physicochemical characteristics on membrane morphology and

nanofiltration performance.

5.2 Experimental section

5.2.1 Materials

As in previous chapters, GO powder (product code: C889/GOB019/Pw2) was
commercially sourced from Graphenea Co. (Spain). The crosslinker used in this study
here was p-phenylenediamine (PPD, product code: P6001) from Sigma Aldrich.
Polyethyleneimine (PEI, product code 03880) and potassium hydroxide powder
(KOH), which were all used for substrate pre-treatment following the same procedure
as in the previous chapters, as well as methylene blue (MB, C16H18CIN3S.3H20, >99%
purity; product code: M9140) for the preparation of solutions for nanofiltration tests,
were all purchased from Sigma Aldrich (UK). Like in the previous chapter, the
membranes were assembled on 0.2 um pore sized, 47 mm diameter fibrous poly
(acrylonitrile) (PAN) filter substrates purchased from Sterlitech Corporations in

Washington DC, (USA).

5.2.2 Preparation of different lateral sized GO suspensions

To prepare the different lateral sized samples, an aqueous GO suspension in water at
a concentration of 0.5 mg/ml was ultrasonicated at mild mechanical agitation, and used
as the starting material (labelled GO-0’). Then, four aliquots of this parent sample
were sonicated for different times (30, 60, 120 and 180 minutes) by means of a 280 W
sonication power bath-type sonicator operated at a frequency of 55 Hz (Fisherbrand
FB1505, Elmasonic S30H). The samples were labelled as GO-X’, with X indicating

the corresponding sonication time.
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5.2.3 Sample characterizations

5.2.3.1 Atomic Force Microscopy (AFM)

The lateral size and the height of the different GO samples were measured using AFM
imaging and profiling. This was done by depositing a drop (~50 uL) of a water
suspension of each sample onto a highly oriented pyrolytic graphite (HOPG) substrate
that was pre-heated at ~50-60 °C. The GO sheets were imaged using a Nanoscope Illa
Multimode (Veeco Instruments) operating in tapping mode under ambient conditions,
room temperature and pressure. Silicon cantilevers with a resonance frequency of 250-
300 kHz and a ~40 N m™* spring constant were used. The respective images for each

of the sample were processed using Scanning Probe Image Processor (SPIP) software.

5.2.3.2 UV-Vis spectra measurements

Further confirmations of the alteration of the lateral size through ultrasonication means
were proven by UV-Vis spectra measurements (Hitachi U-3900 UV-Vis). Respective
calibration lines were constructed for each of the differently sonicated samples. This
was done to calculate each sample’s absorption coefficients (ago) based on the

Lambert-Beer law (Eq.3) [349]. This coefficient is a lateral size dependent parameter.
A= Ago- c.l Eq (3)

Where A is the absorbance (a.u.), ¢ (mg/ml), the concentration, and | (m) the optical
path length, (length that the light passes through during UV-Vis measurements i.e.

cuvette length (0.01 m)).
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5.2.3.3 Surface chemistry characterisations via X-ray Photoelectron Spectroscopy

measurements

The surface chemistry of the different GO samples was evaluated by X-ray
Photoelectron Spectroscopy (XPS) measurements (Kratos Axis Ultra-DLD, K-
Alpha®). Each suspension (GO-0" - GO-180’) was centrifuged in a Bio-Fuge Primo
Heraeus centrifuge (1000 rpm for 10 minutes) to collect the samples for the XPS

characterisations.

The oxygenated functional groups present in the samples were estimated by first
constructing a wide-scan spectrum in the binding energy range of 0-1000 eV. This
was followed by a curve fitting for the C1ls and O1s spectra using a Gaussian-
Lorentzian peak shape, after performing a Shirley background correction. The major
peaks for the C1s curve were the C graphitic (Binding energy, BE, =284.3-284.4 eV),
C-O epoxide/C-OH hydroxyl (BE = 285.6-285.7 eV), C=0 carbonyl (BE = 286.9-
287.0 eV), as well as the O-C=0 carboxyl (B.E = 288.9 eV). However, it is important
to note that overlap of oxygen functionalities, specifically between C(epoxy) and
hydroxyls, was notable [235,236,350]. For the high-resolution O1s curve fittings, 5
major peaks similarly emerged, representing the (C=0) carbonyl, (C=0) carboxyl, (C-

OH) hydroxyl, (C-O) epoxy and (C-O) carboxylic groups respectively [351].
5.2.3.4 Zeta ({) potential measurements

To determine GO suspension stability and dispersibility of the nanosheets at a
changing lateral size, potential measurements, {, were undertaken using a Zetasizer
Nano series (Nano ZS90, Malvern, UK) for a quantifiable relation. The pH of the

suspension was measured at 5.2.
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5.2.4 Membrane fabrication, characterisations and performance tests

As aforementioned, the parent aim of the work done in this chapter was to study the
impact of the physicochemical characteristics of GO onto the fabrication and
performance of the crosslinked GO membranes. PPD crosslinked membranes were
then assembled. This was done under similar fabrication procedure described in the
previous chapter. As previously, a rotary dip coater (ND-R 11/2, S/N: 522016) was
used to alternatively immerse the pre-treated PAN substrates in the corresponding GO
suspensions and PPD solution. In this study, the membranes were fabricated under 1-
minute immersion time and 5 bi-layers were assembled. The fabricated crosslinked
membranes were accordingly labelled as M-GO-X’ (with X being the sonication

duration of the GO suspension used as starting material).

Membrane morphology was then analysed by means of a JEOL JSM — 5900 LV
Scanning Electron Microscope (SEM). Similarly, nanofiltration performance was
evaluated by permeating a 10 mg/l aqueous solution of methylene blue (MB) through
each of the fabricated membranes under 1 bar. Three membranes of each GO sample
type were fabricated and tested to have good results reliability. The average of the
three measured rejections and fluxes were taken, noting down the standard deviation

in error bars.

5.3 Results and Discussions

5.3.1 Physicochemical characteristics of the GO samples.

5.3.1.1 GO average lateral size with sonication

The average lateral size of the GO nanosheets significantly diminishes with an

increase in sonication time (Figure 41). The decrease is more pronounced after the
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first 60 minutes, leading to a reduction of the average lateral size from 3.9 to 1.7 um.
Longer sonication duration (up to 180 minutes) is not as effective in reducing the GO
lateral size, hence its plateauing from 1.7 to 1.3 um is observed. These results are in
qualitative agreement with previous works elsewhere, where an exponential decay in

GO nanosheet size with sonication time has been reported [352,353].

Besides having larger sheets, GO-0" and GO-30’ also show a wider size distribution,
containing sheets with lateral dimensions above 4 um, which are not present in

samples sonicated for longer periods (Figure 41) [354].
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Figure 41. AFM images of the differently sonicated samples; A) GO-0’ B) GO-30’ C)

GO-60’ D) GO-120" and E) GO-180°" and respective histograms depicting their

To further confirm the alteration of lateral size with sonication, UV-Vis absorption

spectroscopy characterisations have been carried out. Though a cumulative
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combination of factors (such as the number of layers and surface chemistry) also affect
UV-Vis related absorbance, GO lateral-size has been noted to be a key factor [355].
The absorbance coefficient (a) of each suspension has been calculated from the
absorbance values at a 660 nm wavelength, because at this wavelength there is
minimal interference on absorbance from GO’s chemical functionalities, and hence

absorbance is predominantly a function of the lateral size [356].

This relationship between suspension lateral size and light absorption has been
detailed elsewhere, where an increase in absorption as the lateral size decreases has
been reported [355]. This is in agreement with the results here, where an inverse
relation between the absorption coefficient and lateral size is observed (Figure 42).
The optical absorbance in the visible region is enhanced with sonication time, as
evidenced by an increase in the absorption coefficient from 670 to 830 ml mg™* m™.
45 0oy = 670 mglmml
4 %cose = 740 mg* miml
%Go-60y = 780 mg* miml

35  Ogo-120 = 810 mgt miml

3 Go-150y = 830 mg* miml
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Figure 42. Absorption coefficients of the prepared samples.
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5.3.1.2 Average lateral size — surface chemistry relation and impact on suspension

stability

The decrease in GO lateral size is accompanied by noticeable changes in surface
chemistry, mainly in terms of type and quantity of oxygen functional groups (Table

10).

Table 10. Surface chemistry of GO samples determined by XPS (at. %)

GO-0 GO-30° GO-60° GO-1200 GO-180°

C 1s curve (%)

Cls 71.2 67.9 67.6 68.8 68.1
O1s 27.4 31.3 314 315 31.2
C/O 2.6 2.3 2.2 2.2 2.2
Csp?+Csp® 58.0 42.5 44.0 43.4 45.4
C-O Hydroxyl/Epoxy  36.6 50.1 44.7 42.6 39.2
C=0 Carbonyl 1.2 1.7 5.8 7.7 9.0
COOH Carboxyl 4.2 4.7 4.5 5.0 5.4
T *-m* 0.0 1.0 1.0 1.3 1.0
O 1s curve (%)

C=0 Carbonyl 8.8 10.0 10.8 12.2 14.4
C=0 Carboxyl 3.2 5.3 6.5 7.6 9.4
C-O Hydroxyl 54.4 49.7 47.9 45.5 40.3
C-O Epoxy 30.4 29.7 28.3 27.1 26.5
C-O Carboxyl 3.2 5.3 6.5 7.6 9.4

A notable drop in abundance of the overlapping basal plane GO functional groups

(hydroxyls and epoxy groups) is observed at a decreasing lateral size (Table 10).

There is still ambiguity in processes that lead to the fragmentation of GO nanosheets
from ultrasonication at atomistic level, however Li et al. proposed that cooperatively
aligned epoxy groups initiates fragmentation of GO nanosheets with prolonged
ultrasonication [357]. As such, the abundance of the epoxide decreases with lessening

in nanosheet lateral size during fragmentation.
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For the peripheral carbonyl and carboxylic groups on the other hand, an upsurge in
their abundance at a decreasing lateral size is notable (Table 10). This is explicable
from the fact that, as the nanosheets fragment, the cumulative peripheral area rises

culminating in an increase in the abundance of these oxygenated functionalities.

The rise in the prevalence of the oxygenated groups located at the sheet edges
correlates with an improvement in suspension stability [358,359], which is reflected
on the measured zeta potential of the samples (Table 11). Zeta potential is equivalent
to the degree of electrostatic repulsions between adjacent nanoparticles/nanosheets
and therefore it is an important parameter to quantify both dispersibility and stability
of colloidal samples [359,360]. The zeta potential increases (in absolute value) from -
18.1 t0 -34.8 mV, as the GO lateral size decreases (Table 11). GO-0’ and GO-30’ are
categorized as incipiently unstable, with their absolute value below £30 mV, meaning
they tend to flocculate and agglomerate (which was indeed the case for GO-0" and
GO-30’ after standing undisturbed for several days). At decreased lateral size, GO-
60’, GO-120’ and GO-180’, with electrostatic repulsion above +30 mV (absolute
value), are inherently stable and therefore their nanosheets are well suspended

[361,362].

Table 11. Zeta potential of the GO suspensions

Sample {(mV)

GO-0’ -18.1
GO-30° -25.0
GO-60’ -32.5
GO-120° -34.0
GO-180° -34.8
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5.3.2 Impact of graphene oxide’s physicochemical characteristics on membrane

homogeneity, coverage and morphology

As aforementioned, GO samples obtained at different sonication times have been used
for the fabrication of a variety of PPD crosslinked membranes. An increase in the
degree of GO accumulation can be observed when comparing the darker pigmentation
of the membranes from M-GO-0’ to M-GO-180’ (Figure 43). This can be due to an
improved interaction between GO and PPD during layer-by-layer assembly, which is

promoted by the enhanced stability of the samples with time of sonication, as

confirmed by the zeta potential measurements.

B

Figure 43. Photographic images of the fabricated membranes; A) plain PAN

substrate, B) M-GO-0° C) M-GO-30", D) M-GO-60", E) M-GO-120" F) M-GO-180’
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Furthermore, from SEM characterisations, M-GO-0" exhibits evident discontinuity in
covering the substrate, as notches of PAN fibres are clearly visible (Figure 44B). This
is inherently due the lack of appropriate suspension stability of the GO sheets in
sample GO-0", according to its low zeta potential (-18.1 mV, Table 11). On the other
hand, membranes from M-GO-30’ to M-GO-180’ show a homogeneous coverage of
the substrate with highly reduced presence of visible PAN fibres (Figures 44 C-F),

which is in agreement with their improved physicochemical characteristics.

®1.,5@8 18mm *1.588 180

Figure 44. SEM images of A) plain PAN substrate, B) M-GO-0’ C) M-GO-30", D)

M-GO-60’, E) M-GO-120’and F) M-GO-180’
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5.3.4 Membrane performance analysis

5.3.4.1 Membrane rejection

Analysis of the performance results show that membrane rejection rate significantly
improves as the GO lateral size decreases. The average rejection rises from 59.8% to
93.9% for M-GO-0"and M-GO-30", respectively (Figure 45). Plateauing in
performance post M-GO-60" with an average increased rejection of 97.8% + 0.6% is
observed (Figure 44). These results are in correlation with zeta potential suspension
stability measurements and SEM characterisations, thus corroborating the influence of
lateral size on membrane homogeneity and continuity coverage on their performance.
The good colloidal stability of GO-60’, GO-120’ and GO-180’ (i.e. the higher amount
of individual GO sheets in these suspensions) is mainly due to their optimum lateral
size and the type/distribution of oxygen functional groups (e.g., increased fraction of
edges with ionisable oxygen groups). This offers enhanced suspension stability and
suitable conditions for a more effective crosslinking with PPD as afore-discussed in

the previous section.

100 93.9 9T7.4 98.4 97.6
5 I I I '
80

70 59.8

60 L

50 .

40

30

20
10

MB Rejection (%)

M-GO-0’ M-GO-30° M-GO-60’ M-GO-120° M-GO-180°

Figure 45. MB rejection results of the fabricated membranes with respective

permeate solutions
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5.3.4.2 Permeation flux across the membranes

The flux expectedly counters the rejection results, as the higher the flux, the lower the
rejection. For M-GO-0’, a very high flux of 890.7 I/m2.h has been recorded (Figure
46). This is advocated to the lack of uniform coverage of this membrane (Figure 44
B). The large notches in the areas of no coverage are a contributing factor to the
observed high flux and low rejection. This validates the significance of continuity and
homogeneity as significant properties in membrane separation performance [363] .
The impact of membrane homogeneity, or its lack of, is therefore apparent in

membrane rejection, flux and other significant membrane characteristics as observed.

Fluxes in the 3.6 — 5.5 I/m?.h range have been subsequently recorded for the M-GO-
60’ to M-GO-180’ membranes, owing to excellent membrane homogeneity and

intactness.

Although M-GO-30’ shows an appropriate morphology (Figure 44 C), its rejection of
MB is less efficient and the flow across this membrane is higher than that for M-GO-
60°, M-GO-120" and M-GO-180’. The somewhat inferior colloidal stability of the
parent sample GO-30’, which presents a zeta potential below the +30mV threshold
established for a stable suspension (Table 11) is a likely contributing factor to the
recorded lower rejection. At better dispersibility, more GO nanosheets are exposed for
better crosslinking with PPD via an epoxy ring opening reaction [53] during

membrane fabrication, which likely enhance membrane stability and performance.
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Figure 46. Permeation flux of the fabricated membranes

In summation, the lifetime of these membranes can thus be extended through
fabrication using smaller more stable nanosheets as they give more stable suspensions

resulting in good membrane continuity.

5.4. Conclusions

The chapter documents the relation between the physicochemical characteristics of
GO and how their alteration affects membrane fabrication and performance. The GO
sonication time appears to be a key parameter, determining important characteristics
of the resulting sheets, such as average lateral size, type/amount of oxygenated
functional groups and colloidal stability. The relation between GO lateral size and
surface chemistry has been established. Specifically, hydroxyl and epoxy groups,
located in the basal plane, decrease with the GO lateral size while carbonyl and
carboxylic groups are promoted. The different physicochemical characteristics
influence not only on the stability and individuality of the GO sheets, but also on the

effectiveness of crosslinking, and consequently on the nanofiltration performance of
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the resultant membranes. Up to a 97.8% = 0.6% of MB separation has been achieved

at decreasing lateral size relative to only 59.8% for M-GO-0’.

Therefore, the starting GO material is significant in determining actual performance
of GO crosslinked membranes. Relevant optimisations are thus always a necessity to

conserve operational costs.
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“CONCENTRATION IMPACT ON CROSSLINKED GRAPHENE

OXIDE MEMBRANES’ STABILITY AND PERFORMANCE:

ENHANCING MATERIAL CONSERVATION

“...aiming at simplicity and lucidity is a moral duty of all intellectuals: lack of
clarity is a sin, and pretentiousness is a crime.”

SIR KARL RAIMUND POPPER, (1902-1994)

6.1 Introduction

The influence of physicochemical characteristics of graphene oxide (GO), specifically
the average lateral size, colloidal stability and surface chemistry on membrane
fabrication and performance were duly carried out in the previous chapter. This
chapter in tandem explores material conservation through studying and evaluating the
impact of GO and crosslinker concentrations on membrane morphology, stability and
overall nanofiltration performance. This is essential in enhancing performance
efficiency together with reducing production and operation costs for nanofiltration
membranes [364]. A systematic way to optimise GO suspension and crosslinker

solution concentrations used in membrane fabrication is through establishing how it

= Parts of the work in this chapter is due to be submitted for publication in the Separation and
Purification Technology Journal, 2020: Kandjou V, Casal M.D, Melendi-Espina S,
Optimising the fabrication concentration of layer by layer crosslinked graphene oxide
membranes: enhancing membrane material conservation, Separation and Purification
Technology Journal (2020)
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impacts the rejection rate and permeation flux. Fundamentally, in the case of the
crosslinker, it is also essential to study the degree to which it affects the mechanical
strength of the fabricated membranes. The chapter therefore primarily details how
concentration influences fundamental membrane characteristics like homogeneity,

relative thickness and nanofiltration performance.

Intermittent studies on the impact of concentration on differently fabricated GO based
membrane performance continue to be undertaken. For instance, Bala et al. studied
the effect of varying GO concentration on both membrane fouling susceptibility and
permeation flux for ultrafiltration membranes [365]. In the study, pure water flux
increased with GO concentration as a result of improved membrane surface
hydrophilicity and changes in morphology [365]. Further related works by Zhao et al.
also established a proportional relation between GO concentration and nanofiltration
performance of nanocomposites membranes [366]. In layered nanofiltration GO
membranes however, a decrease in permeation flux at higher GO loading due to

increased thickness and tortuosity has so far been established [204,284,367].

The afore-discussed impacts of concentration on performance and morphologies were
studied on GO membranes fabricated by the vacuum filtration and pressure assisted
methods. As the degree of impact of concentration is likely to vary from one
fabrication method to another, it is important to study this for the dip-assisted layer by
layer fabricated membranes. In consequence, respective crosslinked membranes with
varying GO and p-phenylenediamine (PPD) (as the sample crosslinker) concentrations
were fabricated and their nanofiltration performance duly evaluated. Relevant
characterisations from thickness measurements to pre and post nanofiltration
membrane SEM characterisations were undertaken to determine homogeneity, surface
intactness and stability.
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6.2 Experimental section

6.2.1 Materials and sample preparation

As in the previous chapters, the GO powder (product code C889/GOB019/Pw2) used
was commercially sourced from Graphenea Co., Spain. Similarly, the membranes
were assembled on microfiltration polyacrylonitrile (PAN) substrates from Sterlitech
Corporation (Washington. DC, USA). To estimate the relative thickness of the
membranes at changing concentrations, glass slides (CAT.NO.7101, 1.0-1.2mm thick)
from Fisher Scientific (Loughborough, UK) were used to assemble alike crosslinked
thin films for these characterisations. At lower GO concentration of 0.125 mg/ml, the
thin films were assembled on silicon wafers as the roughness of the glass slides limited

the accuracy of the measurements.

The crosslinker, PPD (product code P6001), the polyethyleneimine (PEI, product code
03880) and potassium hydroxide powder (KOH) used to pre-treat the membranes, as
well as the methylene blue (MB, C16H18CIN3.3H20, >99% purity; product code
M9140) to evaluate nanofiltration performance, were all purchased from Sigma

Aldrich, UK.

In the previous chapters, excellent membrane performance was achieved with a GO
concentration of 0.5 mg/ml and a PPD concentration of 2.0 mg/ml. Therefore, in an
attempt to enhance material conservation and optimise the required amount of
crosslinker, it was decided to study the impact of concentrations lower than these
anchor concentrations. Consequently, respective aqueous suspensions of 0.125, 0.25
and 0.5 mg/ml concentrations for GO and 0.1, 0.2, 0.3, 0.5, 1.0, 2.0 mg/ml for PPD

were prepared.
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Similarly, the respective GO samples were sonicated for 2 hours in a bath type
sonicator with 280W sonication power at a 55Hz frequency (Fisherbrand FB1505,

Elmasonic S30H) to enhance nanosheet colloidal dispersion.

6.2.2 Membrane fabrication, characterisations and performance tests

The membranes were fabricated like in chapter 4 and 5 with the aid of a rotary dip-
coater (ND-R 11/2, S/N: 522016). 5 bi-layered crosslinked membranes assembled
under 1-minute immersion time membranes at different GO and PPD concentrations
were successfully fabricated. A labelling notation of GOx PPDy, where x and y are the
concentrations of GO suspensions and PPD solutions was used. Results reliability was
enhanced through fabricating and testing three membranes of each type at the

respective concentrations.

The relative change in membrane thickness was estimated through fabricating alike
thin films on glass slides and then using a Bruker DektakXT Profiling System (Stylus
Profiler). Thickness reliability was enhanced by taking an average of 10 measurements

noting down the standard deviations.

Membrane surface homogeneity and structural quality before and after use was
examined by a high-resolution FEI Nova NanoSEM450 containing a Gatan cryo-
system with various detectors from Energy Dispersive X-ray Spectroscopy (EDS) to
Backscattered Electron Imaging (BSE). The SEM was operated in a low voltage of 1
kV in high vacuum mode. The pre and post nanofiltration surface characterisations
were carried to examine the stability and overtime intactness of the respective

membranes.

Membrane nanofiltration performance was evaluated using a low economic 1 bar

pressure in a dead-ended filtration process as in the previous chapters. 100 ml of 10
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mg/l of MB was passed through each of the fabricated membranes to calculate their
rejection and permeation flux. An average rejection and flux of the three membranes

of each type was obtained and the standard deviation was respectively recorded.

6.3 Results and Discussion

6.3.1 Membrane morphology and thickness at changing concentrations
Photographic images of the fabricated membranes at respective GO and crosslinker
concentrations are displayed in Figure 47. A homogeneous intensification in
membrane pigmentation at an increasing GO concentration is observable and further
confirmed by means of FESEM (Figure 48). Excellent membrane continuity and
structural quality for the fabricated membranes is evident at the respective

concentrations.
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Figure 47. Photographic images of the fabricated membranes at respective GO and

crosslinker concentrations
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Figure 48. SEM images of the fabricated membranes
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It is observable that nanosheets accumulation onto the PAN substrates heightened with
GO concentration. This is evidenced by the lessening visibility of the protrusion of the
fibres of the PAN filters, these were pronounced for GOo.12sPPDy membranes relative
t0 GOo.2sPPDy and GOosPPDy (Figure 48). A similar fit of increased GO accumulation
onto the substrates at changing suspension concentrations has been observed
elsewhere [368], where it was advocated to clustering and agglomeration of the GO

nanosheets.

AKin to the photographic images, the change in concentration of the crosslinker have
less observable change on membrane morphology. It seems that continuity coverage
is predominantly dependent on the large surface area material GO, in comparison to

the molecular PPD [113,121].

With regard to the membrane thickness, it primarily depends on the concentration
range of GO (Table 12). For instance, at a crosslinker concentration of 2.0 mg/ml, 2.2
nm thin films are obtained with a GO suspension of 0.125 mg/ml, this increases to 6.2
nm if the concentration of GO is raised to 0.5 mg/ml. Similar trend has been observed
elsewhere where a GO concentration-thickness proportional relation has been reported
[265,369]. This is inherently tied to the higher intra-interaction between GO
nanosheets via dipole — dipole, van der Waal’s forces, hydrogen bonding and & — «

stacking [317], which is likely to increase with GO concentration .

On the other hand, keeping GO concentration constant while increasing that of PPD
from 0.1 mg/ml to 2.0 mg/ml result in a minimal change in thickness of up to 1.6 nm

(Table 12).
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Table 12. Thickness of the fabricated thin films at respective GO and PPD

concentrations in nm

Membrane Relative thickness (nm)
GOo.125PPDo.1 1.1+14
GOo.125PPDo.2 16+16
GOo.12sPPDo 3 14+13
GOo.12sPPDos 19+1.2
GOo.125PPD1.o 21+14
GOo.125PPD2.o 2.2+0.8
GOo.25PPDo.1 3.7+x1.1
GOo.25PPDo.2 3.6+0.7
GOo.25PPDozs 3.4+05
GOo.25PPDos 3.9+0.6
GOo.25PPD1.0 4.0+0.6
GQOo.25PPD2, 42+04
GOo5PPDo.1 46+0.8
GOo5PPDo. 52+0.6
GOos5PPDo.3 57+0.8
GOos5PPDos 6.1 +0.4
GOosPPD1.o 59+0.3
GOo5PPD2.o 6.2+0.4

6.3.2 Concentration impact on membrane performance

The performance results show that membrane rejection rate rises notably with
concentrations of both GO and the crosslinker (Table 13). Two main reasons are
proposed for the observed trend; the first one being lengthening of membrane
tortuosity with GO accumulation. The claim of tortuosity increase with concentration
is backed by the thickness characterisations, where a proportional relation between

concentration and thickness can be observed (Table 12).

The separation mechanism of this membranes is based on selective permeation and
adsorption via MB-GO/PPD-MB 7 — 7 interactions [322,370], as described in detail
in chapter 4. Therefore, at higher concentrations the membranes achieve a better
rejection rate due to the increased sieving potential [371,372]. Moreover, greater GO

concentration also comes with an increase in membrane hydrophilicity [365]. This is
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a considerable factor for the improved performance, as it provides high wettability and
reduced anti-fouling, as demonstrated elsewhere for both GO and polymer based
nanofiltration membranes [320,321,365]. Excellent rejection rate is achieved at a GO

concentration of 0.5 mg/ml with at least ~95% rejection rate being recorded.

Secondly, the positive impact of the concentration of PPD in MB rejection rate is also
notable (Table 13), which may be due to the higher crosslinking degree achieved on
the membranes. As the crosslinker concentration increases, the quantity of
interconnected GO nanosheets is likely to be more. This results in reduced membrane
swelling and therefore enhanced performance [53]. This assertion has been reported
elsewhere, where a diminishment in GO membrane swelling degree by a factor of 75
due to covalent interactions was noted [266]. Stabilisation from other non-covalent
interactions like cationic — m has also been noted in literature [373], which are also
plausible here as a result of the protonation of the amines [53]. These studies are in
agreement with the observed improvement in performance as the crosslinker

concentration increases.
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Table 13. Membrane performance (Rejection and permeation flux)

Rejection (%) Flux (I/m2.h)

GOo.125PPDo.1 746 £ 2.1 29535
GOo.12sPPDo.2 75.3+3.3 28.3+3.2
GO0o0.125PPDo 3 74.6 £ 3.7 26.2 +£2.8
GOo0.125PPDos 75.4+£2.3 25.2+2.3
GOo.125PPD1.o 76.9 £ 3.3 25.2+1.7
GOo.125PPD2.o 77.7+£1.9 247+ 2.1
GOo.25PPDo.1 87.7+24 185+1.9
GOo.25PPDo.2 90.2 +2.7 18.2+1.1
GOo.25PPDo 3 91.2+21 17.2+1.6
GOo.25PPDos 91.7+1.3 16.2+1.3
GOo.25PPD1.0 91.3+1.1 16.5+1.8
GOo.25PPD2, 91.4+0.7 15.7+0.9
GOo5PPDo.1 944+1.0 9.3+1.6
GOo5PPDo2 94.2+0.6 8.1+0.8
GOo5PPDo3 95.0+0.8 6.0+1.1
GOo5PPDos 97.7+0.4 46+0.9
GOosPPD1o 98.0+0.3 44+05
GOo5PPD2o 98.3+0.4 39+14

With respect to the permeation flux, an increase in GO and crosslinker concentrations
has a reciprocal impact onto the flux magnitude. This is similarly advocated to both
lengthening membrane tortuosity, due to GO concentration increase and enhanced
intactness from crosslinking, which results in the maintenance of a smaller pore gap
as swelling is alleviated [53,324]. Moreover, material concentration is proportional to
membrane thickness (Table 12), and this is inversely proportional to the flux as

described by the Hagen-Poiseuille law [374].

However, the maintenance of constant performance efficiency post a GO: PPD 1:1
approximate concentration ratio is observable. For instance, for GOq25PPDy
membranes, little change in rejection rate from 91.2 to 91.4% as the crosslinker
increases from 0.3 to 2.0 mg/ml is recorded. A similar fit is observed for the
GOosPPDy membranes where a rejection rate changes slightly from 97.7 to 98.3% as

the crosslinker concentration increases from 0.5 mg/ml to 2.0 mg/ml.
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6.3.3 Crosslinker concentration impact on membrane stability

The role of the diamine crosslinkers in influencing GO membrane stability and pore
gap intactness is documented in related works [363,375,376]. From the previous
results (Table 13), excellent membrane performance was achieved for the GOosPPDy
membranes relative to the other membrane sets at lower GO concentration.
Consequently, post nanofiltration SEM characterisations of these membranes is
hereby reported to verify the extent of membrane integrity maintenance at varying

crosslinker concentration.

At lower crosslinker concentration of 0.1 to 0.3 mg/ml, micro-cracking and defects of
the membranes post nanofiltration can be observed (Figure 49). This is advocated to a
lesser degree of crosslinking at low PPD concentration. PPD enhances the stability of
the GO membranes covalently and non-covalently through m — m interactions,
hydrogen bonding and van der Waal’s forces [188,363]. At lower concentrations, there
are likely to be fewer molecules to hold the nanosheets together hence the observed
dry infused cracking, as it was previously noticed for the uncrosslinked (zero
crosslinker concentration) membranes in chapter 4. At higher PPD loading on the
contrary more GO-PPD C-N covalent interactions occur (as described in chapter 3),
which result in more nanosheets being held together, thus improved structural
intactness and the alleviation of cracking (Figure 48). From the results it can be
observed that a 1:1 crosslinker; GO concentration is enough for enhancing both the

performance and suspension stability.
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Figure 49. SEM images of the membranes fabricated with 0.5 mg/ml of GO post

nanofiltration

In a related study by Jia et al, the impact of concentration of a diamine crosslinker,
ethylenediamine (EDA), in improving membrane intactness and mechanical strength
was similarly eminent [319]. At higher EDA concentration, the elastic modulus of the
membranes augmented due to more C-N bonding [319]. It is therefore apparent that a
similar enhancement is plausible with increasing the concentration of PPD in this case.
The improvement in nanofiltration performance with crosslinker concentration can
therefore be advocated to better membrane intactness and stability instigated by the
crosslinker. Conclusively, basing on the performance results and the stability
maintenance post nanofiltration, a GO and crosslinker concentration of 1:1 ratio at 0.5
mg/ml is commendable. This constitutes a 75% reduction in crosslinker load in
comparison to the initial work in the previous chapters while achieving excellent

performance and enhancing stability.
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6.4 Conclusions

The chapter detailed the relation between membrane performance and the
concentration of the suspensions of GO and crosslinker as a way of enhancing material
conservation. Nanofiltration notably increases with GO concentration with the highest
rejection rate being achieved at 0.5 mg/ml for these membranes. The work presented
also gives intuition in the significance of crosslinking degree as this is evidenced by
an augmentation in rejection rate at increasing crosslinker concentration. Crosslinking
significance is also manifested through improved membrane stability and intactness.
Post nanofiltration at higher crosslinker concentration membrane intactness is
maintained while the cracking was imminent for lower crosslinker concentrations. The
work in this chapter is thus of significance in the optimisation of crosslinked GO
membranes and also in reducing membrane fabrication costs through enhanced
material conservation. Up to 75% reduction in material usage for the crosslinker

relative to the previous chapters has in turn been demonstrated.
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/.

SUMMARY, CONCLUSIONS AND FUTURE WORK

“Progress is made by trial and failure; the failures are generally a hundred times
more numerous than the successes; yet they are usually left unchronicled.”

SIR WILLIAM RAMSAY, (1852-1916)

7.1 General conclusions

The thesis primarily focused on the enhancement of graphene oxide (GO) membrane’s
stability and nanofiltration performance through the use of different sized amine group
containing compounds. Sub-nanometre sized molecular covalent based; p-
phenylenediamine (PPD) and 1,3,5-triazine — 2,4,6 triamine (melamine) (MLM) and
electrostatic based polyethyleneimine (PEI) were the selected crosslinkers. The
membrane fabrication method entailed was the dip-assisted layer by layer method. It
was selected for its systematic interconnection of the crosslinkers and GO, ease of
scale up to mass production and control of key membrane characteristics. First,
crosslinked thin films on cheap glass slide substrates were successfully fabricated.
Ease of control of film thickness was demonstrated as a strong linear correlation
coefficient (R?) of above 0.85 between the number of bi-layers and film thickness for

all set of crosslinkers was notable.

Crosslinked membranes showed significant improvement in membrane performance
and stability. Up to 100% rejection of MB was achieved for the crosslinked

membranes at 5 minutes immersion time and 5 bi-layers. To optimise the impact of

138



Chapter 7 — Summary, conclusions and future work

the physicochemical characteristics of GO onto membrane performance different
crosslinked GO lateral sized membranes were fabricated. First, a correlation between
GO lateral size, chemical functionalities and suspension stability was established.
Further membrane optimisations were done to enhance material conservation and
membrane operation efficiency. The degree of crosslinking in enhancing membrane
performance was also determined in this stage and conclusively a 1:1 GO; crosslinker
ratio is recommendable. These optimisations were mainly for economic conservation
of both material and sonication energy entailed in the fabrication of crosslinked GO

membranes.

At the low 1 bar pressure used in the study, the results are promising, which means
further particulates and solutes can be separated. Similarly, the successful fabrication
of crosslinked membranes points to the fact that other different economically
affordable crosslinkers can be incorporated for the customisation of the separation of

other entities.
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7.2 Major findings

The significant findings entailed in the thesis are here summarised;

7.2.1 Demonstration of successful quanta control of key thin-film/membrane
characteristics via the dip-assisted layer by layer method

In Chapter 3, the control of the thin-film characteristics; thickness, hydrophilicity was
accurately controlled by changing the immersion time and the number of bi-layers. As
a result, required film characteristics can easily be extrapolated/interpolated for
relevant applications. This gave a scope for the fabrication of systematically
crosslinked membranes with different sized crosslinkers, where the significant
features can easily be controlled. These differences in size and type of the crosslinkers
also gives a wide range of thickness giving the fabricated thin films more versatility

in various applications.

7.2.2 Enhanced membrane stability and improved nanofiltration performance

Through a comparative analysis of the uncrosslinked and crosslinked membranes, it
was evident that the introduction of crosslinkers came with both the enhancement of
membrane stability and nanofiltration performance. All the crosslinked membranes at
similar immersion time and number of bi-layers showed enhanced performance of
more than 15% improvement in membrane performance. An increase in membrane
performance (MB rejection) of up to 100% at higher immersion time and the number
of bi-layers was also established. The improvement is attributed to the holding of the
GO nanosheets together by the crosslinkers. This kept the nanosheets intact, hence
preventing them from shrinking and cracking during storage unlike for the
uncrosslinked membranes. Similarly, performance improvement with the number of

bi-layers was evident. This was concluded to be due to increased material
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accumulation leading to increased membrane tortuosity resulting in better

performance.

Additionally, the use of relatively cheaper polycarbonate supporting substrates was in
the end demonstrated and successfully achieved, this further decreases the overall

costs of the process.

7.2.3 Optimisation of GO’s physicochemical characteristics for enhanced
membrane performance

The interrelation between GO lateral size and chemistry is a major factor in having
good suspension stability. It is thus a significant factor in resultant membrane quality
and performance. Chapter 5 analysed optimisation of GO lateral size that gives
enhanced membrane performance from improved suspension stability at decreasing
lateral size and increasing carboxylate groups. This was significant because during
GO suspension preparation, sonication is carried out and it is established that it results
in GO nanosheet fragmentation. In this case a sonication duration of 120 minutes gave
an average nanosheet size of 1.3 um and improved overtime GO dispersion and
individuality as confirmed through { — potential measurements. Enhanced stability was
crucial for improved membrane topographical intactness through heightened GO

crosslinker interactions via different mechanism.

7.2.4 Optimisation of GO and crosslinker preparatory concentrations

Establishing and understanding the impact of the concentrations of GO and crosslinker
on overall membrane performance was achieved. Specifically, the impact of GO
concentration was manifested in increasing membrane tortuosity resulting in improved
performance. This was achieved at increasing concentration while for the crosslinker

increasing crosslinking degree culminated in improved membrane performance. A 1:1
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concentration ratio GO-PPD at increased concentration of 0.5 mg/ml was
demonstrated to be the optimum concentration ratio for the sample membranes based

on performance primarily.

7.3 Future work recommendations

7.3.1 GO membrane modifications to improve permeation flux

The crosslinked GO membranes showed excellent sieving characteristics at higher
immersion time and bi-layers. However, a low water permeation flux under the
pressure-driven process was experienced. This is due to both the low pressure entailed
and also the long water transport path from the heightened membrane tortuosity. In
this regard, more work can be done to improve the membrane performance by
reducing the transport path length. For instance, systematic ways to generate
microstructural defects in an attempt to reduce the tortuous path. Sub-nanometre pores
can be instigated onto the nanosheets through either plasma etching or nucleation like
for graphene membranes. A plausible improvement in permeation flux is also through

operating the membranes at a higher operation pressure.

7.3.2 Exploration of the crosslinked membranes’ separation potential of other
contaminants, heavy metals, divalent and monovalent salts

With evident promise of the fabricated crosslinked membranes in water purification,
the versatility of the membranes in other contaminants can be explored further. These
include testing performance in the separation of heavy metals, divalent and
monovalent salts. Relevant modification can be instigated. Since it has been observed
that membrane separation degree increases with an increase in the number of bi-layers,
as such, the optimum number of bi-layers and immersion time for each of the

contaminants ought to be established.
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7.3.3 Use of other economically affordable sub nanometre sized crosslinkers

The dip-assisted layer-by-layer method has been demonstrated as an affordable facile
technique with ease of control of key membrane characteristics. Other sub-nanometre
sized crosslinkers like ethylenediamine (EDA) and can be explored to fine tune the
membrane pore gap and enhance membrane stability covalently. The use of smaller
sized crosslinkers will narrow the membrane pore-gap and as such a variety of smaller
sized particulates can in turn be separated. Furthermore, coupling agents like 1, 1°-
Carbonyldiimidazole (CDI) can be employed to inter-connect the GO nanosheets
together and further enhance membrane stability. This also activates other oxygenated

functional groups in GO to enhance the interaction between GO and the crosslinkers.

7.3.4 Further exploration of the membrane separation mechanisms and long-term
stability

Despite the efforts in understanding the permeation of water molecules across GO and
related hybrid membranes, the fast transport permeation theory ought to be understood
in further details. As such, a more accurate transport mechanism ought to be
hypothesised. This could be achieved by a combination of both molecular dynamics
simulations coupled with verifying experimentations to understand the operation

mechanisms and thus optimising the performances further.
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APPENDIX A; LIST OF ABBREVIATIONS

GO — Graphene Oxide

PVDF — Poly (vinylidene fluoride)

CNTs — Carbon nanotubes

r-GO — Reduced Graphene Oxide

PPD — P-Phenylenedimine

MLM — Melamine (1, 3, 5 — Triazine — 2, 4, 6 — triazine)
PEI — Polyethyleneimine

PAN — Poly (acrylonitrile)

PCB — Polycarbonate

SWCNTSs — Single Walled Carbon Nanotubes
MWCNTSs — Multi Walled Carbon Nanotubes
KMnO, — Potassium permanganate

H2SO4 — Sulphuric acid

CVD - Chemical Vapour Deposition

SiC — Silicon Carbide

PMMA — Poly (methylmethcrylate)

EtONa — Sodium ethoxide

XPS — Xray Photospectroscopy

NMR — Nuclear Magnetic Resonance

FTIR — Fourier Transform Infra-Red

HNOz — Nitric acid

KCIOz - Potassium chlorate

KOH — Potassium hydroxide

CIOz - Chlorine dioxide

H3PO4 — Phosphoric acid

EDA — Ethylenediamine

TMPyP — Tetrakis (1-methyl-pyridinium-4-yl) porphryn
AAO — Anodised Aluminium Oxide
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the other hand used solution phase production of graphene films and
the thickness was controlled by density differentiation [13]. In this
study the dip assisted Layer by layer assembly technique was entailed to
ease the control and modsfication of key thin-flm chamcteristics on a
step by step basis.

The aforementioned methods are refatively costly in comparison to
the dipawisted layer by layer assembly [34]. The basis of this faba.
cation method &5 an interchangeable attachment of two or more ma-
terials on a layerby-layer basis. The attachment can either be pre
dominantly covalent based or electrostatic based depending on the
nature and chemistry of the materials being assembled [14,15). The
layer by layer technigue gives frameworks of comtrolied thickness
through the use of different sized cromlinkers and operating conditions
[35). Specifically, dip-assisted layerby layer assembly offers cost ef
fectiveness and ease of scale up to mas production as important ad-
vantages. The key operating conditions in dip assisted layer by layer
assembly are the immersion time, number of assembly cycles together
with the immersion and withdrawal speeds [ ).

Consequently, this study intended to demonstrate the fabrication of
contruolled thickness crosslinked GO films on affordable silscon based
glass alides to demonstrate the effectivencas of the dip assisted layer-by.
layer assembly in controlled thin film thickness production. As such,
two types of crosslinkers, & wb panometer sized covalent based p
phenylenediamine (PPD) and an clectrostatic based
(PII) were used with GO. [n specificity, this work almed at evaluating
the correlation between immerston times (1 and 5 min), sumber of bl
layers (1, 5 10 and 20) significant thin flm chamcteristios like; flm
thickness, continuity and hydrophilscity.

2. Experimental section
2.1 Materials

GO powder (product code CAE9,/GON019/Pw2) was purchased from
Graphenen Co, Spain. The cromlinkers: PPD powder (99 product
code: POO01) and 50% aqueoss solution of PRI (product code: 03880)
were both purchased from Sigma, Aldrich, UK. The films were fabel
cated on silicon.based substrates (CAT.NO.7101, 1.0-1.2mm thick)
purchased from Plsher Scientific, UK. 1M of potassium hydroxide
(KOH) prepared from KOH powder (product code: P/5640,53) used for
substrate pretreatment was purchased from Plsber Scientific, UK as
wedl.

2.2 Saufy of interaction between GO and crossfinkers

Priar to thinfilm fabrication It was significant to determine the
plausibility of GO - cromlinker interaction. The key to this was to firstly
verify the presence of notable functional groups in GO and the cross.
linkers and secondly to determine predominant interaction nature be-
tween GO and each of the crosslinkers.

Following preparation of the 0.5 mg/ml aqueous GO dispersion and
20 mg/mi of PPD and PEI agueous solutions, each croslinker was se.
parately reacted with GO (1:1 ratio,) for 1 and 5 min. The reaction time
was controlled by a pH switch after the designated reaction times
through the addition of 99% sulphuric acid (Product code: 07208,
Sigma Aldrich, UK), which resulted in the of the reacting
entities, hence rendering them unreactive [17,74]. The reacted samples
were then centrifuged using a Biofuge Primo Heracus centrifuge for
10min at 6000 rpm with thorough rinsing through a repetitive re
placement of the supematant with distilled water to remove the un
reacted crosslinker and GO excess material.

The four centrifuge residue samples were then collected for Fourier
Transform Infra-Red (ATR.FTIR PerkinElmer) and X-Ray Photoelectron
Spectroscopy (Kratos Ultra-DLD XPS System (K-Alpha + ) characteriza.
tions to verify GO-.crusslinker interactions. For XPS characterizations
widescan spectra in the binding energy range of approximately
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0-1000 eV were obtained to identify the cements present on the sur
faces of the GO and the reacted entities. Additiocally, high resolution
spectra were obtained. Five peals emerged when the Cls peak was
curve fitted, comesponding to C graphitic (Binding energy,
BE, = 2843.284.4¢V), C-O cpoxide/CO-H (BE = 28562857 eV),
C=0 carbeayl (BE = 286.9-287 0), the band at 2889 anributed o
COOH carboxy! groups as well as the x.a* shake.up signal (290.8¢V)
typical for sp*. hybridized carbon. It is worth it to mention that at these
binding energies there is an overlap of axygen and nitrogen function.
alities, specifically between Clepoxy) and C=N and among CO and
CN=— [¥9.41].

23 Thin film febrication procadure

To fabricate the GO - cromlinked filnss, the glass slide substrates
were pre-treated, first by hydroxylation through immersion in | M KOH
for 30 min o instigate a negative charge oato the siides though the
formation of hydraxyls [42]. This was followed by thorough rinsing
with delonized water and drying. The wides were yubse-
quently (munersed in & positively charged 2.0 mg/ml aqueous PEI for
5 min in order to iInstigate a posttive charge on the glass dides [41]. The
positively charged glams slides were then rninsed in desonized water and
then dried before dip-assisted layer by layer amembly, which com.
menced with immervion in the negatively GO dispersion (Vig 1),

A rotary dip coater device (Nadetech Innovations, Spais) (ND-R 11/
2, S/N: 522016) was used to fabricate the Sl on an sutoemated o
terchangeable dipping basis between GO and the crosslinkers (Fig 1)
This process was done with rinstng of the glass slides i detontsed water
and drying prior to each knmersion (o either GO or the crosslinker. The
dispersion of the GO nancsberts was enhanced by a 2 - pee-fabrication
soaication s a bath type sonicator (Ultirawave limited, Ha - (50-60)).
The films were fabricated under different dip coating conditions Le I,
5 10 and 20 bidayers and 1. and 5minutes immersion times (soe B0
menclature in Table 1) Rased oo previous experience [19,22], other
dip-assssted Layer by layer operating coadstsons ke the immerison and
withdrawal speeds were kept coastant at 2400 mm. 'min.

24 Post film fobrication charucterisations

The fabricated film surface coverage and bamogeneity were char
acterised by means of 2 scanning electron microscope (SEM). The water
contact angle measurements were subsequently reconded with a DMK
JIRPO3 camera and the angles were processed by image | software
(L5041 Java 1.6.0) (Public Dumain, BSD-2). To enhance the reliability
of the results, an average of 10 contact angle measurements was taken.
Pure water drops were introduced to the films in different positions
from two different fabrication sets of the same film type. The thicknes
of the films on the other hand was evaluated by a Bruber DektakXT
Profiling System (Stylus Profiler), Bruker’s Visionfd software was then
used o analyse the film thickness. Similarly, the reliability of the
thickness results was enhanced by taking an average of 10 thicknes
measurements and noting the standand deviations of each reconded
thickness in error bars.

3. Results and discussion
3.1 Naoture of inseruction between GO and the crosdinkers

Primarily, the nature of interaction between GO and the crosslinkers
was determined and confirmed. This was significant as it is a precursor
to intra(horzontal) and inter(vertical) sheet crosslinking during film
fabrication [30].

The FTIR characterizations confirm the presence of axygen con.
taining functionalities in GO. For instance, the O-H presence was
verified by the absorption band at around 3340 cm ~*, while the band at
1726 cm ™! is attributed to the CO= stretching of ketone, carboxylic
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Fig. 1. Dipssaiated lyer by Layer fab = <h

Table )
Ni | of the tab d Mo at Qiffervnt lmeme rukon tmes and B layers.
Noswtior wd b laywes
Iivenversiom (i (imme ) 1 L] " R
1 GOX A COXI woxIe Goxt'n
. COXNE (SR =2 GOAN “Goxs

Key: X = PII ar PPD),

and/oe ester groups (Vg 2). Purthermore, the peak at 1616em '
carrespoeds 1o OCw stretching vibrations and the band at 1060 e
can be assigned o C-O (epoxy) groups [44-44]).

The most significant functional groups present in the PPD spectrum
are related to amine groups. Three bands between 34003000 cm '
Indicate the presence of peimary amines [15-47]. Additonally, the

Transmittance (4.0.)

I L L4 %0

spectral bands at 1630 cm ' and 1516 cm ' have boen correlated with
~NH-~ deforming vibeations [52,5)]. Finally, the band at 1250 cm '
identifies the occurrence of CN~— boads in aromatic amines [49,54)
and the ~NH- wagging vibratians are distinguished by the sharp peak
ot 832em " [51].

The GO-PFPD reacted entities (lustrase that the characteristic triplet
of primary amines in the 34003000 cm ' region disappesrs at | and
5 min renction times (Vg ) and there is & umall but very clear peak at
1510 cm " amigned to NH-— bend [51,57). These two facts suggest
the existence of socondary amines [51], which comsequently points o
an epoxy ring epening reaction between GO and PPD at both reaction
times [00) (Fig. 1)

The indication of the epoxy ring opening is further by the
attenuation of the epoxy bund at 1060cm ' (Fig 2), which is in
agreement with the XPS results shown in able J, where a reduction in
the epoxide propartson of the GO-PPD reacted entities (37% GO va 208

NH ON CaxEpsy)

200 1300 oo §n

Wavenumber {em ' )

Fig. 2. FTIR churscterization spectra for the GO-PPD (ntersctions after 1 and 5 min of resction dnd the GO and PPD spectra.

201



V. Kondieu, e el

255

Fig. 3. The epoxy ring opening reuction between FID snd GO.
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Surface chemistry of GO snd OO-crosslinker reacted entities.
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GO-PPD) is evident. Additionally, the reacted entities show the for
mation of & ~CN band at ~1220¢cm =" [49,54], which is alwo re.
flected in the XPS results, where the CoO/CN-~ content increases from
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1.2% up to 15.7% at S min reaction time.

Given the presence of different functional groups it is also most
drogen bonding are occurmng [29]. Structurally, GO, in some areas
where the oxygenated funcrional groups are not present, contains arm
matic lattices and since PPD contains a benzene ning another possible
interaction between GO and PPD is via the 7 ~ r interactions [54, 5]

On the other hand, PEI (Fig. 4) contains a large amount of prmary
and secondary amine groups as well, which are evident in the region
between 3400 cm ' and 2900 cm ~* and by the strong NH—— band at
arvund 1640 cm ™" (Fig. 5) [47,48,53). The band 2t 1460 cm ™' comre-
sponds to the C—H, bending [51] and it can be also detected in the
reacted entities (Fig. 5).

In the GO-PEI reacted samples there is no disappearance of the band
at 1060cm ', hence no indication of the epaxy ring opening reaction
(see Fig. 5). This is in accordance with the XPS results (Table 2) that
show a constant percentage of epoxy groups regardiess the reaction
time (37.1% in the GO vs 35.7% 35 4% in the reacted entities). More.
over, pH of GO suspension and PE! wlution were 5.2 and 83 respec.
tively, at these pH values both compounds have significant ionization
and oppesite charges [41,57], which supports the claim that their i
teractian is predomenaatly an electrostatic based one.

32 P contmuuity analysis

Very good uniformaty and homogeneity across the thin films can be
observed in the plctures shown in Fig 6. The darkening of the glam
slides indicates that coating and maserial assembly increase with the
number of bilayers and the immersion time in both sets. Uniform
thickness of the coatings & to an extent confirmed by the homogemeces
change in surface colour after all the different number of coating cycles.

Ax it can be seen in further detall n Viyg 7, excellent continuity
coverage bs achieved from the very firt layer. Some wrinkles can be
observed on the wirface due w0 the folding of the GO nancsheets
(Feg. 7).

22 Thin film hydrophilicity

Hydrophilicity s among the significant thin film characteristicon.
High film hydrophilicity can be of watimental value or 2 Nmitation
depending on the intended application of the fabricated films. For in.
stance in surface coating lower film hydrophilicity is required while in
water pursfication and desalination higher hydrophilicity is preferred

o A RLLE pa L1
Wavessmber (e ')

N, L0
hesding  (Hpony)
200 10 [ o

Fig. 5. FTIR chamcwesization spectra for the GO-PED intersctions after 1 und 5Smin of reaction and the GO snd PEI spectra.
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GO-PEI-1"] GO-PEI-1'5

GO-PEI-5"1 GO-PEI-5’S

GO-PPD-5"10  GO-PPD-5'20
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GO-PPD-1"10  GO-PPD-1"20

GO-PEI-I'10  GO-PEI-1"20

GO-PEI-5"10  GO-PEI-5'20

Pig. 6. Camera pictures of the crosslinkad thin flmas

Fig. 7. SEM Images of the cromlinked thin films. A) GO-PPD 1°1. B) GO-PPD
1'20; €) GO-PEL 1'1, D) GO-PEL 120

[42.58). Film hydrophilicity was evah by of the
water cantact angles of the fabricated films (V:z 2) As aforementioned,
10 measurements in different positions from two differently fabricated

w

films under the same op ] were undertaken and the
nwmmwa;kndsu&dmmmmd
The general hydrophilicity trend shows that the water contact angle
increases as the sumber of bilayers increases. A notable decreane in
hydmpmbdryuob-rvdfmmlhﬁnthhmnmluhhluh
dinkers and e by a gradual decrease from the 1 0th b layer o
mm-ohcrvdnhnthmmfwhhawhdm
(Fig. 8).
Mnmh_vﬁvphnbkmd(k:n—hnlmnmn
GO is the likely cause for the observed decrease in hydrophilicity of the
fabricated films as the number of bilayers and immersion time in
Creases, owing to increased crossiinker accumulation fabrication.
Larger contact angles were recorded for the PPD crosslinked films in
comparison to the PEl crosslinked films, which is due to the hydro.
phobic aromatic ring structure of the PPD mosomer (9], This is
with the recorded magnitudes for the individual compounds
(68.2° = 6.8 for PPD; 57.3° + 4.3 for pure PEI) and therefore proving
the influence of the characteristics of the crosslinkers cato the il
bydrophilicity of the fabricated films. At 5 min deposition time and 20
bi-layers the contact angles reach the values of the pure crosslinkers or
even exceed it in the case of the PEI (642" = 9" w 573" = 4.7°) This

203



V. Kendou,

GO-PPD 1’1 GO-PPD 1’5

GO-PPD 5'5

GO-PEI 1'] GO-PEIL 1'5

GO-PEL 110
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GO-PPD 1720

GO-PPD 1'10

GO-PPD 5’10

GO-PEI 1'20

GO-PEI 5°1 GO-PEI 5'5

Fig. & Water contact angles

fact could be attributed to the reducing properties of PRI [00)

24 Pim thickness analysis

Ihe sssentiality of ease of control of the thickness of the active
layens cannot be understated in optimising device performances

Ihe thickness characterizations results show a strong linear corre
lation between film thickness and the respective number of bilayers at
each of the immensdon times for both sets of cromslanked il () 9!

It is important to highlight that due to the thin thickness of the 1
bilayer films, especially those deposited at 1 mén immersion time, it was
necessary to fabricate them on a silicon wafer, as the roughness of the
glass slides was overly and therefore it was not possible to have an
accurate thickness measure for those specific samples.

Displayed = ' are the thickness results of the two sets of
crosslinked films at both immersion times and different bilayer cycles
The results are very repeatable and 1 bilayer thin films at | min @
mersion are very close to the resolution of the equip

A general linear trend duee to the addi | material acc
as the immersion time and the number of bilayers increases is evident.
Nevertheless, for the PEl-crosslinked films the thickness magnitude is
much higher than that of the PPD thin films (one aorder of magnitude) as
it can be seen in Fig. 9. For instance, the PPD crosslinked films at 1 min
immersion time the thickness rises from 3 nm to 21 om as the number of

GO-PEI 5"10

GO-PEI 5°20

for the crosbinked fNlns

bt ksyers increases from | to 20 bilayers, while it increuses from 6 nm to
29 nm when the immersion time & incressed to 5 min. These valoes are
relatively close to the theoretical expected step increase of 1.5 am per
b dayer [54)

On the other hand, PEI crombinked filma thickness increases & from
Snm to 92am (I min dipping) and from 13.9am to 230 mm (5 min
Immersion time). Theoretically, since PEl s 2 polymer and therefore
with varying chain lengths, the expected step incresse for the PE
crosslinked films cannot be predicted with absolute certainty [¢1]. In
both cases however a strong linear progresston with the increasing
number of bi-layers is obsesved.

The varying magnitude of increase in film thickness reganding the
two crosslinkers s mainly due to the differences in the sizes of the
crosslinkers, as PPD s a much smaller molecule while PEI is a bigger
polymer with long branched chains and thus resulting in higher
thickness as the sumber of bilayers increases [61]. This further sup.
ports the claim that the thickness of the crosalinked films is majocty duoe
to vertical inter layer crosslinking as evidenced by the fact that the
bigger the crosslinker the higher the increase in film thickness magni
tude

The immersion time also has a significant impact on the thickness of
the obtained films. In the case of PEL increasing the immersion time
from 1 min to 3 min results in films three times thicker and between 1.5
and 2 times for PPD.cromlinked films As such, selection of the
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Fig. 9. Thickness awasarements of the cross Unked thin filee

w““ eposition parameters is key to fine
assembled thin films.
The importance of the study is on the fact that the GO films can be
casily fine-tuned to specific ch e
al operations. This makes the fabrication process economically
efficient and viable. Purthermore, the successful fabrication of the &f
nt crosslinked thin films on glass slides highlights that various
ling porous anes can be employed and as such the films
can have different applications ranging from sensors to separation
membeanes and not solely in lab scale research applications. The study
ifies the significance of both inter and intra layer crosslinking in
altering the significant properties of GO based thin films. This further
opens a possibility for the use of other different sized crosslinkers and
polymers in fine tuning significant thin film characteristics via the dip-
assisted layer-by layer.assembly.

4. Conclusions

In summation it was successfully d R
films with step controlled thickness and hydrophilicity could be fabr)
cated in @ facile manner by menns of dipasisted layer by layer as
sembly. Good film homogeneity was also achieved. The thickness was

olled through the use of different sized crosslinkers
and operating conditions of the dip-assisted layer- by layer method: the
immersion time and the number of assembly cycles. It was observed
that different crosslinkers have different impact on thickness progres
sion as both the number of bi-layers and immersion time increase. Thas
is advocated to the differences in size and nature of the crossbinkers
entailed. Interpolation to fabrication operating conditions to obtain 2

ific characteristic can be thus be easily carried out.
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1. Introduction

The modern world is corrently facing an impending global water
crisis, which is fueled by the changing climate, global population in-
crease and the depletion of underground water aquifers [1]. The World
Health Organization highlighted that 1.1 billion people lack access to
improved drinking water supply [2]. This evidently calls for the re.ase
of both domestic and industrial waters via improved purification
methods and durable matenials. From adsorption, distillation to nano-
filtration, different water parification methods have been deployed
depending on the nature and size of the particulates being separated
[3-5]. Amoag these different purification methods, nanofiltration offers
an advantage of having high rejection rates for smaller sized partics
hu-whmdhuwmm.:q
intensive

amoagst the most used membranes materials in nanofiltration, but the
lack of resistance to corosion and durability of the membranes is a
major limitation [7]. Membrane susceptibility to fouling, which
shortens their lifespan, has also been a major limitation to mast se
paration membeane materials (4]

Carhon materials have attracted much attention as potential can
didates 10 overcome these isues. Carbon nanotubes (CNTs) have been
explored in nanofiltration and their intrinsic mechanical stability and
fexibility suggest that they should be ideal nanofiltration membeane
materials (V). Majumder et al reported a high water flux of several
orders higher than the predicted hydrodynamic flow wing CNTs [10].
However, thetr relatively high cost, complexity in fabricating vertically
aligned CNTs and large scale production challenges mean that the we
of ONTy in nanofileration is not feasible now [11,12]).

Graphene, with its high mechanical strength evadenced by & Young's

membeane material [ 13- 15). Althaugh it is 3 model membeane matersal
due 10 Its outstanding properties, scaling up the production of a defect
free, one atom thick large aren graphene is extremely challenging
[16,17). Purthermore, scalable formation of sub nanometer pores on
pristine graphene membrane for nanofiltration is a cost-intensive pro-
coas [10-20),

Poctunately, GO, & dertvative of graphene with protruding oxyge
nated functional groups, has emerged s @ reasonable graphene sub-
stitute pertaining to separation membrane applications [21.27]. Initial
experiments by Nalr et al. have paved a way for the we of GO s a
separation membeane precursor in water purification [21]. GO can be
fabricated cont effectively and therefore can be easily up-scaled to mans
production [24,29]. Purthermore, its possession of oxygenated fumc.
tional groups enhances its hydrophilicity, Mmiting membranes’ fouling
smceptibility [20-29]. This further adds 1o the materialy’ chemical
activity the abdity to be covalently interconnected to molecular com-
pounds which further enhances the properties of fabricated hybrid GO
membranes {10 12).

The major drawback to the use of solely GO in membrane separation
is the lack of membrane stability during nanofiltration [ 11]. It has been
discovered that GO membranes tend to swell during water purification
[33,94]). This is mostly advocated to the enlargement of the interfayer
gap because of the accumulation of water molecules onto the oxyge
nated functional groups, consequently leading to reduced membeane
rejection over time [22]. Several attempts have been made to try to
alleviate this major problem. For instance, Abrabham et al. used an
epoxy encapsulate to physically confine the pore gap of GO membranes
[35]. The major limitation to the physical confinement method em-
ployed is that scale-up for production of such membranes & a great
challenge [15]). Zhang et al. explored covalent crosslinking of GO
membranes using ethylenediamine as a crosslinker and the vacwum
filtration fabrication method [1¢0]. However, higher GO loading is used
and difficulty in controlling membrane thickness relative to layer-by.
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layer assembly is a Emitaticn for the vacuum fltration method [37].
Elsewhere, attempts to fabricate nanofiltration layerby-layer as
sembled membranes have been made [ 15 40], however, a comparative
investigation of the impact of multifayers of sub-manometer sized
covalent based crosslinked GO membranes via dip assisted Layer-by-
layer assembly has not been explored to the authors current knowdedge.

Consequently, this study aimed at the enhancement of membrane
stabslity and sepamtion abilities of GO membranes through the in.
troducticn of a small, sub sized jent crosslinker, on a
dip-assisted layer-by layer basis. This shoald bond adjacens layers of
GO plates together, thus stabilizing the structure during membrane
operation. Two sets of GO based membranes were fabricated un.
crosslinked and croslinked with pphenylenediamine (PPD). Dip
coatng method for the uncrassiinked membranes and dip-assasted layer
by layer assembly were the fabrication methods explored for the
crossdinked membeunes in this study.

The explored membrane fabrication methods offer an added ad
vantage of fabrication of contimuous membranes with controlled
thickness and low material Joad [ 40). Semplicity i operation, W
gether with cost effectiveness are also key benefits of these fabrication
methods [40). The fsbncation methods, especially dip assisted layer
by layer, offers firmer interconnection between the GO and cromiinker
layers, thus avoiding the swelling and enlargement of GO interflake
gops that is 2 common problem for GO membranes i agueces en
viranments [17].

The study also addressed the influence of number of layers and bi.
layers on the water purification capabilities of the membranes.

2. Materials and methods

21 Matenials

GO powder was purchased from Graphenea (Spain). The mem.
branes were supported by poly(acrylonitrile) (PAN) fileer ssbetrates
with 0.2 ym pore size and 47 mm diameter from Sterlitech Corporation
(USA).

The cromlinker, pphenylenediamine (PPD, product code POOOL ),
polyethyleneimine (PEL, product code 00.880), potassium hydroxide
powder (KOH) and methylene blue (MR, product code M9140) were all
purchased from Sigma Aldrich (UK). A bath type somscator (Flsherbrand
FILS0S, Eimasonic 530 H) eshanced the dispersion of the GO water
saspensions and the membranes were fabricated with a rotary &p
coater device (Nadetech Innovatsons, Spain).

22 Croulimked and encroslinhed mondrane fabrication

221 Prececement of poly (acrylonitrile) (PAN) substroses

The 0.2pum pore stoed fibrous PAN substrates were fist hydro.
xylated via immersion in | M KOH for 30 min at 70°C. This was done to
enhance a negative charge via the conversion of the nitriles in the PAN
substrates to carboxylic groups [19,41,47]. Subsequently, the subntrates
were rimsed with distilled water and dried prior to immenion in 2 po-
sitively charged 2.0 mg/mi PEI solution for S min. PEI conferred a po-
sitive charge onto the hydroxylated PAN substrates (12 The positively
charged mbstrates were then rinsed in distilled water to remove excess
unattached PEl and then dried prior to membrane fabrication.

222 Dp-coating and dip assisted layer by Layer ausembly

Prior to membrane fabrication, 0.9 mg/mi of GO aqueoss dispersion
was prepared and sonicated for 2h to enhance the individuality and
dispersion of the GO sheets in water. To analyse the impact of the
crosslinker on the performance and stability of the GO membrane, two
types of membranes were fabricated One was the uncrosslinked GO
membranes, fabricated via dip-coating method where, following pre.
treatment, the PAN substrates were immersed in 0.5 mg/ml GO dis
persion solution in a vertical orientation with rinsing and drying
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Key: I PAN substiate I GO
Pig. 1. Dip coating whemacis (Taboication of uncrosslinked messdwanes )

between cycles (Vg 1). This was done using 5 min immersion tme and
membranes with | and 5 auembly cycles were fabricated.

In the cromlinked membranes, PPD wan intrduced anto the mem.
branes via dip-assisted layer by layer assembly. This was done on an
alternating basis with GO, with rinsing and drying after each immersion
In GO or PPO (Fig 2). The main basts of this kayer by layer fabrication
was an epoxy ring opening reaction between the amines in PPD and the
epoxy growp in GO (Vg ) [11,40), where a hydroxyl group and a
secoondary amine are gemerated. This leaves the other amine group in
PPD to interconmect with a subsequent GO sheet in the next assembly.

Subseqquently, 1 and 5 bilayers were assembled wusing 5 min im.

= r.

atic (fab

2.1 GO amd PPD covalent bonding

A crucial step in this stdy was to verify the GOFPD covallent
bonding via a chemical reaction at the designated reaction time.
Following the preparation of & 0.5 mg/mi of aqueous GO suspension
and 2.0 mg/ml of aqueoss PPD solution, both were reacted for § min
(which was the membrane fabrication immersion time). The renction
time was controlled by a pHl switch through the addition of 97% purity
wulpburic ackd (H,S0,, Sigma Aldrich, product code: 07.208) to the
reacting mixture, which resulted in the protonation of the reacting
entities and hence rendering them unreactive after the addition of the
acid [44.44]). The reacted entities were then cemtrifuged (Bio-Puge

J.

Fig. 2. Dip-assisted layerby-layer sch
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) NH; OH HN
. -
N,
Epoxy group PPD molecule Hydroxyl and secondary
amine generated

Fig. 3. Epoxy riag opening resction between GO and PPD.

Primo Hermews Centrifuge) at 1000 rpm for 10 min to collect the cen
trifuge residue for FTIR and XPS chamcterizations. The centrifugation
was dooe with rinsing three tmes with distilled water 10 remove the
excess unreacted entities.

The presence of notable functional grougs ia GO, PPD and reacted
entity were determined by FTIR and XPS. An attenuated total re
flectance unit (ATR) equipped Perkinklmer Spectrometer was wed for
the FTIR analysis while a Kratos Ultra-DLD XPS System (K- Alpha * ) was
used for the XPS characterizations,

2.4. Comtoct anple measurements

As it proved impossible to the water contact angles on
hydrophilic porous PAN substrates due 1o permeation of pure water
through the membranes, uncroslinked and crombinked films were o
milarly fabricated on noe-porous silicon based ghas slide substrates to
mesure the relative water contact angles of the thin flms. This was
similacly done at 5 min immension time and | and 5 layers and bilayers.

To enhance the reflability of the results, an average of 8 contact
angle measirements was taken, noting down the standard deviation in
error bam. Several pure water drops were introduced 10 the films in
different positions from two different fabrication sets of the same film
mmm-ﬁmmmw
with a DMK 318F03 camera and the angles were processed by image |
software (1.500/Java 1.6.0) (Public Domain, BSD-2).

2.5 Membrane performance tests

2.5.1. Nenofiltration setsp

Following the fabeication of both cromlinked and uncrosslinked
membranes, the membrane performance was evaluated with a 10mg/1
aqueoas solution of ML The tests were carried out at mom temperature
in & 330 em’ dead end homemade filtration cell constructed from poly
(methyl methacrylate) (¥ig 4). whene the membrane was supported by
2 porous sintered polyethylene disc with an effective ares of 1220 cm”
and an operation pressure of 1 bar. The cell was sealed with neoprene

To enhance the reliability of the results, three membranes of the
same type were fabricated and standard deviation of the
nanofiltration results were noted for both the flux and rejection results.

The overall membrane performance was determined through cal-
culation of the permeation flux (F) across the membrane. This was
determined from the total permeate volume collected (V) per unit time
(t) and membrane effective area (A) (Eg 1)

F=Vialkg n

Fig. 4 Homemade ninofiliraton cell il i operution

252 Methylene blue calibration fine

The membrane rejection, on the other hand, was determined by
UV-vis characterization of the permeate solutions relative to the feed
solution. A cabibration line relating MB concentrations with absorbance
was then established (Eq. 2) in onder to have a concentration based MB
rejection, as follows:

Absorbance (a.u)=0.1897 MB concentration (mg/1) )
R*=0.9971

Percentage rejection [R (%)] was then calculated using Eq (00
Where C, is the permeate concentration and € the feed concentration.

oy (' E g} x=d @
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26 Continuity of uncrosshinked and crosslinked membranes

The surface coverage and continuity of the fabricated membranes
was analysed by a JEOL JSM - 5900 Scamning Electron Microscope,
before and after the nanofiltration experiments. Price to characteriza.
tion, the membranes were coated with gold using a CC7640 Quorum
Technologies Gold Coater.

3. Results and discussions
3.1 Proof of covalene bonding between GO and PPD

The significance of the FTIR characterizations was to verify the
presence of the notable functional groups in the reacting entity, these
being the epoxide in GO and the amine groups in PPD. These are es
sential for covalent cromlinking of both via an epoxy ring opening re-
action as stated previowsly. A covalent ~C~N— bond between GO and
PPD s expected following an epoxy ring opening reaction [47,44].

The loss of the doublet band near 3400 cm ~ ' in the PPD spectrum is
evidence for the interconnection of the PPD and GO where the pamary
amine (1) in PPD converted 1o a secondary amsine (27) [17] and a new
C~N bond was formed and it is assigned by the stretch ar around
1250 cm-1 [49] (Fig. 5) The IR spectra also show a wmall bue distinet
band at around 1500 cm ', correspoading with N—H bend [%0]. This is
present in the reference PPD spectrum (very strong) and it is clearly
viible in the reacted entity. However, it is notably absent in the GO
spectrum. The appearance of this band corresponds with an evident
reduction in the signal ar 1060cm ', which can be auributable to
epoxy C~0 bonds [41,51,52]. This is in agreement with the XPS results,
which show a clear decrease of Clepoxy) (Table 1)

Widescan spectra in the binding energy range of approximately
0-1000 eV were obtained to identify the clements present on the sur
faces of the GO and the GO-PPD reacted entity to further support the
covalent croms linking.

High resolution spectra were obtained and the carbon and nitrogen
spectea were fitted. Five poaks emerged at different binding energles
(W) when the Cl s peak was curve fitted, which correspond to C gra.
phitic (IR = 2843-2044eV), C-O in the epoxy bond
(RE = 285.6-2857eV), C=0 in the carbonyl bond
(BE = 286.9.287 0), the peak at around 288.9 assigned to the carboxyl
bond as well as the na* shakeup signal (290.8 eV) typical for sp’.
hybeidized carbon. The N{1 ) peak was also curve fitted, emerging five
penka, assigned 10 N6 from Nopyridioe like structures (BE = 248

3%00
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Table 1
Surface chemistry of GO and GO-PPD reacted entity.

GO-PPO resctnd S mun

n2
Da
13

Sas
ar
o
13
12
an

ars
e
18
1o
a“ar

C1ngaes)
O s et
Sleimn)
Nislmw)
Cap2 (%)
Cp3 ™)
Clepouy) (W)
C=0oMN
COOH (W)
e
ey
NC (W)
LT
NQ (™)
AW

47
1

r'a

.y

e
3

398 4¢V), NC from amides/amines or lactams (RE = 399.9.399.5eV),
NS from Npyrrolic (BE = 400.6400.0eV), NQ from N quaternmary
(BE = 401.8.400.9) and the peak at around 405.402 ¢V assigned to the
nitrogen axides as Pyridine N-Oxide (N-X).

XPS charscterizations show a small introduction of nitrogen into
material that is completely absent in the starting GO (Table 1) Of this
nitrogen, dgnificant signal correxponds 1 amines/amides. In this case,
It relates with the presence of secondary amines due to the epaxy ring
opening. Formatson of amides is heavily dasfavored under the aguevas
reaction conditions used, since it s 3 condensation resction. Normally
ackd activation chemibatry & roquired (g as acid chlorides, active esters
oc similar) to achieve such reactions ascd even then there s a compe.
titive reaction with water as active nucleophile. Unlike the amide for-
mation reaction, nucleophilic attach of epaxy grougs 1o geserate sec-
oadary amines i3 o reaction that readily occurs under mild aqueous
conditions. Indeed, such reactions are roatinely wed to couple proteins
10 epoxy activated polymeric supports for intance. Additionally, If the
nitrogen correspended to amides, there would be a concomitant re
duction in COOH signal, but this ix the opposite of what the XPS in.
dicates, showing significant increase in COOH.

Of the N present, a large proportion is quasternized charged. This
can be explained through the acid treatment of the material to 1top the
rraction, which would leave sexondary amtnes charged, but would have
no effect on any amides present, since they do not lontee under these
conditions, This is a further evidence of amine formation.

12% anr!
1Msant ON 1080 an '
— €O (Epony)
— "“V.'m\l‘\\
I
A LT

Wavenmmber (can ')
Fig. 5. FTIR charscterizution of GO, PPD and GO-PPD reacted entity.
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A
' '
D‘ '
Pig. 6 Photcyraphic images of the tabeicated membranes (pre awsuditsstion)
AL a4 PAN R Unerosstinkad membrase | layer, C Cromiinbed

mesdwane | bilayer; D Uncrosslinked sembeses 5 lypers, £ Croalisded
meamtn anes 5 bilayen.

2.2 Membrane contimuity amalysis

‘l\om:imdhbmmum
sary to prove fab onto the PAN support
substrates. To an extent, the characterizations were carried out to give
detailed information on the stability and intactness of the fabricated
membranes, both before and after nanofiltratian tests (the latser shown
In Fig 12 after performing the repection analysis).

Vig 6 shows that there is good coverage for both membrane types
fram the very first bi-dayer. This can be wen further in detadl in the
subsequent SEM images shown in Fip 7. The membrane coverage in
creases, as the number of assembly cycles increases from 1 cycle to §
cycles for both cromiinked and uncrosslinked membranes. This s be
cause of the increase in material sccumulation as the number of as
sembly cycles inc [47). The age is significant for the closing
of the fibrous pore gaps in the plain PAN substrates as this gives o good
sieving potential for the sep perf of the fabricated
membranes [ 19.573]. The ability to enhance proper membrane pore size
is therefore dependent on the ber of dip coating and dip-assssted
layer by layer assembly cycles in this regard [54].

2.2 Hydrophilicity analysts
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relatively very hydrophilic as they show low water contact angles and
ease permeation of water [57

34 Membrane performance resules anad)

34.1. Rejection anclysis

The fabricated membranes were tested in a lab scale nanofiltration
device to study their performance on the | of MEL. Perm
aftes passing through cach fabricated membrane are displayed in Fig. 9,
where the decrease in coloration, which symbolizes the removal of MB,
is evident.

mhmmmnmm-ﬂu
assembly cycles (Fig. 10} The age MB i from
20.4% o 99.9% for the crosslinked membranes as the number of bi.
layers increased from | 10 5. Comparatively, the uncrosslinked mem.
branes shawed 2 similar trend, as the GO layers increased from 1 10 5
umwmusunnhahmuu

of the P d with the addition of the

M.Tl.h dare 14 that the slinker holds the GO
nancsheets together through the ~C-N— covalent boads (4] and thes
maintains the pore gap in the sub aanometer range cven when wetting

occurs.
242 Pux enalyss

The fux decreases as the number of amembly cycles incresses for
both cromslinked and uncrosslinked membranes (1ig 11). A sharp de

crease i flux from the plain PAN to the coated membeanes s observed.
This ix evidence for substrate pore size reduction via GO coverage.
Crosslinking also results in decrease in flux, as for similar number of
amembly cycles the cronslinked membranes dsplay 2 lower fha in
comparison with the uncrombinked ones. For instance, 1 layer of un.
crosdinked GO on the membrane had 2 flux of 18.7 Lms % b~ ' while it
wias 6.20Lm " h " for the cromlinked ane. However, at larger sssembly
cycles a smaller decrease in fux of caly 0.20Lm % h "' was observed
(20vs t8Lm R ")

The decrease in flux with the number of asembly cycles s hy.

M»hhulhm-—hnuwhn

material sccumudation. The lengthening of the tortuous path as the
number of assembly cycles increases is also signeficant for the reduction
In permeation flux [17]. A likely factor for the observed flux differmnce
between cromlinked and uncrombinked membranes i that crombinking
maintaing & smaller pore gap, hence the lower flux, while for the un.
crosslinked membranes, wetting resulted in enlarged membrane pores
and therefore increased flux (1]

Elsewhere, lower fluxes at 10 times higher operation pressure than
the one used in this study have been reported; for imatance, Aba et al
reported a lower flux in the range of 0.58 to 0.60Lm . b ' on the
separation of organic dyes at an operation pressure of 10 bars [W9].
Thus given the lower pressure of oaly | bar used and the relatively high
flux achieved in this study, the significance of the results of thas stisdy &
apparent.

The molecular size of an individual MB (anhydrows basis) malecul
is about 1 nm (13.84 A) [60,61]. It is smaller than most textile dyes like
remazol yellow [60,62]. These are therefore significant results for the

The hydrophilicity of the membranes is a significant ch eristic
in water purification since the more hydrophilic the membranes are, the
less they are susceptible to fouling [27). Relatively, the lanked

P of almost all textile dyes and they can be refined further to
separate even smaller entities inchuding divalent salts. The ease of

membranes have lower hydrophilicity compared to the uncrosslinked
ones. This is due to the hydrophobic nature of the PPD crossfinker
[55,%0]). For the crosslinked membranes, the water contact angle in-
creased from 53.2° to 59.7° with an incrense in the number of bi-layers
(Fig. %) owing to bigger accumulation of the hydrophobic crosslinker.
However, a decrease in the coatact angle for the uncrosslinked mem-
branes from 382 w0 35.2° was observed as the number of kayers in-
creased from | to 5 due to increased accumulation of the hydrophilic
GO. Ovemll, both crusslinked and uncrosslinked membranes are

fabricati d&-ﬂmmhmhﬂqmm

and their stability is a step forwand in the purification of dye con-

taminated waters.

3.5 Memivane separation mechanism, operation longevity and reusabdicy
To understand the separaton mechanism and operation longevity of

the fabricated membranes, the overtime separation of the best per.

forming membrane (PPD cromlinked 5 bilayers) was amalyzed.
Continuous operation of the membrane for more than 120 h at 1 bar
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Pig. 7. SEM Gnages of the fabricated membrates (pre aancfiliration ) A Uncodtesd PAN sdstrate; B Uncrosslinkand mesdvane | layer. C Crosslinked mesbrane |
bilayer, D Uncrosslinked mesmdwune 5 byen, K Cosalinked membranes 5 bilayen

whowed no decrease in membrane selective separation abilities, how a wlective permeation based separation instead of a selective banding
ever the flux across the membrane considerably diminishes over time based separation (¢ |
(Tal ). The maintenance of a constant rejection throughout the ex The separation mechanism was further evaluated increasing the

periment leads to the conclusion that the mechanism at hand s mainly feed concentrution to 125 and 250 mg/! and it was observed that the

" --

o0

0

w

W

0

10 ® Uncrosslinkod

* Crosslinked
1 5

Water Contact Angle (%)

0

Number of Assembly Cycles

Fig. & Waser contact angles of the fabricated coutings.

214



V. Kondiou, vl

Fig. 9. Nunafiration p
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of each

Methy lene Blue Rejecton (%)

= S 2558582858

PAN GO 1L

..,.’;ill

PPOGO 1he GO sL

Number of Assembly Cycles

Pig. 10, MB Rejection with respect to lncrosse s the number of lyen snd bllayors

permeation flux at the high feed concentrution decresses drastically at

membrane operation and as the feed concentration increases
(Fable 1) This might be attributable to the increased inktial adsorption
of MI oato the GO membranes via clectrostatic attractions between the
negatively charged oxygenated functional groups in GO and the posi.

tively charged nitrogen contalning groups in MB [68). However, the
leved of carboxylate functional groups in GO & relatively low, so

11233

tudting plain PAN wibs

saturation of these sites would occur quite rapidly, even at low M
concentrations. Very importantly, the presence of aromatic rings in GO
and PPD from the membrune and MB also gives rise to = - = interac
tlons, which are likely to mbance the adsarption of MB onto the
membranes in the initial operation stages of the permention itests
[0 72). Such interactions are strong under agueous conditions. This in
tum narrows the permeation path signeficantly and thus resulting n a

1200
1000
LU
600
= 2
Eow
g 15
{4
5 18
: I e
GOIL GOPPDIBL  GOSL  GO-PPD oL
Number of Assembly Cycles
Fig. 11 Permeation flax with respect to [ncrease n the number of layers and bi-layers inclaSing plain PAN sub
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Pl 12 SEM iages of the labwicated membranes ( post. nasaflity. LA L

ok .

1 layer; B Crosdinked ol 1 biluyer; € Uncrosalinkad

mestwane % byws D Crosaliokad membranes 5 bdayers

Table 2
Membrane wparation ejection for the § bidayen coelinked membeane o
prodonged oper s bon heuns Cworkbng pressune 1 her) amd 10 mg 7 MR

Operation v (N) MR e (W) Permestion s O "5 ")

[ wa (E 1)

20 1w 1
“o o aan
N 1w s
1w o LR L)
n 1o 0 n

Table 3
Relution betwoen ncrvasing feed o Ineent pe " -
lower and higher operation tines (5 bl layers crombinked membrune

operation longevity of the membeanes per cycle before complete clog
ging and the excellent performance recovery, authomn believe that the
longevity and bility of the branes s thus highly feastbie
The longevity of the membranes paves & way for the implements.
tioa of these memb i water punifi This modif of GO
via crosdinking offers a myriad of oppoctunitien for the uwwe of these
membrane in other separations. Potentially, this makex GO membranes
potential alternatives to the current cial thin film membranes
lske polyamsde taking mnto account the low pressure used in this study

26 Membrane stobiicy

Stability is also 2 sgnificant membrane characteriatic as it goverss
the resmabelity and longevity of the membranes. Foc that remson, o

Pood comwmiration (g’ MB remotom (%) Permmmtions Mo (Le * b ")

[}) e alter

ik h h 0n
10 wn L (B 1} Lo
125 Ll Lo on LR
20 L - on e

decreased flux ascross the membrane and high MB rejection at pro-

the grity of the fabricated membranes, SEM character
mmwmdna«n«lmmm-ﬂnﬁh&numd
ooce the membranes were dried. Insages are shown im 11z 1L
Images evidently indicate that the uncrosslinked membranes tend to
have micrometer sized cracks as they dry up. This can be promoted by
the hd as the sal hmlhtnhpnm
&mgdnq[\lNocrthpov, d on the croml
ating of the cromlinker on the in-
mdmmrmmmnmﬁnww
qummmemmm

}hemahhty(:lthcm'vuaddnedmahnk
through the rinsing of the 5 bilayers ¢ after op-
eration in a 15% (v/v) ethanol aqueous solution for 15min. This re
sulted in the removal of attached M8 giving the membranes good op-
eration efficiency post mitial use and confirming that M8 was adsorbed
onto the membrane. It was found out that the nanofiltration perfor-
mance of the membranes post membrane rinsing was recovered almost
to the initial performance, accomplishing a flux of 1.741lm k™'
(Initial flux = 1.80Lm . h~") and a rejection of 99.2%. Five cycles of
past clogging ng of the b were perfi d so the values
ptovxkdmthemngednﬂcbementh:liMh

Frp 3

crossfinked and uncr | membranes.

mmmm«wmmﬁu»
rication of crosslinked and unc by lhm-ghlhenznl
ap sted fill hod. For the uncrossi
alSnledOSn&nldGO“ﬂmrderNnb
strates using the b o fil cell at a pr of 3 bars.
The crosslinked membranes, on the other band, were fabricated by first
reacting the GO and PPD solution and then filtrating the reacted entities
in the same device at the same pressure. The fabricated membranes
were then dried for 24 b to observe their stability over time under a dry
enviroament (Fg 1)

Similar results ¢ d b bl

5 (] 3

were observed.

216



V. Kondiou, ar

Just GO A GO+PPD

'A

Appendix

Jovermal of Haasrdoss Materahy 380 (201%) 120840

Fig. 13, Pressure asslated falvicatad memdianes after drying A uncnsilinked membrane, & PPO-Croslladod o mbe s

Uncrosslinked membranes tend to break and shrank after 24 b of drying
This phenomenocn was ascribed 1o the drying related shrinkage of the
membeanes [68,71], This further supporns the observed micro cracking
In dip-coated membranes. The higher material loading in this case re
sults in evident visible cracks and the mle of the crossdisker in alle
viating the drying induced cracking is evident

The disentanglement of the uscromsbinked membranes in compar
izon to the cronslinked membrunes can be clearly observed. This vali
dates the previous observation that crosslinking does not caly enhance
membrane rejection performance but also their stability, longevity,
reusability and intactness of GO membranes

4. Conclusions

In summary, uscrombinked and PPD cromlinked GO membranes
were succesfully Gbeicated using dip-coating and dip-assisted layer by
layer fabricotion methods. The membrane performance i water pur
ification was proven through the separation of MB via a bomemade
nanofiltration cell. The rejection increnses as the number of assembly
cycles increases for both membrane types. Better performance was
observed for the crombinked membranes relative 1o the uncrosslinked at
similar assembly cycles. Through this stady, the significance of covalent
cromlinking was demanatrated, it was not only manifested in nasofil
tration performance but also in enbanced stability and membrane in
tactoess over timse. A relatively high flux at an econcenical | bar driving
pressure and excellent removal of MR (up to " 100%) was achieved for
the crossfinked membranes and the stability and durability of layer by
layer GO membranes was enhanced. The best performing crosslinked
membranes also showed good operation longevity at the low operating
pressure as they could be operated contimuously for more than 120 b
with no reduction in dye rejection. The good membrane reusability
achieved also enhances the possibility of the use of covalent based
crosslinkers in the fabrication of GO based membranes. The membranes
can potentially be used for separation of other organic dyes, bacteria
and other microbes; they can also be modified further for other sig
nificant separations like desalination.
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