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ABSTRACT

From its physicochemical characteristics, graphene oxide (GO) is a promising versatile next generation
membrane material. Its unique characteristics like ultrafast permeation and hydrophilicity makes it a
favourable separation membrane nanomaterial in water purification. However, a fundamental problem in
the use of GO in nanofiltration is decreased performance overtime due to the pore size widening
phenomenon. This paper explored the use of an amine group containing compound, 1,3,5 triazine, 2,4,6
triamine (melamine) to covalently interlink the GO nanosheets to counteract this swelling phenomenon.
Prior to membrane fabrication, covalent interactions between GO and the crosslinker, melamine were
successfully confirmed through thermogravimetric analysis (TGA), x-ray photoelectron spectroscopy
(XPS), X-ray Diffraction (XRD) and Fourier Transform Infra-Red (FTIR) spectroscopy characterisations.
Following these characterisations, crosslinked membranes were successfully fabricated and enhanced
nanofiltration performance was confirmed. Resultantly, the surface morphology of the membranes was
recorded via Scanning Electron Microscopy (SEM) characterisations while a lab-scale nanofiltration
device was constructed for flux and rejection analysis. Evidently, performance improvement with covalent
crosslinking was imminent as a up to a 100% rejection of methylene blue was achieved for the crosslinked
membranes. Structural integrity of GO membranes has indeed been improved through crosslinking.

Keywords: Graphene oxide, crosslinking, melamine, water purification, improvement
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1.0 Introduction

The exponential increase in global human population and changing climate has heightened the demand for
clean water [1-4]. It has been reported that by the year 2050 up to a third of the global human population
is likely to experience inaccessibility to clean water [5]. This points to the need for improved and advanced

water purification, treatment and desalination means [6-8].

Different water purification and desalination methods thus ought to be developed and improved in

efficiency and durability. The methods include conventional ones like distillation, filtration and chemical
oriented processes like flocculation and coagulation [9,10]. The use of the latter chemical methods are
however impeded by cost intensiveness from large sludge generation and removal post purification as well
as damage to separation modules by the chemical species used [11,12]. However, in spite of their wide
usage physical methods like distillation are demerited by higher energy consumption which augments
operation costs [13].
Separation membranes are continually being favoured over other purification processes [14-16]. This is
fostered by their environmental benignity and efficiency in energy conservation. [17]. Several materials
from polymeric to inorganic have been and continue to be used in an attempt to have viable and high
performing membranes [18,19]. Among the commonly used polymers include poly (vinylidene fluoride)
(PVDF), polyacrylonitrile and poly (ethersulfone) [16-19]. Increasingly nonetheless, carbon-based
materials are gaining favourability over polymers, the main reason being higher mechanical strength at low
density. [24].

The carbon based materials gaining momentum include carbon nanotubes which offer an ultra-fast
unidirectional transport of water molecules from the non-slip flow phenomenon [25-27]. However, their
poor processability and inability to disperse in solvents as well as complexity in vertical alignment greatly
limit progress in their use as separation membranes [28,29]. A promising next generation carbon based
material is graphene, owing to exceptional physico-mechanical characteristics [30—33]. Its characteristics
gives the prospect of fabricating not only mechanically strong membranes but also thin membranes with a
high flux potential. A main hindrance in the use of graphene however has been lack of a cost-effective large

scale production method [34,35].

In spite, its oxide form, graphene oxide (GO) is emerging as a significant alternative especially in separation
membranes [36,37]. A significance of GO is its ability to be fabricated economically in large scale using
several facile methods including the Modified Hummers method [38]. Physico-chemically, GO is a
chemically active substance, hydrophilic and 2-dimentional, which makes it an excellent candidate as a
separation membrane [39]. Given the fact that the use of GO is still in its primary stage of research,

separation mechanisms and emerging challenges ought to be studied more.
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Nonetheless, despite the promise, a significant challenge in the use of GO has been outlined by several
researchers as decreased nanofiltration performance overtime. This is as a result the accretion of water
molecules onto the hydrophilic GO functional groups [40-42], which widens the membrane pores resulting
in poor performance. It is therefore of high significance to mitigate this pore-gap widening problem in GO

and related membranes to enhance their performance in nanofiltration.

Various means to alleviate the pore-gap widening problem have been and are currently being undertaken.
For example, Huang et al. studied how removing some of the oxygenated functional which entrap water
molecules in GO through chemical reduction impact the performance of the membranes [43]. Despite the
improvement in rejection rate, loss of membrane hydrophilicity resulted in reduced flux limiting the
efficiency of the membranes [44,45]. Again, Abraham et al. tried to alleviate the pore gap widening problem
through nanosheet physical confinement via epoxy encapsulation [46]. However, scaling up this physical

confinement method has proven to be a challenge. [46].

In this regard, this paper analyses the use of 1,3,5 triazine 2,4,6 triamine, (melamine), an amine group
containing crosslinker to covalently interconnect GO nanosheets to have a stable and mechanically strong
crosslinked membrane. The method employed to fabricate the membranes in this paper is the layer-by-layer
assembly which offers controlled membrane thickness and enhanced interconnection between the
crosslinkers and the GO nanosheets. The method has a potential of giving hybrid membranes with enhanced
performance and stability during operation [47], increased membrane intactness henceforth increased
membrane durability. Most importantly, the employed crosslinker, melamine is readily available and

affordable in most regions of the world.

2.0 Experimental Section

2.0.1 Materials

GO powder was commercially sourced from Graphenea (Spain). Fibrous Polyacrylonitrile (PAN) support
substrates acquired from Whatman; UK were used as the base structure for the membranes. The crosslinker,
1,3,5 triazine 2,4,6 triamine (melamine) (MLM) (product code: M2659) and Polyethyleneimine (PEI)
(product code 03880) which was used during substrate pre-treatment, were purchased from Sigma-Aldrich
(UK). Prior to membrane fabrication, the substrates were activated using a 1M solution of Potassium
hydroxide (KOH). The nanofiltration performance of the membranes on the other hand was carried out

using methylene blue (MB) as the contaminant. All these were again purchased from Sigma Aldrich, UK

.2.0.2 Membrane Fabrication
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2.0.2.1 Polyacrylonitile (PAN) substrate Pre-treatment

Owing to the presence of acrylonitrile groups (-C=N) in PAN, there are several ways in which this substrate
can be pre-treated and modified to facilitate interaction with other species. Among commonly used methods

are plasma-initiated graft polymerisation [48,49], photo-induced grafting and hydrolysis [50-52].

To pre-treat the membrane supporting PAN substrates, they were first immersed in a KOH solution for 30
minutes at 70 °C. KOH instigated the formation of carboxylate function groups, which are electrostatically
negatively charged [53-55]. The now negatively charged substrates were then excessively rinsed with
distilled water. This is followed by putting them in a positively charged solution of PEI to confer a positive

charge [53,55] making the substrates ready for membrane assembly..

2.0.2.2 Control and MLM crosslinked membrane fabrication

The membranes were fabricated with an automated rotary dip-coater (Nadetech Innovations, Navarra,
Spain). The layer-by-layer fabrication time and the number of dips were set at 1 and 5 minutes and 1, 3 and
5 respectively with the assistance of an ND-R Rotatory Coater Software. They were then labelled
accordingly to show the immersion time and assembly cycles, for instance crosslinked membranes

fabricated under 1 minute immersion time for 5 assembly cycles was duly labelled GO-MLM 1°5.

A 0.5 mg/ml water suspension of GO was used as it was noted by the manufacturer, Graphenea that at this
concentration there is fewer agglomeration of the nanosheets. The suspension was then sonicated for 2
hours to hasten the individuality and stability of the suspension prior to fabrication. The control,
uncrosslinked where just dip-coated while for the crosslinked membranes were fabricated using the dip-
assisted layer by layer method, alike in our previous studies [56-59]. Here, an interchangeable immersion

between GO and MLM is undertaken in order to interconnect the GO nanosheets and the crosslinker.

2.0.3 Membrane Nanofiltration Tests

To compare the nanofiltration performance of the fabricated membranes, a methyl methacrylate homemade
nanofiltration cell alike in our previous works [58] was constructed. In this cell a porous sintered
polyethylene plate with a 4.7 cm diameter was used. It was water-tightened by neoprene gaskets and the

driving force used to push the ‘wastewaters’ across the membranes was nitrogen gas at 1 bar.

1L of 10 mg/L of a solution of methylene blue was used as the feed solution. The parameter to establish the
differences in performance here was permeation flux, calculated by the equation below, and the rejection

rate.
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F=— Equ (1)

Where the flux is represented by F, A, the membrane operation effective area and t, the nanofiltration time

taken.

To determine the rejection rate of the membranes, Ultra-Violet -Visible Light characterisations of the feed
and permeate solutions were undertaken. A calibration line following the Lambert-Bear law application

linear range was constructed to calculate a concentration-based membrane rejection rate.

Separation rejection [R (%)] was subsequently determined using the equation below in which C, and Cs are
the permeate and feed concentrations respectively.

C
R(0)=(1 - §) x 100 Equ (2)
The dependability and accuracy of the rejection and permeation flux results was heightened by taking an
average of four membrane tests and the standard deviation was accordingly noted.

2.0.4 Continuity of the fabricated membranes

The sound structure and surface continuity of the fabricated membranes is significant in the efficiency and
performance of the membranes. Membrane structure before and after nanofiltration was determined by a
JEOL JSM — 5900 SEM. This was done to verify the maintenance of membrane intactness with

crosslinking.
2.0.5 Pre-membrane Fabrication Characterisations

Before membrane fabrication, GO suspensions and the solution of the crosslinker, MLM were reacted
together to verify the nature and plausible interaction between the two membrane constituents. Fourier
Transform Infra-Red (Attenuated total reflectance unit (ATR)-PerkinElmer Spectrometer), X-ray
Photospectroscopy [Kratos Ultra-DLD XPS System (K-Alpha+)] and Thermogravimetric
Analysis (SF) (METTLER-TOLEDO) characterisations were undertaken to verify and confirm
interaction between GO and the crosslinker. The inter-flake gap of GO nanosheets and GO-MLM
reacted sample was evaluated via XRD characterizations using a Thermo Scientific ARL XTRA
Powder Diffractometer which features a copper X-ray tube and a goniometer system providing
resolution in the low angle region, CuKa radiation (A=1.5418 A). The interflake gap of the

prepared samples was calculated using the Bragg equation (Equation 3).
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2dSin(6) = nA. Eq (3)

Where d: the inter nanosheet gap,8: the XRD angle 2 is the wavelength of the x-ray and n is an integer

(order of reflection).

3.0 Results and Discussion

3.0.1 Confirmation of Covalent Interaction between GO and Melamine

It was significant to demonstrate and proof the form of interaction facilitating the connection between GO
and melamine (MLM) before membrane fabrication. Hybridisation of GO membranes by the crosslinker is
necessary for forming stable crosslinked GO membranes [60]. Consequently, respective characterisations
like FTIR TGA, DTG and XPS characterization results confirmed GO-melamine covalent interactions. And

this lays the possibility of crosslinking GO based membranes using melamine.

From the FTIR characterisations, the structural chemistry of GO at hand was verified by confirming
functional groups present in GO (Figure 1). For instance, at 3340 cm™, a dip advocated to the hydroxy! (-
O-H) is observed. Other present groups in GO such as the ketone (-C=0), carboxylic and ester groups are
represented by the band at 1726 cm™ [61-65], while bands observed at around 1616 cm™ and 1016 cm™ are
advocated to the C=C vibrations and the epoxide groups respectively [66].

The most significant functional group to substantiate the interaction between melamine and GO are the
amine groups. The presence of these primary amine groups in FTIR characterisations are indicated by three
bands between 3400 cm™ and 3000 cm™ [67—69] (Figure 1). The dip observed at around 3460 cm™ represent
the -N-H symmetric stretching present in melamine [70]. The subsequent bands observed at 1630 cm™ and
1506 cm™ are advocated to the deforming vibrations of the -N-H groups also present in MLM [71,72]. The
triazine ring is on the other hand represented by the 1418 cm™ band (Figure 1) [73].

From the GO-MLM spectra, the disappearance of the characteristic primary amine three bands observed in
the 3400-3000 cm™ area is notable in the reacted entities (Figure 1). This suggest the generation of
secondary amines following MLM-GO reaction [69], moreover a clear peak at 1510 cm™ is present,
indicating the presence of an -N-H secondary group [69,72]. This is due to the chemical reaction between

the epoxy group in GO and amines in MLM (see schematic 1).
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epoxy prevalence in the MLM-GO reacted entities are notable (Table 1). Moreover, the generation of a -C-
N band validated by an increase in the prevalence of the C-N covalent band from 1.2% to about 15% in

these XPS characterisations further confirms a covalent interaction between GO and MLM.

It is expected that an amide linkage will be formed from the interaction of carboxylic groups in GO and the
amines in MLM, however no evidence attesting to this was observed. However, given the fabrication
conditions entailed, the reaction between amines and carboxylic acid groups is highly unlikely under
aqueous conditions in the absence of catalysts and coupling compounds [74]. In this reaction types, acid-
activation chemistry is required to instigate such reactions [75]; nonetheless a competitive reaction with
active nucleophiles in water do occur. The epoxy ring opening reaction is thus the predominant mode of

interaction in this regard as observed elsewhere [76,77].
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Table 1. XPS Characterisations of GO and GO-MLM reacted entities.

GO GO-MLM GO-MLM
reacted reacted

1 min 5min
C1s (%) 712  68.2 68.4
O1s (%) 27.4 31.0 30.9
S1s (%) 1.4 0.0 0.0
N1s (%) 0.8 0.7
Csp? + Csp’(%) 585  47.6 48.9

C(epoxy)/C=N (%)  37.1 345 325

C=0/C-N (%) 12 130 16.1
COOH (%) 3.2 4.6 2.2
- (%) 0.0 0.3 0.3

It can further be noted that the presence of various functional groups in GO and the crosslinker is likely to
cause non-covalent interactions like hydrogen bonding and van der Waals’ forces, [78] as noted in related
works [79,80]. = — = interactions between the non-oxidised region in GO and the triazine region in MLM

are also highly plausible [80,81].

Further confirmation of covalent interaction between MLM and GO was confirmed by DTG and TGA
analysis. The reacted entities shows that the complete decomposition temperature of pure GO in improved
by about 50°C and an enhancement in weight-loss temperature is also notable with crosslinking (Figure 3).
This shows a significant improvement in thermos-oxidative stability of pure GO which is tantamount to an
increase structural integrity of the resultant hybrid membrane material. [82]. This suggests that the epoxide
groups are converted to the more stable covalent -C-N bonds as aforementioned, culminating in improved
thermal stability [82,83]. The DTG and TGA analysis results are thus in consonance with the FTIR and

XPS characterisations, further confirming covalent interaction between GO and the MLM crosslinker.

10
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3.0.2 Membrane Surface Coverage

The fabricated crosslinked and uncrosslinked membranes at the respective fabrication time and bi-layers
are shown in Figure 4. The uncrosslinked and MLM crosslinked membranes are labelled accordingly, for
instance GO-1"1 being the uncrosslinked membranes fabricated under 1 minute immersion time at 1 layer.
It can be observed there is an augmentation in the darkening of the colour of the membranes with an increase
in number of membrane assembly cycles and immersion time. Good continuity coverage and homogeneity
is also visible as duly confirmed by SEM characterisations (Figure 5). Continuity coverage for the
uncrosslinked membranes is supported by the non-covalent connections between the GO functional groups
[84], while the proven covalent interaction facilitates the GO-MLM interactions in the crosslinked
membranes [60,85]. Subsequent SEM characterisations confirms the continuity coverage of these

membranes. The plain PAN substrates are also shown in the respective images to show continuity coverage.

GO-1’3 GO- 1’5

GO-MLM 1’1 GO-MLM 1’3

GO-MLM 5’1 GO-MLM 5°3 GO-MLM 5°5

12



248

249
250

251
252
253
254
255
256
257
258

259
260
261
262
263

Figure 4. Images of the fabricated membranes

e
Y =g

MLM 1’5

Figure 5. SEM of plain PAN substrates, uncrosslinked and crosslinked membranes

3.0.3 Membranes Nanofiltration Results

3.0.3.1 Rejection analysis

The main aim of the paper as was to improve the performance of GO membranes in nanofiltration through
crosslinking with melamine. Evidently a comparison of the nanofiltration performance of the fabricated
membranes’ dye retention shows an improvement in membrane nanofiltration with crosslinking. Lessening
in colouration with increased membrane rejection is evident. This was further proven by the UV-Vis

characterization average rejection results shown in figure 7.

The characterisations show that at equivalent membrane fabrication conditions, the crosslinked membranes
had a better dye rejection. For instance, the MLM crosslinked membranes fabricated under 5-minutes
dipping time, experienced a dye retention rate increase from 35.9 % to 99.7 % as the bi-layers increased
from 1 to 5. Relatively, the rejection rate for the control membranes also increased with number of layers
but at a lower rate (Figure 7), signifying a notable improvement in performance with crosslinking. This

13
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notable difference is advocated to poor stability of the uncrosslinked membranes during nanofiltration,

instigated by the widening of the membrane pore gap [40,41].

The crosslinked membranes showed a relatively smaller pore size of 0.80278 nm in comparison
to the uncrosslinked membranes with a relative pore-size measured at 0.86398 nm (figure 6). The
observed difference is mostly due to the covalent interaction between GO and the crosslinker and
this is likely to maintain the pore-gap even during nanofiltration for the crosslinked membranes
stemming from the strength of the —C-N covalent bond [86]. Hence the observed improvement in

performance with crosslinking.
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Figure 6: XRD Characterisations of crosslinked and uncrosslinked membranes

The significance of crosslinking with a covalent sub-nanometre sized MLM compounds is in this instance

validated.

14
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It can be argued that improvement in performance with crosslinking, indicates that the crosslinkers

improves the integrity of the GO matrix through the confirmed covalent C-N bonds.

3.0.3.2 Permeation Flux Results

In consonance with the MB retention results observed, the flux decreases with an augmentation in the
number of assembly cycles as well as the immersion time. An increase in immersion time and bi-layers
culminates in the increase of the water flow-path of the membranes [87,88]. Crosslinking comes with
decrease in flux as a result of confinement of the pores of the membranes by the crosslinker. This trend is
observable when comparing the crosslinked and uncrosslinked membranes at similar fabrication conditions
(Figure 8).

15
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Despite the relatively recorded low fluxes at increased materials accumulation, there is a notable
improvement when comparing with related works in literature. For instance, a flux rate ranging from 0.58
I/m?.h to 0.60 I/m?.h has been reported in the separation of methylene blue using a high driving pressure of
up to 15 bars [89]. The performance of the modified membranes here is thus imperative. The membranes
are also applicable in the separation of other common contaminants and even heavy metals subject to

relevant modifications.

3.0.4 Membrane stability
Post operation membrane, characterization to determine the stability, re-usability and operation longevity
of the membranes were undertaken. SEM imaging was done again to verify the maintenance of intactness

for both membrane types.

From the SEM characterisations, micrometre-sized cracks are visible in the uncrosslinked membranes post

nanofiltration (Figure 9) The cracks are likely a result of nanosheet shrinkage during drying. [90]. On the

16
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contrary for the MLM crosslinked membranes, intactness is maintained owing to the covalent holding

together of the GO nanosheets by melamine via the C-N bond and other non-covalent interactions.

S ] § 2BkL ¥1,500

GO-MLM 5°S§

Figure 91. SEM images of the respective membranes after nanofiltration.

4.0 Conclusions

In summation, the significance of covalent crosslinking of GO membranes has been successfully
demonstrated. The importance of crosslinking is clearly evident with up to 100% separation of the MB
contaminant achieved. The crosslinker in this case is not only significant in improving the nanofiltration
performance of the membranes but also instigating the integrity of the membranes. This guarantees
membrane durability and operation longevity. The work thus offers other potential applications of these
crosslinked membranes subject to relevant modifications for the intended applications.
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HIGHLIGHTS

Crosslinked graphene oxide nanofiltration membranes were successfully fabricated.
The significance of crosslinking in membrane nanofiltration performance was evident
Successful indication of enhanced membrane intactness with crosslinking

Graphene Oxide Membrane stability improvement with crosslinking is evident also.
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