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ABSTRACT
Background: Graphene Oxide (GO) has recently shown great promise in water purification as a

potential substitute to conventional membrane materials. However, GO membranes face some
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challenges associated to their swelling due to the accumulation of water molecules in their oxidised
regions. The use of crosslinkers has been proven as an effective way to improve GO membranes
stability and performance. Nevertheless, optimisations to efficiently use materials and resources are a
necessity. These include the determination of the influence of GO and crosslinker amounts on
membrane structure, operation, and efficiency. Methods: Consequently, in this study crosslinked
membranes with different GO and p-phenylenediamine (crosslinker) concentrations were fabricated
to establish relationships between the quantity of the selected materials and membranes performance.
FESEM was undertaken to investigate the structural quality together with thickness measurements.
The performance of the membranes was evaluated via a pressure assisted nanofiltration cell using
aqueous methylene blue (MB) as feed solution. Significant findings: A notable enhancement in MB
separation from around 75% to 98% was observed at an increasing GO and crosslinker concentrations.
The permeation flux decreased correspondingly owing to tortuosity lengthening at higher GO
concentrations. Based on performance rates and XPS characterisations the optimum crosslinker and

GO concentrations were deduced.

KEYWORDS

Graphene oxide, layer-by-layer, concentration, optimisation, crosslinking, nanofiltration

1. Introduction
The increasing global water stress and consumption demand alludes to the urgent need for the
manufacturing of durable and efficient water purification materials and procedures [1-3]. Among the
existing purification processes, like distillation, flocculation and coagulation, membrane separation is
relatively the most favourable due to its reliability coupled with efficiency in contaminant removal and
the variety of materials available for usage [4,5]. Often employed materials include polymers, such as
poly (ether sulfone), nylon and polyethyleneimine [6,7], however their relatively low strength and

increased vulnerability to bio-fouling calls for the consideration of alternative substitutes [6]. In this



context, the use of inorganic membrane materials like ceramics has been reported, but in some cases

the limited permeability is noted as a hindrance [6].

Within this framework, graphene is considered a promising alternative, owing to its 2-dimentionality
and remarkable mechanical strength [8]. Nevertheless, its lack of production scalability at a reasonable
price along with the complex and cost-intensive pore formation process needed during membrane
fabrication impedes its wide use as a membrane material [9-11]. Luckily, its derivative GO is an
equitable alternative, as it can be fabricated economically in large quantities [12—15]. Structurally, GO
amphiphilic nature also offers a unique quicker permeation tortuous route that allows un-impeded flow
of water molecules while blocking other species [12]. Furthermore, the availability of oxygen
functionalities enhances its ability to be dispersed in polar solvents. This gives it an applicative
advantage over other carbonaceous materials, like carbon nanotubes (CNTSs), since GO can be more

easily processed to various useful devices [6,16].

Nonetheless, the presence of these oxygenated functional groups also brings a fundamental limitation
of poor membrane stability during operation [17,18]. It has been highlighted and observed that GO
membranes tend to swell in aqueous environments due to the accumulation of water molecules in its
oxidised regions [17]. Numerous attempts have thus far been carried out to enhance GO membrane
performance and stability [19,20]. For example, affordable p-phenylenediamine (PPD) has been
successfully incorporated as crosslinker in GO membranes to significantly improve membrane
performance and stability [21,22]. Physicochemical characteristics of GO, specifically the average
lateral size, colloidal stability and surface chemistry also play a significant role on membrane
fabrication and performance [23]. Few works also suggest that GO concentration seem to be an
essential factor in controlling both fouling susceptibility and flux across GO membranes [24,25].
However, there is a lack of studies that evaluate the influence of GO and crosslinker concentrations on
fundamental membrane characteristics, such as membrane morphology, homogeneity, and relative
thickness, as well as integrity and overall membrane separation. Therefore, it is the aim of this work,
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as this is essential in enhancing performance efficiency and promoting in this way a responsible use
of resources [26]. Relevant characterisations from thickness measurements and X-ray Photoelectron
Spectroscopy (XPS) to Field-Emission Scanning Electron Microscopy (FESEM) characterisations pre
and post nanofiltration experiments were undertaken to determine homogeneity, surface intactness and

stability.

2. Experimental section

2.1 Materials

GO powder was purchased from Graphenea (Spain) and used to prepare a range of suspensions with
different concentrations. Polyacrylonitrile (PAN) substrates from Sterlitech Corporation (NY, USA)
were employed as membrane supports. Glass slides purchased from Fisher Scientific (UK) were used
to deposit alike crosslinked thin films for thickness quantification. For low GO concentrations (0.125
mg/ml) silicon wafers from Sigma Aldrich were used, as the roughness of the glass slides limited the

accuracy of the measurements.

The GO membranes were crosslinked with PPD purchased from Sigma Aldrich, UK.
Polyethyleneimine (PEI) and potassium hydroxide powder (KOH), which were used during membrane
preparation, and methylene blue (MB) - used during nanofiltration - were all sourced from Sigma

Aldrich (UK) as well.
2.2 Membrane assembly, characterisation and nanofiltration tests
GO aqueous suspensions of 0.125, 0.25 and 0.5 mg/ml and 0.1, 0.3, 0.5, 1.0 and 2.0 mg/ml solutions

of PPD were prepared. To ensure suspension dispersibility, the respective GO samples were sonicated

for 2 hours in a bath type sonicator with 280W sonication power from Fisherbrand, UK.

The membranes were fabricated with the aid of a rotary dip-coater (Nadetech, Spain). Details of the

fabrication procedure of the membranes have been described in our previous work elsewhere [22].



Briefly, the substrates were pre-treated immersing them in 1M KOH to instigate a negative charge,
and subsequently in a positively charged 2.0 mg/ml aqueous PEI solution with wash steps in between.
Afterwards, substrates were introduced in the selected GO suspension for 1 min, rinsed in deionized
water and dried, and subsequently immersed in the particular PPD solution. The washing and drying
processes were also carried out after the dip in the crosslinker solution. This deposition routine was
repeated 5 times to attain 5-bilayer membranes. The membranes were labelled using the notation
GOxPPDy, where x and y are the concentrations of GO suspension and PPD solution respectively.
Results reliability was enhanced through fabricating and testing three membranes of each type at the

respective concentrations.

The variation of membrane thickness with concentration was estimated using a Bruker DektakXT
Profiling System (Stylus Profiler) through fabricating identical thin films onto glass slides or silicon
wafers. Reliability was enhanced by taking an average of 10 measurements and recording the deviation

from the average accordingly.

Surface chemistry of the fabricated membranes was studied by means of XPS, using a Kratos Axis
Ultra-DLD, K-Alpha+ instrument. Wide scan spectra were obtained to identify the elements present
on the membranes along with the high-resolution spectra to categorise and quantify the oxygen
functional groups on the surface. Different peaks emerged in the C1s curve fitting, which correspond
to C graphitic, C-OH hydroxyl/C-O-C epoxide, C=0 carbonyl, COOH carboxyl groups along with the
n-n* shake-up signal. Some of these peaks overlap with others attributed to nitrogen functionalities,

specifically between C-O-C epoxide and C=N and between C=0 and C-N [27-29].

Membrane homogeneity and structural quality was examined by a high-resolution SEM microscope
(QUANTA FEG 650). The FESEM was operated in low vacuum mode a 20 kV with large field
detector (LFD). Morphology was analysed before and after nanofiltration tests to evaluate membrane

integrity maintenance.



To determine the nanofiltration performance, 100 ml of 10 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.

Results and discussion

3.1 Membrane morphology and thickness at changing GO and PPD concentrations

Images of the assembled membranes at their respective GO and crosslinker concentrations are
displayed in Figure 1. Darkening in membrane pigmentation at heightening GO concentration is
evident and further confirmed by means of FESEM (Figure 2). Good membrane continuity and

structural integrity can be corroborated from the images.



PAN substrate

GOO.SPPDO.l

GOO.SPPDO.3

GOO.SPPDO.S

GOO.SPPDl.O

GOysPPD,

® o (@) o (@)
@] @] @] @] (@)
S S S S S
i B i3 S 3
) R o h) T
) o ) ) T
W) W) W) W) O
N = o S o
o o (4,1 w -

Figure 1. Images of the membranes at different GO and PPD concentrations.



Figure 2. FESEM images of the fabricated membranes.



From the FESEM images, it is observable that an increase in GO concentration improves the covering
of the PAN substrates by the nanosheets owing to GO intra-connections [30]. This is evidenced in the
lessening visibility of the fibres of the PAN support filters (Figure 2). For the crosslinker PPD however,
change in its concentration is not very noticeable on membrane morphology, which is mostly governed

by GO as a result of its large surface area [31,32].

Measurements by means of stylus profilometry suggest that thickness primarily depends on the
concentration range of GO. Increasing the concentration of GO while keeping that of the crosslinker
constant results in a notable rise in the nanomeric thickness (Table 1). For example, fixing PPD
concentration at 1.0 mg/ml, 2.1 nm thick film is recorded at a GO concentration of 0.125 mg/ml, while
the thickness reaches a value of 5.9 nm if the concentration of GO is risen to 0.5 mg/ml (Table 1). This
is inherently tied to the higher intra-interaction between GO nanosheets via dipole — dipole, van der
Waal’s forces, hydrogen bonding and © — 7 stacking [33] resulting in multiple layers being attached at
each assembly cycles [34]. On the contrary, keeping GO concentration constant while increasing that
of PPD from 0.1 mg/ml to 2.0 mg/ml results in a minimal change in thickness of only up to 1.6 nm

(Table 1).

Table 1. Thickness of relative thin films at varying concentrations.

Membrane Average thickness (nm)
GOo.125PPDo.1 1.1+1.4
GOo.125PPDo 3 14+1.3
GOo.125PPDo 5 19+1.2
GOo.125PPD1.o 21+14
GOo.125PPD2.o 2.2+0.8
GOo.25sPPDo.1 37+11
GOo.25PPDo 3 3.4+05
GOo.25sPPDos 3.9+0.6
GOo.25PPD10 40+0.6
GOo.25PPD2,o 42+0.4
GOo.5PPDo.1 46+0.8
GOo.5PPDo.3 57+0.8
GOo5PPDos 6.1+04
GOo5PPD1.o 59+0.3
GOo5PPD2.o 6.2+0.4




3.2 The impact of varying concentration on nanofiltration

The nanofiltration results show a positive correlative relation between GO concentration and
performance in terms of nanofiltration efficiency (Table 2). This is advocated to the lengthening of
membrane tortuosity with GO accumulation, which is backed by the pictures shown in Figure 1, the
micrographs in Figure 2, as well as the thickness characterisations (Table 1). Increasing the GO load
from 0.125 mg/ml to 0.5 mg/ml while keeping the crosslinker concentration constant result in an
average increment of 20.5% in MB rejection (Table 2). A greater presence of GO sheets benefits the
selective permeation and adsorption of MB via n — = interactions [35,36] and therefore a higher
rejection rate [37,38]. Moreover, high GO concentration also comes with high membrane

hydrophilicity and accordingly wettability along with reduced anti-fouling [24,39,40].

Table 2. Nanofiltration performance, rejection, and permeation flux results.

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

GOo.125PPDo.1 746 +2.1 29.5+3.5
GOo.125PPDo 3 74.6 £ 3.7 26.2+2.8
GOo.125PPDos 75.4+£2.3 25.2+2.3
GOo0.125PPD1.0 76.9+£3.3 252+ 1.7
GOo.125PPD2.o 77.7+1.9 24.7+2.1
GOo.25PPDo .1 87.7+24 185+1.9
GOo.25PPDo.s 91.2+21 17.2+1.6
GOo.25PPDos 91.7+13 16.2+1.3
GOo.25PPD1.o 91.3+11 165+1.8
GOo.25PPD2.0 91.4+0.7 15.7+0.9
GOo5PPDo.1 944+1.0 9.3+1.6
GOo5PPDos 95.0+£0.8 6.0+1.1
GOo5PPDos 97.9+04 46+0.9
GOo5PPD1g 98.0+£0.3 44+05
GOos5PPD2o 98.3+04 39+14

The positive impact of PPD concentration on membrane rejection rate is promoted by the high
crosslinking degree of the membranes. As the crosslinker concentration increases, the quantity of
interconnected GO nanosheets is likely to be more, resulting in reduced membrane swelling and

therefore enhanced performance [41]. However, the crosslinker beneficial influence seems to stagnate
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when reaching a certain concentration. In fact, membrane rejection shows a plateau at approx. 1:1
GO:PPD ratio. This is especially evident at GO concentrations of 0.25 and 0.5 mg/ml (Table 2). For
instance, at 0.25 mg/ml of GO little variation in rejection from 91.2 to 91.4% is noticed, although the
crosslinker concentration increases from 0.3 to 2.0 mg/ml. A similar trend is observed at 0.5 mg/ml of
GO where the rejection rate slightly changes from 97.7 to 98.3% as the crosslinker concentration rises
from 0.5 mg/ml to 2.0 mg/ml. Thus, to further evaluate the role of PPD concentration on membrane
stability and performance, membranes fabricated with the 0.5 mg/ml GO suspension were selected for
characterisation by means of XPS (Table 3).

Table 3. Surface chemistry of the membranes fabricated with a 0.5 mg/ml GO suspension and
different concentrations of PPD (0.1, 0.3, 0.5, 1.0, 2.0 mg/ml).

GOopsPPDgp1  GOpsPPDgos GOosPPDos GOgsPPD1o GOosPPD2g

Cls (at.%) 776 77.2 73.9 74.0 69.3
Ols (at.%) 19.3 18.2 19.9 19.9 23.4
Ns (at.%) 3.1 4.6 6.2 6.2 7.3
N/C 0.0401 0.0596 0.0842 0.0833 0.1053
Csp2+Csp® (%) 60.3 65.7 63.9 63.3 61.7
C(epoxy)/C-OH/C=N (%) 28.7 22.0 21.2 21.7 20.9
C=0/C-N (%) 7.7 6.1 8.7 9.0 9.3
COOH (%) 3.3 3.7 6.2 5.9 6.7
n-* (%) 0.0 2.4 0.0 0.1 14

In general, nitrogen content increases with PPD concentration from 3.1% up to 7.3% (Table 3).
However, it seems that the rises in nitrogen percentage are more significant when PPD quantity range
from 0.1 mg/ml to 0.5 mg/ml. Successive upsurges in PPD concentration are not as effective in
incorporating nitrogen onto the surface of the membranes. The reaction mechanism between GO and
PPD takes place via an epoxy ring opening reaction [22] where the primary amines present on PPD
are converted to secondary amines and new C-N bonds are also created [21,22]. This is in agreement
with the XPS results shown in Table 3, where it is noted a reduction in the epoxy groups (from 28.7%
to 20.9%) and a rise in the C-N content (from 7.7% to 9.3%) when the concentration of PPD increases

from 0.1 mg/ml up to 2 mg/ml. However, it appears that a concentration of 0.5 mg/ml of PPD is
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sufficient to deal with most of the epoxy groups present on the GO surface, as its percentage remains
invariable with higher PPD additions (21.2% vs 20.9% with 0.5 mg/ml and 2.0 mg/ml of PPD
respectively, Table 3). This suggests that the crosslinking degree provided by a ratio 1:1 GO:PPD
efficiently interconnects the GO nanosheets and therefore an excess of PPD does not offer further

improvement on membrane performance.

An increase in GO and crosslinker concentrations has a reciprocal impact onto the permeation flux as
a result of lengthening membrane tortuosity due to GO and enhanced intactness from crosslinking

(Table 2) [41,42].

3.3 Impact of crosslinking concentration on membrane stability and performance

The role of the diamine crosslinker in influencing GO membrane stability and intactness was studied
by FESEM. Membranes prepared with the GO suspension of 0.5 mg/ml were also observed under
FESEM after the nanofiltration experiments, and once they were completely dried, to verify the extent

of membrane integrity maintenance at varying crosslinker concentration.

At a GO:PPD ratio of less than 1, micro-cracking of the membranes is clearly observable (Figure 3).
At lower concentrations, fewer crosslinker molecules are expected to hold the nanosheets together,
hence the detected dry-infused cracking, which impacts on membrane operation. On the contrary with
concentrations of PPD equal or higher than 0.5 mg/ml more nanosheets are being held together and

thus improved structural intactness with no cracks spotted (Figure 3).
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Figure 3. SEM images of crosslinked membranes with 0.5 mg/ml of GO post nanofiltration.

The enhancement in nanofiltration performance with crosslinker concentration can thus be backed by
the better membrane intactness and stability instigated by PPD. Conclusively, basing on the separation
results and the stability maintenance post nanofiltration, a GO:PPD 1:1 ratio is commendable to

achieve excellent performance and improved membrane stability.

4. Conclusions

This work investigates the influence of concentration of GO and PPD on the fabrication of crosslinked
water purification membranes with special emphasis on membrane morphology, thickness, structural
intactness and nanofiltration performance. Rejection rates are notably improved with GO
concentration, and PPD is also crucial due to its role interconnecting GO nanosheets and therefore
avoiding membrane swelling. However, PPD concentration seems to be critical up to a GO:PPD ratio
of 1:1, since above this ratio membrane rejection shows a plateau. This may be related to the nitrogen
content incorporated onto the membranes via epoxy ring opening reactions. There is a reduction in the

epoxy groups and an increment on the C-N groups when PPD concentration rises from 0.1 mg/ml to
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0.5 mg/ml. Nevertheless, at higher PPD concentrations those functional groups keep relatively

constant, which suggests that a GO:PPD ratio of 1:1 effectively crosslink the GO nanosheets.
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