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HIGHLIGHTS

Dip coating and Layer-by-layer have been proven as effective deposition methods.

e Uncrosslinked and PPD crosslinked GO membranes have been successfully fabricated.

e Crosslinker impact is significant in enhanced membrane separation performance.

e Up to 100% MB contaminant removal was achieved for crosslinked membranes.

e PPD-GO crosslinked membranes are suitable to reuse for multiple cycles.

ABSTRACT

The increasing depletion of freshwater necessitates the re-use and purification of wastewaters.
Among the existing separation membrane materials, graphene oxide (GO) is a promising
candidate, owing to its tunable physicochemical properties. However, the widening of GO
membranes pore gap in aqueous environments is a major limitation. Crosslinking agents can be
incorporated to alleviate this problem. This study describes a comparative analysis of
uncrosslinked and p-Phenylenediamine (PPD) crosslinked GO membranes’ water purification
performance. Dip-coating and dip-assisted layer-by-layer methods were used to fabricate the
uncrosslinked and crosslinked membranes respectively. The covalent interaction between GO
and PPD was confirmed by Fourier Transform Infra-Red and X-ray Photoelectron Spectroscopy.
The excellent membrane topographical continuity and intactness was assessed by means of

Scanning Electron Microscopy, while water contact angle measurements were undertaken to



evaluate and confirm membrane hydrophilicity. The improvement impact of the crosslinker was
manifested on the enhancement of the stability and performance of the membranes during
nanofiltration tests of aqueous solutions of methylene blue in a homemade nanofiltration cell

operated at 1 bar.
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1. Introduction

The modern world is currently facing an impending global water crisis, which is fueled by the
changing climate, global population increase 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-use of both domestic and industrial
waters via improved purification methods and durable materials. From adsorption, distillation to
nanofiltration, different water purification methods have been deployed depending on the nature
and size of the particulates being separated [3-5]. Among these different purification methods,
nanofiltration offers an advantage of having high rejection rates for smaller sized particulates at
high flux rates and lower energy consumption relative to energy intensive separation techniques
like reverse osmosis [6]. Conventional polymers like polyamide, polysulfone and
poly(ethersulfone) are amongst the most used membranes materials in nanofiltration, but the lack
of resistance to corrosion 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 most

separation membrane materials [8].



Carbon materials have attracted much attention as potential candidates to overcome these
issues. Carbon nanotubes (CNTs) have been explored in nanofiltration and their intrinsic
mechanical stability and flexibility suggest that they should be ideal nanofiltration membrane
materials [9]. Majumder et al reported a high water flux of several orders higher than the
predicted hydrodynamic flow using CNTs [10]. However, their relatively high cost, complexity
in fabricating vertically aligned CNTs and large-scale production challenges mean that the use of

CNTs in nanofiltration is not feasible now [11, 12].

Graphene, with its high mechanical strength evidenced by a Young’s modulus of 1 TPa, 2-
dimentionality, high specific surface area and insusceptibility to fouling, is an ideal next
generation nanofiltration membrane material [13—15]. Although it is a model membrane material
due to its outstanding properties, scaling up the production of a defect free, one atom thick large
area graphene is extremely challenging [16, 17]. Furthermore, scalable formation of sub-
nanometer pores on pristine graphene membrane for nanofiltration is a cost-intensive process

[18-20].

Fortunately, GO, a derivative of graphene with protruding oxygenated functional groups, has
emerged as a reasonable graphene substitute pertaining to separation membrane applications [21,
22]. Initial experiments by Nair et al. have paved a way for the use of GO as a separation
membrane precursor in water purification [23]. GO can be fabricated cost effectively and
therefore can be easily up-scaled to mass production [24, 25]. Furthermore, its possession of
oxygenated functional groups enhances its hydrophilicity, limiting membranes’ fouling
susceptibility [26-29]. This further adds to the materials’ chemical activity the ability to be
covalently interconnected to molecular compounds which further enhances the properties of

fabricated hybrid GO membranes [30-32].



The major drawback to the use of solely GO in membrane separation is the lack of membrane
stability during nanofiltration [33]. It has been discovered that GO membranes tend to swell
during water purification [33, 34]. This is mostly advocated to the enlargement of the interlayer
gap because of the accumulation of water molecules onto the oxygenated functional groups,
consequently leading to reduced membrane rejection over time [22]. Several attempts have been
made to try to alleviate this major problem. For instance, Abraham et al. used an epoxy
encapsulate to physically confine the pore gap of GO membranes [35]. The major limitation to
the physical confinement method employed is that scale-up for production of such membranes is
a great challenge [35]. Zhang et al. explored covalent crosslinking of GO membranes using
ethylenediamine as a crosslinker and the vacuum filtration fabrication method [36]. However,
higher GO loading is used and difficulty in controlling membrane thickness relative to layer-by-
layer assembly is a limitation for the vacuum filtration method [37]. Elsewhere, attempts to
fabricate nanofiltration layer-by-layer assembled membranes have been made [38, 39, 40],
however, a comparative investigation of the impact of multilayers of sub-nanometer sized
covalent based crosslinked GO membranes via dip-assisted layer-by-layer assembly has not been

explored to the authors current knowledge.

Consequently, this study aimed at the enhancement of membrane stability and separation
abilities of GO membranes through the introduction of a small, subnanometer-sized covalent
crosslinker, on a dip-assisted layer-by-layer basis. This should bond adjacent layers of GO plates
together, thus stabilizing the structure during membrane operation. Two sets of GO based
membranes were fabricated, uncrosslinked and crosslinked with p-phenylenediamine (PPD). Dip
coating method for the uncrosslinked membranes and dip-assisted layer by layer assembly were

the fabrication methods explored for the crosslinked membranes in this study.



The explored membrane fabrication methods offer an added advantage of fabrication of
continuous membranes with controlled thickness and low material load [38, 39, 40]. Simplicity
in operation, together with cost effectiveness are also key benefits of these fabrication methods
[40]. The fabrication methods, especially dip-assisted layer-by-layer, offers firmer
interconnection between the GO and crosslinker layers, thus avoiding the swelling and
enlargement of GO interflake gaps that is a common problem for GO membranes in aqueous

environments [37].

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

2.1 Materials

GO powder was purchased from Graphenea (Spain). The membranes were supported by
poly(acrylonitrile) (PAN) filter substrates with 0.2 pm pore size and 47 mm diameter from

Sterlitech Corporation (USA).

The crosslinker, p-phenylenediamine (PPD, product code P6001), polyethyleneimine (PEI,
product code 03880), potassium hydroxide powder (KOH) and methylene blue (MB, product
code M9140) were all purchased from Sigma Aldrich (UK). A bath type sonicator (Fisherbrand
FB1505, Elmasonic S30H) enhanced the dispersion of the GO water suspensions and the

membranes were fabricated with a rotary dip-coater device (Nadetech Innovations, Spain).

2.2 Crosslinked and uncrosslinked membrane fabrication



2.2.1 Pre-treatment of poly (acrylonitrile) (PAN) substrates

The 0.2 ym pore sized fibrous PAN substrates were first hydroxylated via immersion in 1 M
KOH for 30 minutes at 70 °CThis was done to enhance a negative charge via the conversion of
the nitriles in the PAN substrates to carboxylic groups [39, 41, 42]. Subsequently, the substrates
were rinsed with distilled 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 PAN
substrates [42]. The positively charged substrates were then rinsed in distilled water to remove

excess unattached PEI and then dried prior to membrane fabrication.

2.2.2 Dip-Coating and Dip-Assisted Layer-by-Layer Assembly

Prior to membrane fabrication, 0.5 mg/ml of GO aqueous dispersion was prepared and
sonicated for 2 hours 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 dispersion solution in a vertical orientation with rinsing and drying between cycles
(Figure 1). This was done using 5 minutes immersion time and membranes with 1 and 5

assembly cycles were fabricated.

In the crosslinked membranes, PPD was introduced onto the membranes 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 PPD (Figure 2). The main basis of this layer-by-layer fabrication was

an epoxy ring opening reaction between the amines in PPD and the epoxy group in GO (Figure



3) [31, 43], where a hydroxyl group and a secondary amine are generated. This leaves the other

amine group in PPD to interconnect with a subsequent GO sheet in the next assembly.

Subsequently, 1 and 5 bi-layers were assembled using 5 minutes immersion time.

2.3 GO and PPD covalent bonding

A crucial step in this study was to verify the GO-PPD covalent bonding via a chemical reaction
at the designated reaction time. Following the preparation of a 0.5 mg/ml of aqueous GO
suspension and 2.0 mg/ml of aqueous PPD solution, both were reacted for 5 minutes (which was
the membrane fabrication immersion time). The reaction time was controlled by a pH switch
through the addition of 97% purity sulphuric acid (H2SO4, Sigma Aldrich, product code: 07208)
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, 45, 46]. The reacted entities were
then centrifuged (Bio-Fuge Primo Heraeus Centrifuge) at 1000 rpm for 10 minutes to collect the
centrifuge residue for FTIR and XPS characterizations. The centrifugation was done with rinsing

three times with distilled water to remove the excess unreacted entities.

The presence of notable functional groups in GO, PPD and reacted entity were determined by
FTIR and XPS. An attenuated total reflectance unit (ATR) equipped PerkinElmer Spectrometer
was used for the FTIR analysis while a Kratos Ultra-DLD XPS System (K-Alpha*) was used for

the XPS characterizations.

2.4 Contact angle measurements



As it proved impossible to measure the water contact angles on hydrophilic porous PAN
substrates due to permeation of pure water through the membranes, uncrosslinked and
crosslinked films were similarly fabricated on non-porous silicon-based glass slide substrates to
measure the relative water contact angles of the thin films. This was similarly done at 5 minutes

immersion time and 1 and 5 layers and bilayers.

To enhance the reliability of the results, an average of 8 contact angle measurements was
taken, noting down the standard deviation in error bars. Several pure water drops were

introduced to the films in different positions from two different fabrication sets of the same film

type.

The water contact angle measurements were subsequently recorded with a DMK 31BF03
camera and the angles were processed by image j software (1.50i/ Java 1.6.0) (Public Domain,

BSD-2).

2.5 Membrane performance tests

2.5.1. Nanofiltration setup

Following the fabrication of both crosslinked and uncrosslinked membranes, the membrane
performance was evaluated with a 10 mg/l aqueous solution of MB. The tests were carried out at
room temperature in a 330 cm® dead end homemade filtration cell constructed from poly (methyl
methacrylate) (Figure 4), where the membrane was supported by a porous sintered polyethylene
disc with an effective area of 13.20 cm? and an operation pressure of 1 bar. The cell was sealed

with neoprene gaskets.



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

rejection results.

The overall membrane performance was determined through calculation 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) (Eq 1).
F=V/(At) Eq (1)
2.5.1. Methylene Blue calibration line.

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

rejection, as follows:
Absorbance (a.u) = 0.1897 MB concentration (mg/1) Eq (2)
R2=0.9971

Percentage rejection [R (%)] was then calculated using equation 3. Where Cp 1s the permeate

concentration and Cr the feed concentration.
R (%)= (1-2).100 Eq (3)

cf

2.6 Continuity of uncrosslinked and crosslinked membranes
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The surface coverage and continuity of the fabricated membranes was analysed by a JEOL JSM
— 5900 Scanning Electron Microscope, before and after the nanofiltration experiments. Prior to
characterization, the membranes were coated with gold using a CC7640 Quorum Technologies

Gold Coater.

3. Results and Discussions

3.1 Proof of covalent 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 essential for covalent crosslinking of both via an epoxy ring opening reaction as
stated previously. A covalent —C-N- bond between GO and PPD is expected following an epoxy

ring opening reaction [47, 48].

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 primary amine (1°) in PPD converted to a
secondary amine (2°) [47] and a new C-N bond was formed and it is assigned by the stretch at
around 1250 cm-1 [49] (Figure 5). The IR spectra also show a small but distinct band at around
1500 cm™, corresponding with N-H bend [50]. This is present in the reference PPD spectrum
(very strong) and it is clearly visible 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 at
1060 cm™!, which can be attributable to epoxy C-O bonds [43, 51, 52]. This is in agreement with

the XPS results, which show a clear decrease of C(epoxy) (Table 1).
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Wide-scan spectra in the binding energy range of approximately 0—1000 eV were obtained to
identify the elements present on the surfaces of the GO and the GO-PPD reacted entity to further

support the covalent cross-linking.

High resolution spectra were obtained and the carbon and nitrogen spectra were fitted. Five
peaks emerged at different binding energies (BE) when the Cls peak was curve fitted, which
correspond to C graphitic (BE = 284.3-284.4 e¢V), C-O in the epoxy bond (BE = 285.6-285.7
eV), 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 ©-n* shake-up signal (290.8 eV) typical for sp?- hybridized carbon.
The N(1s) peak was also curve-fitted, emerging five peaks, assigned to N6 from N-pyridine like
structures (BE = 398.8-398.4 e¢V), NC from amides/amines or lactams (BE = 399.9-399.5 eV),
N5 from N-pyrrolic (BE =400.6-400.0 eV), NQ from N-quaternary (BE=401.8-400.9) and the

peak at around 405-402 eV assigned to the nitrogen oxides as Pyridine N-Oxide (N-X).

XPS characterizations show a small introduction of nitrogen into material that is completely
absent in the starting GO (Table 1). Of this nitrogen, significant signal corresponds to
amines/amides. In this case, it relates with the presence of secondary amines due to the epoxy
ring opening. Formation of amides is heavily disfavored under the aqueous reaction conditions
used, since it is a condensation reaction. Normally acid activation chemistry is required (e.g. as
acid chlorides, active esters or similar) to achieve such reactions and even then there is a
competitive reaction with water as active nucleophile. Unlike the amide formation reaction,
nucleophilic attach of epoxy groups to generate secondary amines is a reaction that readily

occurs under mild aqueous conditions. Indeed, such reactions are routinely used to couple

12



proteins to epoxy-activated polymeric supports for instance. Additionally, if this nitrogen
corresponded to amides, there would be a concomitant reduction in COOH signal, but this is the

opposite of what the XPS indicates, showing significant increase in COOH.

Of the N present, a large proportion is quaternized/charged. This can be explained through the
acid treatment of the material to stop the reaction, which would leave secondary amines charged,
but would have no effect on any amides present, since they do not ionize under these conditions,

This is a further evidence of amine formation.

3.2 Membrane continuity analysis

The uniformity of coverage of the fabricated membranes is necessary to prove successful
membrane fabrication 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 nanofiltration tests (the latter shown in Figure 12, after

performing the rejection analysis).

Figure 6 shows that there is good coverage for both membrane types from the very first bi-
layer. This can be seen further in detail in the subsequent SEM images shown in Figure 7. The
membrane coverage increases, as the number of assembly cycles increases from 1 cycle to 5
cycles for both crosslinked and uncrosslinked membranes. This is because of the increase in
material accumulation as the number of assembly cycles increases [47]. The coverage is
significant for the closing of the fibrous pore gaps in the plain PAN substrates as this gives a
good sieving potential for the separation performance of the fabricated membranes [39, 53]. The
ability to enhance proper membrane pore size is therefore dependent on the number of dip

coating and dip-assisted layer by layer assembly cycles in this regard [54].
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3.3 Hydrophilicity analysis

The hydrophilicity of the membranes is a significant characteristic in water purification since
the more hydrophilic the membranes are, the less they are susceptible to fouling [27]. Relatively,
the crosslinked membranes have lower hydrophilicity compared to the uncrosslinked ones. This
is due to the hydrophobic nature of the PPD crosslinker [55, 56]. For the crosslinked membranes,
the water contact angle increased from 53.2° to 59.7° with an increase in the number of bi-layers
(Figure 8) owing to bigger accumulation of the hydrophobic crosslinker. However, a decrease in
the contact angle for the uncrosslinked membranes from 38.2° to 35.2° was observed as the
number of layers increased from 1 to 5 due to increased accumulation of the hydrophilic GO.
Overall, both crosslinked and uncrosslinked membranes are relatively very hydrophilic as they

show low water contact angles and ease permeation of water [57].

3.4 Membrane performance results analysis

3.4.1 Rejection analysis

The fabricated membranes were tested in a lab-scale nanofiltration device to study their
performance on the removal of MB. Permeates after passing through each fabricated membrane
are displayed in Figure 9, where the decrease in coloration, which symbolizes the removal of

MB, is evident.

Across the two membrane types, MB rejection increases with the assembly cycles (Figure 10).
The average MB rejection increased from 20.4% to 99.8% for the crosslinked membranes as the

number of bi-layers increased from 1 to 5. Comparatively, the uncrosslinked membranes showed
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a similar trend, as the GO layers increased from 1 to 5 the rejection increased from 5.1% to
87.4%. It is also evident that the performance of the membranes improved with the addition of
the crosslinker. This is indirect evidence that the crosslinker holds the GO nanosheets together
through the —C-N- covalent bonds [58] and thus maintains the pore gap in the sub-nanometer

range even when wetting occurs.

3.4.2 Flux analysis

The flux decreases as the number of assembly cycles increases for both crosslinked and
uncrosslinked membranes (Figure 11). A sharp decrease in flux from the plain PAN to the coated
membranes is observed. This is evidence for substrate pore size reduction via GO coverage.
Crosslinking also results in decrease in flux, as for similar number of assembly cycles the
crosslinked membranes display a lower flux in comparison with the uncrosslinked ones. For
instance, 1 layer of uncrosslinked GO on the membrane had a flux of 18.7 1.m2.h"! while it was
6.2 .Lm2.h'! for the crosslinked one. However, at larger assembly cycles a smaller decrease in

flux of only 0.2 1.m?2.h"! was observed (2.0 vs 1.8 Lm2.h™").

The decrease in flux with the number of assembly cycles is hypothesized to be due to the
increase in membrane compactness due to material accumulation. The lengthening of the
tortuous path as the number of assembly cycles increases is also significant for the reduction in
permeation flux [37]. A likely factor for the observed flux difference between crosslinked and
uncrosslinked membranes is that crosslinking maintains a smaller pore-gap, hence the lower flux,
while for the uncrosslinked membranes, wetting resulted in enlarged membrane pores and

therefore increased flux [33].
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Elsewhere, lower fluxes at 10 times higher operation pressure than the one used in this study
have been reported; for instance, Aba et al reported a lower flux in the range of 0.58 to 0.60 1.m-
2.h'! on the separation of organic dyes at an operation pressure of 10 bars [59]. Thus given the
lower pressure of only 1 bar used and the relatively high flux achieved in this study, the

significance of the results of this study is apparent.

The molecular size of an individual MB (anhydrous basis) molecule is about 1 nanometer (13.84
A [60, 61]. 1t is smaller than most textile dyes like remazol yellow [60, 62]. These are therefore
significant results for the separation of almost all textile dyes and they can be refined further to
separate even smaller entities including divalent salts. The ease of fabrication of the membranes,
very low GO loading, cost effectiveness and their stability is a step forward in the purification of

dye contaminated waters.

3.5 Membrane separation mechanism, operation longevity and reusability

To understand the separation mechanism and operation longevity of the fabricated membranes,
the overtime separation of the best performing membrane (PPD crosslinked 5 bi-layers) was
analyzed. Continuous operation of the membrane for more than 120 hours at 1 bar showed no
decrease in membrane selective separation abilities, however the flux across the membrane
considerably diminishes over time (Table 2). The maintenance of a constant rejection throughout
the experiment leads to the conclusion that the mechanism at hand is mainly a selective

permeation based separation instead of a selective binding based separation [63-67].

The separation mechanism was further evaluated increasing the feed concentration to 125 and
250 mg/l and it was observed that the permeation flux at the high feed concentration decreases

drastically at prolonged membrane operation and as the feed concentration increases (Table 3).
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This might be attributable to the increased initial adsorption of MB onto the GO membranes via
electrostatic attractions between the negatively charged oxygenated functional groups in GO and
the positively charged nitrogen containing groups in MB [68]. However, the level of carboxylate
functional groups in GO is relatively low, so saturation of these sites would occur quite rapidly,
even at low MB concentrations. Very importantly, the presence of aromatic rings in GO and PPD
from the membrane and MB also gives rise to m — n interactions, which are likely to enhance the
adsorption of MB onto the membranes in the initial operation stages of the permeation tests [69-
72]. Such interactions are strong under aqueous conditions. This in turn narrows the permeation
path significantly and thus resulting in a decreased flux across the membrane and high MB

rejection at prolonged membrane operation.

The reusability of the membranes was achieved in a facile manner through the rinsing of the 5
bilayers crosslinked membrane after operation in a 15% (v/v) ethanol aqueous solution for 15
minutes. This resulted in the removal of attached MB giving the membranes good operation
efficiency post initial use and confirming that MB was adsorbed onto the membrane. It was
found out that the nanofiltration performance of the membranes post membrane rinsing was
recovered almost to the initial performance, accomplishing a flux of 1.74 1.m=2.h"! (Initial flux =
1.8 L. m2.h!) and a rejection of 99.2 %. Five cycles of post clogging rinsing of the membranes
were performed so the values provided are the average of all the series. Given the more than 120
hours operation longevity of the membranes per cycle before complete clogging and the
excellent performance recovery, authors believe that the longevity and reusability of the

membranes is thus highly feasible.
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The longevity of the membranes paves a way for the implementation of these membranes in

water purification. This modification of GO via crosslinking offers a myriad of opportunities for

the use of these membrane in other separations. Potentially, this makes GO membranes potential

alternatives to the current commercial thin-film membranes like polyamide taking into account

the low pressure used in this study.

3.6 Membrane stability

Stability is also a significant membrane characteristic as it governs the re-usability and

longevity of the membranes. For that reason, to investigate the integrity of the fabricated

membranes, SEM characterizations were also carried out after the nanofiltration experiments and

once the membranes were dried. Images are shown in Figure 12.

Images evidently indicate that the uncrosslinked membranes tend to have micrometer-sized
cracks as they dry up. This can be promoted by the consolidation of GO nanosheets as the
solvent leaves the dispersion during drying [73]. No cracks could be spotted on the crosslinked
membranes, demonstrating the influence of the crosslinker on the intactness of the GO-PPD
membranes. This is likely a significant factor influencing the observed membrane performance

difference between crosslinked and uncrosslinked membranes.

The membrane stability was further investigated through the fabrication of crosslinked and
uncrosslinked membranes through the use of a pressure-assisted filtration method. For the
uncrosslinked membranes, a 15ml solution of 0.5 mg/ml of GO was filtered through PAN
substrates using the homemade nanofiltration cell at a pressure of 3 bars. The crosslinked
membranes, on the other hand, 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
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membranes were then dried for 24 hours to observe their stability over time under a dry

environment (Figure 13).

Similar results regarding membrane stability were observed. Uncrosslinked membranes tend to
break and shrink after 24 hours of drying. This phenomenon was ascribed to the drying related
shrinkage of the membranes [68, 73]. This further supports the observed micro cracking in dip-
coated membranes. The higher material loading in this case results in evident visible cracks and

the role of the crosslinker in alleviating the drying induced cracking is evident.

The disentanglement of the uncrosslinked membranes in comparison to the crosslinked
membranes can be clearly observed. This validates the previous observation that crosslinking
does not only enhance membrane rejection performance but also their stability, longevity,

reusability and intactness of GO membranes.

4.Conclusions

In summary, uncrosslinked and PPD crosslinked GO membranes were successfully fabricated
using dip-coating and dip-assisted layer by layer fabrication methods. The membrane
performance in water purification was proven through the separation of MB via a homemade
nanofiltration cell. The rejection increases as the number of assembly cycles increases for both
membrane types. Better performance was observed for the crosslinked membranes relative to the
uncrosslinked at similar assembly cycles. Through this study, the significance of covalent
crosslinking was demonstrated, it was not only manifested in nanofiltration performance but also
in enhanced stability and membrane intactness over time. A relatively high flux at an economical
1 bar driving pressure and excellent removal of MB (up to ~100%) was achieved for the

crosslinked membranes and the stability and durability of layer by layer GO membranes was
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enhanced. The best performing crosslinked membranes also showed good operation longevity at
the low operating pressure as they could be operated continuously for more than 120 hours 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 significant separations like desalination.
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Figure 1. Dip-coating schematic (fabrication of uncrosslinked membranes).
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Figure 2. Dip-assisted layer-by-layer schematic (fabrication of crosslinked membranes).
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Figure 3. Epoxy ring opening reaction between GO and PPD.

32



ACCEPTED MANUSCRIPT

33



ACCEPTED MANUSCRIPT

Figure 4. Homemade nanofiltration cell unit in operation.
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Figure 5. FTIR characterization of GO, PPD and GO-PPD reacted entity.
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Figure 6. Photographic images of the fabricated membranes (pre-nanofiltration). A: Uncoated
PAN substrate; B: Uncrosslinked membrane 1 layer; C: Crosslinked membrane 1 bilayer; D:

Uncrosslinked membrane 5 layers; E: Crosslinked membranes 5 bilayers.
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Figure 7. SEM images of the fabricated membranes (pre-nanofiltration). A: Uncoated PAN
substrate; B: Uncrosslinked membrane 1 layer; C: Crosslinked membrane 1 bilayer; D:

Uncrosslinked membrane 5 layers; E: Crosslinked membranes 5 bilayers.
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Figure 8. Water contact angles of the fabricated coatings

Figure 9. Nanofiltration permeates of each membrane.
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including plain PAN substrate.
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Figure 12. SEM images of the fabricated membranes (post-nanofiltration). A: Uncrosslinked
membrane 1 layer; B: Crosslinked membrane 1 bilayer; C: Uncrosslinked membrane 5 layers; D:

Crosslinked membranes 5 bilayers
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Figure 13. Pressure assisted fabricated membranes after drying. A: uncrosslinked membrane;

B: PPD-crosslinked membrane.
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Table 1. Surface chemistry of GO and GO-PPD reacted entity.

GO GO-PPD reacted 5
min
C Is (at.%) 71.2 67.5
O 1s (at.%) 27.4 29.9
S 1s (at.%) 1.3 1.6
N 1s (at.%) - 1.0
Csp2 (%) 54.8 45.7
Csp3 (%) 3.7 6.2
C(epoxy) (%) 37.1 25.7
C=0 (%) 1.2 15.7
COOH (%) 3.2 6.3
n-n* (%) 0.0 0.5
N6 (%) - 17.6
NC (%) - 26.4
N5 (%) - 6.7
NQ (%) - 39.0

N-X (%) 10.3




Table 2. Membrane separation rejection for the 5 bi-layers crosslinked membrane at prolonged

operation hours (working pressure 1 bar) and 10 mg/l MB.

Operation time (h) MB rejection (%) Permeation flux (l.m-z.h'l)
10 99.8 1.81
20 100.0 1.47
45 100.0 0.85
70 100.0 0.63
108 100.0 0.41
121 100.0 0.36
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Table 3. Relation between increasing feed concentration and membrane performance at lower

and higher operation times (5 bi-layers crosslinked membrane).

Feed concentration MB rejection (%) Permeation flux (l.m'z.h_l)
(mg/1) after after
3 hours 20 hours 3 hours 20 hours
10 99.8 100 1.81 1.47
125 98.3 100 0.81 0.43
250 96.7 98.1 0.23 0.07
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