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Graphene oxide (GO) membranes were fabricated using vacuum filtration and their performance in the removal
of dye and salts from effluent was investigated. GO flake size is thought to influence the performance of com-
posite membrane systems. Using smaller flake GO (SFGO) and larger flake GO (LFGO) systems, filtration studies
demonstrated that both cationic Methylene Blue (MB) and anionic Methyl Orange (MO) could be effectively
removed from water effectively using both systems. The highest removal rates of both dyes were achieved by the
0.10 mg/mL SFGO coating, rejecting 86.4% MB and 87.8% MO, at 2 bar with 5 mg/L dyes. For both GOs, the
removal of MO was higher overall, which was attributed to electrostatic repulsion between the like-charged GO
and dye. MB was found to adsorb strongly onto the GO coating. Desalination of NaCl, NaxSO4, MgSO4 and
(NH4)6Mo7024 was found moderately successful, with performance degrading significantly with permeated
volume. This behaviour was attributed to the Donnan Effect and expansion of GO interlayer spacing, due to the
intercalation of water molecules. The presence of Na;SO4 and MgSO4 in MB was demonstrated to degrade both
flux and dye rejection capability of both GOs, due to the neutralisation of the electronegativity driven by the salt

cations.

1. Introduction

Polymeric membrane systems are becoming a prominent means of
removing contaminant species from water, offering simplified process-
ing routes to treat wastewaters containing organic dyes and salts.
Similarly, reverse osmosis (RO) membranes are widely utilised in water
scarce regions due to their effective desalination capabilities, however,
they are limited in operation by their tendency to foul, a hindrance that
reduces the permeate flux of cleaned water through the membrane
channels [1,2] and increases energy demand [3,4]. Despite continued
advancements in pumping and membrane efficiencies, RO membrane
systems remain highly energy-intensive [5,6]. Accordingly, these limi-
tations have led to the search for alternative membrane systems with
improved operational longevity, permeate flux and fouling resistance.

The nanomaterial graphene oxide (GO) has attracted much attention
due to the unique interaction pathways between GO, water and
contaminant species, in which its oxygen-containing functionality,
resulting in negative surface potential at neutral pH [7], enabling
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application as both a membrane fabrication [8-10] and as an adsorbent
[11-13]. The unique combination of the sp2 carbon network of the
graphene basal plane with the oxygen-containing functional groups
renders GO an amphiphilic material [14]. Accordingly, water molecules
may slide rapidly through the resulting hydrophilic “gates” while
effectively sieving out charged species. Based on their charge charac-
teristics, amphiphilic nature and heterogeneous, oxygen-rich surface
chemistry, GO membranes are uniquely positioned as promising can-
didates for overcoming the operational challenges of existing polymeric
membrane systems.

Vacuum filtration is a popular and versatile technique commonly
utilised in the fabrication of GO-coated membranes. Typically, a GO
suspension is filtered through a porous substrate under applied vacuum
conditions [15,16]. Given the large lateral sizes of the GO flakes relative
to the substrate pores, the GO flakes accumulate and stack on the
membrane surface resulting in a deposited GO coating layer [17]. By
varying the dispersed GO concentration, membrane coatings of various
thickness ranging from single nm [18] up to tens of microns [19] are
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readily available. Despite its advantages, vacuum filtration is limited to
small membrane areas only (a few cm?in size), and variations in vacuum
pressure can lead to uneven coating thickness [15,20].

GO membranes have demonstrated enhanced separation perfor-
mance of dye species compared to pristine polymer membranes. For
example, Elessawy et al. [21] utilised a vacuum filtration technique to
deposit GO onto a polyethersulfone (PES) substrate that could reject
methylene blue dye with overall 91% removal efficacy. The mechanism
of dye rejection was strongly governed by electrostatic interactions be-
tween the GO and the contaminant. For cationic dyes, electrostatic
attraction of positively charged molecules to the negatively charged GO
surface, followed by subsequent adsorption is the dominant mechanism
of separation [22]. Excessive adsorption may however lead to a decline
in performance due to fouling of the membrane surface [23,24]. For
anionic dye species, adsorption is less significant overall, but electro-
static repulsion between dye and GO is the dominating characteristic,
enabling, in some cases, very high dye rejection [22,25-27].

GO membranes are also of key interest as potential alternatives to
conventional RO systems for desalination applications [28-30]. In
practical operation, however, many studies have achieved only moder-
ate success in removing ionic species from water, which has mainly been
attributed to the structural instability of the coating layers during
filtration [24,31,32]. GO tends to take up water when hydrated,
resulting in expansion of the interlayer spacing since the structure is
only held together by weak van der Waals forces and hydrogen bonds
[33], leading ultimately to delamination of the layer stack [34]. Inter-
layer spacings of GO layers of up to 1.3 nm have been reported, resulting
in enlarged ionic transport pathways [35]. This structural expansion is
widely associated with a decline in the desalting capability of a GO
membrane during its run cycle [36-38].

An important parameter governing the structure and transport phe-
nomena of GO membranes is the flake size of the material. Several
studies have shown that the solvent permeance through stacked GO
membranes is inversely related to the lateral flake size due to shorter
transport pathways [39-42]. Conversely, GO membranes fabricated
from larger flake dispersions tend to offer higher solute rejection, due to
more ordered stacking and fewer structural defects [43]. To illustrate
this, Sun et al. [44] considered the performance of stacked GO sheets
consisting of nano- and micron-sized flakes, finding that only the latter
was capable of rejecting cationic species.

In a previous article [45], the present authors investigated the in-
fluence of GO flake size on adsorption of dye molecules from water,
employing two commercially available GO materials. Particle sizing
techniques demonstrated that the GO materials were of different size
distributions, accordingly they were termed smaller flake GO (SFGO)
and larger flake GO (LFGO). It was shown that both SFGO and LFGO had
a very strong tendency to adsorb cationic Methylene Blue (MB) dye,
while the adsorption of anionic Methyl Orange (MO) was, although still
promising, lower due to electrostatic interactions between the adsorbent
and adsorbate. Furthermore, the prior dissolution of ions into MB
reduced the adsorption capacity of the GOs due to charge screening
effects. These findings highlight that flake size is an integral feature
governing the interaction of GO with contaminants, and motivates a
systematic investigation of its impact on membrane architecture and
separation performance.

Although previous studies have highlighted the effectiveness of GO
membranes for dye and ion separation, few studies have investigated the
physicochemical and structural characteristics of commercially sourced
GO materials. In order to elucidate how flake size governs membrane
architecture, transport phenomena and separation mechanisms, a sys-
tematic investigation of flake size-dependent structure-property re-
lationships therefore remains essential in developing a detailed
mechanistic understanding of GO-contaminant interactions; this is a key
factor governing membrane fabrication and performance. Accordingly,
bridging the gap between performance and mechanistic insight offers a
valuable framework for development of GO membrane design.
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In this article, we provide a systematic investigation into the
structure-property relationships of GO membranes fabricated from
commercially sourced GO materials having distinct flake sizes. SFGO
and LFGO coated polyethersulfone (PES) membranes were prepared
using a vacuum filtration technique, their structure and morphologies
characterised, and performance categorised according to a comprehen-
sive experimental matrix. Cationic MB and anionic MO dyes were uti-
lised to probe the nature of the GO membranes such that the role of
charge and electrostatic interactions could be investigated. Further-
more, the potential application of the coated membrane systems to
desalination was explored through testing of salt solutions comprising
sodium chloride (NaCl), sodium sulphate (NazSO4), magnesium sul-
phate (MgSO4) and ammonium heptamolybdate ((NH4)¢Mo07024).
Finally, selective dye-salt separation was investigated through filtration
studies involving Naj;SO4 and MgSO4 dissolved in MB dispersions.
Collectively, these experiments provide key insight into the governing
flake-size dependent structure-property relationships in fabricated GO
membrane systems and demonstrate the effectiveness these systems may
have in treating multicomponent wastewater systems.

2. Experimental
2.1. Materials

Two graphene oxide samples were obtained from different com-
mercial suppliers as 1.0 wt% dispersions in water. The GOs were
extensively characterised, as detailed in our previous publication [45],
revealing them to have significantly different median flake sizes (9.0 and
13.6 pm, as measured by laser diffraction techniques), for relatively
similar surface chemistries. Hence, we termed these materials smaller
flake graphene oxide (SFGO) and larger flake graphene oxide (LFGO).
Aqueous anionic Methyl Orange (MO) at a supplied solution concen-
tration of 0.10 wt%, and cationic Methylene Blue (MB) at 0.50 wt%
dyes, and sodium sulphate (NaySO4e10H0), magnesium sulphate
(MgS0O4e7H20), sodium chloride (NaCl) and ammonium heptamo-
lybdate ((NH4)sMo070O2404H-0) salts were obtained from Merck (Ger-
many). Additionally, 0.20 pm pore size, 47 mm diameter (effective
membrane area 17.4 ¢cm?) polyethersulfone (PES) substrates were ob-
tained from Sterlitech (USA). All chemical reagents and solvents were
used without further purification or modification.

2.2. Preparation of GO/PES membranes via vacuum filtration

GO-coated PES membranes were prepared under identical experi-
mental conditions via vacuum filtration techniques for both smaller
flake (SFGO/PES) and larger flake (LFGO/PES) materials, labelled
respectively throughout. The membrane fabrication process followed
four sequential steps: i. GO dispersion dilution, ii. PES substrate prepa-
ration, iii. Vacuum filtration of GO onto the PES substrate and iv.
ambient overnight drying of the GO-coated membrane. First, the GO
dispersions were diluted in distilled water to a concentration range of
0.01 mg/mL and 0.10 mg/mL and sonicated in an ultrasonic bath at a
nominal frequency of 35 kHz and bath power 100 W for 10 min to ensure
a homogeneous dispersion. Second, a clean, dry PES membrane was
carefully rinsed in distilled water, mounted on top of a vacuum filtration
flask (Sartorius, Germany). Third, 7.6 mL of diluted GO dispersion was
transferred by pipette onto the surface of the PES substrate. The flask
was connected to a vacuum pump, which was switched on, resulting in
deposition of GO onto the membrane surface, with the water passing
into the vacuum flask. Finally, the coated, wet membrane was carefully
removed using tweezers and dried at room temperature overnight in a
covered petri dish.

Water uptake capacity of the uncoated PES and GO-coated mem-
branes was investigated by immersing the membranes in 150 mL
distilled water at room temperature and humidity for 24 h. The dry-state
mass of the membranes was measured prior to immersion in distilled
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water and water uptake percentage, W(%), was calculated by the rela-
tive difference in dry state mass (wp,,) and hydrated state mass (Wgy.
drated) Of the membranes, according to Eq. 1 [46]:

W(%) = ((Wrydrated — Wory) /Wpry ) *100% 6}
2.3. Characterisation of GO/PES membranes

Fourier Transform Infrared (FTIR) analysis of dry membranes was
performed using a Perkin Elmer (USA) spectrophotometer. Samples
were mounted onto the attenuated total reflectance (ATR) crystal and
the IR beam source directed at the sample. Spectra were recorded in
transmission mode, in wavenumber interval 4000-400 cm !, with 32
scans at resolution 4 cm ™. The background was corrected for analysis in
air.

Thermogravimetric analysis (TGA) was performed using a simulta-
neous thermal analyser (Netzsch STA 449, Germany). Initial 47 mm
diameter membrane samples were cut using a scalpel into round sections
having mass 10 mg recorded using a 5 decimal place balance. TGA
thermograms were recorded by heating the 10 mg samples from
30 °C-900 °C in a ceramic heating crucible with a ramp rate of 10 °C/
min. Nitrogen was used as the purge gas, at a rate of 50 mL/min.

X-ray diffraction (XRD) analysis of the GO-coated membranes was
performed using a Malvern Empyrean (UK) diffractometer with a CuK,
X-ray beam source (A = 0.154 nm, beam power 30 keV, 10 mA). Analysis
was conducted in the angular scan range 5° < 20° < 40°, with step size
0.02°/min. Initial 47 mm membranes were cut using a scalpel into round
shapes of 20 mm diameter and mounted onto a copper sample holder.
The total scan time for each sample was 30 min. For all membranes, the
positioning of peaks was converted to interlayer (d) spacing using the
Bragg Eq. [47].

Water contact angle measurements were made using a tensiometer
(Kruss Optronic GmbH, Germany). Static drop measurements were
made at room temperature and humidity by dropping distilled water
using a syringe onto each substrate to achieve consistently small drop-
lets of approximate volume 2 pL. The droplets were imaged using a
digital camera, and images were processed using OneAttension (USA)
software. Contact angle calculations were made on the images by
selecting the Young-Laplace option for drop shaping. Three measure-
ments of water contact angle were made per substrate.

Cross sectional and morphological imaging of membrane samples
was achieved using a Focused Ion Beam - Scanning Electron Microscope
(FEI Helios G4 CX DualBeam, USA), equipped with a Ga™ ion and
electron beam. Samples were prepared for milling by sputter coating the
surface with Pt?* ions to protect the sample from burning. Following
coating, the sample was secured on a silicon wafer using conductive
carbon tape and transferred into a sample chamber evacuated to 10~°
bar for analysis. The ion beam, with power setting 30 kV, 20 nA, was
directed vertically at the sample surface and steered to mill a trench in
the sample of width 150 x 100 pm. Cross-sectional images were recor-
ded by directing the 30 kV, 10 nA electron beam at the trench at angle
52° relative to the ion beam. Images were processed using Auto Slice and
View software (Thermo Fischer, UK). GO coating layer thicknesses were
estimated using an in-built tool in the software. Where possible, multiple
measurements of thickness were made for each image.

2.4. Dead-end filtration testing of GO/PES membranes

The performance of the commercial GO-coated PES membranes were
assessed for the removal of contaminants from water by filtration.

Here, Rejection in membrane science defines the percentage quantity
of contaminant that the membrane can remove from the feed stream,
relative to the initial amount. Thus, percentage rejection (R%) may be
calculated according to Eq. 2 [48]:

R% = (1-(C,/Cf) )-100% @
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where Crand C, (both mg/L) are the contaminant concentrations of
the feed and permeate streams, respectively. Practically, UV absorbance
and conductivity readings of the feed and permeate streams were used
directly to calculate R%, based on the assumption of a linear relationship
between concentrations and UV absorbance of dyes, and between con-
centrations and conductivity of salts over the ranges utilised in this
study.

Also, Permeate flux relates to the mass transfer of species (including
water and unremoved contaminant) through the membrane. Permeate
flux (J) (L-m~2h™Y) is defined by Eq. 3 [49]:

J=V,/(A1) 3

where area A is the membrane cross-sectional area (mZ), Vp is
permeate volume (L) and t is time (h).

Permeability (P) (L-m~2h Lbar D is equal to permeate flux scaled by
operating pressure (i.e., P = J/p, where p is operating pressure (bar))
[50]. In practice, all samples were measured by mass (g) which was
directly converted into volume (mL), based on the assumption that the
density of all dyes and salts solutions were 1 g/mL, across the range used
in this study.

Dead-end filtration experiments were performed using a Sterlitech
HP4750 (USA) filtration cell. Experiments were carried out by carefully
transferring a membrane sample onto a wetted support disk, such that
the entirety of the membrane covered the disk. The membrane was then
placed in the base of the cell reservoir and tightly sealed by screwing
inside the cell bottom using a 3-in. lower reservoir clamp. Contaminant
solution was poured inside the cell chamber in direct contact with the
membrane surface. The cell was positioned on a magnetic stirrer which
was used to agitate the solution at constant speed (setting 5 on the in-
strument). A 2-in. reservoir clamp was used to close the top of the cell,
which was then connected to a nitrogen gas cylinder (BOC 9.8 m®, 230
bar, UK) for pressurisation. Inter-cell pressure was controlled via an
external regulator by setting a constant desired pressure throughout the
experiment. A 3 decimal places mass balance was positioned adjacent to
the cell, with a collecting beaker such that permeating liquid could be
collected and weighed. The time taken to collect certain masses of
permeate was manually recorded using a stopwatch.

2.4.1. Dye filtration

MB and MO dyes were prepared at concentrations 5 or 10 mg/L by
diluting in distilled water. These concentrations were selected so as to
minimise aggregation effects and ensure linear UV-Visible detection by
the spectrophotometer; they are typical of those found in GO dye
rejection studies [48,51]. Following dilution, the dye solutions were
magnetically stirred (stirring speed 3) at room temperature for a period
of ten minutes. Initial measurements of UV absorbance were recorded
using a UV-visible spectrophotometer (ThermoFisher Scientific Biomate
3, USA) operating for MB at 664 nm and for MO at 464 nm.

Filtration tests were carried out with an initial volume of 50 mL
aqueous dye loaded into the cell. Following pressurisation, the mass
output of permeate was manually recorded as a function of time. It was
observed by experiment that after the pressure was set there was an
initialisation period in order for the permeate flux to reach steady state,
with droplets amassing at regular intervals. The timer was started when
the flux steadied, and the time taken for each gram (mL) of permeate was
recorded. For every 4 g of permeate collected the UV absorbance was
recorded. The procedure was iterated in this fashion until 20 mL had
permeated through the cell.

The permeating volume at each mL was converted to P at each mL
and the R% calculated at each 4 mL according to Eq. 1 with the value of
Cr taken as the initial reading of UV absorbance of the prepared dye
solution.

2.4.2. Desalination using GO/PES membranes
Aqueous salt solutions of sodium chloride, sodium sulphate,
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magnesium sulphate and ammonium heptamolybdate were prepared at
initial concentrations of 0.50 g/L. The electrical conductivity of the
prepared salt solution was measured using a portable conductivity meter
(Hach HQ1130, UK), providing a reading for Cy. The salt concentrations
employed in this study were selected to facilitate mechanistic compar-
ison and understanding of ionic transport behaviour in GO membranes,
rather than to replicate the salinity of seawater or industrial brines,
which may typically be much higher.

The procedure was analogous to that of the dye filtration experi-
ments (above), in which 20 mL was permeated through the membrane,
with permeability calculated every mL and conductivity measurements
recorded every 4 g.

2.4.3. Fractionation of dye-salt mixtures using GO/PES membranes

Experiments regarding the fractionation of dye-salt mixtures were
performed using MB/sodium sulphate and MB/magnesium sulphate
mixtures. Dye-salt solutions were prepared by taking a 5 mg/L MB so-
lution in distilled water (procedure discussed in Section 2.4.1), and
dissolving the salt using the same mixing procedure to obtain a salt
concentration in MB of 0.50 g/L.

Initial measurements of UV absorbance at 664 nm and electrical
conductivity were recorded. An analogous procedure to the dye filtra-
tion and desalination experiments (above), with an initial feed volume
of 50 mL was undertaken. Fractionation experiments were conducted at
2 bar. For every 4 mL permeated, measurements of UV absorbance and
conductivity of the permeate were recorded, thus enabling separate
calculations of dye and salt rejections at each stage. It was assumed that
the conductivity of dyes and UV absorbance of salts are negligible for the
concentrations range used in this study. Measurements of permeated
volume were also made in 1 mL increments.

LFGO/PES 0.10 mg/mL W a
% LFGO/PES 0.01 mg/mL W
E SFGOPES 010 mgmL "1 W VY %
ESFGO/PESO.M mgmL VWY -
= [PES W

4000 3500 3000 2500 2000 1500 1000 500 0
Wavenumber (cm'?)

— LFGO 0.01 mg/mL
— SFGO 0.10 mg/mL
— LFGO 0.10 mg/mL
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Fig. 1. Characterisation of SFGO/PES and LFGO/PES membranes at two differe
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3. Results and discussion
3.1. Characterisation of GO/PES membranes

Characterisation of SFGO and LFGO produced GO/PES membranes
at two different mass loadings (0.01 and 0.1 mg/mL) are presented in
Fig. 1, showing (a) Fourier Transform Infrared (FTIR) spectroscopy, (b)
Thermogravimetric Analysis (TGA), (c) X-ray Diffraction (XRD), and
measurement of (d) Water Contact Angle and Water Uptake percentage
(W(%)).

FTIR analysis (Fig. 1a) of the pure membrane showed the presence of
characteristic PES peaks located at 1578 cm ™!, 1484 cm ™}, 1240 cm™?
and 1152 cm ™!, which were assigned as C—=C, C—H, C—0 and S—=O
functional groups, respectively [52]. Traces of GO-coated substrates
were identical to that of pure PES. Recorded wavenumber positions for
any peaks identified for PES were not shifted in position by application
of the GO coating, and the magnitude of peak intensities were neither
diminished nor enhanced. Due to the low concentration of GO used,
corresponding signals were found to be very weak in comparison to
those of PES, confirming that GO was acting as a filler material and was
not interacting chemically with the substrate. Similar observations were
made by Ali et al. [53], in which GO was deemed to act as a filler ma-
terial in the GO-PES membrane, exhibiting no chemical interaction with
the membrane.

The thermal response of all materials was investigated by TGA
(Fig. 1b), which revealed similar thermal profiles for both the pristine
substrate and the GO composite membranes. TGA profiles revealed that
membrane degradation occurred in a single loss-of-mass stage, ulti-
mately leading to sample degradation. Insignificant losses (<10%) were
observed for all membranes up to approximately 520 °C; these may be
attributed to residual solvent evaporation from the sample [54].

90
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Significant depletion of mass, however, occurred in the temperature
range 520-600 °C due to thermal degradation of the polymer chains
resulting in expulsion of gases, likely including oxides of carbon [55].
Temperature elevation above 600 °C resulted in flattening of the
degradation profiles and, as the temperature reached the upper experi-
mental limit of 900 °C, a stable carbonaceous ashen material remained
[56]. The temperature at which mass loss from a sample is 3% (Td3o) is
typically used for defining the thermal stability of a material [57]. For
each membrane, the Td3g; value was estimated: PES (414.6 °C), SFGO/
PES 0.01 mg/mL (466.2 °C), SFGO/PES 0.10 mg/mL (483.3 °C), LFGO/
PES 0.01 mg/mL (416.1 °C) and LFGO/PES 0.10 mg/mL (482.5 °C).
Although the overall thermal profile was dominated by PES, increasing
the GO loading resulted in an increase in Td3y, thus indicating that GO
deposition improved the thermal stability of the composite membrane.
This improvement is thought to be as a result of the strong adhesive
forces at the interface between the PES membrane and coating GO layer,
which enhanced the ability to remain intact when subjected to elevated
temperatures [58].

XRD analysis (Fig. 1c) was utilised to calculate the interlayer spacing
of the dry-state GO-coated membranes. The patterns of all four samples
revealed a very broad, hump-like peak centred on 26 = 18° attributed to
the underlying PES substrate [59]. Two very low intensity peaks were
observed at 20 = 21.4° and 23.0°, which were attributed to the copper
sample holder. The two lower concentration GO membranes did not
appear to show distinguishable XRD intensities in the typical GO region
(260~11°). The two 0.10 mg/mL GO samples displayed broad peaks
around 11°, as indicated on the separate diffraction patterns, and these
may be ascribed to the presence of the GO coating. For the LFGO
membrane the peak was positioned at 20 = 11.7°, corresponding to an
interlayer d-spacing of 0.76 nm as determined using the Bragg Equation
(Section 2.3). Analogously, for SFGO, the peak was positioned at 20 =
11.6° (interlayer spacing 0.76 nm). It was considered that the lower
loading of GO (0.01 mg/mL) resulted in a membrane structure pos-
sessing overall lower levels of disorder, therefore having a diminished
impact upon XRD scattering and resulting in a diffraction peak of
negligible intensity [60]. The peak positions and associated d-spacing
values for the GO/PES membranes were consistent with other studies
involving GO membranes prepared by vacuum filtration methods, in
which interlayer spacings of 0.80 + 0.10 nm are typical [61,62].

As discussed, GO has hydrophilic functionality which is a feature
credited to its decoration with hydrophilic groups including epoxy,
carbonyl and carboxylic groups [14,63]. Measurement of the water
contact angle was used to assess surface hydrophilicity, where values
>90° indicate hydrophobicity and < 90° hydrophilicity [64]. In Fig. 1d,
the water contact angle and uptake percentage (W(%)) is shown for each
of the GO-coated membranes and for PES. Representative images of
water droplets on the GO surface captured during measurements are also
shown. In bulk form, PES is weakly hydrophilic, however, the measured
water contact angle of the membrane exceeded 90°, a feature arising
from its porous and rough surface morphology. Owing to this surface
roughness, air can become entrapped beneath the water droplet, leading
to an artificial increase in the measured water contact angle. The low W
(%) demonstrated limited capacity to absorb water. Application of a GO
coating onto the polymer had the effect of significantly increasing hy-
drophilicity and reducing the water contact angle of the membrane. A
higher concentration of GO resulted in greater reduction (and so greater
hydrophilicity) due to the greater presence of hydrophilic groups which
lower interfacial tension [65]. Meanwhile, it was observed that
increasing GO concentration from zero (pristine PES) to 0.10 mg/mL
had the effect of increasing W(%) as the membrane had greater func-
tional group capacity for water absorption. As such, there was an inverse
relationship between water contact angle and W(%), a feature previ-
ously observed in the literature [66]. In our previous work [45], XPS
revealed LFGO contained a higher oxygen content than SFGO. Inter-
estingly, in this study, SFGO membranes at both concentrations were
shown to have lower contact angles than their LFGO counterparts,
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therefore implying SFGO membranes were more hydrophilic. It is sug-
gested that overall oxygen content may have poor correlation with hy-
drophilicity, as in these cases, the slightly higher content in LFGO did
not result in greater hydrophilicity. This change in effect may be because
different hydrophilic groups (e.g. epoxy, carbonyl and carboxylic
groups) contribute differently to the hydrophilicity of the GO
membranes.

When GO materials are contacted with water the interactions be-
tween the hydrophilic GO groups and water leads to intercalation within
the GO structure [33,63]. In the case of the above, this effect was found
to result in an increase in W(%). When coated membranes are prepared
using an uncontrolled layer stacking technique such as vacuum filtra-
tion, the stacked GO sheets are held together by weak Van der Waals'
forces and, due to uptake of water, these layers may experience a
swelling effect [34,67]. Such physical changes are a significant hin-
drance in the utility of GO materials to desalination, in which the ionic
species are of sub-nanometric size and may thus be small enough to
permeate the swollen nanochannels [36,38,68]. Thus, XRD analysis was
utilised to investigate the phenomenon of GO layer swelling by deter-
mining changes in interlayer spacing when the membranes were in a
hydrated state. The diffraction patterns are shown in Fig. S1 of the
Electronic Supplementary Materials (ESM). Again, no GO peak was
observed on the 0.01 mg/mL samples, but the 0.10 mg/mL GO samples
showed a shift in peak position: for SFGO to 11.1° and for LFGO to 10.8°,
translating to interlayer spacings of 0.80 and 0.82 nm, respectively. It
may therefore be concluded that water uptake resulted in an expansion
of the interlayer spacing, with the potential implications considered in
Section 3.3.3.

Fig. 2 shows the morphology and cross section of GO-coated PES
membranes, as imaged using Focussed Ion Beam Scanning Electron
Microscopy (FIBSEM). A morphological image of the pristine PES
membrane is shown for reference in Fig. S2. Pristine PES was revealed to
be highly porous, with large open surface pores clearly evident.

The application of GO coatings to PES had a significant impact on the
morphology of the substrate. SFGO/PES 0.01 mg/mL (Fig. 2a) appeared
to offer near complete coverage, although a number of underlying pores
remained visible. Morphologies of the 0.10 mg/mL SFGO (Fig. 2b) and
0.01 mg/mL LFGO (Fig. 2c) coatings revealed complete coverage, with
no visible PES pores. These coatings appeared to be uniform and tightly
packed across the surface of the membrane, albeit with striations in the
GO coating effect. The 0.10 mg/mL LFGO coating (Fig. 2d) also
appeared to offer complete coverage, however the coating did not
appear uniform with large lateral distortions on surface regions clearly
visible at the 1 pm scale. It is proposed these regions resulted from
aggregated layers of GO [69].

Cross-sectional imaging of the coated membranes (Fig. 2a’ — d’)
showed the deposition of GO onto PES. Cursory inspection of the images
revealed the GO to be layered on top of the underlying PES substrate.
The introduction of porous features into the polymeric film is a feature
of the membrane manufacturing process of phase inversion and, as such,
the pores were laterally observable in cross-sectional analysis. Due to the
blockading effects of the GO coating there appeared to be no uniform
pathway through which contaminant species or water may permeate.
The somewhat randomly packed nature of polymeric membranes has
been observed in the literature using SEM analysis [70,71]. The GO
coatings themselves appeared ordered and compacted, spread across the
PES surface. The coating layer dipped randomly along the path, sug-
gesting that the layer had encountered a PES pore. It is, however, not
evident from the images that GO was penetrating the substrate pores
since below the coating layer only the PES lamellae were visible. This is
consistent with expectation, given the relatively large size of the GO
flakes in relation to the 0.20 pm pores on the PES substrate (noting
previous SFGO and LFGO size estimates [45]).

Estimates of GO layer thickness were made in accordance with the
thicknesses observed in cross-sectional imaging and, perhaps unsur-
prisingly, were shown to be positively related to GO concentration. The
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Fig. 2. FIBSEM images of GO-coated membranes: (a) SFGO/PES 0.01 mg/mL, (b) SFGO/PES 0.10 mg/mL, (c) LFGO/PES 0.01 mg/mL, and (d) LFGO/PES 0.10 mg/
mL. The dashed counterparts show the corresponding cross-sectional images of the respective membranes. All scale bars represent 1 pm. Coated membrane samples

are shown at the bottom and correspond to membranes a — d, respectively.

mean layer thicknesses, including standard deviation error, were:
SFGO/PES (0.01 mg/mL) 26.0 nm, SFGO/PES (0.10 mg/mL) 72.0 + 6.8
nm, LFGO/PES (0.01 mg/mL) 25.7 + 3.7 nm and LFGO/PES (0.10 mg/
mL) 167.8 + 5.6 nm (Note that the mean GO layer thicknesses were
calculated from the obtained images. For clarity, the measured thick-
nesses for each image are included in Table S1 of the ESM). It was
noteworthy that increasing the GO concentration by factor of ten (i.e.,
from 0.01 to 0.10 mg/mL dispersion) for SFGO and LFGO did not result
in a tenfold increase in layer thickness; for SFGO the factor of increase
was 2.67, and for LFGO it was 6.53. It has been suggested that higher GO
concentrations result in coatings with greater microstructural density
than lower concentration coatings [59,72]. An interesting question re-
mains as to why the LFGO membrane at higher concentration was
significantly thicker than its SFGO counterpart, especially given the
interlayer spacing revealed by XRD analysis was almost identical for
both membranes (Fig. 1c). It is hypothesised that the smaller SFGO
flakes were able to stack with increased density on the substrate
resulting in a thinner, more compacted coating layer. Conversely,
thickness data suggested the LFGO had a greater resistance to compac-
tion, which is potentially advantageous since it indicated the structure
was better maintained with higher loadings.

3.2. Removal of dyes using GO/PES membranes

3.2.1. Impact of initial dye concentration

The impact of initial dye concentration upon filtration performance
was evaluated by preparation of 5 and 10 mg/L Methylene Blue (MB)
and Methyl Orange (MO) dyes and performing filtration tests using PES
and GO-coated PES membranes.

Mean permeability and dye rejection (%) for PES are summarised in

Table S2 in the ESM; standard deviation error in permeability and
rejection across three experimental runs is also provided in the table.
The uncoated PES membrane was shown to exhibit negligible rejection
of either dye, with mean rejections in all cases <2%. Permeabilities were
also very high, further indicating that the uncoated membrane offered
practically no resistance to the permeation of dye molecules. Given the
size disparity between dye molecules having lateral dimensions <10 nm
and the 0.20 pm PES membrane pores, it was considered physical size
sieving was unlikely to be an effective mechanism of separation. This
was consistent with other dye rejection studies using polymeric filters
[73].

Results achieved in 5 and 10 mg/L MB and MO removal experiments
using the 0.01 mg/mL SFGO/PES and LFGO/PES systems is shown in
Fig. 3. The effect of application of the GO coating was apparent as
permeabilities (flux per unit pressure) were reduced by an order of
magnitude relative to the results for uncoated PES (see comparison with
Table S2). Meanwhile, all systems exhibited step increases in dye
removal. The analogous results for the 0.10 mg/mL GO coating systems
experiments are presented in Fig. S3 of the ESM. As discussed earlier,
localised variations in GO stack thickness are an inherent feature of
vacuum filtration coating techniques. The reproducible performance
trends observed suggest, however, that such variations did not obscure
the influence of GO flake size on membrane behaviour thus indicating
good consistency in membrane fabrication.

For all systems, increasing initial cationic MB concentration in the
feed from 5 to 10 mg/L resulted in a decrease in both overall mean
permeability and MB rejection. The presence of a higher initial dye
concentration in the feed gave rise to a more substantial concentration
gradient, as the concentration of solute (dye) is initially higher, resulting
in greater osmotic pressure [74]. This gradient gives rise to an effect
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Fig. 3. Permeability and dye rejection of 5 and 10 mg/L MB solutions using (a) 0.01 mg/mL SFGO/PES, and (b) 0.01 mg/mL LFGO/PES membranes as a function of
permeated volume. Similarly, permeability and dye rejection of 5 and 10 mg/L MO solutions using (c) 0.01 mg/mL SFGO/PES, and (d) 0.01 mg/mL LFGO/PES
membranes under identical pressures and dye concentrations. Vertical error bars represent standard deviation over three separate runs.

known as concentration polarisation, in which solute concentration
gradient was principally responsible for the decline in effective mass
transport of solvent [75]. In prolonged periods of operation, the mem-
brane showed greater tendency to become fouled by higher dye con-
centration, resulting in an overall decline in efficacy of performance
[76].

Similarly, anionic MO mean permeabilities and mean levels of MO
rejection were shown to follow a comparable trend compared with MB.
It is proposed that this results from the higher initial dye concentration
resulting in greater levels of concentration polarisation. Mean perme-
abilities were slightly lower in MO filtration, while relative rejections
were slightly higher compared to the filtration of MB. This difference is
considered to be a feature of the sensitivity of the GO coating in inter-
action with cationic/anionic dyes, although this phenomenon is dis-
cussed further in Section 3.2.5.

An interesting observed feature was that the SFGO systems offered
significantly higher permeability when compared to the analogous
LFGO systems. Typically, the permeability of the SFGO systems was a
factor of four greater for both dyes compared to LFGO. This property was
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particularly noteworthy given that the GO coating thicknesses of these
membranes was very close, as measured using FIBSEM (Fig. 2). This
behaviour is consistent with other studies which investigated the impact
of flake size on solvent permeation rates [41,77,78]. The smaller flake
sizes enabled the creation of shorter transport pathways during prepa-
ration by vacuum filtration, facilitating the channelling of solvent
through nanochannels, thus resulting in higher permeabilities of the
SFGO systems [79]. Although the dye concentrations selected for these
studies were 5 and 10 mg/L, the observed trends in permeability and
rejection are consistent with similar GO membrane studies using higher
initial dye concentrations [80,81].

3.2.2. Impact of GO coating concentration

The impact of GO dispersion concentration in coating was evaluated
by considering the removal of 5 mg/L MB and MO solutions with GO
loading concentrations of 0.01 mg/mL and 0.10 mg/mL. The mean
permeabilities are shown in Fig. 4a, and the mean dye rejections in
Fig. 4b. These results were obtained in correspondence with Fig. 3 (and
Fig. S3) by extracting the 5 mg/L results. The vertical error bars show
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Fig. 4. (a) Mean Permeability, and (b) Mean dye rejection achieved in filtration of 5 mg/L MB and MO dyes using 0.01 mg/mL and 0.10 mg/mL dispersion con-
centrations of commercial GOs in preparation of coating. Vertical error bars represent standard deviational error across three separate runs.
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the standard deviation error across three separate experimental runs.

For the SFGO/PES coatings, it was determined that an increase in GO
concentration resulted in a reduction in overall permeability, accom-
panied by a significant increase in rejection performance. The transport
of permeant in polymeric membrane systems is inversely related to
membrane thickness [82] and, as such, increasing the GO concentration
resulted in thicker coatings, decreased permeability and increased
rejection [83]. This was principally due to the overall increase in mass
transfer resistance induced by the thicker GO layer [84]. However, with
reference to Fig. 2, it was known that the thicker layer was substantially
more dense and potentially less porous. In addition, it is possible that the
greater quantity of GO in the coating was leading to flake aggregation
such that nanoporous features of the coating were narrowed by the
aggregates, which in turn may have reduced permeability [85].

Interestingly, for the LFGO/PES coatings, the relationship between
the GO concentration, permeability and dye rejection was in contrast to
that of the SFGO/PES membranes. It was found that increasing the LFGO
concentration led to greater permeability and poorer rejection of both
dyes. This behaviour does, however, show consistency with other
studies [86,87], in which improvements in hydrophilicity were consid-
ered responsible for an increase in solvent permeability subject to
decreasing water contact angle. Nonetheless, it was interesting that the
LFGO/PES system should demonstrate such a trend, as it was deter-
mined that the layer thickness of the LFGO/PES systems increased very
significantly when coating concentration was increased. As demon-
strated by the FIBSEM analysis of the membrane cross sections, the
thicknesses were typically more than a factor of two greater for the 0.10
mg/mL LFGO loadings versus the SFGO (Fig. 2).

In order to investigate the solvent stability of all membranes, and to
gain further insight into the somewhat surprising behaviour of the
LFGO/PES system, dried samples of the GO-coated membranes were
subjected to a 24-h immersion period in distilled water. Images of the
dry and hydrated state membranes are shown in Fig. S4 in the ESM. This
investigation showed the LFGO/PES 0.10 mg/mL sample was unable to
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remain intact, as regions of the coating peeled off following immersion
exposing the underlying PES substrate. These regions are expected to
permit enhanced dye and solvent permeation as the PES membrane
offered very limited rejection of dyes. As such, poor solvent stability of
the 0.10 mg/mL LFGO coating would be a major contributing factor
accounting for the observed high permeability and low rejection. An
interesting extension of the study would be to trial different polymeric
substrates including, for example, polyamide, polyether ketone or pol-
yvinylidene fluoride. These alternatives could eliminate possible side
reactions of GO with the polymeric membrane which may be occurring
in the case of LFGO with PES, and would also provide further explora-
tion of the role of the underlying polymer within coated systems.
Furthermore, while the immersion stability test provided key insight
into the overall robustness and durability of the GO coating under hy-
drated conditions, quantitative mechanical testing and long-term per-
formance testing were not undertaken as part of this study.

3.2.3. Impact of filtration pressure

The impact of filtration pressure upon removal performance was
investigated using 5 mg/L MB and MO at maintained pressures of 2 and
4 bar, as presented in Fig. 5. The results of the 2-bar filtration experi-
ments corresponded to those in Section 3.2.1. Filtration results are
presented for MB using (a) 0.01 mg/mL SFGO/PES and (b) 0.01 mg/mL
LFGO/PES systems, and for MO removal in the (¢) 0.01 mg/mL SFGO/
PES and (d) 0.01 mg/mL LFGO/PES systems. The analogous results for
0.10 mg/mL GO coating systems are presented in Fig. S5 of the ESM.

For both dyes it was seen that increasing pressure from 2 to 4 bar
resulted in an overall increase in permeability and corresponding steep
decrease in rejection capabilities for both the SFGO/PES and LFGO/PES
systems. The permeability for the SFGO/PES systems was still signifi-
cantly higher compared to their LFGO/PES counterparts at both
pressures.

In coated membrane fabrication techniques such as vacuum filtra-
tion, the GO flakes may not stack in an ordered fashion due to vacuum
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Fig. 5. Permeability and dye rejection of MB using (a) 0.01 mg/mL SFGO/PES, and (b) 0.01 mg/mL LFGO/PES membranes as a function of permeated volume with
initial dye concentration of 5 mg/L at respective pressures 2 and 4 bar. Additionally, permeability and dye rejection of MO using (c) 0.01 mg/mL SFGO/PES and (d)
0.01 mg/mL LFGO/PES membranes under identical pressures and dye concentrations. Vertical error bars represent standard deviation over three separate runs.
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effects [88]. In particular, the uppermost layers of the coating material
may become loosely packed due to weakening of the vacuum suction
forces with increasing distance from the substrate surface [89]. These
microstructural defects, resulting from the somewhat random stacking
of GO layers, are an inherent feature of such coatings [90]. The observed
changes in permeability and dye rejection at higher operating pressures
suggests that the microstructural defects may become more prominent
under such conditions. While direct nanoscale characterisation of
membranes under elevated pressure was not performed, this interpre-
tation is consistent with the known response of GO membranes to
operation under higher pressures [91]. A number of existing studies
have, however, suggested that increasing filtration pressure resulted in
the collapse of nanoporous morphological features, thereby closing
channels and resulting in increased dye rejection and decreased
permeability [92,93]. It appeared in the current GO/PES systems that
the effects of the defects were, nonetheless, influential in defining
behaviour at higher pressure. In particular, the increased pressure had a
greater impact on the permeability of the LFGO/PES systems, which
may suggest the defects were more emphatic as a consequence of the
larger flake size.

3.2.4. Reusability of GO membranes

The issue of reusability of GO membranes is a highly salient topic
attracting significant research interest [20,94,95]. As discussed above,
the adsorption of dye molecules onto the surface may hinder membrane
performance thus restricting operational longevity due to diminishing
permeate flux; a phenomenon often referred to as fouling [96,97]. In the
continuing development of GO membranes, the capability to withstand
blinding due to dye molecules, and therefore enhance reusability for
further filtration cycles is an important objective. Membrane regenera-
tion for further use improves the environmental and economic prospects
associated with life cycle [98]. Although reusability and cleaning stra-
tegies are critical for practical application of GO membranes, systematic
evaluation of flux and rejection recovery following cleaning processes
was beyond the scope of the present study. Several studies have, how-
ever, demonstrated effective regeneration of GO membranes through
simple solvent washing protocols. Subrahmanya et al. [99] found that
washing GO polymer membranes with ethanol was able to maintain MB
rejection at over 99% after three cycles, but this dropped to 87% after
the fifth run. This suggested that membrane performance was main-
tained at high levels despite persistent reuse. A further study, by
Kandjou et al. [100], also utilised ethanol as a cleaning agent, reporting
that flux declined very little from 1.8 L-m~2hto 1.74 L.m~2h~! over
six operational cycles.

Table S3 provides a literature summary of the performance of a
number of polymeric membranes, including GO or GO-composite based
systems, in addition to alternative polymer or modified substrates in dye
removal [101-106]. Where possible, permeability achieved, dye rejec-
tion capability and operational conditions at which the study was per-
formed have been included. Dye charge at neutral pH is also indicated in
the table, where (+) and (—) represent cationic and anionic dyes,
respectively. The results obtained for the top performing candidate in
our study (SFGO at 0.10 mg/mL loading) are likewise provided in the
table. In summary, it appears the results obtained in our study regarding
the removal of MB and MO are consistent with examples of polymeric
membrane fabrications from the literature, which is significant given the
development of GO membranes. There does however appear to be sig-
nificant disparity in performance between the different studies, which is
undoubtedly related to the unpredictable nature of the material and
experimental conditions. It is worth noting that some of the best per-
forming composite membranes are significantly more complicated to
produce, with greater barriers to industrial implementation, than the
vacuum deposited GO-PES membranes in the present study.

3.2.5. Discussion: Mechanism of dye removal
In this section, we seek to establish an understanding of the filtration
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mechanism which governs the permeability and dye rejection perfor-
mance of the membranes. This is essential for developing a complete
framework for the behaviour of the system. In GO systems, the ionic
charge of the dye is considered to have a significant interaction impact.
The GO itself possesses negative charge characteristics owing to the
numerous oxygenated functional groups, as previously discussed
[12,107]. The zeta potential of the GOs used in these studies, at
respective concentrations of 0.01 and 0.10 mg/mL in distilled water and
neutral pH, are shown in Fig. S6 in the ESM. This confirms the electro-
negativity of the materials and of the membrane coatings. This is a
highly important feature in the interaction of GO with cationic MB and
anionic MO dyes. Both dyes are of similar molecular size and, as such,
steric hindrance is considered similar.

The removal of cationic dyes such as MB by GO membranes has been
proposed to take place in a two-stage mechanism [22]. The first stage
consists of cationic dye surface adsorption, and the second stage in-
volves interactions between dye and surface such that the dye molecules
may remain bound to vacant sites, including through = — 7 interactions.
Accordingly, adsorption is an important feature in the removal of dyes,
however the overall separation mechanism in GO membranes should be
interpreted in the context of coupled transport phenomena rather than
as an independent equilibrium process. The electronegativity of the GO
surface is an important aspect for facilitating the adsorption of cationic
dyes. This feature is particularly important given the low concentrations
of dyes used in the feed solution (5 or 10 mg/L), where adsorption onto
the surface can significantly enhance the observed dye removal. To
highlight the extent of the adsorption stage during filtration of MB, a
GO-coated membrane is shown in Fig. S7 within the ESM. The change in
colour of the coating from brown to blue emphasises the significant
quantity of MB that adsorbs onto the surface during filtration. As dis-
cussed in the previous section, this behaviour may adversely impact the
longer-term operational efficacy of the membranes.

In our previous work [45] we performed studies of dye adsorption
using aqueous dispersions of GO adsorbents with different flake size. By
analogy to our studies here, MB and MO were selected as investigation
dyes. It was determined that the overall quantity of dye adsorbed by the
GO as a function of time (g,) increased for both dyes throughout the
duration of the experiments, and that the SFGO material was particu-
larly effective in adsorption of MB due to its high zeta potential, small
flake size and high surface area. It was therefore consistent that the 0.10
mg/mL SFGO coating was the most effective in removal of MB since it
had the greatest surface area and pore volume availability to adsorb MB
molecules, coupled with a high capacity for sorption. Another inter-
esting feature was that dye rejection percentages were found to increase
as a function of time, especially for membranes with higher GO loadings
(Fig. 3, Fig. 5); this was in analogy to the aforementioned increase in q;
and suggests that the interaction of coating with MB was intrinsically
related to adsorption capacity. During extended periods of operation dye
molecules were continually adsorbed onto the membrane coating until
the coating reached a state of maximal adsorption in which the elec-
tronegativity was eliminated [108]. It was postulated that beyond the
state of adsorption maxima, the membranes rejection may begin to
decline due to the effects of fouling [109] (although this was not
observed over the timescales utilised in this series of experiments).
Permeabilities of all membranes were found to be initially high, fol-
lowed by a gradual reduction as more liquid volume permeates over
time. Under the dead-end filtration configuration conditions employed
in this study, permeability decline is likely driven by a combination of
membrane fouling attributed to adsorption, concentration polarisation,
and pressure-induced structural modifications within the GO coating
layer. Individually, these contributions cannot be readily decoupled
using the present experimental design, and no single dominant mecha-
nism is therefore claimed. To more precisely elucidate the mechanism of
permeability decline a different experimental framework would be
required, for example comparative dead-end and cross-flow filtration, to
evaluate the contribution of concentration polarisation and fouling,
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together with microstructural characterisation before and after filtration
to probe potential structural changes. Performance recovery following
membrane cleaning was not assessed in this study. Such investigations
would provide a more definitive mechanistic understanding and are
identified as important directions for future work.

In filtration studies involving anionic MO, electrostatic repulsion
between negative charges has been considered a principal feature in the
rejection mechanism [13,110]. Dye adsorption studies in our previous
work showed both SFGO and LFGO to be significantly poorer adsorbents
of MO in comparison to MB (the more electronegative SFGO/PES system
was also poorer than LFGO/PES in adsorption of MO). It was thus
considered that the adsorption phase of rejection, as discussed above,
was comparatively minimal compared to the filtration of cationic MB.
Nevertheless, adsorption interactions between GO and MO are possible
due to 7 — rinteractions [111], although this feature was considered
weaker than the strong electrostatic attraction between GO and cationic
MB. The GO membranes did, however, appear by inspection to adsorb
MO molecules as indicated by the orange colouration to the post-
filtration GO surface (Fig. S7 in the ESM).

Interestingly, comparison of filtration results between MB and MO
indicated a gross overall similarity in which permeability tended to
reduce as a function of permeated volume, whereas rejection increased.
It is therefore noteworthy that oppositely charged dyes have resulted in
similar behaviour, notwithstanding that all membranes were able to
achieve, overall, higher levels of MO rejection. It is hypothesised that the
greater overall rejection of MO compared to MB was due to a combi-
nation of electrostatic repulsive interactions and adsorption of MO by
GO coatings through = — r association. The highest rejection was ach-
ieved by the 0.10 mg/mL coating of SFGO, an interesting observation
since this material was found to be the poorer adsorbent of MO
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compared to LFGO. As such, it is suggested that the higher zeta potential
and smaller flake sizes were responsible for promoting electrostatic
repulsion. Meanwhile, the permeability of MO filtration was lower
compared to MB which was considered a further feature of the repulsive
forces that counteract permeation. In our previous work on dye-GO in-
teractions [45] we showed that the electronegativity of GO was not
significantly impacted by MO, and that GO was found to retain its
overall negativity. As such, it was considered that during filtration the
membrane continued to provide a negatively charged active layer which
barriered the permeation of MO. Given the higher overall rejection of
MO, this emphasises the importance of charge and zeta potential in the
overall rejection mechanism, thus illustrating the comparison between
the two dyes.

3.3. Desalination of saline feeds using GO-coated PES membranes

3.3.1. Impact of filtration pressure

The impact of filtration pressure was investigated by removal of 0.50
g/L salts at pressures of 2 and 4 bar with GO coating concentrations of
0.01 mg/mL and 0.10 mg/mL. The mean permeabilities of the 0.01 mg/
mL SFGO membranes are presented in Fig. 6, demonstrating the removal
performance for (a) sodium chloride (NaCl), (b) sodium sulphate
(NayS04), (c) magnesium sulphate (MgS0O4) and (d) ammonium hepta-
molybdate ((NH4)¢Mo70,4) salts. Note that the cation NHj is used to
represent the ammonium salt in the figures below to facilitate viewing.
The analogous results for the 0.10 mg/mL SFGO/PES systems are pre-
sented in Fig. S8 in the ESM.

Filtering at higher pressure provided the ionic species in the feed
with increased energy thus overcoming the inherent resistance to mass
transfer from the membrane itself [112]. For the SFGO/PES systems this
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Fig. 6. Permeability and salt rejection as a function of permeated volume in the desalination of (a) sodium chloride, (b) sodium sulphate, (¢) magnesium sulphate
and (d) ammonium heptamolybdate using a 0.01 mg/mL SFGO coating. The salt concentration was 0.50 g/L and static filtration pressure was 2 and 4 bar. Vertical

error bars represent the standard deviation across 3 filtration runs.
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resulted in a step increase in filtration pressure results and a corre-
sponding increase in permeability towards all salt solutions, coupled
with an associated decline in mean rejection. The trends in permeability
and rejection therefore appear to have internal consistency with the
results achieved in removal of charged dyes at higher filtration pressure
(Section 3.2.3), thus suggesting the associated behaviour with pressure
was consistent at 4 bar. Furthermore, permeabilities for the 0.10 mg/mL
SFGO coating at 4 bar were consistently lower than the 0.01 mg/mL
loadings, whilst overall levels of salt rejection were increased with
higher GO concentration. These trends were also consistent with
observed behaviour for the SFGO/PES systems at 2 bar. Interestingly, it
was found that the rejections of salts decreased over time for all mem-
branes, which may be explained by the fact that the feed concentrations
of salts were increased during the test, which led to higher diffusion rate
for salt through the membranes. In contrast, the starting feed concen-
trations of dyes were much lower, so the effects were less apparent.

The mean permeabilities of the 0.01 mg/mL LFGO membranes are
shown in Fig. 7, and also demonstrate removal performance for (a) NaCl,
(b) NayS0y4, (c) MgS0y4, and (d) NHJ salts. The 0.10 mg/mL LFGO results
are shown in Fig. S9 in the ESM. The LFGO membranes also showed a
step increase in permeability, and an associated decline in mean rejec-
tion for all salts. The trends in permeability and rejection at 4 bar were
consistent with the results obtained at 2 bar in terms of GO coating
concentration and with respect to the individual salts. A further expla-
nation of these results will be provided in discussion Section 3.3.3.

For our dye filtration studies we discussed how the presence of me-
chanical defects was likely to be associated with permeability and
rejection characteristics. In desalination experiments, the decline in
rejection and increase in permeability was exaggerated due to higher
operating pressures. Polymer membranes show a tendency to contract
when subjected to high transmembrane pressures and, if the membrane
is coated with GO, this may lead to the collapse of internal cavities. The
result is that the permeability of membranes tends to decline at higher

1943 mmRejection (2 bar) sl
= Rejection (4 bar)
517 - -®-Permeability (2 bar)[ 50
2 -O-Permeability (4 bar) <
£15 5 4} shlos - 40
213 | o0 it
: P00 o 30 s
=11 A (4
G 205
® 9 S
£ |oee oo L 10
87 ] TR Y

12345678 91011121314151617181920
Permeated Volume (mL)

6 mmRejection (2 bar) 60
=i ] C IRejection (4 bar)
5 -®-Permeability (2 bar) [ 50
2 6 - -0-Permeability (4 bar) 5
& 40
g 51 )
= -0 )
S 4000 [58C] LTORCY F30 @
= 3 o)
| 20 5
E 2 000B 0o eooooe =
o - 10
o 11

0 - 0

1 2 345 6 7 8 91011121314151617181920
Permeated Volume (mL)

FlatChem 56 (2026) 101017

pressures whilst overall rejection capabilities may increase [113]. One
uncertainty is whether the higher filtration pressure of 4 bar was suffi-
cient to collapse membrane cavities. Chong et al. [59] studied the
permeation of salts through vacuum-filtered deposition membranes and
demonstrated this coating compaction artefact for filtration pressures as
high as 10 bar. However, for SFGO and LFGO systems, it was not the case
that higher pressure led to lower permeability. We therefore propose the
aforementioned mechanical defects were primarily responsible for the
behaviour observed in salt systems in addition to dye systems for an
increase in filtration pressure from 2 to 4 bar.

3.3.2. Impact of GO coating concentration

Mean permeability and salt rejection data for the uncoated PES
membrane i.e., representing the case where GO concentration is equal to
zero, are presented in Table S4 in the ESM, along with standard devia-
tion errors across three experimental runs. As was consistent with the
trends in dye removal experiments, the uncoated polymer exhibited very
low mean salt rejection values (<1%, in all cases) and high
permeabilities.

The mean permeabilities at a filtration pressure of 2 bar for the
SFGO/PES and LFGO/PES systems is shown in Fig. 8a, while mean salt
rejections are given in Fig. 8b. To aid clarity the ammonium salt is
represented by the cation (NHJ).

For the SFGO/PES systems, increasing the GO coating concentration
from 0.01 mg/mL to 0.10 mg/mL had the dual effect of reducing
permeability whilst improving the levels of salt rejection. Such behav-
iour was consistent with our MB and MO dye filtration experiments
(Section 3.2.2). By analogy to these earlier systems, it was suggested that
the increase in mass transfer resistance resulting from higher GO con-
centration was responsible for this behaviour [114]. For each of the
respective salts, at both coating concentrations, mean permeability
decreased in the order: P (NaCl) > P (NapSO4) > P (NHZ) > P (MgSO,).
Meanwhile, rejections decreased according to: R (NHZ) > R (NagSOy4) >
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Fig. 7. Permeability and salt rejection as a function of permeated volume in the desalination of (a) sodium chloride, (b) sodium sulphate, (¢) magnesium sulphate
and (d) ammonium heptamolybdate, using 0.01 mg/mL LFGO coating. The salt concentration was 0.50 g/L and static filtration pressure of 2 or 4 bar. Vertical error

bars represent standard deviation across 3 filtration runs.
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R (NaCl) ~ R (MgS04). We propose that the electrostatic charges of the
ionic species were closely associated with the observed experimental
trends, though this will be elaborated in the mechanistic discussion
(Section 3.3.3).

It was further observed that the permeability of the MgSO4 systems
was, in all cases, very low. Divalent cations have higher hydration free
energies than monovalent cations and, as such, the energetic barrier
associated with their transit is greater [115]. In addition, the electro-
static attraction of the divalent cation to the negatively charged func-
tional groups on the GO is also stronger, thus the cations have potential
for intercalation within the GO layers [116,117]. A combination of re-
strictions and charge resulted in overall lower permeability of cations
with higher valency. It was observed that the differences between initial
and final permeabilities for 0.01 mg/mL SFGO (Fig. 6) and 0.10 mg/mL
SFGO (Fig. S8, in the ESM) exhibited only a very slight decline, sug-
gesting that the effects of concentration polarisation were also minimal,
although these systems did not reach equilibrium in these experiments.
In this series of experiments, the impact of varying the initial concen-
tration of salt was not studied, although it was proposed that performing
experiments with higher salt concentrations may have resulted in a more
substantial decline in permeability [113,118]. A further prominent
feature was that the rejection of all salts declined as a function of
permeated volume, and this characteristic will also be considered in the
next section.

For LFGO coatings, the relationship between coating concentration
and desalination efficacy was contrary to that of the SFGO coatings. It
was found that increasing the GO coating concentration increased the
overall mean permeability whilst decreasing mean rejection. These
trends in LFGO performance mirror those obtained in our dye removal
experiments (Section 3.2.2). With respect to removal of each individual
salt, the mean permeability and rejection trends for LFGO was identical
to that of the SFGO coatings (as discussed above). In addition, the
permeability and rejection profiles as a function of permeated volume
followed an analogous trend to the SFGO membranes, given the decline
in permeability and rejection as a function of permeated volume (Fig. 7
and S9, in the ESM). These were interesting observations given the
starkly different behaviours, subject to changing the coating concen-
tration. Again, this pointed to the dominance of electrostatic charge-
based interactions in desalination with GO-coated membranes, and
will be addressed later.

3.3.3. Discussion: Mechanism of desalination
Electrostatic interactions of ionic species with the electronegative
GO coating were considered a salient feature in the desalination
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mechanism. The Donnan Effect [119,120] is an electrochemical princi-
ple driven by discrepancies in charge when dissociated ions present in
solution do not distribute evenly across the feed and permeate streams.
With respect to GO membranes, anions are termed co-ions as they share
the negative charge characteristic of the GO, whilst cationic species are
termed counter-ions. Due to the effects of electrostatic repulsion, the GO
surface initially repels co-ions and, as such, their presence is maintained
in the feed side [121]. By conservation of electrical charge neutrality on
the feed side, counter-ions must also be simultaneously retained [122].
Thus, the greater number of cationic groups per anion leads to higher
rejection of ions, as for every permeating anion more cations must
transit the membrane in order to maintain overall charge neutrality. The
Donnan Effect predicts salt retention is proportional to anionic valency,
while having inverse proportionality with cation valence. The respective
valence of the cation (Z") to the anion (Z7) may be expressed as a ratio
(Z*/Z7) which, in accordance with the Donnan Effect, predicts rejection
capabilities. Consistent with this hypothesis, a lower Z*/Z~ therefore
leads to higher rejection. The ratios of Z*/Z~ for the four salts in our
systems were: NaCl — 1, MgSO4-1, Na;S04-0.50 and NH} — 0.167.

In order to examine our systems in relation to the Donnan Effect, the
mean salt rejection was plotted as a function of Z*/Z~ for each of the
GO-salt systems considered, see Fig. S10 in the ESM. It appeared the
ordering of rejections R (NHZ) > R (NaySO4) > R (NaCl) ~ R (MgS0y) for
all systems was therefore consistent with Donnan Effect predictions. The
impact of the Donnan Effect was illustrated by two highly interesting
comparisons in the salt rejection studies. Firstly, the removal of NaySO4
and MgS0O; as divalent anions was identical, and the significant differ-
ence in rejection was attributed to the different valency of the cations. It
was clear that the divalent Mg?™" cation diminishes rejection to a greater
extent than Na'. The higher charge density of the divalent cation
facilitated adsorption onto GO surface groups, in particular bidentate
ligand groups such as COO™ therefore causing charge neutralisation of
the GO coating [123-125]. The Donnan Effect was weakened by these
interactions therefore resulting in lower overall rejection of the Mg?*
salt [38]. A second comparison was drawn between MgSO4 and NaCl,
both having Z*/Z™ ratio equal to one. The rejection levels of these salts
was very close; in several cases it was marginally higher for NaCl. In
terms of anions, the divalent SO‘Z;’ (~1.147C/mm?) had significantly
greater negativity than the monovalent Cl~ (—0.457C/mm?) [126]. GO
membranes, with their initial electronegative coating, therefore repelled
SO3~ more strongly than Cl~. On the other hand, Mg?" eliminated the
electronegativity of the membrane to a greater extent than Na™, as
discussed above. For this comparison of two salts with equal Zt/Z",
there was seemingly an interesting relationship between the balance of
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attractive and repulsive forces between the GO and counter/co-ionic
species, and this had a potent effect on system performance. The ef-
fects appeared to reach a state of parity, resulting in very similar levels of
rejection overall for these two salts.

GO membranes also separate components based on physical size
sieving, an effect known as steric hindrance. In terms of the ions used in
our studies the hydrated diameters are: Na* (0.72 nm), Mg?" (0.86 nm),
NHj (0.66 nm), CI~ (0.66 nm) and SO3~ (0.76 nm) [127]. By mea-
surement of d-spacing using XRD in dry (Fig. 1c) and hydrated state
(Fig. S1, in ESM) membranes, it was demonstrated that interlayer
spacing of the 0.10 mg/mL coatings for both GO systems in dry state was
0.76 nm. In hydrated state, the SFGO membrane was swollen to 0.80 nm,
while LFGO d-spacing increased to 0.82 nm. Based on an argument of
steric effects alone it was thus considered the membranes would be
unable to retain the small Na*™ and NHj cations. In practice, however,
overall rejection of NHJ salt was highest. Similarly, it was hypothesised
that the C1~ and SOF~ anions would likewise be capable of permeation.
To further illustrate the effects of steric hindrance the removal efficacies
of NaCl and NaySO4 were compared. It was found that rejection of sul-
phate was significantly higher than for chloride; this feature may be
attributed to the combined effects of steric hindrance of the larger SO3~
anion in addition to electrostatic effects [59]. However, considering the
above calculated interlayer spacings relative to ionic sizes, it was felt
size exclusion was unlikely to be the dominant mechanism of rejection.
Steric effects may have contributed to the decline in salt rejection with
permeated volume. When the membrane intercalated water molecules,
the transport of ions through the swollen structure was facilitated due to
the increase in interlayer spacing thus enabling the permeation of a
greater number of ions [38].

3.4. Fractionation of dye-salt mixtures using GO-coated PES membranes

Here, the fractionation of binary dye-salt mixtures was considered to
explore the impact of varied flake sizes. A number of studies have
highlighted the presence of multiple species in the feed stream to have
an adverse impact on membrane system performance [128-130].
Textile effluents tend to be complex mixtures of species, including
organic dyes and dissolved inorganic salts; for reference a typical
effluent composition is provided in Table S5 in the ESM [131-133]. It
was therefore important that the GO membranes were tested as a means
of fractionating mixed dye-salt systems, since this is an important
feature of industrial utility. MB was selected as the target dye, and
MgS0O4 and NaySOy4 as the salts for these studies. Only the two most
successful membrane candidates were selected for this series of tests i.e.,
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SFGO/PES 0.10 mg/mL (higher SFGO concentration) and LFGO/PES
0.01 mg/mL (lower LFGO concentration). For brevity, in this section,
SFGO/PES 0.10 mg/mL system will be referred to as SFGO, and LFGO/
PES 0.01 mg/mL will be shortened to LFGO.

The permeability and dye and salt rejections of the combined dye-
salt mixtures is shown in Fig. 9a and b, respectively. The calculated
standard deviation error in permeability and respective dye and salt
rejections across three experimental runs is provided in Table S6 in the
ESM. The permeability and rejection of MB dye in the absence of salt is
also included in the plots in order to facilitate comparison between the
efficacies of mono-component and binary component feeds.

The presence of ionic species was demonstrated to have an adverse
impact on permeability for both membrane systems. The introduction of
ions into the MB solution increased the ionic concentration in the feed
and, as such, the osmotic pressure increased, and the permeability
decreased. This was in line with observations from similar studies [134].
The impact on SFGO membranes was particularly marked; the high MB
adsorption capacity and surface area of the SFGO coating promoted
cationic adsorption thus accounting for greater depletion in perme-
ability, subject to the increased concentration of feed cations. Further-
more, deposition of dyes onto the membrane surfaces due to adsorption
caused a reduction in permeation of solvent in dye-salt systems due to
physical pore coverage or blockading [135]. The permeability of both
membrane systems towards MB/MgSO4 was lowest overall, likely due to
increased adsorption of the divalent cation onto the membrane surface
relative to the monovalent Na®. This may penetrate membrane pores
and cause localised shrinkage thus reducing permeability [136].

Comparison of overall mean MB rejections with and without elec-
trolyte revealed MB rejection was decreased subject to ionic presence.
The adsorption of cations onto the initially electronegative membrane
surface thus had a shielding effect on the negative surface potential
[137,138]. In our previous work [45], it was demonstrated that the
interaction of cations with solid GO adsorbent surfaces caused a
reduction in measured zeta potential. It also revealed that divalent Mg>*
cations had the greatest impact on colloidal stability, to the extent that
charge reversal was observed at sufficient ionic concentration. This
interaction was considered a feature of the greater charge density of
Mg%" compared to Na*t. Such behaviour was consistent with the rejec-
tion trends observed here as we found the incorporation of magnesium
sulphate had greater impact than sodium sulphate on reducing rejection
levels of MB.

Furthermore, it has been suggested that the presence of low con-
centrations of ionic species may actually assist the dispersal of cationic
dyes in solution due to repulsive interaction forces between dye
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molecules and cations. This drives the dye molecules apart and facili-
tates dye transit through the membrane [139]. An interesting observa-
tion was noted in the recorded levels of salt rejection, as these were
found to very slightly increase (relative to the earlier desalination
studies) when the salts were dispersed in MB. This observation was
considered to be due to the increase in membrane thickness that
occurred during deposition of MB onto the electronegative membrane
surface; this had the effect of hindering the passage of ions thus slightly
increasing the resistance to transport across the membrane [140].

In multi-component feeds, selectivity is an important parameter for
assessment of separation performance. In fact, achievement of high
solvent permeability and high selectivity is a desirable feature in
membrane operation [141]. The selectivity parameter (a), provides an
assessment of the ability to fractionate different species [142]. Given the
salt and dye mixtures in the present study the selectivity of salt sepa-
ration relative to dye ((sat/pye)) Was defined by Eq. 4 [143]:

Q(Sdlt/Dye) = (1 - RSalt)/(l - RDye)

where Rpy. and Rgg; are the respective dye and salt rejections.

The calculated values of a(sai/pye), including the calculated standard
deviational error across three runs, for the SFGO and LFGO systems are
reported in Table 1.

It is apparent that the SFGO coating offered improved levels of
selectivity compared to the LFGO for both dye-salt combinations. This
was considered a feature of the SFGO coatings retaining high overall
levels of MB rejection thus maximising the values of (sat/pye). For the
current systems, the calculated values of a(sai/pye) Were all relatively
low in comparison to composite GO material coatings reported else-
where. For example, Kang et al. [143] reported a highly selective
magnetite-doped GO membrane that achieved a selectivity of 63.2 when
filtering a Congo Red/NacCl system. Similarly, Li et al. [144] reported a
selective trimethylamine-doped membrane that achieved a selectivity of
18.3 when separating a Congo Red/NaSOj4 system. It is thus considered
that the selectivity of membrane systems may be improved by func-
tionalisation of the GO to tailor its properties towards rejection of a
particular component.

4

4. Conclusions

In this study, the structure-property relationships governing the
performance of GO membranes in remediation of dye and salt-
contaminated wastewaters were systematically investigated. Due to its
simplicity and ability to produce uniform coatings, vacuum filtration
was used to fabricate GO-coated PES membranes. In dye removal
studies, membranes were effective in removal of both cationic MB and
anionic MO. In particular, the 0.10 mg/mL dispersion coating of SFGO
was shown to be most effective in removal of both dyes due to its highly
negative zeta potential, high surface area and small flake size, resulting
in high permeabilities alongside promising dye rejection capabilities.
Interestingly, in LFGO systems, the higher concentration 0.10 mg/mL
dispersion coating was less effective compared to its 0.01 mg/mL
counterpart, owing to partial coating delamination after immersion,
highlighting the significance of flake size. Mechanistically, separation of
both dyes is driven by a combination of factors including adsorption,
electrostatic interactions and size-based exclusion.

GO-coated membranes were also demonstrated to have reasonable
capacity to desalinate salt solutions, with salt rejection decreasing ac-
cording to R (NHZ) > R (NagS04) > R (NaCl) ~R (MgS04). Salt rejection
by GO-coated membranes was largely attributed to the Donnan Effect, as
the highest overall rejections were achieved by salts having the lowest
cationic valency and highest anionic valency i.e., ammonium hepta-
molybdate and sodium sulphate).

From a practical perspective, this study provides a systematic
exploration of structure-property relationships linking GO flake size
with membrane physicochemical characteristics and separation
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Table 1
Calculated values of asqi/pye), including standard deviation error, for selective
separation of MB/MgSO4 and MB/Na,SO4 mixtures.

GO coating Dye-salt mixture A(Salt/Dye) Error in o(salt/pye)

SFGO MB/NaySO4 2.7 0.040
MB/MgSO4 2.3 0.015

LFGO MB/NazSO4 1.1 0.007
MB/MgSO4 1.2 0.012

performance. The findings offer valuable insight for design of composite
membrane systems targeting industrial wastewater treatment, offering
guidance on material selection and screening, membrane fabrication
and performance optimisation. Furthermore, it is expected that the re-
sults will assist efforts to expand the utility of GO membranes, including
through chemical functionalisation, for which the role of flake size is
anticipated to be highly significant.
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