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Feasibility of graphene—polymer composite

membranes for forward osmosis applicationsy
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Werner J. Blau*® and Mathias Ulbricht (2 *°

This paper assesses the feasibility of fabricating thin-film composite membranes from stacked graphene
nanosheets in combination with a polymer as a selective layer on a macroporous support membrane for
utilization in osmosis applications. Reproducible dispersion procedures based on the liquid-phase
exfoliation technique have been established to fabricate multi-layer graphene from graphite with the
assistance of the high boiling point solvent N-methylpyrrolidone (NMP) or the low boiling point solvent
ethanol. A high graphene yield of up to 7.2% with a concentration of 0.36 mg mL™* was achieved in the
NMP-based dispersions. Membrane fabrication toward a graphene—polymer sandwich architecture has
been developed, in which graphene laminates modified with or without a chemical cross-linker are
placed in between two polyethyleneimine (PEl layers) laminated onto the support membrane (either
nylon or polyethersulfone microfiltration membranes). Graphene—polymer composite membranes were
successfully fabricated via the pressure-assisted filtration technique and the performance of the
membranes was studied in terms of pure water permeability and dextran rejection. The best performing
membranes had water permeability varying from 33-77 L m™2 h™! bar™! and rejection of dextran
2000 kDa up to 96%; the selective layer has a thickness of ~1 pm. Forward osmosis experiments with
polyacrylic acid sodium salt as draw agent demonstrate the feasibility of using the established graphene-
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1. Introduction

Graphene is one-atom thick, an individual two-dimensional
(2D) layer consisting of covalently-bonded carbon atoms
arranged in a honeycomb lattice. Graphite consists of graphene
sheets which are stacked on each other into a 3D structure and
connected by weak van der Waals interaction. The interlayer
distance of these sheets is approximately 3.4 A.* Graphene has
been widely studied due to its extraordinary properties including its
high values of Young’s modulus, strength, thermal conductivity,
charge-carrier mobility and specific surface area. The exceptional
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polymer composite membranes for such applications.

properties of graphene and its derivatives continue to attract
intense research interest in many processes and applications.>™
One-atom thickness and nearly frictionless surface make graphene
the ultimate material in membrane separation technology,™®
because of the inverse relationship between membrane permeance
and membrane thickness.

There are some limitations in the current separation
membranes, such as difficulty in tuning water and solute
permeability, low fouling/chemical resistance, etc. It has been
underlined that there is a significant necessity of designing new
generation membranes with solid and engineered pore structure,
scalable for practical modules.” More recently, researchers have
been examining 2D graphene as building blocks for separation
membranes, leading to exciting improvements based on
exceptional separation mechanism and leading to potentially very
high separation performance.*** Enormous effort has been
focused on the production of graphene to search for a cost-
effective method which will provide defect-free graphene on a
large scale. The liquid-phase exfoliation technique (LPE) has been
considered as the most versatile method for graphene production
due to its capability of mass production. Furthermore, it is a
straightforward and scalable process. There are different types of
exfoliation processes which include two popular examples.
The first example is oxidation of graphite to give graphene oxide
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(GO)"™ and the second example is sonication-assisted exfoliation
of graphite that is stabilized by using carefully selected solvents or
surfactants.'* One advantage of graphene oxide dispersions is that
they mainly consist of monolayer flakes. However, the oxidation
process can also be a disadvantage due to the introduction of
structural defects'>'® that alter the physical properties of
graphene. Sonication-assisted LPE can provide defect-free flakes
but with a comparatively low monolayer content.'” LPE consists of
three major steps. First, it is essential to choose an appropriate
solvent to disperse pristine graphite, which will overcome the van
der Waals interaction between adjacent layers held within a n-n
stacking distance of ~3.4 A. Energy provided through sonication
or shear force assists in separating individual platelets from the
pristine graphite. Furthermore, since graphene flakes tend to
reaggregate within a certain time, a strong solvent-solute inter-
action is necessary to stabilize the graphene nanosheets in the
dispersion for a long time by balancing inter-sheet attractive
forces.'® The produced dispersion after sonication is expected to
be highly poly-dispersed;*® in the final step, a size selection
process is performed by mild centrifugation. Unexfoliated large
graphitic structures in the suspension are removed from the well-
exfoliated smaller flakes by centrifugation.

The dispersibility of such materials in a solvent can be
categorized by various models for instance; surface energy,
Hildebrand-*° and Hansen->'based solubility models. According
to the surface-energy-based model, solvents which have a surface
energy of ~40 mJ m™~ > are considered as the best candidates for
the dispersion of graphitic structures, because they minimize
the interfacial tension between the solvent and graphene.'®
However, most of the best solvents with a surface energy of
~40 mJ m %, such as NMP (40 mJ m™?), dimethylformamide
(37.1 mJ m ) and ortho-dichlorobenzol (37 mJ m™?),>* have
crucial drawbacks. These solvents are not user-friendly due to
their toxicity (they can be absorbed by the skin and damage
organs), potential negative environmental impacts and high
boiling point. Herein, low-boiling-point organic solvent-based
dispersions are employed as an alternative to high-boiling
point organic solvents. However, the solubility of graphite in
low-boiling point solvents is poor, typically resulting in very low
dispersion efficiency. According to literature, graphene can be
fabricated via exfoliation of graphite in ethanol-based liquids
with a concentration of only ~0.002 mg mL™' in pure
ethanol, and 0.014 mg mL™" in water-ethanol mixture.”>** An
improvement in the dispersion efficiency in ethanol, yielding up
to 0.5 mg mL~" for few-layered graphene, was achieved using a
drastically long sonication process, for about 300 h.>® In order to
improve the solubility of graphite in ethanol, a promising
exfoliation method assisted with salt as an intercalator is
proposed in the current work. Here, the function of the organic
salt (potassium sodium tartrate, KNaC,H,044H,0) in the
dispersion is to be intercalated into the graphite interlayer
spaces and, thus, to expand the spacing of the graphitic layers,
resulting in weakened van der Waals forces and improving the
electrical repulsion between the sheets.

Graphene nanosheets can be assembled into highly-
ordered, stacked graphene laminates on a porous substrate
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via pressure-assisted filtration assembly. Multi-layer, well-packed
graphene laminates allow water to pass but reject other mole-
cules. The pure graphene, without functional groups, provides
frictionless carbon walls, which are the basis of fast, friction-less,
transport of water.”®*” Two typical transport mechanisms®® can
occur in such membranes, i.e. either through interlayer channels
between flakes or through structural defects within graphene
flakes. The defects must be identified and eliminated from such
stacked-graphene-nanosheet membranes in order to enhance
the sieving properties. Sealing or blocking defects™ is one way to
enhance the transport selectivity. This work aimed to fabricate
graphene composite membrane without any application of
excessive oxidation during graphene production. By this way,
physical properties of graphene were preserved by eliminating
the introduction of structural defects during oxidation. Most of
the works in the field of graphene-based membranes follow the
way of producing GO which is chemically modified graphene
fabricated by various oxidative modification techniques; such as
Hummers’ method. After that, reduction-based approach by
solution (hydrazine hydrate) and thermal methods are applied
to reduce oxygenic functional groups.

Forward osmosis (FO) can be described as water transport
across a selectively permeable membrane, which is driven by an
osmotic pressure difference, from a solution with high water
chemical potential (feed solution) to a solution with low water
chemical potential (draw solution).>® This transport will
proceed until the chemical potential across the membrane
arrives at the equilibrium level. FO is applicable to a wide
range of fields such as desalination, power generation, waste-
water treatment, drug and food industry. Osmotically driven
membrane processes including FO attracted a great attention
across the world owing to their energy efficiency and because they
are less prone to membrane fouling.®" It provides sustainable
solutions against water and energy scarcity. Nevertheless, the
absence of suitable FO membranes with effective separation
performance is the main drawback. Use of nanotechnology for
fabrication of the membrane is one of most common methods to
enhance the separation performance.’ An ideal FO membrane
should fulfil the following requirements;*® (i) high salt retention
and high water flux; (ii) low concentration polarization; and (iii)
high long-term chemical, mechanical and performance stability.
A thin permeation-selective active layer on a thin support
layer with optimum porosity to reduce internal concentration
polarization (ICP), high hydrophilicity and low fouling tendency
would be desirable for such materials.*

The draw solute has a significant effect on the efficiency of
the FO performance. Recently, a remarkable amount of effort
has been devoted to exploring the ideal draw agent which
should fulfil the following characteristics; (i) high osmotic
pressure which creates high water flux; (ii) low reverse solute
transport through the membrane; (iii) easy recovery of the
diluted draw solution after FO; and (iv) nontoxic and cost-
friendly.>* Many possible candidates have been discussed such
as organic ionic salts®® and organic compounds,*® etc. However,
in recent years another draw solute candidate has been
discovered from the commercially available, and potentially

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of graphene—polymer composite membranes in the absence of cross-linker (a) and in the presence of cross-linker (b).

also pH-responsive, polymer family called polyelectrolytes.?”°

Polyelectrolytes possess many unique properties which make
them suitable as draw solutes for osmotic processes. Specifically,
polyacrylic acid sodium salts (PAA-Na) have been found to be
an appropriate option, since they are water-soluble polymers
available with different molecular weights, they have a capacity
to produce high osmotic pressures and they can induce high
water flux with low reverse solute flux due to their expanded
colloid size.>® Furthermore, their macromolecular sizes allow
them to be recycled easily from diluted draw solution by using
low-pressure, low-energy ultrafiltration processes.

In the present study; in order to fabricate graphene-polymer
composite membranes, multi-layer graphene produced via the
liquid-phase exfoliation method is used as the building block
to fabricate a sandwich-like graphene-polymer hybrid layer
laminated to the macroporous support membrane by using
the pressure-assisted filtration technique (Fig. 1). Firstly, micro-
filter support membranes are coated with a positively charged
polymer, polyethyleneimine (PEI), in order to improve the bond
between the surface of the support and the graphene flakes
(due to the negatively charged nature of the support membrane
and using interactions with carboxyl groups on the graphene,
either as defects or due to adsorbed tartrate) and also increase
membrane selectivity. Secondly, graphene is deposited and,
with the aim of enhancing the stability and stacking quality
of graphene laminates in aqueous phases, a chemical cross-
linker, ethylenediamine (EDA) that is dissolved in the graphene
dispersion in order to introduce covalent bonds between
functional groups (e.g. carboxyl) on the graphene is also
evaluated (Fig. 1b), compared to deposition in the absence of
cross-linker (Fig. 1a). Even though, cross-linking can provide
the membranes with enough stability in water, an effective
strategy should be to introduce an optimum amount of cross-
linker. Excessive cross-linking might cause a decrease of the
water flux of the membrane. In the current work, various
proportions of EDA were studied to study its effect on stability,
water permeability and rejection characteristics of the
membranes. Finally, a second layer of PEI is applied in order
to increase the membrane stability and selectivity. In this work,
the terms of ‘hybrid’ and ‘composite’ are used for the active
layer (ie., graphene and polymer structure) and for the
combination of the active layer with the support membrane,
respectively.

The prepared membranes are expected to have a good
performance in the ultrafiltration range (high water flux and
macromolecule rejection) and feasibility for FO applications

© 2021 The Author(s). Published by the Royal Society of Chemistry

with macromolecular draw agents such as PAA-Na. A series
of parameter variations and structural characterizations are
conducted to understand the quality of produced graphene
dispersions and to determine the most suitable composite
membrane preparation conditions. Resulting compositions
and structures of graphene-based membranes are analysed and
discussed. Finally, FO tests are carried out to assess the
performance of a prototype graphene-polymer hybrid membrane.

2. Experimental section

2.1. Materials

Ethanol (absolute, 99.5%, Acros Organics) was purchased from
Thermo Fisher Scientific and N-methyl-2-pyrrolidone
(NMP) was obtained from Merck Millipore KGaA (Germany).
Potassium sodium tartrate (KNaC,H,0¢4H,0; ACS reagent,
99%), poly(ethyleneimine) (PEI; average M,, ~ 750 000 g mol ",
~50% in H,0), ethylenediamine (EDA), and poly(acrylic) acid
sodium salt (PAA-Na; with different molecular weights nominal
M,, ~ 5100 g mol™*; M,, ~ 8000 g mol ™, 45 wt% in H,O and
M,, ~ 30000 g mol ', 40 wt% in H,0) were supplied by Sigma-
Aldrich. For the analysis of membrane selectivity, various
molecular weights (4 kDa and 2000 kDa) of dextran were used
and supplied from Sigma Aldrich. Graphite (+100 mesh > 75%)
was purchased from Sigma-Aldrich. The porous support
membranes (47 mm diameter disks) made from nylon and
polyethersulfone (PES) were from Supelco and Sartorius. The
average pore sizes of porous support membranes were
characterized by the method of gas flow/pore dewetting
permporometry and specified as 0.27 pm for nylon and 0.12 pm
for PES. Silicon wafers (SiO,, oxide thickness: 285 nmy;
wafer thickness: 525 micron) were purchased from Graphene
Supermarket. Holey carbon grids (400 mesh) were bought from
Agar Scientific Ltd, UK. Graphene fabrication tools are listed as
follows: ultrasonic bath (Elmasonic Transsonic, TI-H-10), ultrasonic
probe (Sonopuls HD 2200 ultrasonic laboratory homogenizer,
Bandelin), centrifuge (Hettich Universal 320) and ultrahigh
centrifuge (Thermo electron corporation, Sorvall WX Ultra Series).

2.2. Methods

2.2.1. Fabrication of graphene. A series of graphene
dispersions were prepared by sonicating mixtures of graphite
with various solvents in order to explore the solvents’ dispersibility
and their effect on the quality of graphene flakes. The aim was to
produce pure graphene (free of functional groups) composed of

Mater. Adv,, 2021, 2, 6439-6454 | 6441
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small flakes (typically less than 1 pum) and few- to multi-layer
flake structure. Sonication time and energy, type of solvent, and
centrifugation rotational speed were the parameters of the
fabrication procedure. In the end, as shown in Table 1, three
NMP-based dispersions (N1, N2 and N3) and two ethanol-based
dispersions (E1 and E2, 30 mg mL ™' tartrate concentration),
which differed in centrifugation conditions, were produced and
characterized in detail (Fig. S1 and S2, ESIT).

2.2.2. Fabrication of graphene-based membrane. In all
membrane fabrication procedures, a commercial stainless steel
bench-scale dead-end stirred cell (Sterlitech, HP4750) was used
to deposit the exfoliated graphene onto the porous support
membrane under 0.2 bar. Firstly, the support membranes were
coated with a positively charged polymer PEI by soaking the
support membrane in 0.5-3 mg mL " of PEI solution at 70 °C
for 30 min. Secondly, a certain amount of diluted graphene
dispersion with cross-linker - (for the preparation of cross-
linker modified membranes, the monomer ethylenediamine
(EDA) was mixed with diluted graphene dispersion in a certain
weight ratios (G: EDA; 1:15, 1:1200, 1:15 000) and the mixture
was allowed for about 1 h for chemical reaction) - or without
cross-linked was filtrated through the PEI-modified membrane.

After completing the graphene deposition, the wet
membranes were immediately dried at 50 °C for 2 hours to
improve the strength of graphene and PEI and remove the
excessive solvent residuals. Thirdly, a second PEI coating on the
top (with the same protocol mentioned above) was applied to
the prepared modified membrane followed by drying in a
vacuum oven at 50 °C for 1 hour. Then, the membranes were
soaked in water overnight to remove unbonded PEI before
filtration experiments. In the present work, graphene—polymer
composite membranes are labelled as shown in the following:

Support membrane/(PEL/G,/PEL,;) and
support membrane/(PEL/G, + EDA/PEL).

where, x and z show the concentration of PEI solution
(mg mL™"), y is the mass of graphene per area (mg cm™>) and
k is the weight ratio of EDA to graphene.

2.3. Characterization

2.3.1. Characterization of graphene dispersion. Characteristic
absorption spectra of exfoliated graphene dispersions were acquired
by using UV-Vis spectroscopy (Varian Carry 50). Atomic force micro-
scopy (AFM) analysis was carried out with a Veeco Nanoscope-Illa
(Digital Instruments) in tapping mode. Raman spectra were acquired
using a spectrometer (WITec Alpha 300R) with the 600 lines per mm

Table 1 Parameters of each graphene dispersion procedures
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spectral grating and a 100x microscope objective. Transmission
electron microscopy (TEM) analysis was performed using a JEOL
2100 at 200 kV. To obtain the samples, a certain amount of diluted
dispersion was dropped onto a pre-heated cleaned silicon wafer (for
AFM and Raman) or a 400 mesh holey carbon grids (for TEM) and
left to dry in vacuum.

2.3.2. Characterization of graphene-based membrane.
X-Ray diffraction (XRD, Bruker D8 Advance with Cu-Ka) was
used in order to obtain information on interlayer spacing
(d-spacing) and crystallite size of graphene layers in both dry
and wet states (wet after 2 h soak in water). All samples were
placed on Si single crystal sample holder to minimize scattering
and measured in Bragg-Brentano geometry with a step size of
0.01° and a counting time of 0.6 s at each step. The quantification
of the XRD data was done in Rietveld refinement using TOPAS 5.0
software from Bruker after the instrumental characterisation of
the diffractometer measuring a standard powder sample LaB6
(NIST, SRM 660b). Scanning electron microscopy (SEM, Apreo-S
by Thermo Fischer) was employed to analyse the morphology.
The surface charge properties of membranes were investigated
using a zeta potential measurement device SurPass from Anton
Paar (Austria). In order to study membrane wettability, water
contact angles of membranes were measured using an OCA20
contact angles system (Dataphysics, Germany).

2.3.3. Ultrafiltration. The separation performance of the
graphene-polymer composite membranes was studied by using
a dead-end filtration system. The effective membrane area was
9.07 cm®. Water permeability (P, L m~> h™" bar™ ') and dextran
rejection (R, %) of these membranes were investigated at a
transmembrane pressure of 1 bar at room temperature. During
the ultrafiltration, feed solution (dextran 4 kDa or 2000 kDa,
0.5 mg mL ™" in water) was stirred with a pensile magnetic stirrer
at 300 rpm. Dextran concentrations were measured via total
organic carbon (TOC) analysis (TOC-Vcpy, Shimadzu). Water
permeability and dextran rejection were calculated as follows:

AV
AmAtp (1)

P=Jy/p=

where J,, is the permeate flux of water (L m~> h™"), AV is the
permeate volume (L) in the time interval At (h), 4, is the
effective membrane active area (m”) and p is the filtration
pressure (bar).

C
R= (1 —Ff’) x 100% @)

f

where C}, and Cr are the concentration of the permeate and feed
solutions in g L™, respectively.

Sonication Centrifugation Centrifugation

Solvent Dispersion Sonication type time (h) speed (rpm) time (min) Number of centrifugation steps
NMP N1 Sonic probe 4 1500 45 1

N2 Sonic probe 4 4500 45 1

N3 Sonic probe 4 4500 45 2
Ethanol E1l Sonic bath 5 3000 30 1

E2 Sonic bath 5 3000 30 2
6442 | Mater. Adv, 2021, 2, 6439-6454 © 2021 The Author(s). Published by the Royal Society of Chemistry
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2.3.4. Forward osmosis characterization. The test system
consisted of a custom-built cell that had an effective membrane
area of 9.07 cm® with cross-flow channels on both sides of the
membrane. The system was operated with a peristaltic pump
(Masterflex, Cole Parmer) which circulated feed and draw
solutions, both in a closed loop, at a cross flow velocity of
80 cm s for feed and draw sides. The feed solution container
was placed on a digital scale (Precisa, XB 2200C) to measure
the weight change as a function of time. The reverse solute
leakage transported from draw solution to feed solution
was measured with TOC analyser. There are two possible
orientations that can be used to operate the FO system, i.e. (i)
where the active layer (graphene-coated side) faces the draw
solution (AL-DS) and (ii) where the active layer faces with the
feed solution (AL-FS). In this work, PAA-Na of different nominal
molecular weights (5 kDa, 8 kDa and 30 kDa) was used as
the draw agent. In order to keep the pH of both draw and
feed solutions the same, the pH values were adjusted to
~8 by carefully adding HCI or NaOH. Osmosis water flux
(Jw» L m~> h™ ") was calculated based on the volume change of
the feed solution as follows:

AV
AmnAt

Jw = (3)
where, AV is the volume of water permeated from feed solution
to draw solution (L) in a certain time period At (h); Ay, is the
effective membrane active area (m?).

The reverse solute leakage (s, g m > h™'), was determined
from concentration change of the feed solution in a certain
time interval according to:

O =Gy

Js
AAt

4)
where C, (g L™") and V, (L) are the initial concentration and
initial volume of feed solution, respectively; and C; (g L™") and
V; (L) are the solutes concentration and volume of feed solution
after time interval At.
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3. Results and discussion

3.1. Graphene dispersions

Dispersions were prepared using parameters outlined in
Table 1. Fig. 2A and B display the absorption spectra of
graphene dispersions exfoliated in the two solvents: NMP and
ethanol. Graphene and graphite are known to have the largest
conjugated m electron systems in carbon-based materials.

In the UV-Vis absorption spectra (Fig. 2A), there are two
characteristic fingerprints for such aromatic conjugated systems
which can be a significant tool to identify the material. A notable
peak maximum at around 267 nm is found, which is consistent
with the literature that suggests the maximum peak for such
conjugated material is in the range 260-270 nm,***! corres-
ponding to the n — n* transition of aromatic C-C bonds. This
peak maximum is clearly visible at around 267 nm for graphene
exfoliated in ethanol (E1 and E2) as can be seen in Fig. 2B.
However, in the case of solvent NMP, the characteristic peak at
~267 nm cannot be detected. This is due to strong interference
with UV absorbance of NMP due to it C=0 group.**> Moreover,
the high intensity over a broad wavelength range is also a
characteristic of extended conjugated systems,*’ leading to a
featureless spectrum between 300 and 800 nm, with a decrease
in intensity with increasing wavelengths into the visible region.**
In typical GO dispersions,” a peak at around 300 nm can be
found due to the n-n* transition of C—=0 bonds. In all dispersions
here, this peak is not present suggesting that the exfoliated
graphene dispersions are not oxidized to an extent that is
measurable with UV spectroscopy.

Table 2 shows the graphene concentration obtained by
each method after the last step of the fabrication procedure.
The dispersion yield is much higher in NMP compared to the
ethanol-based liquid. NMP has the better ability to exfoliate
graphene from graphite. In an attempt to increase dispersion
quality (by obtaining thinner flakes; see below), intensity of
centrifugation (e.g. by using higher speed) can be increased,
leading to a decrease of graphene concentration. Results
presented in Table 2 and Fig. 2C confirmed this; increasing

0.40

C A Sonic probe

0.354 * Sonic bath

Before After
sonication  sonication

) [
BTN
-
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0.25-
£ 0.20

G (mg/ml)
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0.10 E1
0.05 - E2,
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Fig. 2 UV-Vis absorption spectra of graphene exfoliated in NMP (N1, N2 and N3) and ethanol (E1 and E2) (A); enlarged UV-Vis absorbance spectra of E1
and E2 (B); final concentrations of different dispersions as a function of centrifugation rotational speed (C); yellow arrow in C shows effect of prolonged

centrifugation time.
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Table 2 Final concentration of each graphene dispersion and the yield (%)
relative to graphite used, determined by UV spectroscopy. Absorption
coefficient at 660 nm, «, was taken as 3620 L g~* m~14%4’ for NMP- and
ethanol-based dispersions

Dispersion  Final concentration [mg mL~']  Dispersion yield (%)
N1 0.36 7.2

N2 0.16 3.2

N3 0.10 2

E1 0.08 0.8

E2 0.035 0.35

rotation speed from 1500 rpm (N1) to 4500 rpm (N2) causes
lower yield due to less carbon content; the yield decreases by a
factor of about 2. Hence, thinner graphene flakes should
exist in the final dispersion N2. Another centrifugation step
at 4500 rpm (N3) results in only 2% yield, with a final concen-
tration of 0.10 mg mL~". The dispersion yields in NMP achieved
in this work, via only 4 h and 5 h sonication in pure organic
solvents, are comparable to those which were achieved by
earlier studies utilizing long sonication exposure ie., up to
168 h sonic bath or 10 h sonic probe.'”*”

The dispersion method E1 was modified from a previous
work.”® The assistance effect of potassium sodium tartrate on
the exfoliation of graphite in ethanol is investigated in the
current work. It can be seen that the graphene concentration is
successfully improved up to values of 0.08 mg mL ™', corres-
ponding to 0.8% yield (E1); this is similar to previous work
(0.062 mg mL™", 0.6% yield).>> When this dispersion is
centrifuged further at 3000 rpm to improve their quality by
removing unexfoliated graphite-like structures, the final
concentration was 0.035 mg mL ™" (E2).

Fig. 3 shows Raman spectra of exfoliated graphene in
various agents deposited onto a silicon wafer. There are three
prominent features in a typical Raman spectrum of exfoliated
graphene; the G band at ~1580 cm ™" indicates the presence of
sp> carbon, the D band at ~1350 cm™ " indicates the presence
of disorder in the sp> carbon, and the 2D band, which is also
known as second order of D peak at around 2700 cm™ ', is
caused by a second order two-phonon process. The 2D band
can be used to estimate the number of layers by studying its
position, shape and intensity.*® The Raman spectra obtained in
this study all exhibit these three major peaks (¢f. Fig. 3). The full
width at half maximum (FWHM) of the 2D band for each
dispersion is calculated; yielding FWHMy; = 54 + 3.7 cm ™,
FWHMy, =75+ 1.8cm ', FWHMy; =79+ 1.7 cm™ *, FWHMjg, =
74 + 2.6 cm™', FWHMjg, = 84 + 2.4 cm'. The FWHM of
single-layer graphene has been reported as ~26.3 cm '*° and
30 cm™**° and this value is almost doubled in the case of bilayer
graphene, while few-layer and multi-layer graphene exhibit an
FWHM between 39-65 cm™ ' and >65 cm ™, respectively.”’">
With an increase in the number of layers, the expectation would
be to observe further widening of the 2D peak (increased FWHM)
due to a more complex splitting of the electronic bands.*>>* The
obtained data reveals that the graphene dispersions; N2, N3, E1
and E2; consist of multi-layer graphene structures. The shape of
the 2D peak of dispersion N1 suggest it consists of more graphitic,

6444 | Mater. Adv, 2021, 2, 6439-6454

View Article Online

Materials Advances

1344 15’81 2681
. A E2
3 / Ip/ig= 0.5 . E
=
g / Ip/lg= 0.35 P N3
(]
IS f Ip/lg=0.43 N2
| Ip/ig= 0.21 ‘-._/ \ N1
|
15100 2000 2500 3000

Raman Shift (cm)

Fig. 3 Raman spectra of graphene dispersions N1, N2, N3, E1 and E2.
Intensity ratios of D and G bands (Ip/lg) are shown for the each spectra.
Data is averaged from 10 spectra for each sample.

i.e. less exfoliated structures. It is also important to note that in all
spectra the D and G bands do not overlap but are well-separated,
which differs from graphene oxide (GO), in which the peaks
overlap and are broad.> This result indicates that our graphene
dispersions were not affected by severe in-plane disruption as in
the case of GO®® where a high density of functional groups are
present. XPS study which belongs to one of the NMP based
dispersion supports the data from UV-Vis spectroscopy and
Raman spectroscopy analyses by showing a strong sp*
hybridized carbon peak at 283.5 eV (see ESL} Fig. S3).

A noticeable D band (at ~1344 cm™ '), which is absent in
pristine graphite, is observed in all cases. The degree of defects
can be quantified by the examining D band to G band intensity
ratio (Ip/Ig). There is some spread in Ip/Is but it is mostly in the
range 0.2-0.5 (see numbers in Fig. 3), significantly higher than
for pristine graphite (~0.06).”° Thus, Ip/l; increases with
respect to graphite with exposure of sonication.’®”” We believe
that the observed D band mainly results from the edges of
graphene flakes, although we cannot eliminate the possibility
of a contribution from basal plane defects. Hence, a small
fraction of functional groups, e.g. carboxyl, may be present, that
would support the assembly into the sandwich membranes
(see Section 3.2). Overall, it is very complicated to obtain and
utilize mono- or few-layer graphene for membrane fabrication; it
can be seen that stacked graphene is assembled in the current
work. Because existence of stacked graphene, the fraction of
oxidized carbon is low (most of the carbon structure is protected
in the stack). The chemical cross-linking will only work if there is
a sufficient content of oxidized groups, specifically carboxylic
acid groups. The current work suggests that there are oxygen-
containing groups in the produced graphene dispersions, but
certainly less than in GO.

AFM analysis was carried out in order to investigate
the thickness and lateral dimensions of graphene flakes.
Representative images are shown in Fig. 4; in all images
graphene flakes are clearly seen. Graphene flakes tend to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Representative AFM and TEM images of graphene dispersions N2 (a and b), N3 (c and d), E1 (e and f) and E2 (g and h).

aggregate and overlap each other resulting in wrinkled
structures owing to van der Waals interaction. In the current
work, thickness of a single layer of graphene is assumed to be
0.8 nm.”®*° A large number of graphene flakes were analysed
(~100 flakes) for each dispersion (see also the histograms with
data for thickness and size in ESL,1 Fig. S4 and S5).

In dispersion N2 (Fig. 4a), AFM images reveal the existence
of relatively thick graphene flakes. The thickness distribution
is peaked at 10-20 nm (~42%), which corresponds to 12 to
25 layers, and a lateral size of 300-400 nm (~37%). Some large

© 2021 The Author(s). Published by the Royal Society of Chemistry

flakes with a lateral size greater than 500 nm ( ~16%) also exist
in the dispersion. The height profile (inset) shows that the flake
is about 6 nm thick and a few hundred nanometers wide.
In dispersion N3, it can be concluded that most of the flakes
(~80%) have a lateral size in between 100-400 nm and a
thickness of 10-30 nm (~55%) while ~6% of the flakes have
a thickness less than 5 nm (<7 layers). Both thickness and
lateral dimension histograms indicate that thick materials
(greater than 50 nm thickness) are removed from the dispersion
by a further centrifugation step at 4500 rpm (¢f. Fig. 2C).
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In dispersion E1, the flakes are mostly between 10-40 nm
thick (~50%) while 12% of flakes are less than 10 nm thick and
~63% of the flakes have a lateral dimension <450 nm. As can
be seen in Fig. 4e, the flakes are not flat; instead they are mostly
clustered and tend to be folded and restacked. The thinnest
flake size is around 4 nm. In dispersion E2, flakes greater than
80 nm thick had been removed and the dispersion has ~80%
of flakes that are less than 30 nm thick and less than 400 nm in
lateral size. This confirms again the effect of centrifugation
intensity on increasing graphene quality (at the expense of
yield; ¢f. Fig. 2C).

Fig. 4 also shows representative TEM images of graphene
dispersions obtained via the NMP-based procedures N2
(Fig. 4b), N3 (Fig. 4d) and the ethanol-based procedures E1
(Fig. 4f) and E2 (Fig. 4h). The observed graphene flakes have a
lateral size mostly in between 100-300 nm for N2, 100-700 nm
for N3, 100-500 nm for E1 and 100-300 nm for E2. Furthermore,
during TEM measurement it is observed that some flakes are
folded and have wrinkled areas which would affect the thickness
measured by AFM and TEM (Fig. S6, ESIt). It is worth noting that
the TEM results are not in quantitative agreement with AFM
findings in case of dispersion N3, where AFM results reveal that
~80% of flakes have the lateral size in between 100-400 nm.
However, in TEM images of N3, large-sized flakes are notably
prominent. This discrepancy could be associated with either
residual solvent (NMP) on the substrate (Fig. S7, ESIt) or folding
of the graphene sheets (Fig. S7, ESI) which would affect the
measurement. The usage of a TEM grid for the drop-casting
process may have a vital importance. These grids have holes with
a width of 1.2 pym. Hence, a loss of smaller and thinner flakes
through the holes in the TEM grid during sample preparation
might occur, which would help explaining the difference
between the results of the two methods.

The distributions of lateral dimension and thickness of
the graphene flakes in the dispersions measured by AFM
and TEM are summarized in Table 3. As discussed earlier,
all graphene dispersions predominantly consist of multi-layer
graphene sheets in the range of 5-30 nm thickness that
refers to 6 to 37 layers of graphene. Apart from E1, all other
exfoliated graphene dispersions have a mean flake thickness
in the range of 15-18 nm, and this corresponds to 18 to
22 layers.

Table 3 Comparison of lateral dimension (L) and flake thickness (W) of
graphene flakes obtained from TEM and AFM for the different dispersions

Methods
AFM
TEM
Dispersion L [nm] L [nm] W [nm]
N2 100-300 100-400 (70%) 10-30 (64%)
Lmean = 285 Wmean = 18
N3 100-700 100-350 (85%) 5-30 (78%)
Lmez\n = 203 Wmean = 15
E1 100-500 150-450 (63%) 5-60 (76%)
Lmean = 445 Wmean = 33
E2 100-300 150-400 = (81%) 5-30 (74%)
Lmean = 261 Wmean = 17
6446 | Mater. Adv, 2021, 2, 6439-6454
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Overall, it is found out that different fabrication parameters,
such as solvent-graphite interactions (graphite-NMP vs.
graphite—-ethanol), sonication times (4 h in N2 and N3; 5 h in
E1 and E2), sonication energy (sonic probe for N2 and N3;
sonic bath for E1 and E1) and centrifugation rotational speed
(1500 rpm for N2, 4500 rpm for N3; 3000 rpm for E1 and E2),
provide dispersions consisting of graphene flakes with a
similar range of flake size and thickness. The different
fabrication procedures do not yield a pronounced difference.
Nevertheless, E1 has the thickest and biggest flakes
and besides, it has broader flake lateral size distribution
compared to others. Due to the incompatibility of NMP with
PES, ethanol-based dispersions (E1 and E2) were found
appropriate for further experiments in membrane fabrication
section.

3.2. Graphene-polymer composite membranes

3.2.1. Structure of the graphene-polymer composite
membranes. Initially, membranes were prepared on the two
different macroporous supports using different conditions for the
three different coating steps toward the sandwich-like graphene-
polymer hybrid membranes (¢f Fig. 1; see Experimental). Here,
the ethanol-based dispersion E1 was used in combination with
nylon and PES support membranes. Zeta potentials were
examined in each phase of the sandwich-like model; ie., from
the support membrane towards to the composite membrane.

Zeta potentials in the range of pH 3-11 of the unmodified
PES or nylon support membranes and the respective graphene-
polymer composite membranes are shown in Fig. 5. The results
reveal that the PES membrane, without any surface modification,
provides a highly negatively charged behaviour in a wide pH range
of 3 to 11, has an isoelectric point (IEP) at pH 3, which is the pH
value at which the zeta potential of membrane is zero, while
unmodified nylon is negatively charged in the range of pH 7 to 11,
with an IEP at pH 7.

However, it is apparent that after introducing the first
PEI layer onto the support membranes, the surface charge
properties change immediately and the IEP shifts to higher
pH values according to the PEI concentration. A higher PEI
concentration results in a bigger change in the IEP. After the
first modification with 3 mg mL ™" of PEI, the IEP shifts from
3 to 8.6 for PES and from 7 to 9.3 for nylon. Additionally, it can
be seen from the results that coating with graphene led to a
further increase in both the absolute zeta potential values and
IEP (from 8.6 to 10.3 for PES, from 9.3 to 10.4 for nylon)
for both PES and nylon support membranes. Based on the
electrical double layer theory®® a decrease in absolute zeta
potential values can be explained by the compression of the
electrical double layer due to an increase in ionic strength.
The extension of the electrical double layer causes an increase
in absolute zeta potential values. A further increase in the IEP
occurs after the second modification of PEI, 10.3 for PES and
10.4 for nylon cases. At low pH, the surface charge of the
membrane is positive owing to the existence of an abundant
amino group in PEL®" In conclusion, upon introducing PEI, the
surface charge of membranes becomes more positive. It is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Zeta potential of unmodified PES membrane, 0.5-3 mg mL~* PEI-modified PES membrane, graphene—polymer/PES composite membranes (a).
Zeta potential of unmodified nylon membrane, 0.5-3 mg mL~* PEI-modified nylon membrane, graphene—polymer/nylon composite membranes (b).

notable that filtration and FO experiments are carried out at pH
~ 8. Under these conditions, zeta potential of the composite
membranes is around at +95 mV (Fig. 5a, yellow line) and at
+81 mV (Fig. 5D, yellow line), which is beneficial for rejecting
positively charged ions.

XRD patterns of graphene-polymer composite membranes
fabricated using dispersion E1 (Fig. 6a and b) and E2 (Fig. 6¢
and d) are shown. The characteristic diffraction signal (20) of
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graphene is located in the range 26°-27°. From these results, it
can be concluded that increasing the graphene loading from
0.06 to 0.16 mg cm > does not influence the d-spacing
substantially. However, the results indicate that the average
d-spacing of stacked layers is influenced by functionalization.
For example, d-spacing in dry state (3.34 A) increases slightly
(3.354 A) (Fig. 6¢ and d) after introducing cross-linker EDA to
graphene. The peaks in Fig. 6a and b are sharper and narrower
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Fig. 6 XRD analysis of graphene—polymer/PES composite membranes, without cross-linker, fabricated via dispersion E1 (a) and E2 (c) in both dry and
wet phases; graphene—polymer/PES composite membranes with cross-linker fabricated via dispersion E1 (b) and E2 (d) in both dry and wet phases.
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due to the presence of poorly-exfoliated graphite-like structures
in the dispersion (E1) compared to the peaks in Fig. 6¢ and d.
This is consistent with flake lateral size and thickness results
obtained in graphene dispersion characterization (see Table 3).
Graphene dispersions E1 have a broader thickness distribution,
including thicker flakes, compared to E2. Membranes
fabricated using E1 show larger crystallite size, i.e. 22 nm
and 35 nm, rather than those fabricated using E2 which
provide crystallite sizes of 13 nm in dry and wet states. This
is also confirmed by other characterizations, which reveal
that E1 contains relatively larger flakes compared to E2
(see Table 3).

Other variations of d-spacing in graphene membranes can
be explained by the water which diffuses in between the
graphene layers. This disrupts hydrogen bonds and n-m inter-
actions, consequently expanding d-spacing.®® In the case of
PES-(PEI;/Gos/PEI;) and PES—(PEI;/Goos + EDA;00/PEIL)
fabricated using E1 as shown in Fig. 6a and b, d-spacings are
3.336 A and 3.343 A in dry state and 3.345 A and 3.343 A in the
wet state, respectively. In the case of PES—(PEI;/G, 16/PEI;) and
PES-(PEI;/Gy 16 + EDA;,00/PEL;) fabricated using E2 (cf Fig. 6¢
and d), d-spacings are 3.34 A and 3.354 A in the dry state and
increase up to 3.354 A and 3.361 A in the wet state, respectively.
The smaller changes for membranes prepared using EDA
indicate that the stability of the membranes in the aqueous
phase is enhanced by the cross-linked graphene. Overall, due to
dominance of multi-layer graphene in the membrane, very little
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change in the average interlayer distance as a function of
preparation route or dry vs. wet state is observed.

In conclusion, XRD data revealed that the interplane spacing
essentially corresponds to the layer spacing which is found in
graphite. This situation indicates the degree of exfoliation is
limited. This is the reason that the content of oxygen is small
because that would be only located on the surface of graphitic
flakes. Hence, what is assembled on the membranes are layers
of graphitic flakes (¢f Section 3.1). However, on the surface of
the flakes the interactions with PEI or tartrate can take place via
polar groups such carboxylate or hydroxyl, as part of the
“defect” structure of the flakes (c¢f Section 3.2). This is the
basis for the formation of the graphene-polymer hybrid
structure; with surface properties that are influenced by both
components, the graphene and the polyethyleneimine
(¢f Fig. 1). Additionally, it is worthy to mention that the XRD
pattern of crosslinked graphene as shown in Fig. 6b is narrower
compared to pristine graphene in Fig. 6a. This situation
corresponds to narrower 20 peak which demonstrates more
aligned stacking while wider 26 peak suggests a decreasing
degree of in-plane orientation.®®

The reaction between graphene, PEI, EDA and support
membranes is further studied by FTIR spectroscopy (see ESIT).
Fig. S8 (ESIf) shows the FTIR spectra of PES and nylon
membranes after each assembling stage with various concen-
trations of PEI and graphene with or without cross-linker.
However, due to the low fraction of carboxylic groups presents
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Fig. 7 Average water permeability and dextran rejection of graphene—polymer/nylon composite membranes without crosslinked (a), with crosslinked
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function of PEI concentration (mg mL™Y). All membranes were prepared by dispersion E1. Contact angle measurements of the composite membranes are

shown in the insets (c and d).
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in the graphene, no reasonable change can be seen. This lack of
distinct changes can be attributed to the limited sensitivity of
IR spectroscopy.

3.2.2. Optimizing structure and ultrafiltration performance
of composite membranes by fabrication conditions. Here, the
ethanol-based dispersion E1 was used in combination with
nylon and PES support membranes. Fig. 7 shows the water
permeability and dextran rejection of graphene-polymer
composite membranes fabricated using E1 on the two different

PES(PEI3/Gq,og/PEl3)

PES(PEI3/Gg_14/PEl3)

PES(PEI3/Gg_1¢/PEl3)
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support membranes; nylon (Fig. 7a and b) and PES (Fig. 7c and d)
as a function of various PEI concentrations (mg mL~"). Dextran,
a complex branched glucan, is used to investigate the size
selectivity of the membranes. The average molecular sizes
of dextran 4 kDa and 2000 kDa according to literature are
3.1-3.7 nm and 55 nm, respectively.®*®> When comparing
the ultrafiltration data for all membranes, it is evident that
the graphene-polymer/PES composite membranes display
superior performance, with water permeability in the range of

Fig. 8 Plane-view and cross-section images of unmodified and PEI modified support membranes; nylon and PES (first left column); plane-view images
of composite membranes on nylon (a and c), PES (e, g and k); cross-section images of composite membranes on nylon (b and d), PES (f, h and |).
Composite membranes on nylon and PES support were fabricated by N3 and E2, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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17-35 L m~> h™' bar™' and with over 90% rejection of dextran
2000 kDa (Fig. 7c and d).

As shown in Fig. 7c, increasing the PEI concentration from
0.5 to 3 mg mL™ ' in graphene-polymer/PES membranes
without cross-linker leads to a slight decrease in water perme-
ability by a factor of 0.9. On the other hand, cross-linked
graphene-polymer composite membranes (Fig. 7d) under identical
preparation conditions provide a reduction in permeability from
28 to 17 L m > h™" bar ', ie. by a factor of 0.6. Increasing PEI
concentration from 0.5 to 3 mg mL ™" causes more PEI molecular
chains deposition on the membrane surface. This leads to
adsorption of more graphene nanosheets. In addition to decreased
permeability, the rejection of dextran 2000 kDa increases by a factor
of 0.96 (Fig. 7c and d) since the density of defects is decreased
gradually after introducing 3 mg mL " PEL In contrast, graphene-
polymer/nylon composite membranes (Fig. 7a and b) provide much
higher permeability in the range of 291-1996 L m~> h™" bar™"
compared to graphene-polymer/PES composite membranes and
much lower dextran rejection, less than 20% in all cases. This
might be explained by either the existence of excessively large pores
in the support which are not completely covered with graphene, or
major defects which contribute to the permeability and selectivity
of the membranes. This was further analysed by electron micro-
scopy. The morphology of unmodified (nylon and PES) and
graphene-polymer composite coated support membranes is
examined by SEM. Both support membranes have sponge-like
structures, as can be seen in SEM cross-section images in Fig. 8.
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Furthermore, the surface of the PES membrane is smoother than
the nylon membrane, as nylon has much bigger pores and
irregularities on its surface (Fig. 8, top left image). Surface
modification with PEI polymer does not contribute much to form
a smooth surface in the nylon support case, the membranes still
provide rough morphological images. This yields the creation of
non-ordered graphene laminates, with high defect densities,
possible in the case of nylon, which may explain the relatively poor
filtration performance (cf Fig. 7(a and b)).

As clearly shown in Fig. 8, in the case of the PES/PEI,;
membrane, a higher PEI concentration causes the formation
of a woven mesh-like structure of PEI on the membrane
support, which is adequate for absorbing graphene nanosheets
and also providing a smooth surface for graphene coating.
The thickness of the selective layer of the composite
membranes was measured (Fig. 8(f, h and 1)). It should be
noted that thickness does not increase linearly with graphene
loading for both support membranes. A loosely packed
graphene layer is obtained with a graphene loading of
0.06 mg cm 2. On the other hand, increasing the graphene
loading up to 0.16 mg cm™> results in a tight graphene layer, as
can be seen in Fig. 8l. The type of support membrane
and solvents; NMP for nylon and ethanol for PES; are the
determining factors; of the selective layer thickness. For
instance, 0.06 mg cm > and 0.11 mg cm > of graphene forms
a layer thickness of 0.7 um and 0.78 pm on nylon (Fig. 8b and d)
while 1.44 pm and 1.10 um on PES support membranes,
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Fig. 9 Average water permeability and dextran rejection of graphene—polymer/PES composite membranes without cross-linker (EDA) as a function of
graphene amount (mg cm ™) (a), with cross-linker as a function of various graphene—EDA weight ratios (b), with cross-linker ratio of 1:15 (c) and 1:1200
(d) as a function of varied graphene loading. Contact angle measurements of the composite membranes are shown in the insets (a and c).
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respectively (Fig. 81 and h). This could be attributed to the
membranes’ surface smoothness.

These results reveal that a support membrane with an
average barrier pore size of 120 nm, the PES support
membrane, provides better filtration performance after the
assembly of graphene modified with polymer compared to
nylon porous support (average barrier pore size 270 nm).
In further analyses, some series of improvements are considered
and studied in order to increase the quality of the graphene-
based composite membranes. One focus was using a better
dispersion, i.e. E2 compared to E1, in terms of the distribution
of flakes size and thickness. The second decision was focusing
only on the PES support membrane to obtain high-quality and
high-performance graphene-based composite membranes.

In Fig. 9, various deposited amounts of graphene from
dispersion E2, with and without EDA, are used in order to find
the best fabrication conditions for graphene-polymer composite
membranes on a PES support membrane. As shown in Fig. 9a,
increasing graphene loading causes a decrease in water perme-
ability by a factor of about 2, from 77 to 33 Lm > h™* bar " and
an increase in the rejection of dextran 4 kDa up to 30% and of
dextran 2000 kDa up to 94%. It is also noticeable that a further
decline in water permeability, from 0.16 to 0.2 mg cm ™2, is not
observed. This could be attributed to the saturation point of the
influence of graphene content on water permeability. In Fig. 9b,
the effect of weight ratios of graphene and EDA is monitored.
While keeping the graphene loading constant (0.06 mg cm™?),
increasing the excess of EDA from 1:15 to 1:1500 (G : EDA ratio)
causes a slight change in membrane filtration performance in
terms of permeability (reduced water permeability by ~15%,
from 53 to 45 L m > h™"! bar ') and rejection (increased by
~36% for dextran 4 and ~ 7% for dextran 2000). However, when
keeping the EDA amount constant (1:15), increasing graphene
loading from 0.06 up to 0.2 mg cm > causes a reduction in
permeability of ~43% (from 53 to 30 L m > h™" bar ') and a
larger rise of rejection (increased by ~75% for dextran 4 and
~28% for dextran 2000) (Fig. 9¢). These filtration results suggest
that the contribution of graphene loading to membrane ultra-
filtration performance is more pronounced than the amount of

View Article Online
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cross-linker. The membrane resistance is mainly affected by
graphene layer. The best membranes based on the optimum
filtration performance (highest water permeability with dextran
2000 rejection over 90%) obtained on the PES as support
membrane and subsequently also used for FO experiments
(¢f Section 3.3) have the following specifications:

- without using cross-linker: 3 mg mL ™" PEI for the first and
third steps; 0.2 mg cm™ > graphene loading from dispersion E2;
i.e. PES (PEL3/Gq ,/PEL).

It is also notable that graphene-polymer/PES composite
membranes provide contact angles in the range of 70°-80°;
this is still hydrophilic in nature but apparently significantly
influenced by the surface properties of graphene (Fig. 7c, d and
9a, b).

Overall, ultrafiltration results suggest that a microfiltration
support membrane (PES) can be successfully coated with
graphene and polymer. The resultant graphene-polymer
composite membranes can provide almost complete dextran
2000 kDa rejection. This is an indication that the barrier pore
size of the membranes fabricated in this work is mostly smaller
than 50 nm. As shown in Table 4, we can quantitatively state
that the pure water permeability and rejection of our mem-
branes are still in ultrafiltration ranges and can compete with
the membranes in earlier studies.

3.3. Forward osmosis characterization

The prototype membrane which provided the best ultrafiltration
performance, PES-(PEIL;/Gy,/PEls; ¢f. Section 3.2 and Table 4)
was chosen for FO experiments. The two orientations, i.e. AL-FS
and AL-DS, were studied. Different types of PAA-Na with different
nominal molecular weight were used, at the same nominal
molar concentration (calculated with nominal molecular
weight). According to the FO results (Fig. 10a), the average water
flux (J) increases with increasing molecular weight of PAA-Na.
Meanwhile, however, reverse solute flux () from the draw side to
the feed side also increases.

Using water as a feed in AL-DS mode creates external
concentration polarization (ECP, dilutive) in the boundary layer
next to the active layer. In the AL-FS mode, “dilutive” internal

Table 4 Filtration performance of graphene—polymer composite membranes prepared in this work, GO and reduced GO (rGO) membranes reported in

the literature

Membrane Water permeability (L m > h™! bar ) Rejection test material R% Ref.
MgSi@rGO/PAN 4.2 Dye (methyl orange-acid brilliant blue) 73-98 66
PEG-200 52
PEG-1000 99
rGO 2.3 RhB dye 98.9 67
g-C;N, NT/rGO (light) 4.8 RhB dye 95.6
GO-TMC/PSf 8-28 MB 44-66 68
R-WT 93-95
GO/PES 27.2 NOM 12.5 69
GO-EDA/PES 10 NOM 34 69
GO-PDA/PES <20 NOM 24.8 69
GO-mPDA/PES <20 NOM 25.3 69
GO/PES 43 HA 85 70
GO/PVP/PEI 50 HA 77 71
PES—(PEI3/Gy »/PEI;) 33 Dextran 4 27 Current work
Dextran 2000 96

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Forward osmosis performance comparison of graphene—polymer composite membrane prepared in this work and the membrane reported in

the literature

Water flux, Reverse solute
Membrane J,(Lm?>h™") Draw solution flux@m >h™") Mode JJ (gL ") Ref.
Hollow fiber CA 21 0.72 g mlfl; PAA-Na (My: 1.2 kDa); 600 mM  0.17 AL-DS  0.008 69
PES (PEI,/G,/PEL;) 2.1 0.06 g ml~'; PAA-Na (M,,: 1.5 kDa); 40 mM 0.6 AL-DS  0.286 Current work

concentration polarization (ICP) and concentrative ECP occur
in the porous support layer and in the boundary layer next to the
active layer, respectively.”> Obtained results clearly reveal that
the water flux is higher in AL-DS mode (2.1 = 0.9 L m > h™")
compared to that in AL-FS mode (1.4 + 0.5 L m~> h™"). This can
be attributed to the fact that internal concentration polarization
occurs in AL-FS mode, which has a greater influence on the flux
decline than the external concentration polarization that mainly
occurs in AL-DS mode.”?

Looking at the results in AL-DS mode in more detail, water
flux and reverse solute flux show an unexpected trend as a
function of increasing molecular weight from 5 to 30 kDa at the
same molar mass concentration corresponding to different
mass concentration. At the same osmotic pressure, governed
by the molar concentration, the water flux should be the same.
The reverse solute flux will also depend on the diffusion
coefficient of the draw solute and the barrier pore size
distribution of the membrane; according to both arguments
reverse solute flux should be larger for lower molecular weight.

Hence, the interpretation of the FO results is possible based
on the realistic approximation of about the same molecular
weight of the three different drawing agents: both water flux
and reverse solute flux are a function of the different molar
concentrations used (unintentionally); the highest values for J,
and J; are obtained for 30 kDa used at highest actual molar
concentration and the values for 8 kDa and 5 kDa are corre-
spondingly lower. The high specific reverse solute flux, defined
as the ratio of reverse solute flux (/) to water flux (J,), can be
explained by the fact that barrier pore size is significantly larger
than the molecular size of the drawing agent. Fig. 10b reveals

6452 | Mater. Adv., 2021, 2, 6439-6454

that the specific reverse solute flux is independent of
membrane orientation. Otherwise, the apparent effect of
nominal molecular weight is in reality just the effect of different
actual concentrations used.

If we consider the average molecular weight of PAA-Na
(30 kDa) as 1.5 kDa according to the GPC results (Fig. S9, ESIt),
and re-calculate the molar concentration accordingly, the
actual molar concentration would be 40 mM. As a comparison
between the FO result from this work and the one from
literature (Table 5), it is obvious that there is an influence
between draw solution concentrations and water fluxes where
low water fluxes (2.1 L m~> h™") are caused by a lower driving
force (40 mM) compared to the one in literature (21 L m > h™,
600 mM). So, FO water flux of the current membrane is
comparable with a commercial one as can be seen in Table 5.
However, the draw solute leakage is much higher and this is for
a slightly higher molecular weight (bigger molecule size)
and, more importantly, a much lower driving force for solute
diffusion (because of lower draw concentration).

4. Conclusions

The aim of this study was to investigate using graphene,
produced by liquid-phase exfoliation, for the fabrication of
graphene-based composite membranes, which have desired
characteristics for forward osmosis applications. The production
of multi-layer graphene in organic solvents has been system-
atically demonstrated with the majority of flakes having lateral
sizes less than 500 nm. Overall, exfoliated graphene has been

© 2021 The Author(s). Published by the Royal Society of Chemistry
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successfully prepared in high or low boiling point solvents,
NMP or ethanol, respectively, which provides an alternative for
different purposes.

Due to the better compatibility with the utilized porous
polymer base membranes, ethanol-based dispersions were
investigated for fabrication of composite membranes. Notable
improvements have been achieved through the combination of
a small but optimal amount of graphene in combination with
the cationic polymer PEI on a microfiltration support
membranes. Comparing the two membranes, PES and nylon,
nylon provided slightly higher water permeance but poor size
selectivity. In conclusion, positively charged, relatively hydro-
philic graphene-polymer/PES composite membranes have been
fabricated via a pressure-assisted filtration technique and
systematic variations of fabrication parameter were used to
maximize their filtration performance. A highly compact
graphene layer sandwiched by two PEI layers provided a
selective barrier with a thickness of ~1 pm. Importantly, the
composite membrane maintained its stability during filtration
operation at room temperature. The overall results of this study
suggest that the graphene-polymer composite membranes
could be suited to achieve high water flux and sufficient
rejection of macromolecular draw agents in osmotic processes.

In the current work, FO results revealed that the fabricated
composite membranes are not suitable for use as a FO
membrane with sufficiently high selectivity for usual draw
agents which have small size, ie., inorganic salts. Thus, the
use of macromolecular draw agents would be mandatory. The
applicability of PAA-Na as an alternative draw solute which
provides high osmotic pressure, non-toxicity and water
solubility has been evaluated. The prepared membranes
exhibited comparable water flux but a high reverse draw solute
flux compared to literature, which is not favourable in such
systems. Nevertheless, the here established stable composite
membranes with a graphene-polymer hybrid layer assembled
on a macro-porous membrane support have potential and can
be further tuned to the needs of special membrane-enabled
separation processes.
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