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Previously, surfactant-assisted exfoliated graphene oxide (SEGO) formed with the triple-chain surfactant TC14
(sodium  1,4-bis(neopentyloxy)-3-(neopentylcarbonyl)-1,4-dioxobutane-2-sulfonate) was applied in wastewater
treatment. The extent of dye-removal and the adsorption capacity of the sEGO formed with this triple-
chain surfactant outperformed those of two other systems, namely, the di-chain version of TC14 (AOT14;
sodium  1,2-bis-(2,2-dimethyl-propoxycarbonyl)-ethanesulfonate) and the single-chain surfactant sodium n-
dodecylsulfate. In the present study, to further optimise the surfactant chemical structure, the sodium ion of
TC14 was substituted with 1-butyl-3-methyl-imidazolium (BMIM) generating surfactant ionic liquids (SAILs;
1-butyl-3-imidazolium 1,4-bis(neopentyloxy)-3-(neopentyloxycarbonyl)-1,4-dioxobutane-2-sulfonate), hereafter
denoted as BMIM-TC14. This SAIL, together with nanofibrillated kenaf cellulose (NFC), was used to
electrochemically exfoliate graphite, yielding BMIM-TC14 sEGO/NFC composites. These highly hydrophobic
polymer composites were then used for the removal of methylene blue (MB) from aqueous solution. *H NMR
spectroscopy was used to elucidate the structure of the synthesised SAILs. The morphologies of the resulting
nanocomposites were investigated using Raman spectroscopy, field-emission scanning electron microscopy,
and high-resolution transmission electron microscopy. Analysis using small-angle neutron scattering was
performed to examine the aggregation behaviour of SEGO and custom-made SAlLs. Zeta potential, surface

Received 19th May 2021, tension, and dynamic light-scattering measurements were used to study the aqueous properties and colloidal

Accepted 11th August 2021 stability of the suspension. Amongst the surfactants tested, BMIM-TC14 sEGO/NFC exhibited the highest MB

DOI: 10.1039/d1cp02206g adsorption ability, achieving 99% dye removal under optimum conditions. These results highlight the
importance of modifying the hydrophilic moieties of amphiphilic compounds to improve the performance of

rsc.li/pcep SEGO/NFC composites as effective adsorbents for wastewater treatment.

Introduction the health of living organisms and their environment. Dyes are

amongst the major pollutants' generated mostly by the textile
The removal of organic and inorganic contaminants from industry.> Consequently, wastewater containing dyes must be
wastewater is crucial and necessary to protect and maintain treated before it can be discharged into the environment.
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Various methods such as electrochemical reduction, chemical
precipitation, oxidation, membrane filtration, ion exchange,
and adsorption are commonly used for wastewater
treatment.> Amongst these, adsorption using highly efficient
adsorbents is considered as the most promising and efficient
way to remove organic pollutants because it is versatile, fast,
simple, and inexpensive.* To date, various adsorbents have
been tested and modified for their ability to remove pollutants
from water and wastewater.’

Much research on cationic-dye adsorption has been con-
ducted with graphene oxide (GO), which is a particularly good
adsorbent for methylene blue (MB).*” GO can be produced
from graphite using various chemical oxidation routes.® As
a result of oxidation, GO contains numerous oxygen-
functionalities including hydroxyl, phenol and epoxy groups
on the basal plane and carboxylic acid groups on the edges.’
These characteristics of GO endow it with an ultra-large specific
surface area and negatively charged surface. Hence, the adsorp-
tion of cationic dyes onto the GO surface generally occurs
through electrostatic interactions.®'° Moreover, GO still com-
prises sp>-bonded carbon atoms, although the amount is lower
than when it is still in the graphite form. Therefore, GO may
exhibit n-m interactions with the aromatic moieties of organic
dyes.'" If the organic dyes also bear amino, hydroxyl, and other
related groups, they can form hydrogen bonds with the oxygen-
containing groups of GO. However, multiple layers of GO are
found to aggregate in an aqueous suspension leading to
inefficient separation of pollutants from the adjacent aqueous
phases.'” Since GO is a nanomaterial and presents high dis-
persibility in aqueous solution,' its practical applications are
hindered: collection of GO sheets is difficult after adsorption,
meanwhile, the unprecipitated GO may lead to potential
nanotoxicity'* to aquatic creatures. These problems restrict
large-scale practical applications of GO as adsorbents. Com-
pared to our previous findings, the recovery of GO after
scavenging pollutants would be improved by making
composites.’

For these reasons, a wide range of GO-based adsorbents
have been developed over recent years, such as GO-based
aerogels'”> and composites.'® Thus, a combination of exfoliated
graphene oxide and nanocellulose to make a hybrid material is
seen as the most viable option to suit these needs. Cellulose can
act as a substrate’® for GO and help form stable adsorbent
structures.

Nanofibrillated kenaf cellulose (NFC) is extensively used as
an adsorbent in dye wastewater treatment because it contains
large proportions of intra- and inter-molecular hydrogen bonds
and has a high porosity.””*° This biomaterial has the advan-
tages of non-toxicity and biocompatibility.>® Incorporating GO
into nanocellulose is suitable for the preparation of hybrid
materials. To ensure dissolution and compatibility with other
materials, nanocellulose are typically treated with acids, bases,
surfactants, and ionic liquids (ILs).>'>* Meanwhile, a number
of works have highlighted the compatibility of surfactant and
ILs with graphitic materials.***> ILs possess very low vapour
pressures, high polarities, and good thermal stabilities.**?”
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Additionally, the high dielectric constants of ILs prevent GO
stacking caused by van der Waals interactions.>®*>° All these
properties render ILs suitable for applications involving GO.

Amongst various routes that have been developed to synthe-
sise GO, surfactants and ILs are usually used in the electro-
chemical exfoliation of graphite. Initially, graphene consists of
a graphitic sp>conjugated carbon structure. After oxidation,
the disruption of the m-conjugation of the graphitic structure
occurs, causing defects with sp®>-carbon domains forming GO.*°
The electrochemical exfoliation of graphite primarily involves
intercalation of ions which increases the interlayer spacing
between the graphene sheets (in bulk graphite). The setup for
exfoliation generally comprises an electrolyte (e.g., surfactant
solution), electrodes (can be graphite for both electrodes), and
a power supply.®' Surfactants increase the interlayer distances
of the graphene layers in the graphite electrodes, and hence
facilitate the exfoliation of the sheets. Surfactants undergo
adsorption and desorption at interfaces spontaneously over
the microsecond to second timescales,**** which is an impor-
tant aspect for exfoliation of graphite. Larger particles such as
GO require a higher energy input to enhance colloidal
stability,** thereby providing adsorption sites for MB.

Our previous study successfully used electrochemically
produced GO assisted by commercial and custom-made
surfactants.'® The resulting surfactant/GO dispersions can be
directly used for MB adsorption studies."” Earlier, the common
surfactant sodium n-dodecylsulfate (SDS) had been used for the
production of exfoliated graphene and subsequently applied in
MB removal from aqueous solution.?® Later, GO-IL composites
were successfully synthesised using the Tour method, com-
bined with 1-tetradecyl 1,3-butylimidazolium IL. These highly
hydrophobic composites have been used for the adsorption of
sulfamethoxazole and reactive blue 19, and the adsorption
capacities were 27.25 and 416.7 mg g~ ', respectively.*® Gra-
phene exfoliation by SAILs has also been achieved.>” The
micellisation of short-chain ILs such as [C,;mim][BF,] leads to
aggregation in aqueous environments.’”*® It was shown that
imidazolium-based ILs have better surface-active properties
compared with analogous common ionic surfactants.*® There-
fore, fabricating IL surfactant GO/cellulose-based adsorbents
could provide new approaches for wastewater treatment. Devel-
oping a one-pot approach that combines the simplicity of
electrochemical exfoliation and the compatibility of amphi-
philes with GO and nanocellulose represents a convenient
approach for developing GO/nanocellulose adsorbents. To the
best of our knowledge, such a system has not yet been reported.
It is also interesting to explore how the modification of surfac-
tant headgroups affects the stability of GO dispersions and the
adsorption capacity of the resulting nanocomposites.

Extending previous work,"® the present study uses the same
fabrication method but with the addition of nanofibrillated
cellulose to the electrolyte mixture to obtain nanocomposite
adsorbents. Graphite was directly exfoliated in the surfactant or
SAILs and NFC dispersions to obtain the nanocomposites. To
investigate the effectiveness of the composites as organic dye
adsorbents, batch-adsorption studies using MB as a model
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pollutant were conducted. The effectiveness of a range of
composites was measured in terms of the adsorption capacity
and extent of dye removal. Additionally, the adsorption behav-
iour of the prepared composites was investigated in term of
adsorption isotherms and kinetics. Here, the adsorption para-
meters were initial dye concentration and adsorption contact
time. Following previous works, and to provide a comparable
study, other adsorption parameters such as solution pH, adsor-
bent dosage, temperature, and shaker speed were set to be
constant.'® Significantly, the present study examines the sur-
factant headgroup effects by exchanging the small sodium ion
for the bulkier imidazolium ion. The results also highlight the
relationship of surfactant structure-nanocomposite perfor-
mance for the development of stabiliser/GO/nanocellulose dye
adsorbents.

Materials and methods
Materials

Sodium n-dodecylsulfate (SDS) was purchased from Sigma-
Aldrich and used as received. 1-Butyl-3-methyl-imidazolium
chloride (Merck, 99%) was used without further purification.
The surfactants TC14, AOT14, BMIM-DS, BMIM-AOT14, and
BMIM-TC14 (chemical structures are shown in Table 1) were
custom-made and synthesised following previous works.*’ >
Nanofibrillated kenaf cellulose (NFC) was received from the
Forest Research Institute Malaysia. All aqueous solutions were
prepared with ultrapure deionised (DI) water. High-purity gra-
phite (99.9%) rods (Model MV10) were used as received.
Detailed surfactant characterisation is given in the ESL

Preparation of surfactant or SAIL SEGO/NFC composites

The electrolytes were prepared by mixing 0.05 M surfactant or
SAIL solution (50 mL) with 2.5 g of NFC. The mixtures were
vigorously stirred for 2 h until stable dispersions formed. The
anode and cathode for the exfoliation process were high-purity
graphite rods with a diameter of 10 mm and length of 150 mm.
Electrochemical exfoliation was conducted at ambient tempera-
ture with a power supply as the electrical source for 24 h. The
voltage was set to be constant at 7 V. Once the process was
completed, the dispersions were then subjected to stirring and
sonication for 1 h, resulting in a uniform dispersion of SEGO/
NFC. The mixtures was then cast in a Petri dish (as a mould)
and left to dry overnight in an oven at 50 °C. The sEGO/NFC
composites were obtained by peeling the films from the Petri
dishes. The composite samples were denoted as surfactant or
SAIL sEGO/NFC.

Batch-adsorption studies

To evaluate the adsorptive capacity of the surfactant or SAIL
SsEGO/NFC composites towards MB, experiments were con-
ducted under the optimum conditions following our previous
work: pH 7, temperature of 22.5 °C, and 5 mg of surfactant or
SAIL SEGO/NFC composite.'® About 5 mg of the composites was
placed in 50 mL Erlenmeyer flasks containing 25 mL of MB
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solutions with different initial concentrations (5-15 ppm). The
dye solution-sEGO/NFC mixture was then placed on an orbital
shaker for 15-1440 min to reach equilibrium. The supernatant
was then analysed using a spectrophotometer (UV Cary 60,
Shimadzu, Japan) at an absorption wavelength of 664 nm to
determine the final dye-solution concentrations. All experi-
ments were conducted in triplicate under identical conditions
unless otherwise stated.

Surfactant or SAIL sSEGO/NFC morphology characterisation

The morphology of all surfactant or SAIL sSEGO/NFC composites
were observed using a field-emission scanning electron micro-
scope (FESEM) (Hitachi SU8020) and a high-resolution trans-
mission electron microscope (HRTEM) (JEOL 2100F). The
FESEM images were taken at a working distance of 8 mm using
an upper detector with 2 and 5 kV accelerating voltages. The
composites were cryo-sectioned using a diamond knife prior to
HRTEM imaging. A Renishaw InVia micro Raman spectro-
photometer with argon ion-laser source at a wavelength of
514 nm was used to study the structural changes of graphite
and GO, if any.

Zeta ({) potential measurements

The sEGO surface charge was determined through zeta-
potential measurements (Photal OTSUKA ELECTRONICS
ELSZ-1000 zeta potential and particle size analyser) by using
the Smoluchowski equation and single-peak Lorentz fitting.
Measurements were performed in a flow cell with a 400 ps
sampling time, cumulative number of 7, 15° measuring angle,
50 pm pin hole size, and 70.000 cm ™" cell constant at 25 °C. The
zeta-potential calculation was performed based on the proper-
ties of the aqueous mixtures: refractive index 1.3328, viscosity
0.8878 cP, and relative permittivity 78.3 F m~'. For each
sample, measurements were performed 10 times, and the
average zeta potential was taken.

Dynamic light-scattering (DLS) measurements

DLS was used to determine the particle size of surfactants
and surfactants/sEGO using a DLS/SLS-5000 instrument (ALV,
Langen) with a He-Ne laser (632.8 nm, 22 mW) at a scattering
angle of 90°. The measurements were conducted in triplicate
with values averaged to obtain the particle size.

Small-angle neutron scattering (SANS) measurements

Small-angle neutron scattering studies were conducted using
a time-of-flight diffractometer LOQ instrument (ISIS Pulsed
Neutron & Muon Source, UK). The incident neutron wave-
lengths of A = 2.2-10 A at 25 Hz frequency gave an accessible
Q range of 0.007-0.23 A™*. Deuterium dioxide was used as the
SANS sample solvent background to improve the signal-to-
noise and neutron contrast. The samples were contained in
2 mm-path-length quartz cells held in a thermostatted sample-
changer at 25 °C. Absolute scattering intensities 1(Q) (cm™*)
were determined to be within 5% by measuring the scattering
from a partially deuterated polymer standard with a known
molecular weight, and so I(Q = 0). The Mantid framework
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Table 1 Surfactants used in this study

PCCP

Surfactant name

Surfactant structure and name

SDS

AOT14

TC14

BMIM-DS

BMIM-AOT14

BMIM-TC14

\\/\/\/\/\/\/\/
/\

sodium n-dodecylsulfate

(o]
A
0\ 0\4?
Na*'O/”
(6] (0]

sodium 1,2-bis-(2, 2-dimethyl-propoxycarbonyl)-ethanesulfonate

O\ /\I<
Na O/

sodium 1,4-bis(neopentyloxy)-3-(neopentyloxycarbonyl)-1,4-dioxobutane-2-sulfonate

N Q§,/
L

AN
1-butyl-3-methyl-imidazolium dodecylsulfate

o)
()/\IL

<

1-butyl-3-imidazolium 1,2-bis-(2,2-dimethyl-propoxycarbonyl)-ethanesulfonate

s
O/II /\K<

N‘

1-butyl-3-imidazolium 1,4-bis(neopentyloxy)-3-(neopentyloxycarbonyl)-1,4-dioxobutane-2-
sulfonate
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(www.mantidproject.org) was used to obtain instrument-
independent reduced SANS data which were then model-fit
using the SasView program (www.sasview.org) constraining
scattering length densities and other known parameters.
Unknown structural parameters were allowed to ‘float’ through-
out the fitting process to obtain an optimised fit as required by
different scattering model functions. The SANS data were
presented as a function (magnitude) of the scattering factor,
Q = (4n/2)sin(0), where 6 is half of the scattering angle. Thus,
the approximate size of a feature is 2n/Q.

Surface tension measurements

A Willhelmy tensiometer (CBVP-A3, Kyowa Interface Science)
equipped with a platinum plate was utilised to determine the
air-water (a/w) surface tension of surfactant solutions and
SEGO systems. All measurements were conducted at 25 °C until
the surface tension reached a constant value to avoid dynamical
relaxation effects. The critical micelle concentrations (CMCs) of
surfactants and sEGOs were obtained from the intersection of
surface tension (y) versus In of concentration (In ¢) plot.

Results and discussion

Adsorption studies: removal percentage and adsorption
capacity

The percentage removal (%) of MB and MB-adsorption capacity
on the surfactant or SAIL sEGO/NFC composites were deter-
mined using eqn (1) and (2), respectively.

R% = <M) % 100 (1)
Co
ge = (CU ;/VCC) vV (2)

where C, is the initial MB concentration (mg L™ '), C. is the
equilibrium MB concentration (mg L"), g. is the amount of
MB adsorbed per gram adsorbent (mg g~ '), V is the volume of
the solution (L), and W is the mass of the adsorbent (g). Fig. 1
compares MB removal by using blank NFC and surfactant or
SAIL sEGO/NFC composites. The effectiveness of the SEGO/NFC
composites in this application follows the trend BMIM-TC14 >
TC14 > BMIM-AOT14 > AOT14 > BMIM-DS > SDS (Table 2).
The removal efficiency of MB increased by 65% (compared with
that of blank NFC sample) when using BMIM-TC14 sEGO/NFC,
which performed best. In general, the SAIL SEGO/NFC compo-
site offered higher MB removal by nearly 3-8% compared to the
surfactant SEGO/NFC samples. The surfactant or SAIL sEGO/
NFC composites used in this study did not achieve higher
removal efficiency or adsorption capacity compared with other
works (Table 2). However, it was shown that significant dye
removal can be obtained at a considerably lower sEGO/NFC
composite content (5 mg).

Owing to m-m interactions, GO is easily aggregated and
poorly dispersed.*® Thus, the adsorbed surfactants, acting as
stabilisers, prevent the agglomeration of adjacent SEGO by
weakening the van der Waals interactions."” Surfactant layers
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Fig. 1 Removal (a) and adsorption capacity (b) of MB by surfactant or SAIL
SEGO/NFC composites at equilibrium dye concentration with 1440 min
contact time. The error bars represent the standard deviation (n = 3).

covering the GO surfaces affect the total negative surface
charge. According to Wang et al.,** the adsorption capacity of
the GO/CNF composite is eight times higher than that of pure
CNF, comparable to this study. The low adsorption capacity of
pure cellulose was due to the weak interactions between MB
and cellulose chains. They proposed that the underlying reason
for the higher adsorption capacity of GO/cellulose than pure
cellulose was the abundant hydroxyl groups, e.g., the C—=0 and
C—C groups from both materials form strong interactions with
the organic pollutant.

Effect of initial MB concentration

The initial concentration of the MB solution has a significant
effect on its removal. As expected, the addition of sEGO inside
the NFC matrix led to an enhancement in the adsorption
capacity of NFC itself (Fig. 1). Upon adding sEGO, the capacity
of NFC, which was previously very low (5 mg g™ ), increased and
reached 74.3 mg g ' in the BMIM-TC14 SEGO/NFC composite.
The adsorption capacity of BMIM-TC14 sEGO/NFC was approxi-
mately 15 times larger than that of blank NFC. Looking at the
very low adsorption capacity of blank NFC (Fig. 1b), the
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Table 2 Comparison of the adsorption capacities of various reported adsorbents based on graphene oxide composite for MB
w? Removal qe° Cy? T* tf
Adsorbent® Source & method (mg) (%) (mg g™ (ppm) pH (K) (min) Ref.
BMIM-TC14 Electrochemical exfoliation & in situ 5 99 74 15 7 296 1440 This
SEGO/NFC method study
TC14 sEGO/ 5 97 68 15 7 296 1440 This
NFC study
BMIM- 5 95 68 15 7 296 1440 This
AOT14 study
SEGO/NFC
AOT14 5 92 67 15 7 296 1440 This
SEGO/NFC study
BMIM-DS 5 90 65 15 7 296 1440 This
SEGO/NFC study
SDS sEGO/ 5 83 60 15 7 296 1440 This
NFC study
CGO Modified Hummers’ method and wet- 20 — 383 160 6 298 50 14
spinning technique
GO/CNFs Modified Hummers’ method, easy 20 98 44 50 . — 350 43
blending and freeze-drying process
Chitosan/ Hummers’ Method, vacuum filtered and 100 100 122 10 7 303 180 44
CMC/GO hot-air oven process
RCE/GO Hummers’ method, solution mixing- 50 99 68 20 6 298 30 45

regeneration and freeze-drying process

4 CGO = cellulose/GO. CNF = cellulose nanfibrils. CMC = carboxymethyl cellulose. RCE = regenerated cellulose. ” Adsorbent dosage. ¢ Adsorption

capacity. ¢ Initial dye concentration. ¢ Temperature. Contact time.

adsorption-capacity enhancement of the composites led to
SsEGO dispersion. The presence of a higher amount of oxygen-
functionalised groups from the stabiliser and GO on the
composite was presumed to enhance the adsorption capacity
of the NFC. To investigate whether the presence of surfactant in
SsEGO affected the adsorption capacity, adsorption studies with
surfactants alone were also conducted. The results (Fig. S7,
ESIT) showed that the removal was negligible (less than 1%).
Therefore, the enhancement was largely due to GO and the
surfactants primarily helped GO to be stably and uniformly
dispersed inside the NCF matrix.

The amounts of adsorbed MB per unit mass of the adsor-
bent are shown in Fig. 1b. The adsorbed amount increased with
increase in surfactant chain branching. As the initial MB
concentration increased, the adsorption capacity of MB
increased, consistent with the increase in the contact between
MB and the active sites in the surfactant or SAIL SEGO/NFC
composite. The adsorption capacity tended to be constant when
the initial MB concentration was higher than 10 ppm. Interest-
ingly, when the initial concentration of MB was lower, the
percentage removal was higher. The driving forces of concen-
tration gradient and the diffusion of MB dye into the SEGO
composite increased with increase in dye concentration. The
MB-adsorption capacity of the SEGO composites increased
concomitantly with increase in dye concentration until the
equilibrium state was achieved (Fig. 1b). The higher adsorption
capacity of the surfactant or SAIL sEGO/NFC composite com-
pared with that of blank NFC could be explained by the
electrostatic and n-n interactions of the surfactant or SAIL
SEGO/NFC surface with dye molecules. Considering the hex-
agonal lattice of graphene, the SEGO/NFC composites can link
with the aromatic structure of MB. Besides, surfactant or
SAIL sEGO/NFC composites have negatively charged groups
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(from the oxygenated groups of GO), which could link with
the -N(CH,)" groups of MB,* thus increasing the adsorption
capacity.

Effect of contact time

Contact time strongly affects the adsorption equilibrium pro-
cess and is crucial for practical applications. Obviously, the
removal rate of MB by all surfactant or SAIL SEGO/NFC compo-
sites was rapid and adsorption reached equilibrium within
1440 min, as shown in Fig. S8 (ESIt). More than 70% removal
of MB from aqueous solution was achieved within the initial
5 min of adsorption. Most dye rapidly adsorbed in the first
15 min and reached equilibrium at approximately 60 min. The
MB removal by the composites via adsorption rose rapidly at
the beginning and gradually slowed down until equilibrium.
This finding may be explained by the large number of available
adsorption sites at the initial stage. However, with prolonged
contact time, the number of active sites decreased owing to a
steric barrier between the adsorbed dye molecules on the
surface of the composite and solution phase.*® During dye
adsorption, dye molecules initially approached the adsorbent
surface and finally diffused into the internal structure. Fig. S8
(ESIt) shows that the curves were single, smooth, and contin-
uous, leading to saturation, suggesting the possible monolayer
coverage of MB on the GO surfaces.*®

Adsorption-isotherm study

To further understand the adsorption behaviour and equili-
brium data, adsorption isotherms were studied and are plotted
in Fig. S5 (ESIt). These isotherms can describe the relationship
between the adsorbent and adsorbate when the equilibrium
state is reached. This information is crucial to optimise the use
of adsorbents. In this study, two of the most widely applied
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isotherm models, i.e., the Langmuir and Freundlich models,
were used to describe the amount of MB adsorbed and its
equilibrium concentration. The Langmuir isotherm is based on
the following assumptions: (1) adsorption occurs on a homo-
geneous adsorbent surface having identical sites with equiva-
lent availability and energy, (2) localised adsorption, as no
interaction occurs between neighbouring adsorbate molecules,
and (3) each active site can interact with only one adsorbate
molecule.”” The linear form of the Langmuir model can be
expressed as follows:

11 1 3

qe B Gmax * ‘[maxKL Ce ( )
where g. (mg g~ ") is the dye-adsorption capacity at equilibrium,
Ce (mg L") is the equilibrium concentration of the dye in the
solution, gmax is the maximum dye-adsorption capacity, and
Ky (L mg™") is the Langmuir constant corresponding to the
adsorption energy that can be obtained from plotting C./q.
versus C.. Meanwhile, the dimensionless separation factor
equilibrium parameter R; (which indicates the shape of the
isotherm) is used to determine whether the adsorption is
‘favourable’ or ‘unfavourable’. R;, can be defined as follows:

1

R =——
LT 15 kG

4
where C, (mg L") is the initial MB concentration. The value of
Ry, = 0 indicates irreversible adsorption, whereas R;, = 1 means
linear behaviour. Favourable adsorption is indicated by Ry,
values between 0 and 1 (0 < Ry, < 1). The adsorption is
unfavourable if R, > 1.

The Freundlich isotherm assumes that the adsorbate
adsorbs onto a heterogeneous adsorbent surface. The adsorp-
tion energy exponentially decays along with increase in surface-
coverage and is thus more suitable to describe a non-ideal
multilayer adsorption.*® The model can be written as follows:

1
logg. — log Kg = ;log C. (5)

where Kr represents the Freundlich isotherm constant whilst n
is the dimensionless heterogeneity parameter, an estimation of
adsorption intensity. As such, n and Ky can be determined
through the slope and intercept of the linear plot of log g. versus
log C., respectively.

In the present study, MB adsorption into BMIM-TC14 sEGO/
NFC fitted the Langmuir and Freundlich isotherms with corre-
lation coefficients (R?) of 0.94 and 1.00, respectively. The
surface of the BMIM-TC14 sEGO/NFC composite may be homo-
geneous or heterogeneous, so the adsorption of MB occurred
either through monolayer or multilayer adsorption. The dimen-
sionless value (R;) for BMIM-TC14 SEGO/NFC was found to be
0.94, indicating that adsorption was favourable. The rest of the
samples were best described by the Freundlich isotherm with
R* values >0.9. The values of R;, corresponding to the initial
concentration of 15 ppm of MB for all surfactant or SAIL sEGO/
NFC composites are listed in Table S6 (ESIt). The adsorption of
MB onto the sEGO/NFC composites is apparently favourable
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because R;, was found between 0 and 1. This finding implied
strong interactions between MB and the surfactant or SAIL
SEGO/NFC composites.

Adsorption kinetics

Studies on kinetics are important to predict the adsorption
equilibrium time, the adsorption behaviour, and the inter-
action between the MB dye and surfactant or SAIL SEGO/NFC
composites. The adsorption kinetics of MB onto SEGO was
examined at five initial MB concentrations (5, 7, 10, 13, and
15 ppm). To analyse the adsorption behaviour, we used the
pseudo-first- (eqn (6)) and pseudo-second-order (eqn (7))
models.”” The linear forms of the aforementioned kinetic
models are given as follows:

log(ge — o) = logge — ks x ¢ (6)

t . 1 n t (7)
g9k xqd g

where g, and g, are the adsorption capacities of the adsorbents
(mg g™ ) at ¢ time and equilibrium, respectively; k; represents
the pseudo-first-order rate constant (min~') and ¢ is the contact
time (min). The plot of log(ge — g;) versus t gives a linear
relationship where the values of g. and k; can be determined
from the intercept and slope of the plot, respectively. As for
eqn (7), k, (g mg—" min~") represents the pseudo-second-order
rate constant. The equilibrium sorption capacity g. and k, can
be obtained from the slope and intercept of the linear plot of
t/Q, versus t, respectively. Table S6 (ESIT) summarises the
parameters and linearity of the pseudo-first-order and
pseudo-second-order models. The analyses showed that MB
adsorption obeys a pseudo-second-order model. The coefficient
of determination (R*) was used to evaluate the models.

Comparison of the correlation coefficient (R*) between the
two kinetic models gave higher R* for the pseudo-second-order
(>0.9) than the pseudo-first-order (<0.9) for all SAIL sEGO/
NFC samples. This finding indicated that the adsorption
mechanism of MB by SAIL sEGO/NFC is better described by
the pseudo-second-order model, whereby the uptake of MB is
second-order with respect to the available SAIL sEGO/NFC sites.
Meanwhile, the kinetic behaviour of the composites stabilised
with various sodium surfactants (TC14, AOT14, and SDS sEGO/
NFC) was well described by the pseudo-first and pseudo-second
kinetic models, having R* values higher than 0.9. The results
also implied that MB adsorption onto the adsorbent may
involve chemical adsorption. According to Vincent et al
(2014), small particle sizes yield larger k, values because of
reduced intraparticle diffusion resistance.”® A higher k, value
also reflects a shorter time required for MB to be adsorbed onto
the surfactant or SAIL SEGO/NFC surfaces. Therefore, the
surfactant or SAIL SEGO/NFC composites can be deemed as
efficient adsorbents in terms of the time required for MB
removal.

The value of k; can be used to evaluate the electrostatic
attraction between positive MB molecules and the negatively
charged sEGO surface. According to Tan & Hameed (2017),
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1/k, is the time scale for the adsorption process to reach
equilibrium; a longer time (smaller k) is needed if the initial
concentration (Cy) is larger.>" Another report has claimed that a
small particle size is associated with large values of k;.° A
higher k&, value reflects greater electrostatic attraction between
adsorbate and adsorbent. Although a significant maximum
adsorption capacity (g.) difference existed between composites
that obeyed the pseudo-first-order model (i.e., TC14, AOT14 and
SDS sEGO/NFC composites), the value of k; for the mentioned
samples was very similar. Hydrophobicity may have contributed
to adsorption, but considering the molecular structure of EGO
and MB, the electrostatic interaction may have been the pre-
dominant force controlling MB adsorption onto sEGO.

Morphology of surfactant and SAIL sEGO/NFC composites

The FESEM images of blank NFC and surfactant or SAIL SEGO/
NFC composites are presented in Fig. 2. Fig. 2(a and a’) show
that NFC has a homogeneous and smooth surface. By contrast,
the FESEM images of SEGO/NFC composites displayed rougher
surfaces and more pronounced bumps. This finding may be
due to the presence of SEGO clusters corresponding to the
potential adsorption sites. The representative FESEM images of
the composites (g and g’) clearly demonstrated that the fibril
cellulose matrix contained a characteristic two-dimensional
plane of GO sheets.’>® The lamellar structure of GO offers a
high surface area, which benefits dye adsorption.”* Exfoliated
sheets of SEGO indicated the successful oxidation and exfolia-
tion. The characteristics of GO such as smooth surfaces,
wrinkled ripples, and thin layers were also observed in the
FESEM image.>® Comparing the morphology of SDS, AOT14,
and SDS sEGO/NFC with those of the SAIL SEGO/NFC compo-
sites, the one with less SEGO had folded stacked layers with a
bulkier form of GO. Meanwhile, SAIL sSEGO/NFC exhibited less
stacked sheets and higher exfoliated GO dispersed in the NFC
matrix. The improved dispersibility and exfoliation in compo-
site containing GO stabilised by SAILs may have enhanced the
adsorption capacity.

The rough surface, thin layered sheets, and good GO dis-
tribution of BMIM-TC14 sEGO/NFC sample could offer more
adsorption sites owing to a larger surface area. All thin multi-
layered sheets had random folds, formed through hydrogen-
bond interactions of the oxidation groups and the n-n stacking
of aromatic skeletons.” The wrinkles the of GO sheets resulting
from the repulsive negative charges of the deprotonated car-
boxylic acid groups are more pronounced in the higher-
magnification FESEM image (Fig. 2€).”® Overall, the choice of
stabiliser may have affected the degree of exfoliation of GO and
its dispersibility, as well as the adsorption capacity of the
composites. Fig. 3 shows the HRTEM images of the BMIM-
TC14 sEGO/NFC composite.

Under HRTEM observation, the composite had an opaque
appearance, indicating the presence of GO. The darker region
of the image corresponded to the SEGO embedded in the NFC
composite. The enlarged view (Fig. 3c) revealed that sSEGO had a
needle-like structure and existed as a multilayer of GO.>* These
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Fig. 2 FESEM images of NFC (a and a’), SDS sEGO/NFC (b and b’), AOT14
SEGO/NFC (c and c¢’), TC14 sEGO/NFC (d and d’), BMIM-DS sEGO/NFC
(e and €’), BMIM-AOT14 sEGO/NFC (f and '), and BMIM-TC14 sEGO/NFC
(g and g').

results confirmed that graphite was successfully exfoliated to
obtain GO sheets.
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Fig. 3 HRTEM images of BMIM-TC14 sEGO/NFC composite.

Raman spectroscopy

Fig. 4 shows the Raman spectra of graphite and surfactant or
SAIL sEGO/NFC composites. The two prominent peaks of GO
can be observed. The D-peak was attributed to a defect-related
band, whereas the G-peak was related to the sp* networks of the
carbon atoms.”” The calculated Raman intensity ratio (Ip/lg) is
generally used as a quantitative measure of the disorder struc-
ture of carbon nanomaterials, with higher ratios indicating
higher defects in the carbon structure.>® The appearance of the
D-peak of different intensities in all spectra confirmed success-
ful exfoliation.”® The small and weak D-peak of the graphite
spectrum (Ip/I = 0.10) indicated the absence of defects and
disordered structure. Results (the Ip/I; ratio of graphite being
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Fig. 4 Raman spectra of graphite (a), SDS/SEGO/NFC (b), AOT14/sEGO/
NFC (c), TC14/sEGO/NFC (d), BMIM-DS/sEGO/NFC (e), BMIM-AOT14/
SEGO/NFC (f), and BMIM-TC14/sEGO/NFC (g).

lower than that of the composites) indicated that the size
reduction of the in-plane sp® domains was due to oxidation
and exfoliation. Broad and strong G-peaks with an Ip/I ratio of
0.7-1 indicated significant edges rather than basal defects in
the surfactant or SAIL sEGO/NFC composites as a result of
ultrasonication.”®

The Ip/Ig ratio for all surfactants and SAIL sSEGO/NFC
composites was found to be higher than that of pristine
graphite, suggesting the possible electronic interaction
between anionic surfactants and GO sheets®® (Fig. 4). This
finding implied the successful incorporation of anionic surfac-
tant molecules onto the GO surfaces. The intensity ratio of the
D-peak to G-peak (Ip/Ig) changed from 0.95 to 1.24, indicating
decreased average size of the in-plane sp’ domains®' and
increased disordered graphene sheets owing to the addition
of anionic surfactants. Furthermore, the intensity ratio (>0.5)
for all surfactants and SAIL sSEGO/NFC samples suggested that
the surface of the SEGO composites was decorated by abundant
oxygen-containing functional groups from the anionic surfac-
tants. The presence of these oxygenated groups improved the
hydrophilicity of the sEGO composites, which was advanta-
geous for dye adsorption.*® The higher G-peak intensity for all
composite samples suggested the complete intercalation of
surfactant and GO® along with cellulose.

Zeta potentials

Zeta potential is an important indicator to predict and control
the stability of a colloidal system. The zeta ({)-potential mea-
sures the potential difference between the mobile particles
(SEGO) and dispersant (surfactant) at the hydrodynamic slip-
ping plane under an electric field.®* " Zeta-potential measure-
ments indicated that these suspensions were electrostatically
stabilised by negative charges, possibly from the carboxylated
groups of GO that are believed to decorate the periphery of the
GO lamellae.*® A thick and stable surfactant or SAIL ‘film’
formed around the sEGO particles, leading to increased
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repulsion and hydrophilicity.*® The current analysis was also
important in assessing the MB adsorption mechanism onto
surfactant or SAIL sEGO/NFC composites.

The adsorption behaviour of MB onto surfactant or SAIL
SEGO/NFC was discussed in detail on the basis of the change in
the surface charge demonstrated by {-potential, as well as the
adsorption isotherm of MB onto sEGO. Considering that all
surfactants used were anionic, the zeta potentials were highly
negative and became more negative (more stable) by more than
9 mV upon changing the sodium ion to imidazolium ion
(Table S7, ESIt). Therefore, the negatively charged adsorbent
may have facilitated the electrostatic bonding between MB and
the sEGO surface for MB adsorption. Remarkable MB adsorp-
tion capacities of the composites were achieved under neutral
conditions possibly because of the electrostatic interaction
between the dye cation and the negative charged surface of
the adsorbent.

Dynamic light scattering (DLS) studies

The particle size and mean diameter of surfactants and surfac-
tants/sEGO were quantified using DLS.®” DI water is less
favourable as a solvent for DLS measurement because the
ion-free environment affects the electrostatic particle
interactions.®® The mean diameter of the sodium surfactants
was found to be in the range of 1.5-22.6 nm. Exchanging the
sodium for BMIM increased the particle size to 35.0-224.0 nm,
a significant increase (Table S8, ESIf). Evidently, the nano-
material aggregate sizes approach the micron scale with the
surfactant acting as an efficient stabilizer.®® According to
Bhattacharjee,®® particle mixtures exceeding 100 nm are not
considered as nanomaterials. Therefore, although most sam-
ples remained within the nanomaterial size range, the presence
of GO resulted in a non-nanomaterial system for those stabi-
lised with SAILs and BMIM-TC14.

Surface tension

Fig. 5 demonstrates how the surface tension of the surfactant
solutions and sEGO suspension decreased as a function of
surfactant concentration. This finding was followed by a sharp
linear decline at intermediate concentrations and displayed a
flat region at high concentrations. Before the concentrations
where the plateaus appeared, the surface tension of the mixed
GO-surfactant systems decreased obviously compared with that
of pure surfactant solutions. This finding shows that the
presence of GO affected the surface activity of SAIL. The initial
concentration of BMIM-TC14 with CMC of 11.7 mM decreased
to 11.3 mM for BMIM-TC14 sEGO.”® BMIM-AOT14 and BMIM-
AOT14 sEGO had the same CMC (7.5 mM), whereas BMIM-DS
(1.5 mM) and BMIM-DS SEGO (1.2 mM) had a 0.3 mM
difference.

Previous research has mentioned that surfactants can
reduce the surface energy of water (72.8 mN m™'; unsuitable
for graphene exfoliation) during graphite exfoliation to match
that of graphite and weaken the interactions (n-m conjugation,
Coulomb attraction, and hydrophobic interactions) amongst
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Fig. 5 Air—water surface tension (y) vs. In(concentration) plots for surfac-
tant solutions (a) and sEGOs (b) at 25 °C.

graphite surfaces,”’ further supporting the surface tension
results.

General observations revealed that the surfactant solutions
displayed lower surface tension than the SEGO samples. The
hydrophobic groups of surfactants adsorbed onto the basal
plane of GO sheets through hydrophobic interactions, whereas
the hydrophilic groups oriented towards water. Therefore,
water-dispersible GO can be obtained by establishing electro-
static repulsion amongst adjacent GO sheets.®® A trend of lower
surface tension with higher branching of the IL surfactant can
also be observed for all SAIL solutions (Table 3). This result
implies that the binding mechanisms between SAILs and SAILs
(that contain an aromatic group acting as an anchor for
surfactant onto GO via n-n interactions and Coulomb attrac-
tions) differed from each other.”

Another important parameter that can be derived from
surface-tension measurement is the limiting surface tension
(Yeme), which explains the effectiveness of SAILs to reach the
maximum surface-tension reduction.”*”* A previous publication
has reported that TC14 has a lower .. value (25.8 mN m™*)
than di-chain (AOT14) and single-chain (SDS) surfactants owing
to the highly branched tails in TC14s."® In the present study,
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Table 3 Parameters derived from surface tension measurements includ-
ing the fractional free volume (FFV)

GMC ycmc ACIT!C
Surfactant (mM) £ 0.03 (mMNm')+1 (A)+2 FFV
BMIM-TC14 11.7 25.0 282 0.08
BMIM-TC14 SEGO  11.3 24.9 188 0.12
BMIM-AOT14 7.5 24.8 108 0.21
BMIM-AOT14 sEGO 7.5 35.4 94 0.32
BMIM-DS 1.5 32.7 79 0.24
BMIM-DS SEGO 1.2 34.5 66 0.29

exchanging sodium ion with BMIM on TC14 decreased the
surface tension to 25.0 mN m ™" (Table 3)." The surface tension
of AOT14 is reported to be 28.1 mN m ™, whereas that of SDS is
36.1 mN m™~'."> Changing the sodium into BMIM in AOT14 and
SDS interestingly decreased the surface tension by 3.3 and
3.4 mN m™ " respectively. These results demonstrate that mod-
ifying the surfactant headgroup improves surfactant perfor-
mance by lowering the cohesive energy density between
hydrocarbon tails, causing easier wetting.”> A lower headgroup
area (Acmc) increased the molecular packing parameter (CPP),
and the surface area per surfactant molecule was determined by
the surfactant headgroup.”® Evidence remains lacking; however,
Ravula et al. mentioned that ILs possess surface tension closely
matching the surface energy of graphite which makes them an
exceptional medium for exfoliation and GO stabilisation.”” The
water-graphite surface tension is estimated to be 32 mN m~".”®
The surface excesses, I', limiting the head-group areas at the
CMC, and Acme were obtained by fitting the pre-CMC data
through the Gibbs equation (eqn (8)):

r— 1 dy (8)

" mRT dlnc

where m is a pre-factor of 2 for 1:1 fully dissociating ions. The
effective area per molecule at CMC (Aemc/A%) in the adsorbed
monolayers can thus be determined through eqn (9):

Acmc - T (9)

Another important parameter which can be derived from the
surface tension data is fractional free volume (FFV) (eqn (10))
that quantifies the ‘bulkiness’ of the surfactant molecule, as
introduced by Stone and his team.”® V; is the van der Waals
volume of the surfactant tail (an approximation of how much
volume the surfactant tails occupy), ¢, is the thickness of the
interface, and A . is the effective area per molecule.

Vi

FFV=1-
tlAcmc

(10)

It is assumed that a lower value of FFV, which can be directly
calculated from the surfactant-tail geometry, provides better
stability by decreasing the interfacial tension, reducing the
overlap between tails, and increasing the interfacial
curvature.®’® Here, BMIM-TC14 provided the lowest FFV. As
such, it can be assumed that amongst all SAILs, BMIM-TC14
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occupied the largest area at the interface and was thus more
effective for stabilisation. In a previous study,'® TC14 was
reported to be the most efficient surfactant with an FFV value
of 0.12. Therefore, the modification of the surfactant head
structure affects the surfactant interfacial curvature as reflected
by the FFV value.

Small-angle neutron scattering (SANS)

SANS allows studies of the shapes and sizes of self-assembled
materials, which in this case are surfactant molecules and
SEGO sheets in solution. In SANS, the scattered intensity,
I(Q), is related to the nanostructures present, where the features
contributing to I(Q) are the shape and size of the nanoparticles
defined as the particle form factor, P(Q).”>®" Theoretically,
larger particles scatter at smaller Q whereas smaller particles
scatter to higher Q.®" Ionic surfactants interact with graphene
by forming a monolayer with the hydrophilic head-group
exposed in solution and the hydrophobic part in direct contact
with graphene to maximise the strength of van der Waals
interactions with the substrate.

Fig. 6 shows the SANS profiles of SAILs and SAILs combined
with the exfoliated GO and sEGO. The parameters derived from
the SANS profiles are listed in Table 4. A remarkable difference
in the scattering profiles was seen for BMIM-TC14 and BMIM-
TC14 sEGO. For BMIM-TC14 sEGO the profile was well fitted
into the paracrystalline lamellar stack model. BMIM-TC14 also
adequately fitted the paracrystalline lamellar stack model but
showed lower I(Q) in all Q regions.

The main reason for this phenomenon was the adsorption
of SAILs onto GO forming sEGO.'® However, for BMIM-AOT14
and BMIM-AOT14 sEGO, the scattering was broadly the same.
Thus, the bulk micelles were more dominant than those
molecules adsorbed onto the GO surfaces, similar to our
previous observation on AOT14 samples.'> However, obvious
changes in the bilayer thicknesses (L), separation between
bilayers (D), and number of bilayers (M) for BMIM-AOT14 and
BMIM-AOT14 SEGO can be seen (Table 4). The increase in
colloidal dimensions (surfactant or SAILs in the presence of
GO) of GO basal spacing may decrease the attraction between
lamellae.®* Different from BMIM-AOT14 and BMIM-TC14, the
SANS data for BMIM-DS adequately fitted a spherical micelle
model. The presence of GO did not lead to any micellar shape
transitions, but the bump for BMIM-DS sEGO was more pro-
nounced presumably owing to an increase in intermicellar
interactions.'® For linear hydrocarbon molecules, the strength
of van der Waals interactions with the substrate scales with
chain length, suggesting that a longer carbon chain should
have a stronger interfacial affinity and thus a higher graphene-
dispersion efficiency.®® The structure of the surfactant layer is
another factor that should influence graphene-dispersion effi-
ciency as evidenced by the differences in the performance of
SDS in dispersing carbon nanotubes and graphene.®* Accord-
ing to Cao,® negatively charged polymers such as poly(4-
styrenesufonic acid-co-maleic acid) sodium salt and poly-
(diallyldimethylammonium chloride), when mixed with IL, lead
to the weakening of hydrophobic interactions in the surfactant
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Fig. 6 SANS data for (a) BMIM-TC14 and BMIM-TC14 seGO, (b) BMIM-
AOT14 and BMIM-AQOT14 sEGO, and (c) BMIM-SDS and BMIM-SDS sEGO.
[Surfactant] = 30 mM (at CMC), and [SEGO] = 0.2 mg mL™ at 25 °C. Lines
are model fits for either a paracrystalline lamellar stacked mode or charged
spherical micelles (incorporating a Hayter—Penfold S(Q)). Characteristic
error bars are shown for the lowest intensity samples.

tails. This finding is owing to the strong electrostatic attraction
between the polymers and surfactants, thereby reducing the
electrostatic repulsion between the surfactant headgroups.
However, the neutral polymer used here, which is NFC, exhib-
ited weaker electrostatic interactions with the IL which showed
no effects, indicating that it did not affect the CMC, adsorbed
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amount (I'yay), and aggregation number (N,gg). Thus, micelli-
sation was unaffected.

Proposed mechanism

A previous publication has covered the applications of exfoliat-
ing graphite in a mixture of surfactants or SAILs and nanocel-
lulose for the development of graphene/cellulose conductive
composites.”® The intercalation of anionic surfactant between
the interlayers of graphite promotes graphite oxidation, and
thus the exfoliation process occurs driven by hydrophobic
interactions and hydrogen bonding.®” The roles of surfactants
and SAILs in cellulose solvation and dissolution for surface
modification were also considered.?” The optimum concen-
tration of electrolyte (surfactant or SAILs) leads to sufficient
negative charges and electrostatic repulsion between surfactant
and cellulose, thereby promoting stability of the cellulose
suspension.”®> Hydrophobic interactions induced by anionic
surfactant tails enhance the affinity with the NFC cellulosic
surfaces.®® A 0.05 M concentration of electrolyte was selected as
this is the optimum value in producing GO along with 7 V
sufficient for graphite exfoliation.>>%”
nism of electrochemically exfoliated graphite by surfactant can

Details of the mecha-

be found elsewhere."> Here, a mechanism considering the
modification of the surfactant headgroup structure with the
SAILs used as the electrolyte in the presence of NFC is shown in
Fig. 7. Intermolecular hydrogen bonding and n-n stacking by
BMIM-TC14 originate from the imidazolium moieties forming
bilayer stacks, which may become permanently enlarged.?® As
mentioned earlier, exchanging sodium ions for organic BMIM
leads to a decrease in the headgroup area (A.nc) and FFV value,
which is also consistent with increasing molecular packing
parameter (CPP). Understanding the mechanism helps identify
principal factors affecting adsorption. Considering the intrinsic
charge and structure of the adsorbent and adsorbate, the
adsorption of MB into sEGO could be attributed to electrostatic
attraction.’® Recalling the isotherm studies, MB adsorption
onto BMIM-TC14 sEGO/NFC followed the Langmuir and
Freundlich models, with a maximum adsorption capacity of
79.4 mg g ' in 15 ppm MB. The fitting of both models
suggested that monolayer and multilayer adsorption occurred
during the process. Meanwhile, the other composites were
better fitted by the Freundlich model. This indicates that the
multilayer adsorption of MB molecules onto SEGO/NFC com-
posites may dominate and is favoured over monolayers only.
Hence, the BMIM-TC14 sEGO/NFC composites are an effective
adsorbent for MB.

According to Ho, Ng, and McKay,”® MB adsorption into
adsorbents can be attributed to the following three principal
steps: (1) external diffusion, i.e., the transport of the adsorbate
from the bulk phase to the external surface of the adsorbent;
(2) intraparticle diffusion involving the transport of the adsor-
bate from the external surface into the pores, and (3) surface
reaction where the adsorbate adheres onto the internal surfaces
of the adsorbent. External and intraparticle diffusion are cate-
gorised as transport steps, whereas the other is a surface
reaction (adsorption) step. GO and its composites have
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Table 4 Model fit parameters for SANS data

Paper

Sample Model Rsphere (&) * (A) D* (A) M
SAIL solution

BMIM-DS Sphere 25.0 — — —
BMIM-AOT14 Paracrystalline lamellar stack . 6.0 69.0 103
BMIM-TC14 Paracrystalline lamellar stack — 21.0 250.0 21
SEGO

BMIM-DS sEGO Sphere 25.0 — — —
BMIM-AOT14 sEGO Paracrystalline lamellar stack — 11.0 83.0 149
BMIM-TC14 sEGO Paracrystalline lamellar stack — 29.0 270.0 30

¢ For lamellar only, where L = thickness of bilayers; D = space between bilayers; and M = number of bilayers.

Electrolyte consisting of SAILs
with presence of NFC in aqueous
solution

Exfoliation of graphite to form
SEGO by SAILs causing graphite
layers to expand

MB uptake by through adsorption
on sEGO surfaces

.

NFC

:
BMIM-TC14

MB

Fig. 7 Schematic (not to scale) of SAIL-mediated graphite exfoliation to form sEGO/NFCs and the adsorption of methylene blue.

abundant hydroxyl, carboxyl, and epoxy groups on the two-
dimensional graphene framework surfaces, resulting in strong
interactions with organic dyes. The adsorption of organic dyes
onto GO-based materials is primarily driven by three interac-
tions, namely, electrostatic (H-bonding), n-r stacking and van
der Waals.'®**>°! The van der Waals interactions represent
attractions between single layers of GO sheets'>°> and are
clearly important in this work. MB is a known cationic dye that
can interact via electrostatic interactions with the negatively
charged sEGO composites. Apart from electrostatic interac-
tions, m-n interactions between the aromatic moieties of MB
and the hexagonal arrays of carbon atoms in GO may also occur
during adsorption.®” Owing to their dual nature, the surfac-
tants adsorb and accumulate onto the GO surfaces through
hydrophobic interactions with their hydrophilic parts orienting
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towards the aqueous phase. Hu et al.,*” also suggested that anionic
surfactants intercalate between the GO interlayers by hydrophobic
interactions and hydrogen bonding, resulting in weak electrostatic
repulsions between surfactant-GO sheets. Considering that the
concentration of the surfactants used was above the CMC, the
surfactant micelles may aggregate on the GO surfaces. This phe-
nomenon provides additional functional groups and may further
enhance the overall performance of the adsorbents.

A small amount of the MB ions adsorbed onto the sEGO
cellulose composites through physical adsorption and electro-
static interactions via oxygen-containing functional groups
such as hydroxyls and carboxyls. Electrostatic interactions
between the sulfate anions (from the anionic head group of
the surfactant) which attached perpendicularly to sEGO and the
cationic groups in MB may also take place.
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Conclusion

Extending previous work," adsorption of a model pollutant
dye, MB, has been studied with modified surfactant sEGO
modified cellulose composites. GO was obtained through the
electrochemical exfoliation of graphite by using a mixture of a
custom-made surfactant or SAILs and nanocellulose. This
straightforward and economical route enables direct casting
of the exfoliated mixture, yielding surfactant or SAIL sSEGO/NFC
composites. A remarkable 99% removal of MB was achieved
with the BMIM-TC14 sEGO/NFC composite, and a maximum
adsorption capacity of MB was 74.3 mg g~ '. The equilibrium
adsorption isotherm could be fitted with Langmuir and Freun-
dlich models, and for the BMIM-TC14 sEGO/NFC composite
the adsorption kinetics fitted best a pseudo-second-order
model. The strong adsorption capability of SEGO/NFC may
have been due to the extensively oxygenated functional groups
of sEGO which are available for electrostatic interaction and
hydrogen bonding. The presence of surfactant or SAILs on the
surface of GO assisted the graphite-exfoliation process, stabi-
lised the colloidal structure of the sEGO composites, and
improved their adsorption properties. Remarkably, modifying
the surfactant head group by changing the normal sodium ion
with the organic cation BMIM, to form SAILs, gave rise to
improved absorbents. Evidently, the surfactant/SAIL chemical
structure is a crucial factor influencing the performance of
these adsorbents. In addition, although the composites applied
in this study did not offer 100% removal efficiency, or display
the highest adsorption capacity compared to those found in the
literature,"****° significant dye removal can be achieved at
relatively low sSEGO/NFC composite levels (5 mg). This simple
yet efficient method for producing composite graphene oxide-
based materials containing surfactants and SAILs provides new
insights into their applications as adsorbents in wastewater
treatment.
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