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ABSTRACT: Graphene oxide (GO) liquid crystals are of great interest for membrane
preparation. Vacuum filtration has been frequently adopted as small-scale manufacturing
method. The main challenge is to obtain thin and robust layers with high permeation and
selectivity by methods that could be applied in large scale. GO liquid crystals are mostly formed
by dispersion in water. For the first time, we demonstrate that GO can form lyotropic liquid
crystalline nematic phase dispersions in protic ionic liquid and be fabricated as membranes for
nanofiltration. The well-balanced electrostatic interaction between ionic liquid and GO promotes
and stabilizes the alignment of GO nanosheets even when concentrations as low as 9 mg GO /mL
are used, providing the ideal rheology for the dispersion casting and membrane preparation.
Robust membranes with GO layers as thick as 1 um with high permeance (37 L m h* bar?) and
99.9 % rejection of dyes with molecular weight 697 g/mol were obtained. We confirmed the
liquid crystal formation by the detection of birefringence and the rheological behavior and
explained the liquid crystal formation as an interplay between hydrogen bonding and

electrostatic interactions.
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The growing demand of drinking water and the need of water reuse in the agriculture and
industrial processes is stimulating the development of new materials for membrane manufacture.
There are large expectations on the separation performance of membranes based on graphene.
These membranes can exist in three different forms: a porous graphene layer, assembled
graphene laminates and graphene-based composites.® GO is an important chemical precursor of
graphene, possessing pendant functional groups such as hydroxyl, carboxyl and epoxy groups.?
The presence of oxygen functionalities allows GO to form stable aqueous dispersions owing to
electrostatic repulsion. Unlike graphene, GO can easily disperse in water and other organic
solvents, forming uniform single layers, and keeping them stable even at high concentration (=80
mg/mL) with strong mechanical properties and excellent chemical inertness.?3

When preparing GO nanofiltration membranes, regularly stacked GO sheets with nano
channels and amphiphilic domains are important to provide tighter molecular sieving feature
resulting in high permeation flux and rejection.**! The two-dimensional channels between the
stacked GO nanosheets allow the water to permeate serving as molecular and ionic sieving
membranes, while rejecting unwanted solutes by size exclusion process.*?*3 The recent reports of
GO liquid crystals formation brought new and unique opportunities for diverse applications.422
GO liquid crystals with lamellar structure might provide the desired regularly ordered sheets for
filtration applications.? Besides their potential application in membrane manufacture, GO liquid
crystals are considered excellent for the development of novel materials in optoelectronic
devices, electro-optical switching, graphene-based fibers, energy storage devices, polymer
nanocomposites, and oxygen reduction catalysis.'* 16:21:2429 GO, being an amphiphilic molecule
self assembles under specific temperature (thermotropic) and concentration (lyotropic) and forms

liquid crystals owing to long range orientational ordering. The giant anisotropy and good
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dispersibility of GO promote the formation of liquid crystals in water and organic solvents such
as ethanol, acetone, tetrahydrofuran, dimethylformamide (DMF) and N-methylpyrrolidone
(NMP).18.23.30 The material self-assembles at atomic level via n-m stacking between GO sheets
and hydrogen bonding interactions.3! Self-assembled GO nanosheets have highly enhanced
physical and mechanical properties.” Graphene liquid crystals have also been reported using
chlorosulfonic acid.!” The self-assembly process forming liquid crystals can be easily recognized
by birefringence, which results from the orientational order alongside a preferred direction,
designated as director field.3? The transition from isotropic (dark between crossed polarizer) to
nematic (Schlieren texture) phase in a GO suspension on an optical polarized microscope
principally depends upon GO concentration, the average aspect ratio (width/thickness) and the
solvent environment, such as pH and ionic strength.'* 2% 3334 The formation of nematic liquid
crystals is a fully “entropy driven” process.

While the majority of reports on GO liquid crystals are in water, the use of organic solvents is
interesting, because it allows the incorporation of additives and crosslinkers or blending with
polymers that are insoluble in water. By using ionic liquids as solvent, the advantages of organic
solvents can be combined with low volatility and therefore low organic vapor emission.
Moreover, particularly for membrane preparation by casting the dispersion in ionic liquids brings
an important rheological advantage. The GO dispersions in water or organic solvents have low
viscosity. High GO concentration is needed to reach a reasonable viscosity for casting well-
ordered nanosheets leading to a defect free membrane selective layer. GO dispersions in ionic
liquids are much more viscous. Diluted GO dispersions in ionic liquids can be easily cast with

the expected liquid crystal order. Stable and defect free layers can be easily formed.
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We report for the first time GO liquid crystals dispersed in ionic liquids. We chose
ethylammonium nitrate (EAN), a protic ionic liquid, as an example, due to its similarity with
water in terms of its protic nature and solvent properties such as polarity and self-assembling
capability.®* We demonstrate the formation of GO liquid crystals with viscosity adequate for
casting using GO concentrations as low as 9 mg/mL. At lower GO concentration in EAN the
birefringence was not observed. The rheological experiments and membrane preparation were
then performed at this concentration both in EAN and water. We believe that hydrogen bondings
between GO nanosheets and EAN lead to a stable, homogeneous dispersion, that can self-
assemble to form nematic phase. To fully exploit the self-assembled GO sheets, membranes were
cast on a polymer support by a simple doctor blade tool and were characterized for nanofiltration
as illustrated in Scheme 1. Our findings should facilitate new routes for achieving GO liquid
crystals from ionic liquid, help to understand the interactions leading to their formation and offer

opportunities for new applications in the separation field.
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Scheme 1. GO liquid crystal dispersion in EAN, cast on a polymer support using a doctor blade

and immersed in acetone to obtain nanofiltration membranes.

RESULTS AND DISCUSSION

GO was prepared from expandable graphite, as detailed in the experimental section. The aspect
ratio of the resulting single layered GO sheets was preserved without the aid of ultra-sonication.
This helped in producing large GO sheets and ensuring no breakage of GO sheets. The stable
suspension, which exhibits anisotropic textures, facilitated the formation of liquid crystal at low
concentration of GO aqueous dispersion. Figure l1a shows the SEM micrograph of large GO
flakes obtained from aqueous dispersions confirms the lateral size of tens of micrometers. A
minor part of the GO sheets is smaller than 10 pm. Wrinkling occurs owing to the large GO

platelet size and high density of functional oxygen groups on GO plane, which facilitate the
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hydrogen bond formation.*® GO nanosheets with high aspect ratio can align parallel to each other
by maximizing the packing entropy.®” AFM was studied to assess the number of layers and
quality of GO nanosheets in the aqueous dispersion. Confirming the observation by SEM, the
AFM images indicate a sheet size of more than tens of micrometers in Figure 1b. The thickness
profile measured is ~1.2 nm, indicating a monolayer exfoliation. The prepared GO sheets are
therefore single-layered and individually dispersed in water. In this case, there is no restacking or
aggregation of individual GO platelets, suggesting good exfoliation with giant lateral size of the
sheets. The XRD characterization of the obtained GO and the original graphite is shown in
Figure 2a. The interlayer spacing is proportional to the degree of oxidation. The XRD patterns of
graphite represents a fully graphitic system with a sharp 002 peak at 20 = 26.4° and
corresponding d-spacing of 0.34 nm, according to Bragg’s law. The as prepared expandable
graphite displayed similar peak with slightly expanded layer, after acid intercalation. On the
other hand, the synthesized GO had a distinct peak at 20 = 9.1° with corresponding d-spacing of
0.97 nm. The d-spacing values are similar to those reported elsewhere for GO dry sheets, also
obtained from dispersions in water.>34% The FTIR spectrum of GO sheets and the correspondent
functional groups were identified and reported in Figure 2b. The FTIR spectrum reveals the O-H
stretching vibrations (3100-3400 cm™), C=0 stretching vibration (1720-1740 cm™), C=C from
unoxidized C-C bonds (1610 cm™), C-O stretching vibrations (1040 cm™). This confirms that
GO sheets are decorated with oxygen functional groups, following the oxidation. The UV-Vis
spectrum exhibits two characteristic features, as shown in Figure 2c. The absorption peak,
indicating a red shift at 231 nm, illustrates m-n* transitions (conjugation), and a shoulder,
observed around 300 nm, is attributed to the n-* transition of the carbonyl groups. The Raman

spectroscopic measurement revealed two typical peaks seen in Figure 2d. The D and G band at
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~1590 cm™ and ~1340 cm! confirms the lattice distortions. XPS measurements in Figure 2e and
2f gave information on the chemical composition of GO sheets. The spectrum indicates both the
Cls and Ols peaks for GO sheets with atomic concentration of 69.22 % and 29.04 %,
respectively. The apparent peak at ~287 eV corresponds to graphitic carbon of GO and the peak
at ~534 corresponds to oxidized carbon. This is a direct measurement of the oxygen content and
the degree of oxidation obtained in the GO synthesis. The oxygen content reported here
corresponds to a highly oxidized material.® These characterization results confirm the successful

preparation of single layer exfoliated GO nanosheets in water.

(a) (b)
Figure 1. (a) SEM and (b) AFM tapping mode images of GO sheets collected from dispersions in
water (inset is the height profile of GO sheet).
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We first consider here the GO dispersibility in different media. Besides the comprehensive
investigation of GO systems in water by different groups, only relatively limited studies of GO
or reduced GO exfoliation and dispersion have been previously reported in another medium,
such as selected organic solvents.®® 442 A close matching between the surface energies of GO
and solvents is important for an effective exfoliation. The surface energies of convenient solvents
for exfoliation lie in the range of 40-50 mJ/m?. The surface tension of ionic liquids such as 1-
butyl-3-methylimidazolium tetrafluoroborate is 43.9 mJ/m? at 25 °C, which is slightly higher
than that of conventional organic solvents such as N-methyl pyrrolidone (40.1 mJ/m?).%
Additionally, Hansen’s*® solubility and Kamlet-Taft’s* solvent parameters have been used to
rationalize the stability of reduced GO in organic solvents.®> > A good dispersion of GO in
organic solvents is expected to occur if the sum of the solvent &, + 6n (dp, Hansen’s polarity
cohesion parameter; 5h, hydrogen bonding cohesion parameter) is in the range of 13~29 MPa'/?,
or if the solvent polarity parameter, Et(30),*® is in the range of 39~53 kcal-mol?. Er(30)
indicates the solvating ability of a liquid and is related to Kamlet-Taft’s parameters z*, the
polarizability of solvent, and ¢, the solvent’s hydrogen-bond donator acidity, according to
Equation 1.

Er(30) / kcal.mol? = 31.2 + 11.57* + 15.2a Q)

Herein, the protic ionic liquid EAN is the dispersion medium. The E7(30) and Kamlet-Taft
parameters of water and EAN are similar, which suggests that EAN would be able to easily
disperse GO nanosheets, as shown in Table 1. Indeed, a homogeneous GO dispersion was
obtained in EAN. The exfoliated GO nanosheets after dispersion in EAN were characterized by

XRD. As shown in Figure 3, the d-spacing of GO nanosheets after dispersion in EAN shifted to

10
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higher values, compared to those dispersed in water. A larger interlayer distance is then

promoted by the ionic liquid.

Table 1. Er(30) and Kamlet-Taft solvent parameters for water, EAN and selected organic

solvents at 25 °C

E+(30) Kamlet-Taft parameter
Solvents Reference
(kcal.mol ™) a B n*
Water 63.1 1.17 0.18 1.09 3
EAN 60.8 1.10 0.46 1.12 46
DMF 43.2 0 0.69 0.88 39
NMP 43.8 0 0.77 0.92 39

Intensity (a.u.)

d=0.84 nm

GO film (ionic liquid) on Nylon

GO film (water)
5 10 15

20 25 30 35
2 theta (degree)

Figure 3. XRD patterns of a GO film prepared in water, an analogous film prepared in ionic

liquid on a nylon porous support and the non-coated nylon support.
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An effective dispersibility is essential but not the only condition for liquid crystal formation. It
is important to evaluate the GO proneness to self-assemble. GO sheets have an amphiphilic
character with a largely hydrophobic basal plane and hydrophilic edges.*” GO can behave as a
surfactant, having the ability to adsorb on interfaces, thus lowering the surface or interfacial
tension and undergoing a self-assembly process. The amphiphilicity can be size dependent. The
high degree of anisotropy and high aspect ratio of GO nanosheets render them the ability to align
in a specific direction. The influence of the solvent molecules greatly impacts the structural
formation of GO liquid crystal dispersion, as the solvent molecules disturb the particles
interaction as a consequence of electrostatic repulsion forces.*® Polarized Optical Microscopy is
a useful characterization technique to detect anisotropy, which is indicated by birefringence.?
Schlieren brush-like birefringence patterns have been previously seen as an indication of nematic
liquid crystal phase formation in GO aqueous systems.'® % A Schlieren texture was observed
with various disclinations, which is a reflection of GO platelets, orienting in a preferential
direction. The representative optical polarized micrographs shown in Figure 4a and 4b are an
evidence of the birefringent lyotropic liquid crystals of GO in water and in EAN observed in this
work. For the EAN system, the residual water content of EAN was determined by the Karl
Fischer titration method. A water content lower than 0.1 wt% was detected. This is a good
indication that the water is not the driving agent for the GO liquid crystal formation. A
concentration of 9 mg GO/mL was chosen for our experiments in water and EAN. This is higher
than the reported value (0.25 mg/mL) for isotropic-nematic transition in water*® or
dimethylformamide and lower than the concentrations previously used for GO aqueous

dispersion (>40 mg/mL) for membrane preparation.

12
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== GO in EAN

(@)

Figure 4. (a, b) Polarized optical microscopy images of GO liquid crystal dispersions in (a) water
and (b) EAN; corresponding photographs of the dispersions, indicating the gel-like behavior of

GO in EAN.

As previously reported for water and a few organic solvents®, EAN is expected to interact
with GO, being confined between sheets and stabilizing the assemblies the dispersion, leading to
a balance of enthalpic forces and entropic contributions. lonic liquids in general can act as an
amphiphilic self-assembly media for block copolymers, leading to micelle and liquid crystalline
mesophase formation, due to a “solvophobic effect”.*%%° Notably, protic ionic liquids are tunable
solvents and have specific physicochemical properties by changing cations and anions. Unlike
protic ionic liquids and water, aprotic ionic liquids are not capable of donating and accepting
hydrogen bonded networks. EAN indeed has greater similarity with water, due to its protic
nature, high polarity, high cohesive energy, which acts as a driving force for aggregation of
surfactant molecules and self-assembling capability.® %12 The solvophobic force in EAN can be
compared with the hydrophobic force in water, which is well dominated by the entropic

contribution. The hydrophobic effect in water is a driving force for self-assembly. 18545 The

13

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Nano Materials

process of self-assembly in general is due to the interplay of entropy and enthalpy as given in
Equation 2.

AG self-assembly = AH® self-assembly — TAS® self-assembly 2

where AG°sif-assembly is the free energy, AH%srassembly 1S the enthalpy change, T is the
temperature and AS°seir-assembly 1S the entropy change. Besides temperature, factors contributing to
self-assembly are van der Waals, hydrogen bonding and electrostatic interactions. AG®self-assembly
has strong hydrophobic and electrostatic contributions. In the case of protic ionic liquids, the
solvent itself is an ion, and so the surface charge of the assembling block copolymers or
graphene oxide sheets is fully screened. The electrostatic contribution to the self-assembly due
to charge in these cases becomes negligible. Hydrogen bonding and dispersive hydrophobic
forces are therefore the dominant agents in the self-assembly.*® The tendency to self-assemble
can be expressed in terms of Gordon parameter, G, which is a measure of solvent cohesiveness
as given in Equation 3:%’

G=y/VyB (3)

where vy is the air-liquid surface tension and V, is the molar volume. Higher Gordon values are
linked to better chances of forming stable liquid crystalline phases.® The higher the G values,
the stronger is the driving force for the self-assembling process. Currently the solvent with the
lowest Gordon value that can facilitate amphiphilic self-assembly is ethylammonium butyrate
(EAB), also a protic ionic liquid with G = 0.576 J m=. The Gordon value for EAN (1.060 J m™)
is well beyond the threshold to determine the capability to self-assemble, which is an additional
indication that EAN can self-assemble GO nanosheets to form GO liquid crystals. It is expected

that in GO liquid crystals, the solvent adopts a more structural arrangement between GO sheets

14
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to balance the steric forces and repulsive forces.'® For that, the ability of EAN to form an
extensive hydrogen-bonding network is particularly important.

Herein, we compared the rheological behavior of GO in water and EAN, by studying their
unique viscoelastic behavior, assessing the influence of the shear stress on the solution viscosity.
A detailed investigation of rheology as a function of shear rates and volume fractions for GO
liquid crystals in water has been previously reported.®” > Dispersions in EAN are much more
viscous, having a gel-like character even at a relatively low concentration, such as 9 mg/mL, a
condition at which the equivalent dispersion in water has a predominantly liquid-like flow. The
high viscosity of EAN restricts the movement of GO sheets, thus improving the stability of the
liquid crystal phase.®® A typical shear-thinning flow behavior is shown in Figure 5a, suggesting
that the anisotropic GO sheets are aligned under flow. This is a common non-Newtonian
behavior.5! Gao and coworkers pioneered the rheological investigation of GO liquid crystals in
water and demonstrated that in that case the shear viscosity decreases due to an isotropic-nematic
transition, which they attributed to the platelets alignment in the flow direction. Similar shear-
thinning behavior was reported for GO aqueous dispersion by different groups.?®?% 2 An
analogous rheological behavior was observed in our system. The viscosity is influenced by the
GO composition and also by the molecular arrangements in the dispersion. The shear effect on
GO liquid crystals in water and EAN is further demonstrated in Figure 5b. As the shear rate
increases, a horizontal stress plateau is observed for GO in water and EAN until it reaches a
constant value. It is believed that a GO network breaks down into progressively smaller flocs at
high oscillating frequency to help maintaining a relatively constant stress. Further increase in
shear rate increases the stress, which is due to breaking up of the flocs fully into dispersed GO

flakes.®® Similar trends were observed and reported for dispersions in water.3" 4
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Figure 5. (a) Viscosity of GO dispersion in water and EAN as a function of shear rate. (b) Shear

rate vs Shear Stress curve of GO in water and EAN (c) Storage and loss moduli measurements as

a function of oscillation stress of GO dispersions in water and EAN at 10 rad/s. (d) Yield stress

as a function of frequency for GO dispersions in water and EAN at 0.1% strain amplitude.

Oscillatory stress sweep measurements are performed to investigate the linear viscoelastic

regime. The linear viscoelastic regime is defined as the region in which both storage modulus

(G”) and loss modulus (G’’) are nearly constant and independent of the applied stress. The
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typical oscillatory stress sweep measurements for liquid crystalline GO dispersion in water and
EAN are shown in Figure 5c. Here, the G* and G’ moduli are nearly constant up to a critical
stress value and, as the stress increases further, the moduli begins to decrease. Kim and
coworkers®" % attributed the crossover of G’ and G’ to the rupture of the physical GO network.
The cross over point is the condition at which the dispersion suffers a transition from a solid-like
to liquid like behavior. Above this critical cross over stress, G’ and G’’ become strongly stress-
dependent. At high concentration, the crossover point is the transition from a highly
interconnected gel to a system with highly oriented and aligned GO flakes. The elastic G’
(storage) and viscous G’ (loss) moduli of GO dispersion in water and EAN were investigated as
a function of frequency at constant strain amplitudes of 0.1 and 1% (see Figure S1 in Supporting
Information). As shown in Figure S1, only a minor increase of G’ with increasing angular
frequency is observed at the low-frequency range, below 100 rad/s. G’ is higher than G’ in this
range, characterizing a gel-like system. The gelation is a result of hydrogen bonding, n-stacking,
electrostatic interaction and coordination.®® At higher frequencies, both moduli increase,
becoming more frequency-dependent. The increase of G” is more accentuated, suggesting the
rupture of GO structure and therefore assuming a liquid-like behavior. Compared to a GO
dispersion in water with analogous GO content, the GO dispersion in EAN exhibits higher G’
being even higher than 1000 Pa. The elasticity is high. A nematic order, similar to that observed
in water is probably occurring in EAN. Molecular dynamics simulation of an ionic liquid
confined between graphite walls predict a solid-liquid monolayer, or a local network structure
close to the graphite surface, with a hydrogen bond structure distribution different from the
bulk.%® This immobilization might also contribute to the gel-like rheological behavior we

observed. As we see in our system, GO liquid crystals starts to gel or vitrify at a critical

17
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concentration, which is lower than that observed for an aqueous GO dispersion.®® The reason for
that is that changing the ionic strength can effectively screen the repulsive electrostatic
interactions and promote the gel formation.%® A rich phase diagram with fluid, glass and gel
states have been previously reported for GO dispersions in water, highly dependent on the GO
concentration and of the ionic strength of the medium. A nematic phase is connected to the gel
condition. The gel and glass states are promoted by competing coulombic (at the rim of the GO
sheets) and dispersive interactions (in the interior). At high salt concentrations the repulsive
electrostatic interactions are screened and attractive forces predominate, leading to gelation even
at low GO concentration. The gel-like behavior of the GO dispersion in EAN is therefore
stimulated by the high ionic strength of EAN. The individual GO nanosheets in EAN form a
network of hydrogen bonds, mediated by oxygen functional groups and the protic ionic liquid.
Plots of storage and loss moduli at higher frequencies than reported in Figure 5c¢ are shown
(see Figure S2 in Supporting Information). The oscillation stress corresponding to the G’/G”
cross over is practically constant (1 to 2 Pa) for GO in EAN until a frequency of 250 rad/s. At
500 and 1000 rad/s the G” and G” curves touch each other, but no crossover is observed. The
cross over for GO dispersions in water is much more dependent on the angular frequency. The
stress values decrease from 3 to 2 and 0.8 Pa, as the angular frequency increases from 10 to 100
and 250 rad/s. Above 250 rad/s it was not possible to measure for dispersions in water. The
system was destabilized. When experiments were conducted with the same dispersion back to a
low frequency condition (see Figure S3 in Supporting Information) the moduli values practically
repeated the first measurements, confirming that the destabilization is not irreversible and caused
by degradation. The plot of yield stress as a function of angular frequency is shown in Figure 5d,

reflecting a similar observation: non-dependence of frequency for GO in EAN and a strong
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dependence for GO in water. This indicates that the EAN promotes the formation of a physical
network driven by the right balance of electrostatic and dispersive forces, stabilizing the GO
dispersions even at relatively low GO concentration.

The viscosity, elastic and viscous moduli remain practically constant as the temperature
increases (see Figure S4 in Supporting Information), at least in the investigated range of 25 to
60°C. Above this temperature the moduli in water have a slight increase, while in EAN continue
to be constant. This is probably a result of the differential changes in the balance of electrostatic
and dispersive forces in the system.

High permeate flux and high selectivity with high stability are important prerequisites for a
good membrane. Our ultimate goal was to exploit the GO liquid crystal phase behavior for
membrane preparation, by casting the GO dispersion on a polymeric porous support. Graphene
layers can be extremely thin and have the advantage of displaying nearly frictionless surface.
This enables them to minimize the transport resistance and maximize the permeate flux. Our
membranes were cast using a doctor blade and immersed in acetone. GO membranes prepared by
casting aqueous GO liquid crystals dispersions in water have been successfully demonstrated
before.?! In the case of our dispersions in ionic liquid, a step of immersion in acetone bath is
particularly important to eliminate the remaining non-volatile ionic liquid, by diffusion. By using
a doctor blade to cast, the GO nanosheets are shear-aligned, forming a nematic liquid crystal
phase, constituting a dense, continuous, uniform layer on the porous nylon support. The SEM
images of the pure nylon support and that of the GO membrane surface are shown in Figure 6a
and 6b. The thin GO layer (~ 1 um) is clearly seen in Figure 6¢c. The performance of the
membranes was evaluated by measuring the water permeance and the rejection of small (466-

974 g/mol) molecules. XRD measurements (Figure 3) for GO liquid crystal membranes revealed
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a sharp peak in a region not overlapped by those of the nylon support. The peaks around 26=12°
corresponds to d-spacing of 0.84 and 0.98 nm, respectively for membranes obtained with GO
dispersions in water and EAN. This suggests that some residual protic ionic liquid may remain
between GO sheets and increase the d-spacing. This seems to contribute to a higher water
permeance. To improve the stability, the GO layer was partially reduced by thermally heating at
100 °C under vacuum for over 24 hours as shown in Figure 6d. The membranes exhibited water
permeance of 37+2 L m? h™ bar! (average of 3 measurements). The rejection of Rose Bengal,
Congo Red, Brilliant Blue, Indigo Carmine was evaluated. 99.9 % rejection of dyes with
molecular weight larger than 697 g/mol were obtained (see Table S1 in Supplementary
Information). The water permeances of the GO membranes were compared to values reported in
the literature prepared from GO dispersions in water (see Table S2 in Supporting Information).
The separation in the GO membranes is attributed to the direct retention of dye molecules, by
physical sieving in the interlayer GO nano channels and electrostatic interaction between the
negatively charged GO nanosheets.®” Large organic molecules can be sieved by size exclusion,

Donan exclusion and adsorption.
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33 Figure 6. (a, b) SEM surface image of an (a) uncoated and (b) GO-coated nylon porous
35 membrane; (c) cross sectional SEM image of a GO layer on a nylon porous membrane; (d)

photographs of GO membranes before and after thermal reduction.

CONCLUSION

45 We report for the first time a stable dispersion of lyotropic GO liquid crystals in ionic liquids,
47 employing EAN as a solvent. EAN particularly promotes a hydrogen-bonded network. The large
anisotropy of the GO nanosheets lead to the formation of a colloidal liquid crystal phase in EAN,
52 confirmed by polarized microscopy. By avoiding an ultra-sonication step, large sheets of GO

54 with liquid crystalline nematic order were obtained with a concentration of 9 mg/mL. The
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amphiphilic character of the GO sheets also contributes for the self-alignment process. The GO
dispersion exhibited a non-Newtonian shear thinning behavior, typical of liquid crystal phases. A
gel-like behavior was observed in rheological measurements, reflected in the elastic modulus
variation with the applied stress. We produced membranes with a thin, ordered, continuous, GO
selective layer by a simple casting technique. Regular structural order and stacking periodicity
due to liquid crystallinity facilitated the formation of the GO membranes and led to high water
permeance. We believe that our findings will enlighten the exploitation of ionic liquids as
alternative solvents to form GO liquid crystals for application in separation processes as well as

in other fields.

MATERIALS AND METHODS

All the chemicals were commercially available and were used as received, unless otherwise
specified. Graphite flakes, sulfuric acid and 3-aminopropyltriethoxysilane were purchased from
Sigma-Aldrich; nitric acid and hydrogen peroxide (H202) were supplied by VWR Chemicals;
potassium permanganate (KMnOs) was from Fisher Scientific. Ethylammonium nitrate (EAN)
was purchased from lolitec GmbH. Porous nylon membranes (0.2 um pore size, 45 mm
diameter) was supplied by GVS Filtration Inc.

Synthesis of GO. The synthesis of GO followed a literature method.?® Dry graphite flakes and
concentrated sulfuric acid were mixed in a round-bottomed flask and kept under stirring at 200
rpm for a few hours and concentrated nitric acid was then added into the mixture. The mixture
was stirred for 1 day under constant stirring. The mixture was washed thoroughly with deionized
water three times, centrifuged and dried at 60 °C to obtain graphite intercalated compounds.

They were then thermally expanded at 1050 °C for 15 seconds to obtain expanded graphite. In a
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typical experiment, 1 g of expanded graphite was mixed with 200 mL of sulfuric acid and stirred
in a three-necked flask. 10 g of KMnO4 was slowly added to the mixture and further transferred
to an ice bath and stirred over a day to completely oxidize the expanded graphite. 200 mL of
deionized water and 50 mL of H2O, were slowly poured to the mixture. A color change to
yellowish brown was observed. The obtained mixture was washed and centrifuged with HCI
solution (9:1 water: HCI by volume), again washed with deionized water till the pH of the
mixture becomes greater than 5. The resultant GO suspension was then exfoliated and diluted
accordingly by gentle shaking without the aid of sonication.

Preparation of GO/ionic liquid suspension. The GO aqueous suspension obtained from the
previous steps was used to form a GO/ionic liquid suspension via solution mixing process. The
desired volumes of GO were added to deionized water and EAN in a 1:1:1 ratio and mixed well
using vortex mixer. The mixture containing GO/EAN/H20 was then transferred to a round
bottomed flask and distilled using a rotary evaporator under 230 mbar vacuum at 60 °C for 8
hours to remove water. The water content of EAN used here was lower than 0.1 wt%, as
determined by the Karl-Fischer titration method. The GO/EAN dispersion reported here formed
liquid crystals.

GO membrane fabrication. The GO/EAN suspension was cast on a porous nylon support
membrane (0.2 um pore diameter) using doctor blade with a gap of 150 um, immersed in an
acetone bath and further dried to prepare GO membranes. The GO layers were then reduced by
thermally heating at 100 °C under vacuum for 24 hours.

Characterization of GO sheets. Atomic Force Microscopy (AFM) and Scanning Electron
Microscopy (SEM) analysis were performed by depositing the GO dispersion on a pre-cleaned

and silanized silicon wafer. For that, 3-aminopropyltriethoxysilane was mixed with deionized
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water (1:9 v/v) and 1 drop of concentrated HCI was added to the mixture. The silicon substrates
were then immersed in the as prepared aqueous silane solution for 30 minutes and later
thoroughly washed with deionized water. Now, the silanized silicon wafer was immersed into
aqueous GO dispersion (50 pug mL™?) for 5 seconds and then into deionized water in a second
container for 30 seconds. The resultant substrate was air-dried over night for AFM (Bruker
Dimension Icon SPM microscope) and SEM (FEI Nova Nano microscope) characterization. The
AFM was carried out in tapping mode under ambient conditions. X-Ray Diffraction (XRD)
studies were carried out using a powder XRD system (Bruker D8 advance) with CuKa (A =
0.154 nm), operating at 40 keV with current of 20 mA.

The chemical analysis was performed using Attenuated Total Reflectance (ATR) Fourier
Transform Infra-Red Spectroscopy (FTIR) (FTIR-iS10) in the wavenumber range of 500-4000
cm? at an average of 32 scans with 4 cm™ resolution. The absorption spectra of GO were
analyzed using UV-Vis Spectroscopy (UV-VIS) on a Cary 100 equipment. The Raman (Horiba-
Aramis) spectrum was investigated using 633 nm HeNe laser. X-ray Photoelectron Spectroscopy
(XPS) on an Amicus equipment was chosen to measure the surface elemental composition of the
synthesized GO.

Characterization of EAN. The chemical structure of EAN was confirmed using Nuclear
Magnetic Resonance Spectroscopy (NMR) on a 400 MHz liquid ICON NMR instrument (Figure
S5). The water content of EAN was measured using the Karl-Fischer titration method.

Characterization of GOl/ionic liquid. The birefringence study of the GO/ionic liquid
dispersion was examined by polarized optical microscopy (Olympus BX61 Materials
Microscope). Briefly, 9 mg/mL of aqueous GO dispersion was used to examine the

birefringence. The dispersion was left stationary in a vial for one week. Similar procedure was
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conducted for the GOfionic liquid dispersion. Drops of the GO dispersion was transferred on a
glass slide for the measurement to obtain the image. Rheological properties of aqueous GO and
GOlionic liquid were investigated using a rheometer (AR1500ex Rheometer TA instruments)
with a conical shaped spindle (angle 2°, diameter 40 mm). The shear viscosity was measured at
shear rates from 0.01 to 1000 st and storage and loss modulus were measured at 0.01 to 10 Pa.
Characterization of GO liquid crystal membranes. The uniformity and continuity of the cast
GO membranes were analyzed by SEM. The water permeance and rejection tests were

performed using a filtration cell operated at 1 bar pressure.
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