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GRAPHENE-BASED MEMBRANE AND
METHOD OF PREPARATION THEREOF

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of priority of
U.S. Provisional Patent Application No. 62/386,274 filed on
Nov. 24, 2015, the content of which 1s 1ncorporated herein
by reference 1n 1ts entirety for all purposes.

TECHNICAL FIELD

[0002] Various embodiments relate to a graphene-based

membrane, method of preparing the graphene-based mem-
brane, and method of separating ions from a fluid stream.

BACKGROUND

[0003] Water tlux, 1onic selectivity, 1onic rejection rate,
and molecular/ionic size cutofl are some of the parameters
that determine performance of water filtration membranes.
Improving any of these parameters may result 1n a better and
more energy ellicient filtration or desalination membrane.

[0004] Graphene-based membranes exhibiting ultra-high
water flux have recently attracted significant attention as
molecular and 10nic sieves. Particularly, nanostructured gra-
phene-oxide (GO) laminate membranes—scalable, inexpen-
sive, thermally and chemically robust, and integratable with
current technologies—are enticing candidates for the next
generation of {filtration or desalination membrane. Ionic
rejection of the graphene-based membranes may be driven
by geometric size exclusion, and size of nanochannels in GO
membranes may be decreased to achieve a much smaller
cutoil size required for application such as desalination. The
improvement in 1onic rejection carried out by size reduction
of nanochannels in GO membranes, however, negatively
impacts water flux, which aflfects performance of the mem-
branes and their adoption in industry.

[0005] In view of the above, there exists a need for a
membrane that exhibits improved 1onic rejection and/or 1on
selectivity levels while achieving or maintaining acceptable
water tlux performance that addresses or at least alleviates
one or more of the above-mentioned problems.

SUMMARY

[0006] In a first aspect, a method of preparing a graphene-
based membrane 1s provided. The method comprises

[0007] a) providing a stacked arrangement of layers of
a graphene-based material, wherein the layers of the
graphene-based material define one or more nanochan-
nels between neighboring layers, and

[0008] b) varying an electrical charge on a surface of the
layers of the graphene-based maternial defining the one
or more nanochannels to control size selectivity and/or
ionic selectivity of the graphene-based membrane.

[0009] In a second aspect, a graphene-based membrane 1s
provided. The graphene-based membrane comprising a
stacked arrangement of layers of a graphene-based material,
the layers of the graphene-based material defining one or
more nanochannels between neighboring layers, wherein a
surface of the layers of the graphene-based material defining
the one or more nanochannels possess an electrical charge,
and wherein the layers of the graphene-based material are
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configured to control size selectivity and/or 1onic selectivity

of the graphene-based membrane by varying the electrical

charge.

[0010] In a third aspect, a method of separating 1ions from

a fluid stream 1s provided. The method comprises

[0011] a) providing a graphene-based membrane com-
prising a stacked arrangement of layers of a graphene-
based material, the layers of the graphene-based mate-
rial defimng one or more nanochannels between
neighboring layers, wherein a surface of the layers of
the graphene-based maternial defining the one or more
nanochannels possess an electrical charge, and wherein
the layers of the graphene-based material are config-
ured to control size selectivity and/or 1onic selectivity
of the graphene-based membrane by varying the elec-
trical charge, and
[0012] b) directing a fluid stream comprising one or

more 1ons towards a first surface of the graphene-based
membrane, wherein 1ons to be separated from the fluid
stream are filtered through the graphene-based mem-
brane.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The invention will be better understood with ret-
erence to the detailed description when considered 1n con-
junction with the non-limiting examples and the accompa-
nying drawings, in which:

[0014] FIG. 1 1s a schematic diagram showing preparation
of chip-mounted graphene oxide membranes according to an
embodiment.

[0015] FIG. 2A 1s a graph of permeation rates of various
cations and pairing counter anion across the membranes,
plotted as a function of hydration size of cations, demon-
strating ultrahigh charge-selective permeability of the gra-
phene oxide membranes.

[0016] FIG. 2B 1s a graph of relative cation-to-anion
permeability ratio calculated from the measured membrane
potentials, demonstrating ultrahigh charge-selective perme-
ability of the graphene oxide membranes.

[0017] FIG. 2C 1s a graph of current-voltage curves
obtained from the zero current potential (or membrane
potential) measurements, carried out under asymmetric elec-
trolyte concentrations (C,,.,/C,,,=10) at around pH 5.5
across the membranes, demonstrating ultrahigh charge-se-
lective permeability of the graphene oxide membranes.

[0018] FIG. 3 1s a schematic diagram showing experimen-
tal procedure for water flux measurement across the mem-
branes.

[0019] FIG. 4A 1s a graph depicting water flux versus
applied pressure of a GO membrane disclosed herein.

[0020] FIG. 4B 1s a graph depicting water flux versus
applied pressure of a GO membrane disclosed herein.

[0021] FIG. 4C 1s a graph depicting iteration testing of
water flux performance.

[0022] FIG. 4D 1s a graph showing comparison of the
water tlux of the GO based membranes disclosed herein to
the water flux of other types of membranes.

[0023] FIG. 5 1s a schematic diagram providing a com-
parison of performances: commercial cation exchange mem-
branes (CEM) vs graphene oxide membranes. Larger i1s
better, except for the price. (1) represents graphene oxide
membranes according to embodiments disclosed herein,
while (1) represents the best commercial CEM membrane,
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dashed lines represent (111) minimum and (1v) maximum
values found 1n commercial membranes.

[0024] FIG. 6A 1s a schematic diagram showing prepara-
tion of chip-mounted graphene oxide membranes for drift-
diffusion experiment according to an embodiment. The
graphene oxide membrane was mounted on a freestanding
SIN_ membrane with a 12x12 array of square-shaped win-
dows, separating two electrolyte-filled reservoirs; Ag/AgCl
clectrodes 1n each reservoir were used to apply an electric
potential across the GO membrane and to measure the 10nic
currents tlowing through the membrane.

[0025] FIG. 6B 1s a schematic diagram depicting 1onic
flow across the membrane, driven by concentration gradient
(diffusion) according to an embodiment.

[0026] FIG. 6C i1s a schematic diagram depletmg 10N1C
flow across the membrane, driven by voltage diflerence
(driit) according to an embedlment

[0027] FIG. 6D 1s a graph showing 1onic current-voltage
characteristic of the membrane for diflerent salts, measured
under the concentration gradient 0.1 M/0.01 M across the
membrane.

[0028] FIG.7A1s a graph showing permeation rates (p) for
different cations (circles) and corresponding chloride coun-
ter-ions (open and filled squares) as a function of hydrated
radius (R,) of the cations are shown. The filled square
represents the chloride permeability when 1n RbCl solution,
where the hydration radi1 are very similar for both ions—the
two-headed arrow shows the permeation difference resulting,
purely from the charge rejection etlects.

[0029] FIG. 7B 1s a schematic diagram depicting the
dominant 1on rejection mechanism of size exclusion.

[0030] FIG. 7C 1s a schematic diagram depicting the
dominant 1on rejection mechanism of electrostatic repulsion.

[0031] FIG. 7D 1s a graph showing permeation rates of
chloride 1ons as a function of the valence of the position
counter-ion 1n the salt, revealing the eflect of the correlated
charge mversion 1n the sub-nanometer channels.

[0032] FIG. 8 1s a graph showing cationic selectivity. The
cationic selectivity of GO membranes for different salts,
reaching values 1n excess of 90%.

[0033] FIG. 9A 1s a graph showing current-voltage (I-V)

curves across the membranes at KCl salt concentration
Cr—10 mM, measured for different pH values.

[0034] FIG. 9B 1s a graph showing conductance vs pH.
Dashed curve in the graph was fitted to the mean-field
model.

[0035] FIG. 9C 1s a graph showing permeation rates for
potassium (K*) and chlonide (CI7) 1ons for different pH
values. Dashed curves in the graph were fitted to the
mean-field model.

[0036] FIG. 9D i1s a graph showing 1onic conductance vs
molarity (circles) deviating from the Ohmic behavior (full
line), even at high salt concentrations, due to sub-nanometer
channel heights. Dashed curve 1n the graph was fitted to the
mean-field model.

[0037] FIG. 9E 1s a graph showing molarity dependence
for permeation rates for potassium (K™) and chloride (CI7)

ions. Dashed curves 1n the graph were fitted to the mean-
field model.

[0038] FIG. 9F 15 a graph showing molarity dependence
for cation selectivity.

[0039] FIG. 10A 1s an atomic force microscopy (AFM)
map and height profile for monolayer GO nanosheet. (Di-
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mension Fastscan, Bruker) Two-dimensional GO nanosheets
at ambient conditions were about 1 nm thick with mean
planar width of 1 um.

[0040] FIG. 10B 1s a graph showing Fourier Transform
Infrared spectrum (FTIR) of air-dried GO laminates, dis-
playing diverse functionalities such as (C—QO) epoxy at
1260 cm™", (O—H) or C—O Carboxy at 1390 cm™", (C=0)
Carbonyl and Carboxyl at 1718 cm™', and O—H hydroxyl
at 3431 cm™".

[0041] FIG. 11A 1s a graph showing X-ray diflraction
(XRD) spectra comparison of dried and wet GO films. The
inter-plane distance of GO retlection (100), was determined
from a Rietveld refinement using conventional XRD data
and program GSAS. Using the space group P6/mmm, a
Rietveld refinement was performed with program GSAS

(General Structure Analysis System) until discordance fac-
tors R, =7.00%, R =5.46%, R —=6.33% and y°=1.138 2.

bra
The ebtamed cell parameters Wegfe a=b=10.517(3) A and
c=1.9(1) A. The investigated interlayer spacing of dried and
wet GO by XRD was around 8.5754 A and 12.1615 A,
respectively.

[0042] FIG. 11B 1s a graph showing respective height
profile of dried and wet GO films, measured by 1n-situ liquid
AFM showing similar increase in interlayer spacing after
wetting.

[0043] FIG. 12A 1s a graph showing ionic conductances
across the single nanochannel of graphene oxide mem-
branes, measured at three different KCI1 concentrations 1n the
pH ranges of 2 to 12.

[0044] FIG. 12B 15 a graph showing surface charge den-
sities as functions of salt concentration and pH i KCI. The
charge densities were expressed in terms of the amount of

charged carriers per area (e/um>).

[0045] FIG. 13A 1s a graph showing pH-dependent cur-
rent-voltage transport of electrolytes exclusive of solute
KCl. Highly deprotonated nanochannel by hydroxide 1ons
(OH™) in KOH aqueous solution exhibited highly rectifying,
current profile compared to that of HCI. Inset 1s the surface
charge density of GO channels evaluated at pH 2.77 and
11.26, respectively.

[0046] FIG. 13B 1s a graph showing pH-dependent varia-
tion of the interstitial spacing, obtained from membranes
immersed 1n different pH solutions using in-situ AFM analy-
S18S.

[0047] FIG. 14A 15 a graph showing current-voltage trans-
port behaviors under asymmetric conditions (107" M KCl
and varying pH at values of (1) 11.10, (11) 9.18 and (111) 6.27
on the feed chamber, and 10~ M and constant pH of about
6 on the permeate chamber).

[0048] FIG. 14B 1s a graph showing current-voltage trans-
port behaviors under asymmetric conditions (107" M KCl
and varying pH at values of (1) 2.7, (11) 4.0 and (111) 5.2 on
the feed chamber, and 10~* M and constant pH of about 6 on
the permeate chamber).

[0049] FIG. 15 1s a schematic diagram showing a gra-
phene oxide naneeharmel presumed as a rectangular channel
with dimensions of eflective height, h, channel length,
L, . and channel width, 2R.

[0050] FIG. 16A 1s a schematic diagram depicting an
analytical model with a rectangular pore possessing the
surface charges on the top and bottom-sheets.

[0051] FIG. 16B is a graph showing calculated molarity
by applying the parameters: I'=0.5 nm~2, R=28 nm, h,=0.9
nm, =1.3 nm, pK=0, pL=6, L, .. _~0.4mm, n,=3.1x10"’
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m~/V-s, u_=5.5x10"° m*/V-s. Solid lines show the calculated
results from the analytical model, and the filled markers in

the figure correspond to experimentally obtained data shown
in FIG. 12A.

[0052] FIG. 16C 1s a graph showing calculated pH-depen-
dent 1onic conductances by applying the parameters: 1=0.5
nm~~>, R=28 nm, h,=0.9 nm, 6=1.3 nm, pK=0, pL.=6, Lchan-
nel=0.4 mm, p,=3.1x1077 m*/V-s, pu_=5.5x10"% m*"-s.
Solid lines show the calculated results from the analytical
model, and the filled markers 1n the figure correspond to
experimentally obtained data shown 1n FIG. 9D.

[0053] FIG. 17A 1s a schematic diagram depicting an
analytical model of a cylindrical nanochannel with surface

charges on circumierence of cylindrical channel.

[0054] FIG. 17B i1s a graph showing calculated molarity
by applying the parameters: I'=0.5 nm™>, R

pore—0.45 nm,
0=0.1 nm, pK=0, pL=6, L ,,.=0.05 mm, . =3.1x107" m*/V-
s, u_=5.5x10"® m*/V-s. Solid lines show the calculated
results from the analytical model, and the filled markers in

the figure correspond to experimentally obtained data shown
in FIG. 12A.

[0055] FIG. 17C 1s a graph showing calculated pH-depen-
dent 1onic conductance by applying the parameters: 1=0.5
nm~°, R,__=0.45 nm, 6=0.1 nm, pK=0, pL=6, L__ _=0.05

Pore ‘pore
mm, 1, =3.1x107" m*/V-s, n_=5.5x10"" m>/V-s. Solid lines
show the calculated results from the analytical model, and

the filled markers 1n the figure correspond to experimentally
obtained data shown 1n FIG. 9D.

[0056] FIG. 18A 1s a graph showing current-voltage
curves measured at different salt concentrations at around
pH 5.5. Inset shows the rectification factor RF as a function
of molarity, describing the relative ratio of the measured
currents at scan voltages of 80 mV.

[0057] FIG. 18B 1s a graph showing current-voltage
curves obtained from different feed concentrations and the
constant concentration gradient ot Cg,,/C; =10 at pH 5.5.
Inset shows the increasing membrane potentials with dilu-
tion of the electrolytes (feed molarity c¢.), associated with
the enhancement of the cation selectivity.

[0058] FIG. 19A 15 a schematic diagram of an electrodi-
alysis process according to a first configuration. As shown 1n
the figure, anion membranes (“am’) and cation membranes
(“cm”) may be formed 1nto a multi-cell arrangement built on
a plate-and-frame to form a stack comprising 100 cell pairs
or less. A cell pair 1s marked up 1n the figure using the dashed
box. The cation membranes and anion membranes are
arranged 1n an alternating arrangement between the anode
and cathode, whereby the membrane that i1s positioned
nearest to the anode assumes a positive charge while the
membrane that 1s positioned nearest to the cathode assuming,
a negative charge. As shown in the figure, anion membranes
with fixed positive groups are able to exclude positive 10ns,
but are permeable to negatively charged ions. Likewise,
cation membranes with fixed negative groups are able to
exclude negatively charged 1ons, but are permeable to posi-
tively charged 1ons. By passing a liqud reagent containing
ions through a space or passageway defined by an anion
membrane and a cation membrane, negatively charged ions
and positively charged ions may be separated from a feed
stream by permeating respectively through the anion mem-
brane and the cation membrane, to result in a dilute stream
where 10ns have been substantially removed and a concen-
trate stream containing the 1ons.
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[0059] FIG. 19B 1s a schematic diagram of an electrodi-
alysis process according to a second configuration. As
shown 1n the figure, anion membranes with fixed positive
groups are able to exclude positive 1ons, but 1s permeable to
negatively charged i1ons. Likewise, cation membranes with
fixed negative groups are able to exclude negatively charged
ions, but 1s permeable to positively charged 1ons. By passing
a liquid reagent such as water containing 10ns to be separated
(“Feed Water”) through a space or passageway defined by an
anion membrane and a cation membrane, negatively charged
ions and positively charged 1ons may be separated from Feed
Water by permeating respectively through the anion mem-
brane and the cation membrane. As a result, ultrapure water
which 1s free or essentially free of 1ons may be obtained.

DETAILED DESCRIPTION

[0060] Advantageously, by forming a stacked arrange-
ment of layers of a graphene-based material, wherein the
layers of the graphene-based material define one or more
nanochannels between neighboring layers, and varying an
clectrical charge on a surface of the layers of the graphene-
based material defining the one or more nanochannels to
control size selectivity and/or 10onic selectivity of the gra-
phene-based membrane, improvements in size and/or 1on
rejection of the graphene-based membrane may be effected
while not affecting 1ts water flux performance unduly. The
membranes disclosed herein may directly be applied as
desalination membranes, nanofiltration membranes, biofil-
tration membranes, 1on-exchange membranes, electrodialy-
sis membranes, and filtration membranes, for use 1n a
myriad of applications such as water purification, and phar-
maceutical, chemical and fuel separation.

[0061] With the above 1n mind, various embodiments refer
in a first aspect to a method of preparing a graphene-based
membrane.

[0062] The term “membrane” as used herein refers to a
semi-permeable material that selectively allows certain spe-
cies to pass through 1t while retaining others within or on the
material. A membrane therefore functions like a filter
medium to permit a component separation by selectively
controlling passage of the components from one side of the
membrane to the other side. Examples of membrane types
include hollow fiber membranes, flat-sheet membranes, spi-
ral wound membranes, or tubular membranes. Flat-sheet
membranes are formed from one or more sheets of mem-
brane material placed adjacent to or bonded to one another.
Spiral wound membranes are flat sheet membranes which
are wrapped around a central collection tube. Tubular mem-
branes and hollow fiber membranes assume the form of
hollow tubes of circular cross-section, whereby the wall of
the tube functions as the membrane.

[0063] The membrane disclosed herein 1s a graphene-
based membrane. As used herein, the term “graphene-based
membrane™ refers to a membrane comprising or formed of
graphene or a material based on graphene, such as graphene
oxide, reduced graphene oxide, and derivatives of graphene.
Examples of derivatives of graphene include chemically
functionalized graphene sheets, intercalated graphene
sheets, and graphene-based composites.

[0064] Graphene refers generally to a form of graphitic
carbon, in which carbon atoms are covalently bonded to one
another to form a two-dimensional sheet of bonded carbon
atoms. The carbon atoms may be bonded to one another via
sp” bonds, and may form a 6-membered ring as a repeating
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unit, and may further include a 3-membered ring and/or a
7-membered ring. In 1ts crystalline form, two or more sheets
of graphene may be stacked together to form multiple
stacked layers. Generally, the side ends of graphene are
saturated with hydrogen atoms.

[0065] Graphene oxide refers to oxidized forms of gra-
phene, and may include an oxygen-containing group such as
a hydroxyl group, an epoxide group, a carboxyl group,
and/or a ketone group. Reduced graphene oxide refers to
graphene oxide which has been subjected to a reduction
process, thereby partially or substantially reducing 1t. For
example, alter subjecting the graphene oxide to a reduction
process, some of the oxygen-containing groups remain in
the reduced graphene oxide that 1s formed. The reduction
process may take place via a chemical route, or by thermal
treatment. By at least partially reducing graphene oxide to
form reduced graphene oxide, while not reducing it to
graphene, some of the oxygen-containing groups may be
removed from graphene oxide thereby partially restoring the
graphene sp® network. In so doing, this allows charge
transfer to take place in the restored graphene network,
thereby conferring electrical conductivity to the matenial.

[0066] Chemically functionalized graphene refers to gra-
phene sheets containing chemical functional groups which
may be covalently bonded to the basal plane or the edge of
the sheets. Such groups may include, but are not limited to,
di-carboxylic acid, organosulfate and/or amino groups. The
chemical functional groups present on the chemically tunc-
tionalized graphene may confer a different functionality to
graphene-based membranes, such as: (a) ability to control
surface charge 1n the nanochannels to render surface of the
nanochannels positively charged or negatively charged; (b)
ability to control height of the nanochannels; and/or (c)
ability to enhance structural stability of the graphene-based
membrane by cross-linking stacked graphene sheets.

[0067] Graphene composite refers to a composite formed
of graphene sheets with polymers and/or nanoparticles
adsorbed on a surface of the graphene sheets. Examples of
polymers that may be used to form the graphene composite
include, but are not limited to, polysulfone, fibroin, polya-
niline, polyamide, poly(ethersulione), deoxyribonucleic
acid, mixtures thereof, and copolymers thereof. Nanopar-
ticles, on the other hand, may include carbon nanotubes,
carbon nanodots, titanium dioxide nanoparticles, and/or
gold nanoparticles, to name only a few. The graphene sheets
with at least one of the polymers or nanoparticles may
interact with one another or be held 1 place 1n the graphene
composite via non-covalent bonding, such as van der Waals
bonding, hydrophobic interaction, pi-stacking, or electro-
static bonding. As in the case for chemically functionalized
graphene mentioned above, modifications of the graphene
sheets by forming composites with polymers or with nano-
particles may confer a different functionality to graphene-
based membranes, such as: (a) ability to control surface
charge 1n the nanochannels to render surface of the nano-
channels positively charged or negatively charged; (b) abil-
ity to control height of the nanochannels; and/or (¢) enhance
structural stability of the graphene-based membrane by
cross-linking stacked graphene sheets.

[0068] In various embodiments, the graphene-based mate-
rial comprises graphene, graphene oxide, chemically func-
tionalized graphene, or combinations thereof. In some
embodiments, the graphene-based material comprises gra-
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phene oxide. In specific embodiments, the graphene-based
material consist essentially of, or 1s formed entirely of
graphene oxide.

[0069] The method comprises providing a stacked
arrangement of layers of a graphene-based material. The
graphene-based material may, for example, be 1in the form of
a graphene sheet or a graphene-oxide sheet. Each of the
layers of the graphene-based material may have a lateral
dimension 1n the range of about 0.1 um to about 10 um, such
as about 0.5 um to about 10 um, about 1 um to about 10 um,
bout 3 um to about 10 um, about 5 um to about 10 um,
pout 6 um to about 10 um, about 0.1 um to about 8 wm,
pout 0.1 um to about 6 um, about 0.1 um to about 4 um,
pout 1 um to about 6 um, about 3 um to about 9 um, or
about 4 um to about 8 um.

[0070] By the term “stacked arrangement”, 1t 1s meant that
at least two layers of the graphene-based material are
arranged 1n proximity to each another such that at least a
portion of a surface of the two layers overlap. The at least
two layers of the graphene-based material may be spaced
apart by a distance to each other. In so doing, the layers of
the graphene-based material may define one or more nano-
channels between neighboring layers, wherein the term
“nanochannel” as used herein refers to a conduit, channel, or
a similar structure having at least one dimension that 1s at a
nanometer scale, and through which a fluid such as a liquid
may pass through.

[0071] By forming a stacked arrangement of layers of a
graphene-based material, this allows the graphene-based
material to function as a membrane. For example, the
graphene-based membrane may be formed from graphene
sheets. Even though the graphene sheets may be imperme-
able to fluid tflow therethrough, a stacked arrangement of the
graphene sheets may define one or more nanochannels
between neighboring layers, through which a flwid such as a
liquid may pass through.

[0072] The cross-sectional width of the one or more
nanochannel defined by the neighboring layers of the gra-
phene-based material may depend on or correspond to the
distance between the neighboring layers. For example, the
neighboring layers of the graphene-based material may be
spaced apart by a distance in the range of about 0.5 nm to
about 2 nm, such as about 0.8 nm to about 2 nm, about 1 nm
to about 2 nm, about 1.5 nm to about 2 nm, about 0.5 nm to
about 1.8 nm, about 0.5 nm to about 1.5 nm, about 0.5 nm
to about 1.2 nm, about 0.9 nm to about 1.2 nm, about 0.9 nm
to about 1 nm, about 1 nm to about 1.1 nm, or about 0.95 nm
to about 1.15 nm. Accordingly in various embodiments,
cach of the one or more nanochannels may have a maximal
cross-sectional width in the range of about 0.5 nm to about
2 nm, or a maximal cross-sectional width corresponding to
a spacing distance between the neighboring layers of the
graphene-based material mentioned above.

[0073] In various embodiments, providing the stacked
arrangement of layers of a graphene-based material com-
prises providing a suspension comprising layers of the
graphene-based maternial dispersed therein, filtering the sus-
pension through a porous substrate to dispose the layers of
the graphene-based material as a stacked arrangement on the
porous substrate, and separating the stacked arrangement of
layers of the graphene-based material from the porous
substrate.

[0074] Providing the suspension comprising layers of the
graphene-based material dispersed therein may comprise
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sonicating a dispersion comprising the graphene-based
material to exioliate the graphene-based matenal into layers.
As used herein, the term “exfoliate” refers to a process by
which a layered or stacked structure 1s transformed to one
that 1s substantially de-laminated, disordered, and/or no
longer stacked. By sonicating a dispersion comprising the
graphene-based material, for example, layers of the gra-
phene-based material, which may be held together by van
der Waals bonding 1n a layered structure, may be separated
into their individual layers. In so doing, individual layers of
the graphene-based material may be at least substantially
uniformly dispersed in the suspension.

[0075] In order that the suspension may comprise or
largely comprise individual layers or monolayers of the
graphene-based material, the method disclosed herein may
include removing graphene-based material which remain as
multilayer crystals from the dispersion following sonication
to obtain the suspension. This may be carried out, for
example, by centrifuging the dispersion.

[0076] The suspension may be filtered through a porous
substrate to dispose the layers of the graphene-based mate-
rial as a stacked arrangement on the porous substrate. The
porous substrate may, for example, be anodisc alumina
membrane (AAQ), carbon foam, ceramic membrane, or
polymeric membranes such as, but not limited to, mem-
branes formed from polycarbonate (PC), polyvinylidene
fluvoride (PVDF), polysulione (PSF), polyacrylonitrile
(PAN), polyethersulfone (PES), polytetrafluoroethylene
(PTFE), polyamide (PA), mixtures thereof, or copolymers
thereot. To shorten the time for forming the stacked arrange-
ment, a vacuum may be applied to the porous substrate so as
to increase the rate at which the suspension i1s being drawn
through the porous substrate.

[0077] Upon forming the stacked arrangement of layers of
the graphene-based material, the stacked arrangement of
layers of the graphene-based material may be separated from
the porous substrate. This may be carried out, for example,
by tmmersing the porous substrate comprising the stacked
arrangement of layers of the graphene-based material dis-
posed thereon 1n a liquid reagent such as water. In so doing,
the stacked arrangement of layers of the graphene-based
material may separate from the porous substrate, and may
float on a surface of the liqud reagent to form a {free-
standing graphene-based membrane.

[0078] In addition to, or apart from the above-mentioned,
providing the stacked arrangement of layers of a graphene-
based material may be carried out by a deposition technique
selected from the group consisting of spray coating, drop
casting, spin-casting, doctor-blade casting, Langmuir-
Blodgett, layer-by-layer assembly and combinations thereof.

[0079] The stacked arrangement of layers of the graphene-
based material may be arranged on a supporting substrate to
improve mechanical strength of the resulting membrane. For
example, the supporting substrate may be a porous substrate
having a porosity and/or pore size that does not aflect liquid
flux through the graphene-based membrane.

[0080] Invarious embodiments, the supporting substrate 1s
a membrane formed ol a material selected from the group
consisting of SiN_, carbon foam, ceramic membrane, and
polymeric membrane. Examples of a polymeric membrane
that may be used include, but are not limited to, polycar-
bonate (PC), polyvinylidene fluoride (PVDF), polysulfone
(PSF), polyacrylonitrile (PAN), polyethersulione (PES),
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polytetrafluoroethylene (PTFE), and polyamide (PA). In
some embodiments, the supporting substrate 1s a membrane
formed of SiN. .

[0081] In some embodiments, the membrane of the sup-
porting substrate comprises an array of nanopores. By
limiting the exposed membrane area to a small area such as
2.5 um* or less, while keeping the graphene-based mem-
brane relatively thick, it may avoid degradation of the
graphene-based membrane due to unintended cracks and
defects.

[0082] In various embodiments, the stacked arrangement
of layers of the graphene-based material may be configured
such that the resultant graphene-based membrane assume
different geometries, such as hollow fiber membranes, flat-
sheet membranes, spiral wound membranes, or tubular
membranes. In the case of a hollow fiber membrane, for
example, the stacked arrangement of layers of the graphene-
based material may be arranged on a cylindrical supporting
substrate, so that a hollow fiber membrane 1s obtained.
[0083] The method of preparing a graphene-based mem-
brane disclosed herein further comprises varying an electri-
cal charge on a surface of the layers of the graphene-based
maternial defining the one or more nanochannels to control
s1ize selectivity and/or 1onic selectivity of the graphene-
based membrane.

[0084] In various embodiments, varying an electrical
charge on a surface of the layers of the graphene-based
material defining the one or more nanochannels comprises at
least one of (1) varying polarity of the electrical charge; (11)
varying magnitude of the electrical charge, or (111) arranging
layers of opposite electrical charges 1n the stacked arrange-
ment.

[0085] For example, varying polarity of the electrical
charge on a surface of the layers of the graphene-based
material defining the one or more nanochannels may mvolve
converting negatively charged surface groups such as car-
boxyl groups, —SO°~, and/or hydroxyl groups that may be
present on a surface of the graphene-based material to
positively charged surface groups such as amino groups
and/or trialkylammonium groups. One example by which
this may be carried out 1s amide synthesis from carboxylic
acid via carbodiimide-mediated amidation. In so doing,
rejection rate of the graphene-based membrane to cations
over that of anions may be increased.

[0086] Varying magnitude of the electrical charge on a
surface of the layers of the graphene-based material defining,
the one or more nanochannels may involve increasing
magnitude of the electrical charge. This may allow anion/
cation selectivity and selectivity based on 10nic valence to be
increased. Advantageously, 1on rejections may be increased,
while retaining size-selected permeation of neutral molecu-
lar species.

[0087] Arranging layers of opposite electrical charges 1n
the stacked arrangement may comprise interlaying posi-
tively and negatively charged layers of the graphene-based
material 1n the stacked arrangement. In so doing, a tandem
structure of negatively and positively charged layers of the
graphene-based material may result. Size-cutofl for both
amions and cations has been found by the inventors to
increase significantly without lowering water permeability
that may otherwise result from changing size of nanochan-
nels within the membrane.

[0088] The above-mentioned ways 1n which an electrical
charge on a surface of the layers of the graphene-based
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material defining the one or more nanochannels 1s varied
may be carried out by at least one of (1) a chemical
substitution process on the graphene-based material, (11) a
reduction process on the graphene-based material, which
may be carried out chemically and/or thermally, or (111)
contacting the graphene-based material with a liquid reagent
and varying molarity and/or pH of the liquid reagent.
[0089] For example, varying an electrical charge on a
surface of the layers of the graphene-based material defining
the one or more nanochannels by a chemical substitution
process on the graphene-based material may involve syn-
thesis of amide from carboxylic acid via carbodiimide.
Contacting the graphene-based maternial with a liqud
reagent and varying molarity and/or pH of the liquid reagent,
on the other hand, may imvolve protonation or deprotonation
of carboxyl or hydroxyl groups, which may take place
depending on pH of the liquid reagent.

[0090] In various embodiments, the method of preparing a
graphene-based membrane disclosed herein further com-
prises applying pressure to a surface of the stacked arrange-
ment of layers of the graphene-based material. This may be
carried out, for example, by applying a fluid such as a gas or
a liquid under application of a force to the surface of the
stacked arrangement of layers of the graphene-based mate-
rial. Compression of the nanochannels within the graphene-
based membrane may take place as a result. As the charged
surfaces of the layers of the graphene-based material defin-
ing the one or more nanochannels approach each other,
clectrostatic repulsion force between the layers may
increase, leading to increase 1n 10nic selectivity performance
of the graphene-based membrane.

[0091] From the above discussion, 1t may be seen that size
selectivity and/or 1onic selectivity of the graphene-based
membrane may be controlled by varying an electrical charge
on a surface of the layers of the graphene-based material
defining the one or more nanochannels.

[0092] As used herein, the term “selectivity” refers to a
permeation ratio between components 1 a feed stream.
Accordingly, the term “size selectivity refers to selectivity
derived from a difference 1n size of the components, while
the term “10nic selectivity” refers to selectivity derived from
a difference 1n electrical charge of the components, and may
be expressed as a ratio of permeability of positively charged
and negatively charged 1ons. The respective selectivity may
be used as performance indicators of a membrane, for
example, where species of a certain size, or only certain
ionic species may pass through the membrane.

[0093] Advantageously, a graphene-based membrane
according to embodiments disclosed herein have demon-
strated good 10nic selectivity for separation of K™ and CI~
ions. In various embodiments, the graphene-based mem-

brane disclosed herein 1s configured to reject 1ons having a
radius of hydration of at least about 4.5 A.

[0094] Various embodiments refer 1n a second aspect to a
graphene-based membrane comprising a stacked arrange-
ment of layers of a graphene-based matenal. Suitable gra-
phene-based materials have already been mentioned above.
In various embodiments, the graphene-based material com-
prises graphene oxide.

[0095] The graphene-based material may, for example, be
in the form of a graphene sheet or a graphene-oxide sheet.
Each of the layers of the graphene-based material may have
a lateral dimension 1n the range of about 0.1 um to about 10
wm, such as about 0.5 um to about 10 um, about 1 um to
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pout 10 um, about 3 um to about 10 um, about 5 um to
pout 10 um, about 6 um to about 10 um, about 0.1 um to
pout 8 um, about 0.1 um to about 6 um, about 0.1 um to
about 4 um, about 1 um to about 6 um, about 3 um to about
9 um, or about 4 um to about 8 um.

[0096] The layers of the graphene-based material define
one or more nanochannels between neighboring layers. As
mentioned above, the neighboring layers of the graphene-
based material may be spaced apart by a distance in the
range of about 0.5 nm to about 2 nm. In view that the layers
ol the graphene-based material define one or more nano-
channels between neighboring layers, the spacing between
the neighboring layers may correspond to a maximal cross-
sectional width of the one or more nanochannels.

[0097] A surface of the layers of the graphene-based
material defining the one or more nanochannels possess an
clectrical charge, wherein the layers of the graphene-based
material are configured to control size selectivity and/or
ionic selectivity of the graphene-based membrane by vary-
ing the electrical charge.

[0098] In various embodiments, the layers of the gra-
phene-based material are configured to control size and/or
ionic selectivity of the graphene-based membrane by vary-
ing at least one of (1) polarity of the electrical charge; (11)
magnitude of the electrical charge, or (1) arranging layers
ol opposite electrical charges 1n the stacked arrangement.
Specific methods by which the electrical charge may be
varied to control size selectivity and/or 10nic selectivity of
the graphene-based membrane have already been discussed
above.

[0099] Invarious embodiments, the graphene-based mem-

brane disclosed herein 1s configured to reject 1ons having a
radius of hydration of at least about 4.5 A.

[0100] In some embodiments, the stacked arrangement of
layers of a graphene-based material 1s arranged on a sup-
porting substrate. Suitable maternials that may be used as the
supporting substrate have already been mentioned above. In
specific embodiments, the supporting substrate 1s a further
membrane, such as a membrane formed of SIN_, comprising
an array ol nanopores.

[0101] As mentioned above, 1n addition to flat-sheet mem-
branes, the graphene-based membrane may also assume
different geometries, such as hollow fiber membranes, spiral
wound membranes, or tubular membranes.

[0102] The graphene-based membrane disclosed herein
may directly be applied as desalination membranes, nano-
filtration membranes, biofiltration membranes, 1on-ex-
change membranes, electrodialysis membranes, and filtra-
tion membranes, to name only a few, for use 1 a myriad of
applications such as water purification, and pharmaceutical,
chemical and fuel separation.

[0103] For example, the graphene-based membrane dis-
closed herein 1s able to increase 10nic rejection rate without
lowering water flux, thereby rendering 1t suitable for use 1n
reverse osmosis water desalination applications. As further
examples, the membranes disclosed herein are suitable for
use 1n nanofiltration, as 1onic and molecular selectivity of the
membranes may be improved while retaining the ultra-high
water flux of graphene oxide membranes. Advantageously,
chemical inertness of the graphene-based membrane dis-
closed herein means that the membranes disclosed herein are
suitable for biofiltration. The large 1onmic selectivity values
also means that the membranes are conducive for electrodi-
alysis application and as 1on-exchange membranes.

o Lo
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[0104] In line with the above, various embodiments refer
in a further aspect to a method of separating 1ons from a fluid
stream. The method comprises providing a graphene-based
membrane prepared by a method according to the first aspect
or a graphene-based membrane according to the second
aspect, and directing a fluid stream comprising one or more
ions towards a first surface of the graphene-based mem-
brane, wherein 1ons to be separated from the fluid stream are
filtered through the graphene-based membrane. In various
embodiments, directing the fluid stream comprising one or
more 1ons towards a first surface of the graphene-based
membrane 1s carried out without an electrical field. For
example, pressure may be used as the driving force for
directing fluid stream to the graphene-based membrane.

[0105] In some embodiments, directing the fluid stream
comprising one or more ions towards a first surface of the
graphene-based membrane 1s carried out with an electrical
field. The method of separating ions from a fluid stream,
where directing the fluid stream comprising one or more
ions towards a first surface of the graphene-based membrane
1s carried out with an electrical field may, for example, be
applied to electrodialysis.

[0106] As used herein, the term “electrodialysis™ refers to
a electrochemical process mvolving use of at least one
ion-selective or 1on exchange membrane, whereby 1ons are
transported through the at least one 1on-selective or ion
exchange membrane from one solution to another under
driving force of an electrical potential difference such as that
shown 1n FIG. 19A and FIG. 19B. In so doing, removal or
separation of electrolytes may be achieved by electrodialy-
S18.

[0107] With the above 1n mind, two or more graphene-
based membranes prepared by a method according to the
first aspect or a graphene-based membrane according to the
second aspect may be arranged to form a cell or multi-cell
arrangement such as that shown 1in FIG. 19A. A fluid stream
comprising one or more ions may be directed towards a first
surface of the graphene-based membranes by, for example,
directing the fluid stream into a passageway defined by two
membranes. Ions to be separated from the fluid stream may
then be separated or removed from the fluid stream by
filtering through the graphene-based membranes.

[0108] Advantageously, the graphene-based membrane
according to embodiments disclosed may be used in or
applied to celectrodialysis, as they have demonstrated
enhanced 1onic selectivity in their abilities to selectively
transport 1ons having positive or negative charge and reject
ions of the opposite charge.

[0109] The mmvention has been described broadly and
generically herein. Each of the narrower species and sub-
generic groupings falling within the generic disclosure also
form part of the invention. This includes the generic descrip-
tion of the invention with a proviso or negative limitation
removing any subject matter from the genus, regardless of
whether or not the excised material 1s specifically recited
herein.

[0110] Other embodiments are within the following claims
and non-limiting examples. In addition, where features or
aspects of the invention are described 1n terms of Markush
groups, those skilled in the art will recognize that the
invention 1s also thereby described in terms of any indi-
vidual member or subgroup of members of the Markush

group.
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EXPERIMENTAL SECTION

[0111] Herein, various embodiments refer to a material for
separation of 1ons from a fluid stream, comprising one or
more graphene-based selective layers which may be intrin-
sically charged. The selective layers may have the same or
different charges, and these charges may be positive or
negative. The material may optionally be supported on a
substrate to improve the overall mechanical strength of the
structure. The material mentioned herein may refer to mem-
branes or other materials that may be used for the purpose
of this technology.

[0112] Various embodiments also relate to a method for
separating ions from a fluid stream, comprising (1) providing,
materials with charged selective layers that are graphene
based and with apertures dimensioned to allow flow of
desired tluid molecules, and (11) contacting fluid stream with
a first surface of the charged material under suitable driving
force to reject 10ns and allow desired fluid molecules to pass
through to the second surface, wherein the driving force
does not mvolve the use of an electrical field.

[0113] Various embodiments further refer to a method for
significantly increasing and tuning the ionic rejection rate
and 1onic selectivity in lamellar graphene oxide membranes.
The method may be applied to membranes, such as nano-
filtration membranes, desalination membranes, biofiltration
membranes, and 1on-exchange membranes.

[0114] In greater detail, lamellar nanoporous membranes
made from graphene oxide (GO) nanosheets have an ultra-
high water flux (1000 better than current membranes), and
show a sharp size cutoff at about 4.5 A in ionic permeability
as a function of hydrated radn of the permeant 1ons or
organic molecules. Ionic rejection may be driven by geo-
metric size exclusion, and size of nanochannels 1n GO
membranes may be decreased to achieve a much smaller
cutoll size required for desalination.

[0115] As identified herein, there 1s presence of an 1mpor-
tant additional mechanism that defines 10nic permeability in
GO membranes: charge surface groups iside the GO nano-
channels are responsible for electrostatically repulsing co-
ions. For example, it was found by the inventors that
negatively charged GO membranes have 10 times smaller
permeability for negatively charged Cl™ 10ons and for posi-
tively charge K™ ions, although they have the same hydra-
tion radius. The same trend 1s observed for many other 10nic
species, as discussed below.

[0116] By chemically engineering the charged surface
groups within GO-derived laminates of the membrane, 10nic
selectivity and size cutoll of GO-derived membranes may be
increased. This may ivolve one or more of (a) converting
negatively charged surface group to positively charged sur-
face groups; (b) increasing magnitude of the surface charge;
and (c) interlaying positively and negatively charge GO-
derived laminates within the membrane.

[0117] By converting negatively charged surface groups to
positively charged surface groups, cation rejection rate over
anion may be increased.

[0118] By increasing magnitude of the surface charge,
anion/cation selectivity and selectivity based on 1onic
valence may be increased. Ion rejections may be increased,
while retaining size-selected permeation of neutral molecu-
lar species.

[0119] By terlaying positively and negatively charge
(GO-derived laminates within the membrane, size-cutofl for
both anions and cations may be increased sigmificantly
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without lowering water permeability that may otherwise
result from changing size of nanochannels within the mem-
brane. The tandem structures of negatively and positively
charged graphene oxide sheets allow electrostatic water
desalination to take place.

[0120] Surface charge-driven 1on sieving properties of
membranes disclosed herein may result from charged gra-
phene oxide capillaries, which leads to high rejection levels
of like-charge 1ons in the capillary. Advantageously, the
increase 1n 10n rejection via surface charge modulation may
be eflected without affecting the excellent water permeation
properties of the GO-derived membranes. Further, the
charges on the membrane surface 1s tunable by varying
molarities or pH of electrolytes. Chemical substitution or
reduction processes may be carried out to control the
charges. These translate into tunable, surface charge-gov-
erned 10n permselectivity characteristics of the membranes
disclosed herein.

[0121] The membranes disclosed herein may directly be
applied as desalination membranes, nanofiltration mem-
branes, biofiltration membranes, 1on-exchange membranes,
clectrodialysis membranes, and filtration membranes, for
use 1n a myriad of applications such as water purification,
and pharmaceutical, chemical and fuel separation.

[0122] For example, although state of the art GO mem-
branes may have ultra-high water flux, their 1onic rejection
rate 1s insuflicient for reverse osmosis water desalination
applications. The engineered GO membranes disclosed
herein 1s able to increase 10nic rejection rate without low-
ering water flux, thereby rendering 1t suitable for use in
reverse osmosis water desalination applications.

[0123] As further examples, the membranes disclosed
herein are suitable for use in nanofiltration, as 1onic and
molecular selectivity of the membranes are improved while
retaiming the ultra-high water flux of GO membranes.
Advantageously, chemical inertness of GO membranes
means that the membranes disclosed herein are suitable for
biofiltration. The large 1onic selectivity values also means
that the membranes are conducive for electrodialysis appli-
cation and as 1on-exchange membranes.

Example 1: Microscopic Graphene Oxide

Membranes and Demonstration of its Ionic Charge
Selectivity

Example 1-A: Fabrication of Freestanding SiNx
Membrane and Nanopore Arrays

[0124] As a supporting substrate for graphene oxide (GO)
membranes, a 3x3 mm® Si/SiN, chip with free-standing
S1N .- membrane perforated with an array of nanopores was
used.

[0125] The support chip was fabricated from a standard
4-inch silicon water, coated from both sides with a 300 nm
thick low-stress SiN,- layer deposited at Cornell NanoScale
Science and Technology Facility, using low pressure chemi-
cal vapor deposition. Photolithography and reactive 1on
ctching were used to define windows 1n the SIN_ coating on
one side of the support chip.

[0126] Using standard isotropic wet chemaical etching with
potassium hydroxide (KOH), through the windows, 150x
150 um” sized freestanding membranes of SiN, having a
thickness of 300 nm were fabricated.

[0127] The processed silicon water was subsequently
diced into 3x3 mm- chips, with a freestanding membrane in
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the center of each chip. In the center of the freestanding
membrane, direct milling using Ga-source focused 1on beam
(FIB) microscopy (AURIGA 60, Carl ZEISS Microscopy,
GmBH; Helios NanoLab DualBeam, FEI Company) was

used to fabricate a 12x12 array of square-shaped nanopores
with dimensions 200x200 nm* spaced 200 nm apart.

Example 1-B: Fabrication of Graphene Oxide
Membranes

[0128] Graphite oxide was prepared by the modified Hum-
mers method, and exfoliated into monolayer sheets by
sonication 1n deionized water, following by centrifugation at
5,000 g to remove remaining multilayer crystals. GO mem-
branes were prepared by the vacuum filtration of the GO
suspension through Anodisc Alumina (AAQO) membranes
with a pore size of 0.02 um, and had thicknesses of between
10 nm to 10 um depending on the concentration of GO
suspension.

[0129] The GO membrane was dried overnight at ambient
conditions. Separation of the GO membranes from AAO
filters was achieved by immersing in water, whereby the GO
membranes spontancously tloated on the water surface when
immersed 1 water while the AAO filters sank down the
bottom.

[0130] The freestanding GO membranes floating on water
surface was scooped onto the silicon chip with a small area
of suspended SiN_. The chip-mounted GO membranes were
fully dried overnight at ambient conditions.

Example 1-C: Fluidic Cell Preparation

[0131] The chip-mounted GO membranes were assembled
between two hali-cells of a custom-built microfluidic cas-
sette made of polyether-ether-ketone. The two sides of the
chips were sealed with polydimethylsiloxane (PDMS) gas-
kets, with openings to the supported GO membrane from
cach side. The chambers of each halif-cell were filled with an
clectrolyte of choice and put into contact with Ag/Ag(Cl
clectrodes.

Example 1-D: Ion Transport Measurements

[0132] The Ag/AgCl electrodes 1n each half-cell were used
to apply an electric potential across the graphene oxide
membranes and to measure 1onic currents. The current were
acquired using an Axopatch 200B (Axon Instruments)
amplifier, which was connected to a low-noise data acqui-
sition system, Digidata 1440A (Axon Instruments). The
ionic conductance of the membrane was calculated from the
slope of the I-V curve at low voltage (=10 mV to +10 mV).

Example 1-E: Characterizations of Graphene Oxide
Membranes

[0133] Physiochemical properties of the graphene oxide
nanosheets were investigated using AFM, atomic force
microscopy (Cypher, Oxford Instruments and Dimension_
Fastscan, Bruker) and FTIR, Fourier transform infrared
spectroscopy (Vertex 80v, Bruker). In addition, X-ray pow-
der diffraction (X’Pert, Philips) data were collected with
ACuKo radiation using a conventional diffractometer. The
experimental conditions were: Bragg Brentano geometry,
fixed divergence and receiving slits, step scan mode 1n the
range of 5°<20<45° with 20=0.02° and t=3 s counting time.
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Example 1-F: Experimental Results on Ionic
Selective Transport

[0134] To elucidate the 1onic selectivity of the GO mem-
branes, the permeability of a wide selection of aqueous salt
ions, with varying ionic charges and spanning a wide range
of effective hydrated 1onic volume were 1mvestigated (FIG.
2A).

[0135] From the evaluated permeation rates, two general
trends were revealed: (a) cation permeability decreased
exponentially with increased hydration radius, followed by
the sharp cutofl at R,~4.6 A; and (b) permeability of the
negatively charged CI™ 1on was suppressed by an order of
magnitude compared to the positive K¥ and Rb™ 1ions,
despite all those 1ons having very similar hydration volumes.
[0136] For example, potassium chloride exhibited the
highly selective, cation-to-anion permeability ratio (P*/P7)
of up to max 10 as shown 1n FIG. 2B. This selectivity was
a result from the expulsion of the negatively charged CI™
ions ifrom nanochannels, and suppression of the anionic
permeability, as predicted by the electric double layer
model. Permeability of CI™ 1ons i monovalent salts
remained independent of counterions (Rb*, K*, Na™, Li™);
and the cation selectivity, P*/(P™+P~) reached values 1n
excess of 90%.

Example 2: Water Permeance Across Scaled-Up
Graphene Oxide Membranes

Example 2-A: Fabrication of Scaled-Up Graphene
Oxide Membranes and Water Permeance
Measurements

[0137] The graphite oxides were exioliated mnto mono-
layer sheets by sonication 1n deiomized water, following by
centrifugation at 5,000 g to remove remaining multilayer
crystals. GO membranes were prepared by the vacuum
filtration of the GO suspension through Anodisc Alumina
(AAQO) membranes with a pore size of 0.02 um and had
thicknesses of between 0.3 to 3 um depending on the
concentration of GO suspension.

[0138] Water flux evaluation was performed on a dead end
filtration device (HP4750 Stirred Cell, Sterlitech Corp.) The
transmembrane pressure 1s driven by nitrogen gas in the
range of 1 to 7 bars. The eflective area (A) of water
permeation in the cell is 8.295 cm”. The membranes sealed
by rubber O-ring were fixed at the bottom of the water cell.
The water flux (J) was measured by collecting permeated
water (V) across the membranes under certain pressure and
calculated using the equation J=V/A-t-AP where t 1s the
operation duration. The water flux was recorded when 1t 1s
stabilized at 1 to 2 bar and neutral pH.

Example 2-B: Experimental Results on Water
Permeance

[0139] As shown in FIG. 4A, water flux at the first
pressure loading increased quickly in low-pressure range,
and the increment slowed down under high pressure regime.
At high pressure, corrugated ripple 1in the GO membranes
began to collapse, leading to the compression of the inter-
layer channels with the increasing pressure. As negatively
charged GO sheets approached each other much closer, the
clectrostatic repulsion force between nanosheets increased
sharply, leading to the increment of 10nic selectivity perfor-
mances of the GO membranes. When the pressure increased
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from 1 bar to 7 bar, the unit water flux at each pressure
became obviously slower as shown in FIG. 4B. Further-
more, the second pressure loading was carried out after
releasing the applied pressure 1n order to ensure suflicient
mechanical durability at the pressure where the membranes
would be used (FIG. 4C). No mechanical crack or delami-

nation were observed even after iteration.

Example 3: Commercial Feasibility of Graphene
Oxide Stacks as Ion Exchange Membranes

[0140] FIG. 3 illustrates that graphene oxide membranes
possess commercially feasible performances compared to
those from commercial polymeric 1on exchange membranes.
In particular, the GO membrane can realize ultrahigh water
flux exceeding that of polymeric membranes at much thinner
thickness by two order of magnitude while sustaining high
ionic permselectivity.

Example 4: Dnit-Diffusion Technique

[0141] Using microscopic drift-diffusion experiments
over a wide range of 1ons of different size and charge, the
inventors were able to clearly disentangle different physical
mechanism contributing to the 1onic sieving i GO mem-
branes—electrostatic repulsion between 1ons and charged
chemical groups; and the compression of the 1onic hydration
shell within the membrane’s nanochannels, following the
activated behavior.

[0142] The charge-selectivity allowed for design of mem-
branes with increased 1onic rejection, and opened up the
field of 10n exchange and electrodialysis to the GO mem-
branes.

[0143] The GO membranes consisted of stacked layers of
impermeable graphene sheets, where L=1 to 10 um 1n size,
spaced by d=0.9 to 1.2 nm wvia functionalized, mostly
oxygen-carrying groups. The chemical groups were
coalesced into nanoscale domains, delimiting a percolative
network of pristine graphene channels, which could accom-
modate a few layers of water exhibiting frictionless tlow.

[0144] Previous experiments measuring salt diffusion
through centimeter-scale membranes over a period of hours,
showed no permeation for ions with hydration rates above
size cut-off of R,,~4.5 A and mostly unvarying permeation
rate for smaller 1ons. The experiments, due to their nature,
were (1) mellective 1n disentangling all the physical mecha-
nisms contributing to the permeability, (11) unable to distin-
guish permeability of different constituting 1ons 1n the salt,
and (111) may be prone to artifacts due to external defects and
tears over larger areas of the membrane.

[0145] To understand intrinsic membrane properties, the
inventors 1mplemented a highly sensitive drift-diffusion
technique, which revealed ultra-high charge-selectivity of
the GO membranes.

[0146] The 1onic permeability of a 3 um thick GO mem-
brane, mounted across an array of 200x200 nm~ apertures in
a 300 nm thick, free-standing, msulating SiN,- layer on a Si
substrate chip was measured (FIG. 6A). By limiting the
exposed membrane area to about 5 nm” and keeping it
relatively thick, the inventors ensured there were no unin-
tended cracks and defects that may skew the results. The GO
membrane and 1ts constituting GO crystallites were exten-
sively characterized using characterization tools such as
atomic force microscopy, X-ray diffraction, and Fourier
transform inirared spectroscopy (See Example 3).
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[0147] The membrane chip was iserted 1n a fluidic cell,
so that 1t separated two compartments, each subsequently
filled with 1onic solutions electrically contacted with
Ag/AgCl electrodes. The electrodes were connected to a
sensitive patch-clamp amplifier (Axopatch 200B), sourcing
voltage across the membrane and measuring ionic currents
with 10 pA precision. The polydimethylsiloxane (PDMS)
gasket seal precluded 1onic solution from leaking around the
edges of the membrane.

[0148] To discern the separate permeabilities of cations
(P,) and anions (P_) 1n the salt, the inventors implemented
the drift-diflusion technique to measure 10nic currents driven
by both the voltage and the concentration gradient. The
fluidic compartments were filled with different concentra-
tions of a salt, and the inventors were able to measure
diffusive current across the membrane for zero applied
voltage using the equation I, ~(P -P_)-Ac (FIG. 6B).

[0149] As the mventors applied a voltage difference AV
across the membrane, the added electrophoretic component
to the overall current was 1s 1., (P, +P_)-AV (FIG. 6C).

Measuring the two current components, both P_ and P_
permeabilities may be deduced.

[0150] FIG. 6D shows representative current-voltage
(I-V) curves, measured at a fixed concentration gradient: the
slope of the curve was indicative of 1 ;,, 5, whereas membrane
potential V=V (I=0) 1s indicative of I ; - More precisely, the
inventors extracted the individual permeabilities by model-
ing the total current density J(Ac, AV) across the membrane
using the equation:

ZSF'ﬁV
, FZ.AV [S]f—[S]pEKP( RT )
J = Pz :
E ST TRT zsF-AV
1 —exp( )
RT

[0151] For each 1onic species S 1n the solution, P. is
membrane permeability, zg 1s the valence, and [S]-and [S],
are the 1onic concentrations 1n the feed and permeate cham-
bers, respectively. Potential across the membrane AV was
adjusted for the electrodes’ redox potential; R 1s the univer-
sal gas constant; F 1s Faraday’s constant; and T 1s the
temperature. Details on the model and the method are
detailed 1n a subsequent example.

[0152] To elucidate the 1onic selectivity of the GO mem-
branes, the inventors investigated the permeability of a wide
selection of aqueous salt 1ons, with varying ionic charges
and spanning a wide range of eflective hydrated 1omnic
volumes.

[0153] FIG. 7A depicts the permeation rates (p) of difler-
ent cations (circle) and their corresponding CI™ counter 10ns
(squares) as a function of the cation’s hydration radii. Two
general trends were revealed: (a) cation permeability
decreased exponentially with increased hydration radius,
followed by the sharp cutofl at R,~4.6 A; and (b) perme-
ability of the negatively charged Cl™ 10n was suppressed by
an order of magnitude compared to the positive K* and Rb™
ions, despite all those 1ons having very similar hydration
volumes. The mventors concluded that the two dominant
mechanisms for the 1on rejection 1 GO membranes were
s1ze exclusion due to compression of the ionic hydration
shell 1n narrow channels, and electrostatic repulsion due to

membrane surface charge (FIG. 7B and FIG. 7C).
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[0154] Theresults from earlier diflusion experiments were
limited to measuring the permeability of the least permeable
species 1 a salt—for monovalent salts they were actually
measuring permeability of the chlorine counter-ion, not
cations. This led to apparent size-independent permeability
for 1ons with hydration radi1 below the cut-oil size defined
by the channel height (1implying rigid hydration shells
around 10ns).

[0155] Instead, by properly separating cations and anions,
the iventors observed the exponential dependence of the
permeability on an 1on’s hydration radius, consistent with
the compressible hydration shell model, where coordinated
water molecules could rearrange themselves to squeeze the
hydration shell through a narrow channel.

[0156] The inventors postulated that the high charge selec-
tivity of the GO membranes was a result of the negatively
charged nanochannels in a GO membrane, due to the pro-
tonable oxygen groups. This led to the expulsion of the
negatively charged Cl™ 1ons from nanochannels, and sup-
pression of the anionic permeability, as predicted by the
clectric double layer (EDL) model. Permeability of CI™ 10ns
in monovalent salts remained independent of counterions
(Rb*, K*, Na™, L.17); and the cation selectivity S_=P_/(P_ +
P_); reached values 1n excess of 95% (FIG. 8). Interestingly,
the EDL model does not appear to work in the case of
chloride salts with divalent and trivalent cations, and P(C17)
reverts to the value predicted for uncharged channels (FIG.
7A and FIG. 7D). The mventors attributed this effect to
correlation-induced charge inversion, where multivalent
ions overcompensate monovalent surface groups, leading to
a sharp drop 1n, or even an inversion, of the eflective surface
charge, which were similarly observed in highly charged
protein channels, such as bacterial porin OmpF, and in
narrow silica channels.

[0157] o further mvestigate the i1onic selectivity of GO
membranes, the inventors performed a series of drift-difiu-
sion and 1onic conductivity measurements using KCI aque-
ous solutions for a range of pH and molarity values. FIG. 9A
shows current-voltage (I-V) curves for an 1sotropic KCl
concentration ¢.~10 mM, measured for diflerent pH val-
ues (see also FIG. 12A). The 1onic conductance of the
membrane was calculated from the slopes of the I-V curves
in the Ohmic regime at low voltage. The increase in pH
(reduction 1n hydronmium concentration) led to increased

dissociation of the carboxyl and hydroxyl groups within the
GO sheets:

Graphene-OH « Graphene-O +H*

[0158] This led to an increase in negative surface charge
density in the graphene nanochannels, and was retflected 1n
an 1ncreased conductance and current rectification. At higher
pH, the mventors also observed an increase i P(K™), a
decrease 1n P(Cl7) and an increase in cation selectivity
S+(FI1G. 9C), all consistent with the increase in the nano-
channels’ charge.

[0159] The strong surface charge eflects were revealed 1n
the membrane’s conductance G, variation with the electro-
lyte concentration ¢ (FIG. 9D). Starting from c¢=1 M, the
observed GG, immediately deviates from the expected linear
regime for a charge-neutral membrane (black solid line),
indicating the compression of the EDL 1n the nanochannels
even at high 1onic strengths. In contrast, the charge effects
were previously observed to dominate the conductance in
solid-state constrictions only at much lower salt concentra-
tions. The mmventors noted that the cation selectivity, as
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deduced from 1onic permeabilities (FIG. 9E), could reach as
high a value as S+=96% at low salt concentration (FIG. 9F).

[0160] To gain insight into the surface charge-driven 1onic
transport, the inventors applied mean-field theoretical model
based on the Poisson-Boltzmann, Navier-Stokes and Beh-
riens-Grier equations (see Example 11 below for more
details). The model fit the observed pH and molarity depen-
dence of both the conductivity and the charge selectivity
well (FIG. 9A to FIG. 9F), assuming the 1ons flow 1n pristine
graphene nanochannels with an effective height of h=0.9
nm, an eflective width 1n the range of w.~50 nm, and a
linear charge density on the sidewalls corresponding to one
protonable charged site per 2 nm (FIG. 15). A crucial
assumption ol the model was the infinite-slip boundary
condition for the water flow at the top and bottom graphene
surfaces, and no-slip condition at the oxidized sidewalls.
The large slip-length was consistent with the effect of
frictionless water tlow, as reported in GO membranes. The
other possible geometries could not replicate the observed
pH and molarty dependence of the conductance (see
Example 12 below).

[0161] The inventors employed the same set of parameters
to concurrently simulate all the independent experiments.
Although this continuous-media model may demonstrate a
limited scope at nanometer length scales, 1t was shown to
capture the relevant physics and to give suflicient semi-
quantitative msight, while intermolecular and steric interac-
tions were renormalized into the effective hydrodynamic
dimensions.

[0162] In conclusion, the mventors have shown that the
ion-rejection 1 graphene-oxide membranes was driven as
much by the electrostatic repulsion (defined by the nano-
channel surface charge) as 1t was by the activated size-
exclusion (defined by the nanochannel height). Hence, the
engineering of the surface charge of the membrane offered
a new venue for increasing the overall salt rejection, without
constraining the water flux.

[0163] The inventors have demonstrated that the GO
membranes exhibit ultra-high charge selectivity, reaching up
to 96%, driven by the negative surface charge of the oxygen-
carrying functional groups in the membrane’s nanochannels.
Coupled with their high durability and scalability, the GO
membranes were well positioned for applications in high-
performance 10n exchange and electrodialysis technologies.

Example 3: Physiochemical Characterizations of
Graphene Oxide Nanosheets

[0164] As mentioned above, the GO membrane and its
constituting GO crystallites were extensively characterized
using characterization tools such as atomic force micros-
copy, X-ray diflraction, and Fourier transform infrared spec-
troscopy.

[0165] FIG. 10A i1s an atomic force microscopy (AFM)
map and height profile for monolayer GO nanosheet. (Di-
mension Fastscan, Bruker) Two-dimensional GO nanosheets
at ambient conditions were about 1 nm thick with mean
planar width of 1 um.

[0166] FIG. 10B 1s a graph showing Fourier Transform
Infrared spectrum (FTIR) of air-dried GO laminates, dis-
playing diverse functionalities such as (C—O) epoxy at
1260 cm™", (O—H) or C—O Carboxy at 1390 cm™', (C—0)
Carbonyl and Carboxyl at 1718 cm™', and O—H hydroxy]l
at 3431 cm ™.
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[0167] FIG. 11A i1s a graph showing X-ray diflraction
(XRD) spectra comparison of dried and wet GO films. The
inter-plane distance of GO retlection (100), was determined
from a Rietveld refinement using conventional XRD data
and program GSAS. Using the space group P6/mmm, a
Rietveld refinement was performed with program GSAS

(General Structure Analysis System) until discordance fac-
tors R, =7.00%, R =5.46%, R, ... =6.33% and v*=1.138 2.

The obtained cell parameters R?egfe a=b=10.517(3) A and
c=1.9(1) A. The investigated interlayer spacing of dried and
wet GO by XRD was around 8.5754 A and 12.1615 A,

respectively.

[0168] FIG. 11B 1s a graph showing respective height
profile of dried and wet GO films, measured by 1n situ liquid
AFM showing similar increase in interlayer spacing after
wetting.

Example 6: Quantitative Analysis of Ion Selectivity
Across the Membranes

[0169] To describe 1onic transport across the membrane,
driven by voltage and concentration gradients, the inventors
assumed that 1ons moved across the membrane indepen-
dently and that the electric potential dropped linearly across
the membrane. Using Boltzmann-Planck framework, the
inventors derived so called Goldman-Hodgkin-Katz equa-
tions, connecting the current density J and membrane poten-
tial V,_ to the concentration and voltage gradient across the
membrane:

FAV (1)
() (7) Xn)
1o _p 2 FZAV ([S lp -8 ]PEXP( RT ))
— M TR W FAY
l—exp( )
Jiotal = J* +J, (2)
P_ (3)
ST+ (=I5
e B+ !
Vm — P 111 P 3
+ — |[§—
571, + (5o IS )

[0170] where J¥ is ionic current density for cations (n=+),
and anions (n=-), and J___ , 1s the total current density across
the membrane. P, 1s membrane permeability and z,, 1s the
valence for each ionic specie n. [S™] |- and [S(”)]p are 10N1¢C
concentrations in the feed and permeate chambers, respec-
tively. AV 1s the applied voltage, V, 1s the membrane
potential, R is the universal gas constant (8.314 J-K™"-mol~
1), F=9.6485x10* C-mol~' is Faraday’s constant, T is the

temperature.

[0171] The inventors were able to directly deduce the
permeability ratio of the 1ons (and 10n selectivity) from the
membrane potential V. The inventors first measured the
zero current potential V _, the potential for which the total
current through the membrane 1s zero. Subsequently, the
membrane potential may be calculated by subtracting from
V . the redox potential V_,__:

redox:®

Vm — VC_ Vred ox (4)

[0172] The redox potential arose from the unequal chlo-
ride concentration at the two Ag/AgCl electrodes, and 1t
gave the following relation:
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RT YHCH (5)
Vrfdox - Z_Fln( vicr )
[0173] where v, and v, are the activity coeflicients on the

high concentration side (H) and the low concentration side
(L) of the membrane, and ¢, and ¢, are concentrations ot the
chloride 10on on the high concentration side (H) and the low
concentration side (L) of the membrane.

[0174] To compare the results obtained with previous
experiments, the inventors calculated molar flux density or
permeation rate, p (mol-cm™>-h™"), which determined the
classical solubility-diffusion model as:

p=PAC (6)

Example 7: Calculation of Ionic Conductance and
Surface Charge Density

[0175] The 1onic conductance (G,) of the membrane was
deduced from the slope of I-V curves, measured in the
Ohmic regime at voltages between —10 to +10 mV, for equal
salt concentrations on both sides of the membrane.

[0176] The inventors put forth the simplest model that
could predict variation of the membrane’s conductivity with
the surface charge on the GO flakes, without taking any
assumption of the chemistry of GO flakes nor fluidic prop-
erties. The mventors assumed that the surface charge on the
nanochannel walls increased the conductivity of nanochan-
nels by increasing the local concentration of the counterions,
to preserve the charge neutrality within the channel. The
total conductivity of the channel was then given by:

Go=q (Mg e )CpNawWh/I+ 2|k, Oh/I (7)

[0177] where the first part of the equation corresponds to
the Ohmic conductance due to the bulk concentration of
ions, and the second part 1s the contribution from the excess
counterions; g 1s the elementary charge; u.. and u,_ are the
ionic mobilities of cations and anions, respectively; N, 1s
Avogadro’s number; c5 1s the electrolyte’s bulk concentra-
tion; O 1s the surface charge density; w and 1 are the width
and length of channel, respectively.

[0178] Here the left term 1s the surface-charge governed
conductance, which dominated at low salt concentration,
and the right term 1s the bulk conductance dominant at high
concentration. The approximated length of the single nano-
channel across the membrane was derived from the thick-
ness of the membrane. The width of the single channels was
approximated to be the lateral sizes of the graphene oxide
nanosheets. The G, was calculated by dividing the calcu-
lated Ohmic conductances by the number of channels. To
obtain the number of channels, the inventors assumed that
measured conductance at high concentration regime 1.e.
cx=1 M, where the surface charges are mostly screened, was
determined by bulk behaviors.

Example 8: pH-Dependent Ionic Conductances and
Surface Charge Densities

[0179] FIG. 12B illustrates the surface charge densities of

graphene oxide nanochannels, which were calculated using

the 1onic conductances obtained at different pH values and
molarities (FIG. 12A). The vanishing COO surface group
due to the protonation at low pH led to a reduction in the

12
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surface charge. Dissociation of other groups present on the
GO sheets also contributed to the pH-regulated surface
charge variation.

T

flects of Excess Hydronium or
Hydroxide Ions

Example 9:

[0180] The 1onic currents associated with the excess
hydronium (H,O™) or hydroxide (OH™) 10ns were subtracted
from all drift-diffusion and conductance measurements,
since those excess species may significantly contribute to the
ionic conductance as shown in FIG. 13A. In addition,
increase of the interlayer spacing was observed at pH 11.7
by around 0.3 nm compared to those below pH 10 (FIG.

13B).
Example 10: pH-Dependent Drift-Diflusion
Measurements
[0181] FIG. 14A 15 a graph showing current-voltage trans-

port behaviors under asymmetric conditions (107" M KCl
and varying pH at values of 6.27, 9.18 and 11.10 on the feed
chamber, and 107> M and constant pH of about 6 on the
permeate chamber).

[0182] FIG. 14B 1s a graph showing current-voltage trans-
port behaviors under asymmetric conditions (107" M KCl
and varying pH at values of 2.7, 4.0 and 3.2 on the feed
chamber, and 107 M and constant pH of about 6 on the
permeate chamber).

Example 11: Mean Field Model for Ion Transport
in the Nanochannels

[0183] When the charged surface 1s immersed in an elec-
trolyte, the electrostatic surface potential created by surface
charges attracts counter-ions and repels co-1ons. The region
referred as the diffuse region of the electrical double layer
has a higher density of counterions and a lower density of
co-1ons than the bulk. In this regime, the electrical potential

decays exponentially with distance given by Debye length
()\D:K_l 10

(8)

. G Ling 7
SUEFkBT

]lﬁ

[0184] where n," is the number density of ions of the type
1 1 the bulk, € (=&,&,) 1s the dielectric constant or
permittivity, and k, 1s the Boltzmann constant. In a thin
region between the surface and the diffuse layer, there 1s a
layer of bound or tightly associated counterions, generally
defined as the Stern layer.

[0185] This region 1s of the order of one or two solvated
ions thick and also referred as the bound part of the double
layer. In this region, it was assumed that the potential falls
linearly from the surface to the interface between the difluse
layer and the Stern layer.

[0186] A graphene oxide nanocapillary was modeled as a
rectangular channel formed by two separated sheets of
graphene oxide separated by the distance h. The channel was
delimited by the pristine graphene on top and bottom, and by
oxidized regions of graphene on the sides. The Stern layer
takes into account the finite size of the charged-surface
functional groups. An electric field 1s applied along z-axis.
The following equations were solved along the x-axis. The




US 2017/0144107 Al

inventors considered there to be no friction between the
water and top/bottom layers of pristine graphene.

[0187] The surface potential (®) on the charged walls 1n
the electrolytes satisfies Poisson-Boltzmann equation as
below

vZ(I) _ | qun (9)

EpEs

- zq9 (10)
n= ngexp(kﬂ—T)

[0188] By combining above two equations,

(11)

[0189] Stern layer where showing linearly varying poten-
tial can be obtained as below with regard to boundary
conditions

d ao (12)
——(0)=0 and (R - 8) = Pp D ~ Pp =

£0E0

[0190] In order to determine the surface charge density on
the walls and the potential (P,), chemical reactions
occurred on the oxidized surface regime, corresponding to
the protonation of carboxyl or hydroxyl groups as below,
were taken 1nto account

GO +H* €2 GOH
GOH+H* <2 GOH,*

[0191] The equlibrium equations of the above reactions
were defined by

Neo — [HT N H
o _ Neo | ]m:m_pg and 1 — con | H™ ]

0 —pL
= 1077

[0192] where the hydrogen activity at the surfaces 1s

and N. 1s the density of surface sites.

[0193] By taking into account the total surface density of
active sites and surface charge density, the Behriens-Grier
equation could be obtained

qor gdr (13)

LoPEPH (o — qr)exp(—QkE—T) + ﬂ'exp(—kﬂ—T) + 10PH PR (G — g =0

[0194] where the total surface density of activity sites (1)
18 2N, =2Ngop ++NGo+Ngon Here, pK and pL. do not
correspond to bulk values for protonation of carboxyl and
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hydroxyl groups, they are effective equilibrium constants
chosen as to match the experimental results.

[0195] And the Grahame equation was applied to calculate
the surface charge density associated with the double layer
potential

2kpTege, | 1 qdp (14)
a(®p) = py sin QkBT)
[0196] By solving equations (12) and (13) self-consis-

tently with regard to

it gives the surface charge density and the surface density of
cach species N, as a function of pH, electrolyte concentra-
tion, and the four chemical parameters, 1', 0, pK and pL.

[0197] In order to model the conductances across the
membranes, the 1on distribution and velocity field in the
nanochannels was calculated with the Navier-Stokes equa-
tion and Boltzmann distribution, assuming that inertial and
pressure terms are negligible and a no-slip condition at x=R.

go(x)
kT

qu(x)) (15)

) and n_(x) = n.—_;,exp( T

i,(x) = nﬂexp(—

55 - — 5 = - (16)
Je E+u-?u =—-VP+nVu+nk

[0198] wherein mertial and pressure terms are negligible
compared to viscosity and electrostatic force, and n

— - — . :
FE=-& & E V*®(x) z is given. Therefore,

V2 nu(x)-EoE,E.D(x))=0 (17)

[0199] with regard to the boundary conditions (no-slip
boundary condition),

d u
— () =0 and u(R) = 0.
dx

[0200] The mventors obtained the solution as

u(x) = E“'j;’Ez (@(x) — o) (19

[0201] The current was produced by the drifting of 10ns

under the electric field and by the flow of water carrying the
1018

LA 2hqu E ["n.(x)dx (19)
LAsion—2 hafFn  (xyu(x)dx (20)
[0202] Finally, the inventors were able to obtain the con-

ductance as
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_ fr.a::ra.-f

with Vz = Ez X Lopormet-

Example 12: Validation of the Analytical
Continuum Models

[0203] In order to validate the model as shown 1n FIG. 15,
the analysis was also carried out with a rectangular channel
possessing charge polarity on planar surfaces and a cylin-
drical pore, respectively.

[0204] FIG. 16 15 a figure demonstrating the nanochannel
with charge-polarized planar sheets. The highly concen-
trated counterions between two polarized nanosheets
resulted 1n overestimated 10onic conductance under electric
field gradients compared to experimental values at different
pH and molanties. Deviation in the ionic conductance
indicates that dominant conducting pathways of 1ons 1n the
graphene oxide membranes should consist of two dimen-
sional, pristine graphene nanocapillaries with partially
charged regions, not fully functionalized channels. The
ivestigation was also carried out for a quasi-one dimen-
sional cylindrical nanochannel with surface charges on
circumierence of cylindrical channel (FIG. 17). These mod-
cls were 1nconsistent with experimental observations.

Example 13: Ion Strength-Dependent Ionic
Conductance and Cation Permselectivity

[0205] FIG. 18A 1s a graph showing current-voltage
curves measured at different salt concentrations at around
pH 5.5. Inset shows the rectification factor RF as a function
of molarity, describing the relative ratio of the measured
currents at scan voltages of £80 mV.

[0206] FIG. 18B 1s a graph showing current-voltage
curves obtained from different feed concentrations and the
constant concentration gradient of Cg,,/C; =10 at pH 5.5.
Inset shows the increasing membrane potentials with dilu-
tion of the electrolytes (feed molarity c,), associated with
the enhancement of the cation selectivity.

[0207] While the present invention has been particularly
shown and described with reference to exemplary embodi-
ments thereof, 1t will be understood by those of ordinary
skill 1n the art that various changes 1n form and details may
be made therein without departing from the spirit and scope
of the present mvention as defined by the following claims.

What 1s claimed 1s:

1. A method of preparing a graphene-based membrane,
the method comprising

a) providing a stacked arrangement of layers of a gra-
phene-based material, wherein the layers of the gra-
phene-based material define one or more nanochannels
between neighboring layers, and

b) varying an electrical charge on a surface of the layers
of the graphene-based material defining the one or
more nanochannels to control size selectivity and/or
ionic selectivity of the graphene-based membrane.

2. The method according to claim 1, wherein providing
the stacked arrangement of layers of a graphene-based
material comprises

a) providing a suspension comprising layers of the gra-
phene-based material dispersed therein,
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b) filtering the suspension through a porous substrate to
dispose the layers of the graphene-based material as a
stacked arrangement on the porous substrate, and

c) separating the stacked arrangement of layers of the
graphene-based material from the porous substrate.

3. The method according to claim 2, wherein providing
the suspension comprising layers of a graphene-based mate-
rial dispersed therein comprises

a) sonicating a dispersion comprising the graphene-based
material to extoliate the graphene-based maternal nto
layers, and

b) removing graphene-based material which are present as
multilaver crystals from the dispersion to obtain the
suspension.

4. The method according to claim 2, further comprising
arranging the stacked arrangement of layers of the graphene-
based material on a supporting substrate.

5. The method according to claim 4, wherein the support-
ing substrate 1s a further membrane comprising an array of
nanopores.

6. The method according to claim 1, wherein varying an
clectrical charge on a surface of the layers of the graphene-
based material defining the one or more nanochannels
comprises at least one of (1) varying polarity of the electrical
charge; (1) varying magnitude of the electrical charge, or
(111) arranging layers of opposite electrical charges 1n the
stacked arrangement.

7. The method according to claim 1, wherein varying an
clectrical charge on a surface of the layers of the graphene-
based material defining the one or more nanochannels
comprises carrying out at least one of (1) a chemical sub-
stitution process on the graphene-based material, (1) a
reduction process on the graphene-based material, or (i111)
contacting the graphene-based material with a liquid reagent
and varying molarity and/or pH of the liquid reagent.

8. The method according to claim 1, further comprising
applying pressure to a surface of the stacked arrangement of
layers of the graphene-based matenal.

9. A graphene-based membrane comprising a stacked
arrangement of layers of a graphene-based matenial, the
layers of the graphene-based material defining one or more
nanochannels between neighboring layers, wherein a surface
of the layers of the graphene-based maternial defining the one
or more nanochannels possess an electrical charge, and
wherein the layers of the graphene-based material are con-
figured to control size selectivity and/or 1onic selectivity of
the graphene-based membrane by varying the electrical
charge.

10. The graphene-based membrane according to claim 9,
wherein the graphene-based material comprises graphene
oxide.

11. The graphene-based membrane according to claim 9,
wherein the neighboring layers of the graphene-based mate-
rial are spaced apart by a distance in the range of about 0.5
nm to about 2 nm.

12. The graphene-based membrane according to claim 9,
wherein the layers of the graphene-based material has a
lateral dimension 1n the range of about 0.1 um to about 10
L.

13. The graphene-based membrane according to claim 9,
wherein the stacked arrangement of layers of a graphene-
based material 1s arranged on a supporting substrate.

14. The graphene-based membrane according to claim 13,
wherein the supporting substrate 1s a further membrane
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comprising an array of nanopores, and wherein the further
membrane 1s formed of a material selected from the group
consisting of SiN_, carbon foam, ceramic membrane, and
polymeric membrane.

15. The graphene-based membrane according to claim 9,
wherein the layers of the graphene-based material are con-
figured to control size and/or 1onic selectivity of the gra-
phene-based membrane by varying at least one of (1) polarity
of the electrical charge; (1) magnitude of the electrical
charge, or (111) arranging layers of opposite electrical charges
in the stacked arrangement.

16. The graphene-based membrane according to claim 9,
wherein the graphene-based membrane 1s configured to
reject 1ons having a radius of hydration of at least about 4.5
A.

17. A method of separating 10ons from a fluid stream, the
method comprising,

a) providing a graphene-based membrane comprising a
stacked arrangement of layers of a graphene-based
material, the layers of the graphene-based matenal
defining one or more nanochannels between neighbor-
ing layers, wherein a surface of the layers of the
graphene-based material defining the one or more
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nanochannels possess an electrical charge, and wherein
the layers of the graphene-based material are config-
ured to control size selectivity and/or 1onic selectivity
of the graphene-based membrane by varying the elec-
trical charge, and

b) directing a fluid stream comprising one or more 101Ss
towards a first surface of the graphene-based mem-
brane, wherein 1ons to be separated from the fluid
stream are filtered through the graphene-based mem-
brane.

18. The method according to claim 17, wherein directing
the fluid stream comprising one or more 1ons towards a first
surface of the graphene-based membrane 1s carried out
without an electrical field.

19. The method according to claim 17, wherein directing
the fluid stream comprising one or more 10ns towards a first
surface of the graphene-based membrane 1s carried out with
an electrical field.

20. The method according to claim 19, wherein the
method of separating 1ons from a tluid stream 1s applied to
clectrodialysis.
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