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Reverse Osmosis (RO) membrane-based desalination technology accounts for 2/3 water desalination installation
capacity all over the world but suffers from intensive energy consumption, where the membrane filtration
process accounts for ~71% of total energy consumption. In this research, gradient membranes were designed and
assembled with graphene oxide and celluloses laminates, and then used for RO desalination. The water flowing
path was tuned by graphene oxide sizes while salt/water separation was tailored by the graphene oxide inter-

layer crosslinking. The resultant gradient nanocomposite membranes demonstrated a water yield as high as
21.34 L h~! m~2 bar~! with a salt rejection rate of 96.08% when the graphene oxide lateral size was reduced to
300 nm, and such a yield was 5 times higher than that of current commercial RO membranes. In addition, such a
gradient nanocomposite membrane also resulted in a 35.8% energy-saving in the membrane filtration process.
Furthermore, the gradient nanoporous structure also exhibits decent scalability and long-time stability.

1. Introduction

Reverse Osmosis (RO) desalination is a water purification process
that uses semi-permeable thin membranes to pass pure water while
rejecting the salts and other impurities [1]. Compared with thermal
distillation and other desalination methods (including ion-exchange
membrane processes, freezing desalination, geothermal desalination,
eletrodeionisation (EDI) and solar desalination), RO desalination shows
great advantages on the continuous process, mild working condition,
low environmental pollution, and easy operation [2,3]. As a matter of
fact, over 65% of current installed desalination capacity is based on the
RO membrane process [4]. However, one of the most significant barriers
for extending RO desalination technology to broader applications is the
intensive energy consumption of the RO unit, which represents 50%—
60% of the total cost of the whole desalination process [5]. In a typical
seawater desalination plant that purifies Pacific Ocean water with total
dissolved solids (TDS) of 33.5 g/L (33,500 ppm), the overall energy
consumption is 3.57 kWh/m [3], and the RO unit accounts for 71% of
this total energy consumption [6]. Besides the seawater, brackish water
is another source for portable water recovery. U.S. Geological Survey
indicated that brackish groundwater could help stretch limited fresh-
water supplies [7]. For brackish water RO desalination, the requirement

on salt rejection rate is not as strict as that for seawater due to a lower
ion concentration. The rejection rate of ~90% is pretty decent in con-
verting brackish water into freshwater. Generally, the specific energy
consumption (SEC) during the RO desalination process can be broke
down into filtration resistance energy-consumption (SEC¢), which is
related to the performance of the RO membrane, and other energy
consumptions that are influenced by the system process and the feed
water osmotic pressure [8]. Under the same RO desalination operating
systems and feed salinity, the energy consumed by SECs is the main part
that can be reduced, and this is one of the most significant criteria to
evaluate the performance of a RO membrane. The energy consumption
in the membrane filtration process can be ascribed to the steric effect
and friction losses. Herein, reducing the steric effect and friction losses
of water molecules from hydrodynamic theory is a very promising
strategy. Although the mechanism of water molecule transportation
through nanochannels is not clear [9], the water permeance was found
to be negatively related to the length of water-transport pathway and the
salt rejection rate depends on the stability of nanochannels [10].
Currently, commercial RO membranes are mainly made of poly-
amide (PA) thin composite film (TCF) and its derivatives, which suffer
low water permeability, high energy consumption, high fouling ten-
dency, and limited lifetime [11]. Even though some efforts have been
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made, current RO membranes used in desalination are still suffering
intensive energy consumption and low energy-efficiency. Emerging
selectively-permeable membranes with sub-nanometer channels attract
considerable attention for energy-efficient desalination [12-14]. A lot of
nanomaterials, such as zeolites, metal-organic frameworks (MOF), ce-
ramics, graphene, carbon nanotubes, and aquaporin (AQP), have been
attempted to fabricate RO membranes [15-21]. Among all kinds of
nanomaterials, graphene oxide (GO) has emerged as the most attractive
one for water desalination because of outstanding antifouling and bar-
rier performance in molecular separation due to its unique molecular
structure, high tensile strength, and impermeability to small molecules.

Single-layer GO with ~1 nm pores has been studied for RO desali-
nation [22,23]. However, it is extremely challenging to perforate 1 nm
nanopores in a single-layer defect-free graphene nanosheet in a scalable
way although large pores are readily percolated by numerous methods
[24,25]. Yang et al. [24] fabricated large-area graphene nanomesh
(GNM) through oxygen plasma with the mask made of single-walled
carbon nanotubes (SWNT). GNM/SWNT nanocomposite exhibited
extremely high water permeance of 24 L/(m? h bar), which was 30 times
larger than that of single-layer graphene with SWNT and retained a salt
rejection of up to 95.3% after 24 h of osmotic operation. However, the
cost of large-scale single-layer graphene and the uneven size of the
nanopores may be the barrier for broadening this technique into in-
dustrial applications. Vertically aligned GO-based membranes have also
been attempted for RO desalination. Abraham et al. tuned the interlayer
spacing of GO membrane to reach the 1 nm level by varying the hu-
midity of the environment [25]. They ingeniously used the
cross-sectional area for water desalination where the membrane was
encapsulated by epoxy and the water flux reached 5 L m 2 h™!, How-
ever, it is also challenging to scale up. Another strategy was to use
laminated GO nanosheets and tune the interlayer spacing through
different kinds of intercalating materials to tailor nanochannels between
GO layers. Many different spacers have been attempted to tune the GO
interspacing after a group of researchers from Manchester University
first studied the stacked graphene oxides layers for water desalination in
2014 [26]. The most popular spacers include carbon dots [27], SWNT
[28], cations [29], small molecule monomers [30], and C60°L, Although
laminated GO nanosheets are scalable, different spacers significantly
affect the scale-up capability, performance, and energy consumption of
water desalination [32,33].

In this paper, a nanocomposite membrane consisting of ultrathin GO
laminates with 1-nm channels and two porous cellulose layers is pre-
sented to achieve both energy efficiency and scalability for RO desali-
nation. The GO laminates thickness and GO nanosheet lateral size were
studied to reduce energy consumption while maintaining the water
desalination performance. The stability and lifetime of the gradient GO
membrane were also discussed at such low energy consumption. Finally,
the scalability of the gradient structure is also presented to examine the
potential of commercialization.

2. Experimental
2.1. Materials

Graphite flakes were provided by Asbury Carbons, US. Mixed cellu-
lose esters (MCE) membranes were purchased from Millipore Inc. p-
Phenylenediamine (PPD) (98%, HPLC), fuming nitric acid (>90%), so-
dium chlorate (>99.0%), sodium hydroxide (>98.0%), ammonia solu-
tion (25%) and butyl alcohol (>99.5%) were purchased from Sigma
Aldrich. Methanol was purchased from VWR International LLC. All the
chemicals were used as received.

2.2. Design and simulation

The ‘Transport of Diluted Species in Porous Media’, ‘Thin-Film Flow,
Domain’, and ‘Fluid-Solid Interaction’ physics models in COMSOL were
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applied to simulate the ion/water separation process and stress distri-
bution in the membrane. The simulation cell for the aperture selection of
the protective layer was rectangular with a fixed thickness of 10 nm and
a varied width ranging from 25 nm to 200 nm. The fluid domain was also
rectangular with a height of 30 nm and the same width as the mem-
brane. The input pressure, density, and dynamic viscosity of seawater
were set to 1 MPa, 1.03 x 10° kg/m [3], and 8.9 x 10 % Pas respec-
tively. The Young’s moduli of thin membranes were measured by DMA
850(TA Instruments) in the tensile mode. The simulation cell for the
protective layer was rectangular with a height of 20 nm and a width of
200 nm. The porosity domain as the protective layer on the GO mem-
brane was also rectangular with a 200 nm width and different thick-
nesses. The porosity of the protective layer was set to 70% according to
the commercial data. Other parameters were described in the Supple-
mentary Materials.

2.3. Preparation of gradient nanocomposite membrane

GO powders were prepared from graphite powder following modi-
fied Brodie’s method according to our previous work [31]. The detailed
synthesis route is stated in Supplementary Materials. 5 mg of
as-prepared dry GO powder was dispersed into 100 mL DI water, and a
droplet of ammonia solution was added to the GO dispersion to tune the
pH value to 10-11. After 30min bath sonication, GO dispersion was
centrifuged at 4400 rpm for 20 min to remove large particles. The
amplitude and power density of the tip sonicator were set to 25% and
12.5 W/mlL, respectively. Subsequently, the GO dispersion was treated
by tip sonication for 0 min, 3 min, 10 min, and 20 min, resulting in GO
nanosheets with a lateral size 0f1430 nm, 1009 nm, 473 nm, and 276
nm, respectively. 0.01 M PPD was then added to the resultant GO
dispersion under stirring. The resultant GO-PPD dispersion(e.g., 2 mL, 4
mL, 6 mL, or 8 mL) was pumped through an MCE filter membrane (25
nm aperture size with 47 mm in diameter) to produce GO/MCE mem-
branes, where GO film thickness was dependent on the GO-PPD
dispersion volume. The resultant 2-layered GO-MCE membrane was
then covered by another MCE filter membrane and pressed by a Heat
Presses (Digital Knight, K20 SP) at 80 °C with 20 psi pressure for 1 h.

2.4. Characterization

Zeta potential of GO dispersion was characterized by Dynamic Light
Scattering (Zetasizer Nano ZS). GO nanosheet lateral size was measured
by Dynamic Light Scattering (Zetasizer Nano ZS) and atomic force mi-
croscope (AFM, Bruker MultiMode 8) in tapping mode. The tensile
strengths of GO films were tested by Dynamic Mechanical Analyzer (TA
Instruments, Q850 with accessories). The GO sample for the AFM
characterization was prepared by the following steps. Firstly, the GO
dispersion was diluted with 10-times DI water. Then a droplet of diluted
GO dispersion was dropped on a clean silicon wafer followed by blowing
dry with nitrogen. X-ray diffraction (XRD) characterization of the MCE/
GO membrane was carried out by Bruker D8 ECO diffractometer with a
copper target (Kal radiation wavelength 1.54056 A). ATR-FTIR char-
acterization was carried out by the ATR-FTIR spectrometer (Bruker
Alpha-Platinum). The MCE/GO/MCE gradient membrane was dipped
into a plastic tube of epoxy resins for 24 h, and then the samples were
encapsulated by the cured epoxy resin. The plastic tube was then cut by
waterjet cutter, and the cross-section was characterized by scanning
electron microscopy (SEM, JEOL JSM-7500F).

2.5. Desalination test

The water desalination tests were carried out by an in-house built
system (Inset images of Fig. 4(b)). Specifically, 40 mL saline water with
2000 ppm NaCl was added into the feed side. The applied pressure on
the feed side was 2.68 bar. The permeant water was collected by a
measuring cylinder which is sealed by a tin foil to avoid potential
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evaporation of water. Electrical conductivity was measured by a con-
ductivity meter (Horiba B-771 Twin Conductivity/Salinity Tester).

Total Dissolved Solids (TDS) and electrical conductivity (EC) of the
saline water can be calculated using the following equation:

TDS(mg/L) = k-EC(uS/cm) (€9)]

where k is the TDS factor for the solutions.

For NaCl solution, k = 0.48 + 0.01 when the EC is in the range of
100-2000 uS/cm at the temperature of 25 C. Since the solute in the
solution is NaCl only, the TDS can be converted to the ion concentration
of NaCl solution by the following equation:

TDS(mg / L) = C(mol | L)-M(mg | mol) ()]
C(mol / L) :% 3

where C is the ion concentration of the solution, M is the mole mass of
the solute, which is 58,440 mg/mol for NaCl.
The salt rejection rate was calculated by the following equation:

R= (1 7&> x 100% (©))
G

where Cp and Cf are the ion concentrations in permeate and feed side of
solutions respectively.

2.6. Scale-up demonstration

The large-size membrane was fabricated by a homemade setup
(Fig. S7 in the supplementary). As-prepared scale-up GO/MCE mem-
brane was also bonded by another MCE membrane to form the gradient
structure with the same steps as mentioned above. The resultant large-
size membrane was cut to 47 mm disks for desalination tests.

3. Results and discussion

A nanocomposite membrane consisting of an ultrathin GO film and
two MCE films is illustrated in Fig. 1. The 1-nm channels in the GO
membrane were tuned by the GO interlayer bonding and two porous
layers with a pore size of 2-50 nm serving as the support and protective
layer for RO desalination.

The gradient nanocomposite shows both gradient aperture size and
gradient thickness. The mesoporous layer was made of MCE and was
used to protect the ultrathin GO laminates from damage caused by large
hydrodynamic pressure due to water flow. The middle GO laminates
serve as the essential ion sieving layer through 1 nm-channel of inter-GO
spacing, and the primary energy consumption occurs at this layer. 1 nm
channels in the middle layer ensure high salt-rejection while the ultra-
thin thickness of the 1 nm-channel layer ensures high water-flux and low
energy consumption. The thickness of GO laminates and the lateral size
of GO nanosheets were tailored to reduce the energy consumption while
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water desalination performance was maintained. The stability and life-
time of the gradient GO membrane were also discussed at such a low
energy consumption. Finally, the scalability of the gradient structure
was also presented to examine the potential of commercialization.

High water permeability requires large pores while high selectivity
requires ultra-small pores, typically ~1 nm pore size. The gradient
structure can perfectly solve this conflict by implementing ion sieving in
the middle layer, which primarily contributes to energy consumption.
Minimizing the ion sieving paths can minimize ion sieving energy con-
sumption and also increase water permeability. A straightforward
strategy is to minimize the thickness of the GO laminates since
vertically-aligned GO nanosheets are difficult to be scaled-up. Mean-
while, minimizing the GO laminate thickness could significantly weaken
its mechanical strength, resulting in poor robustness and a very short
lifetime. Therefore, the conflicts between low energy consumption and a
long lifetime should be solved. During the RO desalination, the tensile
stress applied to the RO membrane comes from the friction between the
fluid and solid membrane, and the hydraulic pressure difference be-
tween the feed-side flow and permeate-side flow. To maintain the long-
term stability of desalination performance, the membrane should be
robust enough to avoid any rupture. To ensure outstanding performance
of ultrathin GO laminate, one of the most feasible strategies is to add a
protective layer. Since it is difficult to directly measure the stress
experienced by the membrane during the desalination process, a nu-
merical simulation was performed by COMSOL Multiphysics to inves-
tigate the role of the protective layer on the stress reduction and to guide
the design. The detailed model generation procedure was provided in
the Method Section and Supplementary Materials.

Generally, increasing the thickness of the protective layer can reduce
the tensile stress applied to the GO laminates. To understand the effect of
MCE layer thickness on the GO laminate robustness, a physical model
was built for a fixed pore size. Considering a typical operating pressure
was above 10 bar (1 MPa), the feed flow of 1 MPa was assumed for the
simulation. For the MCE membranes with 25 nm pores and 72% porosity
(based on experimental characterization of such an MCE membrane),
the resultant hydrodynamic stress loaded on 30 nm-thick GO laminates
was simulated as shown in Fig. 2 (a). In this figure, the pressure distri-
bution of the cross-sectional view of the membrane was shown by
different color labels for different MCE thicknesses. The maximum ten-
sile stress loaded on the 30-nm-thick GO laminates without the protec-
tive layer was found to be 2250 MPa which could significantly damage
the GO laminates. As the thickness of the MCE layer increased from h =
0 nm to h = 1000 nm, the maximum tensile stress decreased exponen-
tially to 3.92 MPa, a much smaller value than the threshold where the
GO laminates can be damaged. Therefore, the thickness of the MCE layer
would significantly influence the hydrodynamic stress loaded on the GO
laminates. This could be ascribed to the protective layer that can bind
the boundary of the GO laminates to reduce deformation area. The
smaller deformation of GO laminates indicates smaller tensile stress.
According to the tensile test of ultrathin GO laminates which is shown in
Fig. S3, the resultant GO laminates showed a tensile strength of ~120

Fig. 1. Schematic illustration of nanocomposite membrane consisting of GO laminates with 1 nm channels and two symmetric mesoporous (2-50 nm pore size)

layers. The ion is sieved via the middle layer, 1 nm-channels GO laminates.
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Fig. 2. Numerical simulation of the MCE thickness and aperture size effect on the stress distribution. (a) The cross-sectional tensile stress distribution on the
GO laminates with the different thicknesses of the protective layer (h = 0, 10 nm, 100 nm, and 1000 nm respectively). (b) The tensile stress loaded on the GO
laminates with different aperture sizes of the protective layer (25 nm, 50 nm, 100 nm, and 200 nm respectively).

MPa. In this case, the MCE thickness should be > 100 nm for long-time
stability. On the other hand, the water flux of a commercialized MCE
membrane with 100-ym thickness was still as high as 72 L/m? h ac-
cording to the simulation results in Fig. S1. The bottleneck for a high-
water permeability was still the GO laminates instead of the MCE
membrane.

Besides the thickness of the protective layer, the aperture size is
another variable to affect the hydrodynamic stress which may lead to the
failure of GO laminates. Similar to the thickness issue, a small aperture
could reduce the hydrodynamic force and also downsize the water flow.
Fig. 2 (b) shows the hydrodynamic stress distribution on the 30-nm thick
GO laminates which have fixed boundaries on the side with different
aperture sizes. In order to visually compare the effect of aperture size on
the tensile stress, the scale label for all the simulation results shown in
Fig. 2(b) was set to be the same. The largest stress occurs at the edge of
the 200 nm-pore MCE layer was found to 268 MPa. In this situation, the
GO laminates will be cracked since the strength of the 30-nm GO
laminate is < 180 MPa, resulting in a failure of the RO desalination.
When a 25 nm-pore MCE layer was used, the largest stress loaded on the
GO laminates was calculated to 16 MPa, almost one order of magnitude
lower than that in the case of the 200 nm-pore MCE layer. Obviously, the
hydrodynamic stress loaded on the GO laminates was very sensitive to
the aperture size of the MCE layer. Based on the tensile test of ultrathin
GO laminate, the strength was dependent on the GO lateral size. For
<500 nm GO nanosheets, the resultant laminates showed a tensile
strength of ~120 MPa (Fig. S3), and thus the aperture size of the pro-
tective layer should be < 130 nm for robust desalination performance
(rupture of the membrane could lead to very poor ion rejection). In
addition, the effect of the MCE aperture size on water flux was also
examined. The MCE aperture size was on the order of 10 nm, which was
large enough to fit the Hagen Poiseuille (HP) Equation [34]. Hence, the
water flux for different apertures can be calculated through HP Equa-
tion. The size of the aperture was positively related to the water flow.
The water flux for a 25-nm aperture was 86 L/m? h, much larger than
that for the GO laminates. The calculation results for the effect of
aperture size on the tensile stress and water flux are shown in Fig. S1.
Therefore, the selection of the aperture size for the protective layer
should be based on the loaded stress on GO, and ensure it is less than the
maximum strength of GO laminates while the water flow stays as large
as possible. Since the tensile strength of GO laminates was on the order
of 100 MPa according to the tensile tests (shown in Fig. S3) and the data
from reference [35], a 25 nm-pore MCE was used for this study.

As mentioned before, the energy consumed by RO membranes for the
membrane filtration process accounts for over 71% of the overall energy
in the water desalination [6]. In this research, the GO-based gradient
membrane was designed to reduce the energy consumption in the RO
desalination process while the high water-permeability and high
ion-rejection were maintained. A single film of GO laminates demon-
strated channels around 0.7-1.1 nm caused by moistures, but it could
swell and expand the interlayer spacing to 1.35 nm[29,36,37].
Cross-linking GO with desired constant interlayer spacing is essential in
the RO desalination for stable performance. Compared with other
cross-linkers, such as cations [29], fullerene (Cgo) [31], 1, 4-phenylene
diisocyanate (PDI) [30], and ethylenediamine (EDA), p-phenylenedi-
amine (PPD) shows proper interlayer spacing as well as high robustness
in water surroundings [38]. Unlike linear diamine monomer, PPD ex-
hibits higher stiffness because of the presence of a benzene ring which
has a fixed molecular length. In the GO-PDD membrane, GO membrane
was functionalized with negatively charged functional groups such as
—COOH and -OH. Thus, anions (Cl ) can be excluded at the entrance by
electrostatic exclusion and steric effects [39]. Cations (Na™) can be
excluded by the steric effects because Na™ has a larger hydrate diameter
(7.2 A) [40]. The detailed route of synthesizing GO-PPD composite is
shown in Fig. 3 (a) and Method Section.

For energy saving, one feasible strategy is to reduce the water-
transport pathway in the RO membrane since the energy losses from
friction can be reduced. The water-transport pathway is determined by
the thickness of the membrane as well as the lateral size of each GO
nanosheet. To investigate the effect of GO nanosheet lateral size on the
performance of water desalination, GO dispersion was treated by tip
sonication before further crosslinking. The average lateral sizes of GO
nanosheets with different treatment time (0 min, 3 min, 10 m min, 20
min) were measured t01430 nm, 1009 nm, 473 nm, and 276 nm,
respectively. DLS and the AFM characterizations are shown in Fig. 3 (b).
The zeta potential of resultant solutions was also measured to under-
stand the stability and nanomaterial distributions. At pH ~ 10, the zeta
potential for the solution of pure GO and GO-PDD solution were —45.2
mV and —15.7 mV, respectively. The XRD patterns and ATR-FTIR
spectrums were provided in Figs. S4 and S5 to address the interlayer
spacing of GO laminates and the chemical reaction between GO and PPD
monomer, respectively. The average interlayer spacing of pure GO, un-
crosslinked GO-PPD, and crosslinked GO-PPD was found to 0.77 nm, 1.0
nm, and 1.1 nm, respectively. The expansion of interlayer spacing was
caused by the collective effect of the molecular length of PPD monomer
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Fig. 3. Schematic illustration of gradient MCE/GO/MCE gradient nanocomposite membrane fabrication and corresponding experimental characteriza-
tions. (a) The fabrication procedure of the gradient nanocomposite membrane. (b) DLS results and AFM images of GO nanosheets with different tip sonication time
(0 min, 3 min, 10 min, and 20 min), resulting in a GO lateral size with 1430 nm, 1009 nm, 473 nm, and 276 nm, respectively. The scale bars for the insert AFM image
are 1 pm. (c¢) A SEM image of nanocomposite membrane cross-section. The scale bar in the large image is 100 pm while the scale bar in the insert magnification image

is 100 nm.

as well as the C-N bond on both sides between PPD monomers and GO
nanosheets. The gradient structure was achieved by covering a filtrated
untreated GO-PPD membrane (Fig. 3 (a) Step V.) with another MCE
membrane as the protective layer followed by hot-pressing at a constant
pressure and temperature to crosslink the gradient membrane. The hy-
droxyl group in the cellulose acetate can react with the epoxy group on
GO to create a strong chemical bond between GO laminates and the MCE
membrane [41]. Fig. 3 (c) shows the cross-sectional SEM image of the
gradient structure after crosslinking. The inset image indicates the
sub-100 nm GO laminates encapsulated in the middle of the MCE
membrane. The surface morphology and corresponding surface rough-
ness are shown in Fig. S6.

To examine the effect of GO-PPD laminates thickness and the lateral
size of GO nanosheets on water permeability and ion rejection rate, the
desalination tests were carried out using the nanocomposite membrane
made from GO laminates with different thicknesses (30 nm, 60 nm, 90
nm, and 150 nm on average), and different GO nanosheet sizes (1430
nm, 1009 nm, 473 nm, and 276 nm). The 2000 ppm (0.034 M) NaCl
water was used as feed water and the applied pressure was 2.68 bar,

which means 1 bar left after overcoming osmotic pressure. The desali-
nation results are shown in Fig. 4 (a) and (b) while the inserted image
shows the test setup. The whole device was operating under magnetic
stirring to avoid the influence of the concentration polarization effect on
the feed side. The thinner GO-PPD laminates exhibited higher water
permeability because of the shorter water-transport pathway, which
reduced the friction during the water molecule. The ion rejection rate
slightly went up for the increased thickness of the GO laminate because
thicker GO-PPD laminates induced a larger steric effect to reject the salt
ion. On the other hand, the enhancement of water permeability using
smaller GO nanosheets can be also ascribed to the reduction of the
water-transport pathway. As shown in the insert image of Fig. 4 (a), the
smaller lateral size of GO nanosheets provides a shorter and less tortuous
water-transport pathway, indicating smaller friction losses during the
molecule transportation. The effect of GO lateral size on the ion rejection
was negligible. Consequently, the gradient nanocomposite membrane
made from the 30 nm-thick GO-PPD laminates with 476 nm GO nano-
sheets demonstrated a water permeability of 21.34 Lh~! m 2 bar~! and
an ion rejection rate of 96.08%.
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Fig. 4. Desalination performance of gradient nanocomposite membrane. (a) The water permeance for the gradient nanocomposites membrane with different
thicknesses of GO laminates and different lateral sizes of GO sheets. The inserted image shows the water-transport pathway through the GO laminates. (b) The ion
rejection rate for the gradient nanocomposites membrane with different thickness of GO membrane and different lateral size of GO sheets. The inserted image shows
the test setup. (¢) The water flux at different applied pressure. The dashed line indicates the linear trend without the concentration polarization issue. (d) The ion
concentration on the permeation side through gradient membrane at different periods (the red and blue lines represent the uncrosslinked GO laminates and
crosslinked GO laminates, respectively). (e) Comparison of the energy consumption between this work and the state-of-the-art RO desalination membranes including
commercial membranes [6] and PA/DA/TMC [44] for 35,000 ppm seawater and commercial membranes [45], CNT-TA membranes [46], NaY Zeolite membranes
[47], MWNT/TNT membranes [48], KCl-controlled GO membranes [29], CNT/PMMA membranes [49], GO/PA membranes [50], and technical data from El Paso
Water Utilities for 2000 ppm brackish water. (f) The forecast of future brackish water supply and corresponding cumulative cost saving by applying the gradient
nanocomposite membranes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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The effect of applied pressure on the water flux is critical for the
water desalination process. When pure water passes through the RO
membrane, the water flux increases linearly with the applied pressure.
For the salinity filtration, the salt ions which are retained by the GO
laminates can form a thin layer of concentration polarization or even a
cake layer [42]. Both these effects could boost the resistance of the
membrane to water flux and thus cause the pressure to drops across the
membrane. As such a layer was getting thicker, the driven pressure for
the filtration process was becoming smaller due to the increasing flow
resistance. When the driven pressure became smaller than the local os-
motic pressure, the water molecules cannot pass through the membrane.
The experimental results are shown in Fig. 4(c) for two different lateral
sizes of GO nanosheets. The dashed lines show the trends without the
polarization issue. The smaller lateral size of GO nanosheets (473 nm)
was usually related to a smaller polarization effect because a smaller
water flux only took fewer salt ions to the surface of GO laminates. As a
result, a larger applied pressure was needed for a stable water flux.
Energy saving from previous studies was very marginal after the
permeability is over 25 L h~' m~2 bar~! where energy consumption was
already intensive [43]. Since energy consumption is positively related to
the applied pressure, it is vital to operate the desalination process at the
low applied pressure range where the polarization issue does not
significantly reduce the water permeability.

The ion rejection rate stability and membrane lifetime are also
important factors to evaluate the potential of commercialization. Sta-
bility relies on two aspects of the membrane, the stability of interlayer
spacing, and the robustness of the membrane. A stable interlayer spacing
and a robust membrane can provide a long-term ion sieving effect. Most
reported GO-based membranes can be effectively used for ion sieving for
5-10 h [29]. Here, the stability of the gradient nanocomposite mem-
brane was also tested. For comparison, the crosslinked GO laminates and
uncrosslinked GO laminates were both integrated to a gradient structure
with a protective and supporting layer. As shown in Fig. 4 (d), for the
uncrosslinked GO, the ion concentration of the permeate side increased
rapidly from the beginning to 8 h until the concentration was almost
equal to the feed side. This issue was caused by the swelling effect of GO
laminates in the water surroundings which enlarged the interlayer
spacing of GO laminates to allow salt ions passing through. In contrast,
the ion concentration of the permeate side for the crosslinked gradient
GO membrane demonstrates a negligible increase, indicating excellent
stability and lifetime. In the crosslinked GO laminates, covalent bonds
between GO and PPD molecule were much stronger than the hydrogen
bonds between pure uncrosslinked GO, and thus provided stable inter-
layer spacing for long-term stability.

The overall energy consumption for RO desalination is contributed
by the RO filtration process and other processes (e.g. pretreatment of
water, etc.), which are not related to the RO membrane. In this study, the
energy consumption related to other processes were regarded as fixed in
order to reveal the energy consumption of gradient nanocomposite
membranes. The energy consumption contributed by sole RO filtration
process disclosed the performance of the water desalination process, and
was defined as the membrane filtration energy consumption (SECy), a
part of the total specific energy consumption (SEC). The SEC for
seawater desalination is 3.57 kWh/m? and the SEC; accounts for 71% of
it as shown in Fig. S8 [6]. On the other hand, although a lot of research
has been made to investigate the water permeability of various mem-
branes, it was very difficult to compare their performance due to
different test conditions, such as feed salinity, salt composition, or
applied pressure. Therefore, it is important to generate a unified crite-
rion to quantify the energy consumption for different RO membranes.
Here, a unified model was established to quantify the energy con-
sumption for a given RO membrane with given water permeability, feed
salinity, feed flow, and feed pressure.

According to the hydrodynamic theory, the membrane filtration
energy consumption (SECy) can be derived and the details were provided
in the supplementary:
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where & was the efficiency of the pressure recovery process, R was the
recovery rate, and Pjos was a numerical function of Py, [7].

For a given feed salinity, the feed pressure Pj, can be also derived
from the water permeability as detailed in the Supplementary Materials.
Therefore, assuming the energy consumed by water intake, pretreat-
ment, product water delivery, pump & ERD inefficiency, the energy
consumed by membrane filtration for RO membranes can be estimated
based on the water permeability, the applied pressure, and the salinity
concentration [51]. Briefly, the energy consumption was a function of
the applied pressure, pressure loss in the flow resistance, and water flux.
For example, the water permeability of the gradient nanocomposite
membrane was 21.34 L h™! m™2 bar ™! and the feed salinity was 2000
ppm NaCl solution. According to supplementary Egs. (S4)-(S11), the SEC
for the gradient nanocomposite membrane was calculated to 0.169
kWh/m [3]. Following the same procedure, the numerical relationship
between the water permeability and the corresponding SEC for the given
feed salinity was plotted as shown in Fig. S9. The blue line and the green
line indicated the SEC for 35,000 ppm seawater and 2000 ppm brackish
water respectively. Considering the constant energy consumption of the
RO desalination process induced by water intake, pretreatment, product
water delivery, and other facilities, the overall energy consumption is
shown in Fig. SO.

In addition, Fig. 4(e) also shows the comparison of the membrane
filtration energy consumption between this work and the state-of-the-art
RO desalination membranes including commercial membranes [6] and
PA/DA/TMC [44] for 35,000 ppm seawater and commercial membranes
[45], CNT-TA membranes [46], NaY Zeolite membranes [47],
MWNT/TNT membranes [48], KCl-controlled GO membranes [29],
CNT/PMMA membranes [49], GO/PA membranes [50], and technical
data from El Paso Water Utilities for 2000 ppm brackish water). Only the
state-of-the-art RO membranes whose ion rejection rate larger than 90%
for NaCl salinity were taken into account. The membrane filtration en-
ergy of the gradient nanocomposite membrane was 0.169 kWh/m>
which was 35.8% less than that of commercial membranes for 2000 ppm
brackish water. As the forecast by Texas Water Development Board [52],
the usage of brackish water desalination would be 90 million m® in 2030
and 140 million m® in 2070. Assuming the energy consumption accounts
for 60% of the total cost [5], the cumulated cost saving from the gradient
nanocomposite membranes until 2030 can reach 7.2 million for Texas.
The forecast of brackish water supply and corresponding cumulative
cost saving by applying gradient GO membranes is shown in Fig. 4 (f).

The scalability of the nanocomposite membranes was also examined
because the scalability is a key factor to evaluate the commercial po-
tential of a scientific and engineering design. In contrast, many mem-
branes like aquaporin [20,53,54], and nanoporous graphene [35,55,56]
achieved high water permeability desalination membranes but their
scalability was very poor [57]. Fig. 5(a) shows the as-prepared scale-up
gradient nanocomposite membrane with a 30-cm diameter. Instead of
vacuum filtration, the pressure-driven filtration method was applied to
the scale-up fabrication of gradient nanocomposite membrane. A
scale-up membrane was readily demonstrated where GO laminates were
432 nm thick on average. The only issue with scale-up lies in the
lower-bound of GO laminate thickness in the large-scale nanocomposite
membranes in order to fabricate the uniform and non-defect GO mem-
brane on a large scale. It was a little higher than that in the small-scale
nanocomposite membranes. The water desalination performance was
tested under the same condition as the small-size nanocomposite
membranes. The water permeability was found to 0.81 Lh™' m~2 bar!
while the ion rejection rate was still as high as 97.36%. Compared with
the small-size gradient nanocomposite membrane, the scale-up mem-
brane demonstrated a lower water permeability because of an increased
lower bound of GO laminates thickness. On the other hand, as shown in
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Fig. 5(b), the ion concentration of the permeate side for the scale-up
gradient nanocomposite membrane confirmed excellent stability and
lifetime. Further research is needed to tailor the thinner and uniform GO
laminates at a large scale for larger water permeability and
commercialization.

4. Conclusion

In summary, a gradient nanocomposite membrane has been
demonstrated through simulation-guided design. The simulation results
suggested that the protective layer should be > 100 nm thick with <130
nm pores at a porosity of 72%. As-fabricated nanocomposites mem-
branes exhibit water permeance as high as 21.34 L h™* m~2 bar ! and
ion rejection rate >96.08%, indicating a 35.8% energy saving on
membrane filtration for brackish water and the cumulative cost savings
for Texas was estimated to 7.2 million in 2030 by applying the gradient
nanocomposite membranes for brackish water RO desalination. The
unique gradient structure supplies optimal protection for the ultrathin
GO laminates, which not only contributes to the high water permeability
and consequently low energy consumption but also the effective
reduction for tensile stress to extend the membrane lifetime. These re-
sults afford a new direction to design and fabricate scalable RO mem-
brane for energy-efficient water desalination.
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