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50 membranes under the same testing condition. The interlayer spacing of the membranes can be
51
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55 exposed to water. The RGO-based membranes offer a few advantages with high reverse flux
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selectivity, mechanical robustness with strong adhesion to supporting nylon membranes without
damage after FO tests and tape peel tests, and enhanced chromate and chlorine resistance. We
have further demonstrated that in the FO processes, one can concentrate waste brine volume
while simultaneously harvesting the osmotic energy as electricity, offering potential applications

of forward osmosis-based osmotic batteries for powering electronic devices.
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1. INTRODUCTION

With a salinity gradient, forward osmosis (FO) processes move water across a semipermeable
membrane from a lower salinity solution into a higher salinity solution using naturally occurring
osmotic pressure rather than external hydraulic pressure. Thus FO provides a near zero-energy
approach for water treatments, -6 with applications ranging from osmotic dilution prior to
desalination, treatment of high salinity brines, wastewater volume reduction, water recovery
from wastewater, fertigation, and emergency water supply.!- 34 However, the current FO
membranes such as cellulose triacetate (CTA, FTSH,0) undergo physical degradation due to the
mechanical damage by scaling under crossflow conditions.? 7 They may also suffer from the loss
of membrane integrity when used with strong oxidants such as hexavalent chromium Cr (VI) due
to possible chemical degradation by Cr (VI) oxidation.” In addition, the CTA FO membranes are
sensitive to chlorine (maximum chlorine 2 ppm as recommended by the manufacturer).’”
Similarly, polyamide-based membranes are also hypersensitive to chlorine.® In addition to better
physical stability and chemical compatibility, the effects of reverse solute flux need to be
considered. Using divalent draw solutes have a potential for the solutes to pass across the FO
membrane and exceed saturation once combined with brackish groundwater or the seawater,
leading to scaling on the active layer.? Therefore, FO membranes with large reverse flux
selectivity are of great interest.

On the other hand, there is substantial osmotic energy stored in the FO processes due to
the high salinity difference between the feed solution and the draw solution.” 1 With improved
mechanical strength and antifouling capability, the RGO membranes could be used for osmotic
energy harvesting with further optimization, extending the useful lifetimes of the membrane-

packed modules which is one of limiting factors in applications of reverse electrodialysis (RED)
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and pressure retarded osmosis (PRO).% ! However, harvesting the osmotic energy while
simultaneously concentrating waste brine has not been implemented in the FO processes, which
warrants further investigation.!?

Here we have investigated a variety of fabrication factors of graphene oxide (GO) and
reduced graphene oxide (RGO) membranes for forward osmosis. To overcome the swelling of
the GO lamellar structure in the aqueous solution,!3-1¢ various approaches have been developed,
including partial reduction of GO to RGO by a variety of reductants !”-!° and thermal
treatments,?%->* production of GO by electrochemical oxidation of graphite,> confinement of GO
lamellar structure in a polymer matrix > or zeolitic imidazolate framework-8, 26 ionic control of
GO interlayer spacing,?’-?° and liquid electrolyte mediation of chemically reduced graphene
oxide.’% 3! However, RGO-based FO membranes with high performance to address above
mentioned challenges have not been reported. A common method to prepare GO membranes is
vacuum deposition by using filter membranes. Further thermal reduction of GO membranes to
RGO membranes is an attractive approach because the interlayer spacing is tunable by varying
annealing temperatures.?->> Additionally, there is keen interest in exploiting the merits of GO
and other 2D emerging materials in conjunction with state-of-the-art polymeric membranes.!6
However, a systematical study on the optimal membrane synthesis conditions is still lacking,
limiting the revelation of superior RGO-based FO membranes. In this work, we have
demonstrated that thermal reduction in combination with polymer adhesion is an effective
approach to make stable RGO-based FO membranes with superior FO performance to
commercial FO membranes. RGO membranes are prepared through a comprehensive approach
by optimizing various factors as summarized in Figure 1, leading to a series of outstanding RGO

membranes. These factors include 1) Filter polymer membranes. Considering factors include
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polymer types, pore sizes, and polymer glass transition temperature T, or melting temperature Ty,
(Table S1); 2) GO sheets. Factors in consideration include GO purity, sheet sizes, sheet hole
sizes, and functional groups and densities on sheets; and 3) Treatment conditions: a variety of
factors considered includes pre-hydrothermal treatment of GO, thermal annealing of RGO
membranes, annealing temperatures, annealing atmospheres, and GO/RGO mass loadings. The
right combination of the optimized RGO and an appropriate filter membrane under an optimized
thermal annealing condition produces superior FO membranes with robust mechanical and
chemical stability. The adhesion of RGO in the filter polymer and the reduction of RGO
interlayer spacing are accomplished simultaneously under the right thermal annealing condition.
In this approach, GO is first reacted with oxidants such as H,O, to produce porous GO sheets in
different sizes, one of the important factors to enhance water flux. The resulting GO is then used
for hydrothermal reaction to produce RGO aqueous suspensions, the other important factor to

shorten the membrane preparation time and enhance the final membrane’s stability and FO

Feed solution C_

Draw solution Cy

Figure 1. Schematically showing various factors (A) contributing to the production of a
superior RGO-based FO membrane based on size exclusion for ions/molecules and electrostatic
repulsion for anions (B). Cy and Cy are the salt concentrations at the high salt draw solution
reservoir and the low salt feed solution reservoir, respectively.
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performance. Membranes with different RGO mass loadings (different thicknesses) are prepared
using vacuum filtration on a variety of filter membranes with pore sizes in a range from 0.03 to
0.8 um. The resulting RGO membranes are heated at temperatures above 70 °C for 0-4 hours in
air or under an inert atmosphere such as N,. By systematically optimizing these conditions, we

have obtained superior RGO-based FO membranes, as presented in this work.

2. METHODS

2.1. Preparation of GO/RGO Suspensions. GO was prepared using Tour method 3% from
natural graphite. GO suspension with a concentration around 2.0 mg/mL was obtained after a
series of centrifugation, purification, and dialysis processes. To make nanoporous GO, 20-33.34
The GO suspension was further treated with the following procedure: Briefly, 100-200 mL of
GO suspension were centrifuged at 10,000 rpm. The top clear solution was removed. The
precipitate was reacted with 30 wt% H,O, at a temperature at ~70 °C for 5-15 hours to produce
porous GO sheets in different sizes.?% 3334 The resulting GO was further purified with several
wash-centrifuge cycles to remove impurities of salts and small oxidative fragments, 3>-37 and then
used for hydrothermal reactions at 110-140 °C for 2 hours to produce RGO aqueous suspensions
(RGO-HY, where RGO-HY stands for hydrothermally reduced RGO).?

2.2. Preparation of GO and RGO Membranes. GO and RGO suspensions, with GO and
RGO of 0-10 mg (depending on the sizes of filter membranes and the thicknesses of GO and
RGO membranes), were then used to prepare GO and RGO membranes via vacuum filtration 2>
24 on various filter membranes (typical diameter of 47 mm with an active area of 10.2 cm?). The

filter membranes included isopore polycarbonate (PC) membranes, mixed cellulose ester (MCE)
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membranes, polyethersulfone (PES) membranes, nylon membranes, and cellulose acetate
membranes (Table S1), with pore sizes from 0.03 to 0.8 um, purchased from Thermo Fisher
Scientific and Sterlitech, respectively. The resulting GO and RGO membranes were allowed to
dry, then heated at 70-230 °C for 0-4 hours in an oven (VWR Gravity Convection oven 414004)
under the air atmosphere or under a nitrogen atmosphere in a tube furnace (Lindberg/Blue
HTF55342C) where a flow meter (OMEGA) was used to control the nitrogen gas flow through
the furnace, resulting in RGO-HA, where RGO-HA references to thermally annealed RGO-HY.
For structure characterization after thermal annealing, GO or RGO-HY membranes were
prepared with a mass loading ~5-15 mg on isopore PC filters under vacuum filtration. After a
membrane was allowed to dry, it was peeled off from the filter to obtain a free-standing
membrane. The membrane was then divided into four pieces. One piece was not thermally
annealed, and the other three pieces were thermally annealed at 150, 170 and 190 or 230 °C,
respectively.

2.3. Characterization of GO and RGO Nanosheets and RGO Membranes. The
thermogravimetric analysis (TGA) (Mettler Toledo TGA/DSC) was used to analyze the thermal
properties of the samples. All measurements were carried out over a temperature range of 25-
850 °C. Both GO and RGO’s morphology, microstructure, and cross-section images were
measured using scanning electron microscopy (SEM) (Scios 2 Dual Beam SEM/FIB), operating
at 5 keV/50 pA, with energy-dispersive X-ray (EDX) analysis of the compositions. The
structures of as-prepared GO and RGO sheets before and after H,O, treatments were measured
with Talos L120C transmission electron microscopy (TEM) operating at 120 kV by dropcasting
the suspensions onto a lacey carbon TEM grid to support the GO and RGO sheets. X-ray

photoelectron spectroscopy (XPS) (Thermo Scientific K-Alpha) was performed for the
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compositions and structures of the GO and RGO samples. The FT-IR (Thermo Scientific
NICOLET 6700) analysis on transmission or reflection modes was carried out to examine the
changes of GO/RGO’s characteristic absorption bands before and after various treatments. For
X-ray diffraction (XRD) measurements (Rigaku MiniFlex 600), the changes of 26 angles and
interlayer distances were measured for a step size of 0.02 and dwell time of 5°/min in the 20
range of 3°-80° under the condition of 40 KV, 15 mA, and Cu (Ka) target.

2.4. FO Tests. The FO tests were performed in the customized H-cells (Pine Research
Instrumentation), similar to that described in Elimelech’s work.3® The FO test setup was
schematically shown in Figure S1 in the Supporting Information. The active layer facing feed
solution (AL-FS) mode was used. The effective area of the membranes in FO tests was 8.0 cm?.
All membranes were wet in DI water for 30 min before FO tests. In reference to Elimelech
group’s work,3¥-40 Na,SQ, solutions of 0.5, 1.0, 1.5 M or 0.5, 1, and 2 M NaCl were used as a
draw solution and DI water was used as a feed solution, in order to evaluate the membrane
performance in FO. FO tests were conducted for 2 hours. The electrical conductivity changes of
feed solution were monitored with an electrical conductivity meter (Sper Scientific benchtop
meter) over the period of the FO test.38-40 The conductivity was converted to salt concentration in
feed solution based on a conductivity-concentration standard curve established for each salt used.
Water flux (J,,), reverse draw salt flux (J;), and reverse flux selectivity (J,,/J;) were calculated,
based on equations J,, = AV/ (AxAt) and J= [ACx(V(-AV))/ (AxAt)], where AV is the volume
change of the draw solution (L), A is the effective filtration area (m?), At is the filtration time (h),
AC is the concentration change of draw solute presented in feed solution (mol/L), and V is the
starting volume of feed solution. The reverse flux selectivity is determined exclusively based on

the selectivity of the active layer and is a ratio of water flux to reverse salt flux. 4! For
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comparison of FO performance among different membranes, those values at 30 min FO testing
time were used.®® Commercial FTSH,O CTA FO membranes were purchased from Sterlitech,
tested under identical FO test conditions for comparison.

It is realized that J;, J,, and J/J are not intrinsic properties of the membrane, because
these quantities depend on the concentration and osmotic pressure of the draw and feed
solutions, the type and diffusivity of the solutes, and the hydrodynamic conditions at the
membrane interface.?® For these reasons, the identical operating conditions have been used in
this work in order to compare the FO performance of fabricated RGO membranes and CTA
membranes. In addition, it should be noted that the conductivity data might not be reliable when
they are used for salt concentration determination in situations involving viscous solutions like
sucrose used as a draw solution in literature. The standard curve established under the salt-water
condition cannot be applied to the salt-sucrose-water condition, because the latter condition has
higher viscosity than the former condition. This results in a lower conductivity value for the
same amount salt in the sucrose solution*? which underestimates the salt concentration if the
standard curve established under the salt-water condition is used, leading to a false high salt
rejection rate. The conductivity standard curve under a given sucrose concentration must be
established for salt concentration determination or other chemical analysis methods such as
inductively coupled plasma (ICP)-mass spectrometry and ion chromatography can be used to

determine salt concentrations under the salt-sucrose-water condition.

2.5. Tape Peel Tests. The mechanical robustness of the RGO membranes was tested with a
tape peel test.*>44 The test was based on the ASTM D3359 and conducted by pressing a piece of
adhesive tape onto the surface of a RGO membrane, removing the tape, and then inspecting the

membrane visually. A following-up FO test on the membrane with 1.5 M Na,SO, draw solution
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and DI water as a feed solution was carried out to examine whether the membrane retained its
FO performance after the tape peel test, in comparison with the RGO membrane without
undergoing the tape peel test. Six RGO membranes were used, three of them served as a control

without the tape peel tests and the other three underwent the tests.

2.6. Osmotic Energy Measurements. For osmotic energy studies, two Ag/AgCl electrodes
(CH Instruments) or two carbon cloth (PW03, Zoltek) electrodes were placed in the feed and
draw solutions, respectively. Open-circuit voltage (OCV) was monitored using an ohmmeter

during the FO process.

Figure 2. TEM images of single sheets of pristine GO (A: Sample #1), GO treated with H,O,

for 5 hours (B: Sample #2), and RGO hydrothermally treated from Sample #2 (C: Sample #3).
The GO and RGO sheets are supported by a lacey carbon substrate, where the red arrows

show the holes on the sheets.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Porous GO Sheets Treated with H,O, Oxidation.
GO was synthesized by the Tour method. 32> The GO was further treated with 30 wt% H,O, for 0-

15 hours to produce porous GO sheets in different sizes.?% 3334 The resulting GO suspensions
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were then used for hydrothermal reaction to produce RGO aqueous suspensions.?? To prepare
the GO and RGO sheets for characterization by TEM, the suspensions were dropcast onto a lacey
carbon substrate which acted as a support. As shown in the TEM images (Figure 2), no holes on
the pristine GO (Sample #1) single sheets are observed before the H,O, treatment. However,
after 5-hour H,O, treatment, holes in the range of 50-100 nm diameter are observed on the GO
and RGO single sheets in the GO (Sample #2) and RGO (Sample #3). As schematically shown in
Figure 1B, the holes basically provide a shortcut for water passing through, while ions and
molecules are blocked by the narrow interlayer spacing-based size exclusion and electrostatic
repulsion for the anions. The H,0, treatment also reduced the GO and RGO sheet sizes from an

average 2.2 um of Sample #1 to an average 0.77 um of Sample #3 (Figure S2).
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Figure 3. Cls XPS spectra of GO membranes reacted with H,O, under a period of 0 h (a), 5
h (b), 10 h (c), and 15 h (d). Also shown are the atomic percentage of C and O (e) and the
atomic ratio of C-C/C=C carbon (C¢) to oxygenated carbon (Cp) obtained by XPS analysis
(f), plotted against the reaction time.
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The compositions of the GO after H,O, treatments were further analyzed by XPS. In
Figure 3, the XPS analysis of carbon 1s (Cls) spectra reveals the dominant C-C and C=C of
graphene lattices (~284.8 eV), hydroxyl C-OH (~286 eV), and ester C(=0)O (~289 eV).23- 2445,
46 Interestingly, the atomic percentage remains at about 68% for C atoms and 32% for O atoms,
respectively, regardless of the treatment times (Figure 3e). The average atomic ratio is ~2.2 for
C/0O and ~1 for Cc/Co, respectively, where Cc and Cg stand for C-C/C=C carbon and oxygenated
carbon, respectively (Figure 3f). This results in the atomic ratio Cc:Co:O=1.1:1.1:1 in the
pristine and nanoporous GO samples. The result contradicts the intuition that with longer
oxdiation times, the oxygenated carbon ratio should be increased. However, since the GO
suspension and the resulting porous GO suspensions were purified through multiple sonication-
centrifuge washing cycles until the conductivity of the supernatant reached a minimal value, the
small oxidative fragments,?>-37 which may contain more Cq carbons, were eliminated
significantly, in addition to other impurities like residual salts. The infrared (IR) spectra (Figure
S3b) show the same absorption features with nearly equal absorbance under different treatment
times, in consistent with the XPS results. We have also observed that the H,O, treatment is

important to enhance water flux, as will be discussed in the FO test section.

3.2. GO and RGO Membranes Annealed at Different Temperatures. For structure
characterization, free-standing GO and RGO membranes were prepared via vacuum filtration,?*
24 as described in the Methods section. The TGA curves of GO samples in air and nitrogen
atmospheres in Figure S4 show that the GO samples under both atmospheres have a similar mass
loss (~40%) at temperatures below 240 °C. The mass loss can be related to the loss of functional
groups and water molecules.?0-24 4546 The mass of the GO sample under the N, atmosphere
decreases slightly as the temperature increases further (~56% mass loss). In comparison, the

12

ACS Paragon Plus Environment



Page 13 of 40 The Journal of Physical Chemistry

1
2
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ratio is 2.1 for the GO before thermal annealing and increases to 3.5 after annealing at 230 °C
(Figure 4f). The & -n* shake-up satellite peak is also observed around ~292 ¢V 2347 in the
annealed samples, further indicating that the delocalized m conjugation, a characteristic of
aromatic C structure, has been partially restored in the samples after thermal annealing.?3 4849
The result is further supported by the IR spectra in Figure S3c-e where the background
absorption increases with the annealing temperature, indicating the partial restoration of ©

conjugation.

XRD was used to characterize the membranes annealed at temperatures from 150 to 190
°C. The results in Figures 5a, ¢ show a clear decrease in interlayer spacings. This change can be
correlated with the removal of oxygenated functional groups.?? 24 4546 When the membranes are
saturated with water (Figure 5b,d), there is an increase in the corresponding interlayer spacings,
as compared with the dry membranes (Figure 5a, ¢). In Figures 5S¢ and 5d, the interlayer distance
d; is related to the region with functional groups and d, is related to the restored sp? network. d,
has a value of about 0.37 nm in the dry forms and 0.36 nm in the wet forms. Both values are
larger than 0.34 nm of the graphite interlayer spacing. The percentage of the d, component
increases with the annealing temperature and it becomes dominant at 190 °C. For the water-
saturated pristine GO sample, there is a peak marked with an asterisk in Figure 5b, which has an
interlayer spacing of 0.32 nm, less than graphite interlayer spacing 0.34 nm. This peak is not
present in the dry form. Therefore, its origin is not related to GO. It could come from the
background contribution of protection thin polymer film used to prevent the wetted membranes
from drying during XRD measurements. However, the background (not shown) does not match
well with the peak marked with the asterisk. Further research is needed to identify its origin. In
comparison of Figures 5¢ with Figure 5d, the interlayer spacing increase is significant in the wet

14
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36 Figure 5. XRD patterns (a, b) and interlayer spacings (c, d) of free-standing GO membranes
annealed at different temperatures before (a, ¢) and after (b, d) saturated with water. The

41 insert in Figure Sc shows the interlayer spacing difference before and after saturated with

43 water. The peak marked with an asterisk in b) is from water-saturated pristine GO sample and

has an interlayer spacing of 0.32 nm, less than graphite interlayer spacing 0.34 nm.

49 membrane without thermal treatment, by 0.93 nm. While the extent of the swelling is decreased
51 with the annealing temperature, by 0.48 nm for the membrane annealed at 150 °C, 0.22 nm at
170 °C, and 0.09 nm at 190 °C, respectively (the insert in Figure 5c). The swelling of the

56 membranes in the aqueous solutions is caused by the hydrophilic functional groups in GO,
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responsible for low rejection properties of GO-related membranes.!3-16 The thermal treatment
resulted in restoration of sp? carbon which leads to a more stable laminated stacking network
through the ©t-m stacking against the membrane swelling in water. For water purification, an
interlayer spacing between 0.84-1.04 nm has a free spacing between 0.50-0.70 nm after
subtracting 0.34 nm of one layer graphene thickness,'3-!> which allows water passing through
while blocking many ions and molecules with sizes >0.7 nm!3- 30 such as Na* ions (0.716 nm in
diameter),’! based on size exclusion. As shown in Figure 5d, after saturated with water, the d,
spacing (0.84 < d; < 1.04 nm) is at a narrow temperature range between 155 and 170 °C,
suggesting a preferential temperature range for thermal treatment of GO membranes so that the
required interlayer spacing can be made to block small ions like Na* ions. Since the laminar
structure and interlayer spacing of fabricated GO membranes could be affected by the structural
features of the used filter membrane such as the pore size and surface roughness, the above result

only provides a guidance for selecting a temperature range for GO membrane thermal annealing.

GO and RGO membranes on a variety of filter membranes and under different treatment
conditions have been prepared. Here we focus on RGO membranes prepared on nylon filter
membranes since nylon filter membranes have a maximum operating temperature of 180 °C
(Table S1), matching well with the thermal annealing temperature range determined from the
XRD results. Figure S5 shows a typical set of GO and RGO membranes prepared on nylon filter
membranes including hydrothermally reduced RGO (RGO-HY), thermally annealed RGO-HY

(RGO-HA), and thermally annealed GO without hydrothermal pretreatment (RGO-nHY).

The surface morphologies and cross-sections of a bare nylon membrane and
representative RGO membranes on nylon filter membranes before and after thermal annealing at
155 °C were measured with SEM. The SEM images in Figure 6 show that the RGO membranes
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cover the nylon membrane porous surfaces conformally. The average thickness of the RGO

membrane is 137 nm before heat annealing and 132 nm after thermal annealing, respectively, as

shown in Figure S6. The measured thickness agrees with the calculated 136 nm based on density

,,- &l’ : . i
RGO Before RGO After
Thermal Annealing Thermal Annealing

Bare Nylon
Figure 6. SEM images of surface morphologies (A) and cross sections under different

magnifications (B and C) of bare nylon filter membrane and RGO membranes on nylon filter

membranes before and after thermal annealing.

1.8 g/em? for GO 32 or 128 nm based on density 1.91 g/cm? for RGO 33 (GO/RGO mass 0.25 mg
and a membrane area of 10.2 cm?). As previously studied,** GO and RGO nanosheets may favor
the formation of the conformal morphologies of coatings on filter membranes. The large contact
areas may enable strong interfacial van der Waals interactions, leading to the enhanced GO and
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RGO adhesion to the filter membranes. We have also observed that the filter membrane area
covered with RGO is mechanically stronger than that without RGO coverage after thermal
annealing, suggesting that there might be additional bonding formations between RGO and nylon

membranes. Further research is needed in order to reveal the details of the mechanisms.

3.3. FO Tests on RGO Membranes in Comparison with CTA Membranes. The FO tests
were conducted with a stationary H-cell (Figure S1), similar to that described in literature.3?
Deionized (DI) water was used as a feed solution and Na,SO, and NaCl solutions of different
concentrations were used as draw solutions.3® 4%-4! The data at the 30 min FO test were used for
analysis. We tested a series of RGO membranes which were treated under various conditions as
summarized in Figure 1. Those conditions include different types of filter membranes, different
hydrogen peroxide oxidation times, treatments with and without hydrothermal reactions,
different filter membrane pore sizes, etc. Some of the results are presented in Figures S7-S11.
The key consideration is to minimize the reverse flux of draw solute from the draw solution into
the feed solution without affecting the water permeability at a high reverse flux selectivity.
Different draw solution concentrations of 0.5, 1.0, 1.5 M for Na,SO,4 and 0.5, 1.0 and 2.0 M for
NaCl were tested first. Based on the diameters of ions and anion charges (0.716 nm for Na*,

0.758 nm for SO% ~, and 0.664 nm for CI7),°! it is expected that the RGO membranes reject

Na,SO, better than NaCl.38.40.41

Figure S7a shows the result of the RGO membrane on the 0.1 um isopore PC membrane
with Na,SO, draw solutions. The higher concentration of the draw solution leads to higher
reverse salt flux J;. So does the water flux J,. These behaviors are expected as the draw
concentration increases. However, the reverse flux selectivity is less than 100 L/mol, much

smaller than those with a 0.2 pm isopore PC filter membrane (Figure S7b). In Figure S7b, the
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values of the reverse flux selectivity J/J at different draw solution concentrations are larger
(>800 L/mol). However, the water flux is relatively low, less than 2 L/m?h, suggesting that other
filter membranes should be considered for tests. To screen the membrane samples with the best

FO performance, we focused on 1.5 M Na,SO, and 1.0 M NaCl draw solutions for the FO tests.

Under different treatment times with hydrogen peroxide, both J, and J; of RGO
membranes on PES filter membranes increase with the reaction time. However, J,,/J; is
maximized at 5 h oxidation time with a value of ~1300 L/mol for RGO without hydrothermal
pretreatment (RGO-nHY)) and 10 h oxidation time with a value of ~1200 L/mol for RGO with
hydrothermal pretreatment (RGO-HA) (Figure S8). The reverse flux selectivity values of both
RGO membranes are comparable to those of the commercial CTA membranes under the same
FO test condition as to be shown in Figure 7. However, RGO membranes on both PC and PES
membranes were not mechanically strong and were damaged on the areas in contact with O-rings
after FO tests. Therefore, we turned our attention to nylon filter membranes. With different filter
membrane pore sizes, the FO performance is also different as shown in Figures S9-S10 where
0.2 and 0.45 pum pore nylon filter membranes were used. We first tested 0.2 um pore nylon filter
membranes using RGO treated with 10 h oxidation time. As seen in Figure S9, increasing the
annealing temperature or mass loading lead to an increase in the reverse flux selectivity, but the
increase is still not significant as compared to Figure S8. Therefore, in the next step we
investigated the FO performance on 0.45 um filter. As a result of the increase in filter pore size,
the porous RGO nanosheets made from the 10 h reaction could not be fabricated on the 0.45 pm
nylon due to their sheet sizes less than 0.45 um, resulting in passing through the filter membrane.
Therefore, porous GO and RGO prepared from 5 h oxidation time were used to prepare RGO

membranes of different mass loadings. As shown in Figure S10 where 0.45 um nylon filter
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membranes were presented, RGO membranes on 0.45 um nylon filter membranes show a
gigantic improvement in FO performance. Therefore, we further focused on the 0.45 um nylon
filter membranes by fine tuning the conditions. On nylon filter membranes, the FO performance
of the membranes with RGO treated with hydrothermal reactions (RGO-HA) is enhanced
significantly as compared to those without hydrothermal reactions (RGO-nHY). As seen in
Figure S10, the RGO-HA membranes both at 150 °C and 170 °C have reverse salt flux values
lower than those of the RGO-nHY membranes but with much higher reverse flux selectivity
values. This suggests the importance of the hydrothermal reaction to improve the performance of
RGO membranes. The water flux values for both membranes are also high (~ 10 L/m?h) at
150°C, which are close to the literature values of a thin nanocomposite membrane with vertically
aligned GO nanosheets under the same stationary FO test condition with 1.5 M Na,SO, draw
solution (~10 L/m?h).3® The reverse flux selectivity of the RGO-HA membranes at 170 °C is
significantly higher (6500 L/mol) than that of the RGO-nHY (Figure S10b). For the thermal

annealing time, it was chosen at 2 hours as the time-dependent result suggested in Figure S11.

We compared the FO performance of the RGO membranes with a commercial FTSH,O
CTA FO membrane using 1.5 M Na,SO,4 draw solution. As shown in Figures 7a, b, the RGO
membranes have exceptionally high reverse flux selectivity, with the highest J,/J; of 6700 L/mol
(RGO4), superior to 1000 L/mol of CTA measured under the same FO test condition. The water
flux J,, of the RGO4 membrane is 5.3 L/m?h, a little bit less than 8.0 L/m?h of CTA. In Figures
7a, b, it is further demonstrated that by adjusting treatment conditions, the RGO membrane
(RGOO6) can reach to J,=9.9 L/m?h while maintaining a relatively high reverse flux selectivity of

1500 L/mol, both superior to those of CTA (J,=8.0 L/m?h and J,/J;=1000 L/mol).
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occur with the increase of the annealing temperature. Both factors lead to higher water
permeation for RGO6. On the other hand, its larger free interlayer spacing also leads to a higher
Js as shown in Figure 7a. A similar result was reported by Jang ef al. on the FO performance of
graphene oxide nanocomposite membranes using the support of mixed cellulose ester

membranes.>*

Similarly, the RGO membranes are also superior to CTA membranes when 1.0 M NaCl
draw solution is used (Figures 7c, d). The J,/J; of RGO2 membrane is 75 L/mol, 1.7 times larger

than that of CTA (45 L/mol). Its J,, is 5.8 L/m?h, a little bit less than 7.6 L/m?h of CTA.

In order to fully describe membrane systems and compare with literature values, future
work will be performed to determine three intrinsic parameters of the superior RGO membranes,
the pure water permeability coefficient, A, the solute permeability coefficient, B, describing the
transport across the membrane active layer, and the structural parameter, S, quantifying the mass

transport length scale across the membrane support layer.3”

Figures 8a-c further present the temperature- and mass-dependences of J;, J,, and J,/Js of
the RGO membranes. In Figure 8a with 1.5 M Na,SO, draw solution, the reverse flux selectivity
increases significantly with temperature initially and then reaches a plateau at 160 °C, while both
the reverse salt flux and the water flux decrease with temperature, with more significant decrease
in the reverse salt flux as the temperature increases from 150 to 160 °C. In Figure 8b with 1 M
NacCl draw solution, both the reverse salt flux and the water flux decrease gradually with
temperature in a similar level, resulting in only slight increase of the reverse flux selectivity with
temperature. In Figure 8c, increasing the RGO mass loadings improves reverse flux selectivity

significantly from 460 L/mol at 0.08 mg to 6500 L/mol at 0.25 mg. In Figure 8d with samples
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Figure 8. J,, J, and J,;/J; of RGO membranes on 0.45 pm nylon membranes with 1.5 M

Na,SO, draw solution (a) and 1.0 M NaCl draw solution (b), respectively, plotted against

annealing temperatures in the air, and of RGO membranes with 1.5 M Na,SO, draw solution,

plotted against mass loading (c) and annealing temperatures in N, (d). The RGO mass

loading is 0.25 mg in a, b, and d (area=10.2 cm?). Note that the y axes are in a logarithmic

scale.

treated under nitrogen atmosphere, with 1.5 M Na,SO, draw solution, the reverse flux selectivity

was maximized at ~155-160 °C, while both the reverse salt flux and the water flux decrease with

temperature, with more significant changes in the reverse salt flux as the temperature increases

from 150 to 170 °C. In comparison, the RGO membranes treated in air have higher reverse flux
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selectivity with higher water flux than those treated under nitrogen at 170 °C. Under the nitrogen
atmosphere, the removal of oxygen functional groups from GO could be more efficient, thus
possibly producing RGO membranes that are less hydrophilic than those under the air
atmosphere, as observed in the FO measurements where J, of a RGO membrane treated in N, is
lower than that of a RGO membrane treated in air under the same annealing temperature, in

particular, at a higher temperature of 170 °C.

3.4. Mechanical Strength and Physical Stability of RGO Membranes. The mechanical
robustness of the RGO membranes was examined after FO tests by inspecting if there were any
damages on an RGO membrane around the area where the FO test O-ring was applied to, and
further evaluated with a tape peel test.*>>4* The thermally annealed RGO membranes on nylon
membranes prepared in both air and N, atmospheres have no O-ring damage after FO tests
(Figures S12-1,2), suggesting excellent mechanical strength of the RGO membranes. In
comparison, the RGO membrane without thermal annealing shows the O-ring damages after the
FO test (Figures S12-3). For the tape peeling test, as shown in Figure S13, the RGO on nylon
membrane annealed in nitrogen has no damage after the tape is peeled off. A video of the tape
peel test is available for showing the mechanical robustness of the RGO on nylon in the
Supporting Information. In comparison, the RGO on nylon membrane annealed in air is not as
robust as the RGO on nylon membrane annealed in nitrogen. A small damage area is observed
after the tape is peeled off (Figure S13-2). In contrast, there is significant damage on the RGO
membrane without thermal annealing (Figure S13-3), suggesting the importance of thermal

treatment to stabilize the RGO membranes on nylon.

To further evaluate the physical stability of the RGO on nylon membrane annealed in

nitrogen after the tape peel test, a follow-up FO test was conducted to confirm if the membrane
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retained its FO performance after the tape peel test, in comparison with the RGO membrane
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27 RGO Control RGO After Tape Test
29 Figure 9. Comparison of J;, J,, and J/J; of RGO membranes after tape peel test with those of
RGO membranes without tape peel tests (DI water feed solution and 1.5 M Na,SO,4 draw

34 solution). No significant difference was observed at 95% confidence after the ¢ test.

without the tape peel test, as shown in Figure 9. The ¢ test 3¢ 37 in the Supporting Information
40 indicates that there are no significant differences at 95% confidence in the reverse flux selectivity
42 (Jw/Js) of RGO membranes with and without tape peel tests, further confirming the visual

44 evaluation.

47 3.5. FO Performance after Exposure to DI Water for 30 Days. The long-term stability of
RGO membranes when exposed to water was further examined. The FO performance of the
52 RGO membranes annealed at different temperatures before and after exposure to water for 30

54 days is presented in Figure 10.
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Figure 10. Comparison of J, J, and J,;/J; of RGO membranes (0.25 mg and nitrogen
atmosphere) annealed at different temperatures before (a) and after (b) exposure to DI water

for 30 days. The feed solution is DI water, and the draw solution is 1.5 M Na,SOj,.

As can be seen in Figure 10, before and after exposure to DI water for 30 days, all
membranes tested show the values of J,,/J; larger than 1000 L/mol, still better than that of CTA
membranes (Figure 7b). The water flux stays almost the same before and after the 30-day water
exposure. However, the reverse salt flux increases after the exposure, with less change at higher
annealing temperature. As a result, the higher the annealing temperature, the less decrease the
reverse flux selectivity. The ¢ test 3% 7 results listed in Table S2 in the Supporting Information
indicate that there are significant differences at 95% confidence in the reverse flux selectivity

(Jw/Js) of RGO membranes annealed at 160-175 °C before and after 30-day water exposure,

indicating those membranes could still swell to some degrees under long-term exposure to water.

However, no significant differences at 95% confidence exist in the reverse flux selectivity (Jy/Js)
of RGO membranes annealed at 180 °C before and after exposure, suggesting the robustness of

the RGO membranes against the water swelling.
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3.6. Oxidation Resistance of RGO Membranes. The chemical stability of RGO membranes
with Cr (VI) solution was examined by using Cr (VI) as a feed solution and 2 M sucrose as a
draw solution. A high Cr (VI) concentration of 6,000 mg/L was chosen (0.1154 M Na,CrO, or
0.0577 M Na,Cr,0-),%® about 20 times larger than the initial Cr (VI) concentration in the
chromium waste brine and ~3 times larger than the concentrated Cr (VI) concentration after the
FO test.” The tests were under pH 4.05 and 7.00 for feed solutions. As a comparison, FO tests on
CTA membranes were also conducted under identical conditions. For comparison, Figure S14
shows the photos of the draw solutions and the feed solutions after 24-hour FO tests at pH 4.05.
The draw solution with the CTA membrane had a much deeper color than that with the RGO
membrane. The conductivity of CTA draw solution changed from 0.24 to 1,184 uS/cm in 24 h,
significantly larger than that in RGO draw solution which only changed from 0.24 to 6.18
uS/cm. On the other hand, the volume change of CTA draw solution was 38 mL in 24 h, about

three times larger than 13 mL of RGO draw solution.

The deeper color and the large conductivity increase in CTA draw solution indicated the
possible damage of the CTA membrane by Cr (VI) oxidation.” To confirm that, we conducted
additional FO tests by using DI water as a feed solution and 1 M NaCl as a draw solution on the
CTA membrane before and after contacting Cr (VI) feed solution in FO. With the almost same
volume changes in the 2 h FO tests, the conductivity of the feed solution changed from 154.1
uS/cm before contacting with Cr (VI) to 1,206 puS/cm after contacting with Cr (VI). The ~8-time
increase in conductivity after contacting with Cr (VI) suggests substantial damage of the CTA
membrane by Cr (VI) oxidation. However, as shown in Figure S15a, the RGO membrane shows
a completely different behavior from the CTA membrane. After contacting with Cr (VI), the

conductivity of the RGO feed solution decreases substantially in the 2 h FO test, so does the
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volume change (Figure S15b). The result suggests that the RGO membrane becomes less
permeable for both water and ions after contacting Cr (VI), indicating some degree of chemical
interaction between the RGO membrane and Cr (VI). However, after water rinsing, the FO
performance of the RGO membrane is recovered fully for conductivity and by more than 80%
for volume change (Figures S15a, b), even after contacting Cr (VI) (over 6,000 mg/L) for 24 h.
Similar result is observed at pH 7.00 in Figures S15¢, d. However, the magnitude of the changes
is less than that in pH 4.05, possibly due to the less oxidation power of Cr (VI) at higher pH
levels.”->° Similar results were observed with 200 ppm NaOCI (Figure S16), except that the
magnitude of the changes was less than that with chromate. The FO performance of the RGO
membranes was recovered after water rinse (Figure S16). Those oxidation resistance results of

RGO membranes will be reported elsewhere in detail.

3.7. Alternative Application Potential of RGO FO Membranes. Here we have further
demonstrated that one can reduce waste brine volume while simultaneously harvesting osmotic
energy as electricity. Waste brine management is the key economic barrier for utilizing ion
exchange (IX) processes to remove specific inorganic contaminants.®® In a recent study
conducted by Arias-Paic and Korak,’ it has been demonstrated that FO can reduce chromium and
nitrate waste brine disposal volumes and its integration with other water purification methods

such as IX could significantly reduce the cost of water recovery operations.’

In addition, due to the high salinity difference between the feed solution and the draw
solution, there is considerable osmotic energy stored in the FO processes. As another form of
RED, nanopore-based power generation (NPG)°!- 2 directly harvests the osmotic energy as
electricity by utilizing membranes that separate the two solutions of different salinities. ® High

power densities of up to 10° W/m? on single nanopores and 67 W/m? on nanofluidic membranes
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have been reported.®? Almost all power density tests have been conducted with extremely small
areas on single nanopores and nanofluidic membranes, and most of the up-scaled membranes
have power densities less than 5 W/m?. ¢! The negatively charged RGO membranes as shown in
Figure 1B will preferentially reject anions, causing some leakage of cations from the draw
solution to the feed solution, inherently producing electricity in the FO process. By using as-
prepared RGO membranes, we have demonstrated that one can harvest the osmotic energy as
electricity with an open-circuit voltage (OCV) of 2.24 V with four FO devices connected in
series to power LED light (Figure S17), while simultaneously concentrating waste brine volume
in the FO processes (Figure S18). As a primary test by using the waste brine from Alamogordo
Brackish Groundwater National Desalination Research Facility (Pond 3, conductivity 72 mS/cm
or ~37,000 mg/L TDS) as a feed solution and 26 wt% NaCl (~240 mS/cm or ~320,000 mg/L) *
as a draw solution under the stationary condition, we have obtained a water flux of ~14 L/m?h
for wastewater volume reduction while harvesting the osmotic energy as electricity with an OCV
of ~0.21 V (Figure S18), which otherwise is not collected and therefore wasted in the traditional

FO process. The detailed results will be further reported elsewhere.

The above results suggest that based on earth-abundant salts, the RGO FO membranes
may enable a new type of novel batteries-osmotic batteries, using clean osmotic energy. In the
FO process, the osmotic battery works in a mimetic way as the discharging lithium-ion batteries.
The process may also simultaneously store the osmotic energy as intercalated salts in the RGO
membrane by taking advantage of concentration polarization. It could be in the form of
miniaturized systems by incorporating hundreds and thousands of miniaturized devices arranged
in combined series-parallel circuit configurations. By slowly releasing the charge (low current

per device), long-term operation could be achieved. The systems could power electronic
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devices,® % neuromorphic computing,5>-¢7 sensors, Internet of Things (IoT) devices, and other
energy applications in remote or off-grid locations where water and salts (e.g., wastewater and
brines) are available. For applications which require large-area GO/RGO membranes, several
research groups have synthesized GO/RGO membranes with a dimension of 120 cm x 35 ¢cm,®
150 mm® and 290 mm?° in diameter by vacuum filtration. Kaner et al.”! have employed a novel
thin-film lift off technique in combination with the blade coating method 7> to make
mechanically robust nanostructured membranes using large-area and well aligned GO nanofilms.
Large-area GO/RGO membranes can also be prepared by a gravure printing technique where the
membrane size is only limited by the size of the gravure machine.” In combination with a heat
gun technique,*’ the printed GO membranes can be in situ thermally reduced to RGO membranes

under controlled temperatures and atmospheres.

4. CONCLUSIONS

In combination with structure characterization, we have systematically studied a variety
of factors for fabricating thermally reduced graphene oxide (RGO) forward osmosis membranes.
XPS reveals that the nanoporous GO sheets have almost constant C/O ratio with the atomic ratio
Cc:Cp:0=1.1:1.1:1 in the pristine and nanoporous GO samples under different hydrogen
peroxide oxidation times. The thermal annealing leads to the partial restoration of m conjugation
of RGO membranes with narrower interlayer spacing. After saturated with water, the interlayer
spacing of RGO membranes between 0.84 and 1.04 nm, capable of rejecting some small ions and
molecules occurs at a narrow temperature range between 155 and 170 °C. We have demonstrated

that an exceptionally large reverse flux selectivity (6700 L/mol) of the RGO membranes on
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nylon filter membranes have been obtained with 1.5 M sodium sulfate draw solution, about 7
times larger than that of commercial cellulose triacetate membranes under the same testing
condition. The RGO membranes are mechanically strong and can withstand the tape peel tests
without losing superior FO performance. They also possess enhanced water swelling resistance,
oxidation resistance against Cr (VI) and hypochlorite, and application potential for reducing
wastewater volumes and harvesting osmotic energy as electricity simultaneously, uniquely
attractive for wastewater management, selective chemical enrichments, and carbon-negative

energy applications.
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