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ABSTRACT: A novel O-(carboxymethyl)-chitosan (OCMC)
nanofiltration (NF) membrane is developed via surface
functionalization with graphene oxide (GO) nanosheets to
enhance desalting properties. Using ring-opening polymer-
ization between epoxy groups of GO nanosheets and amino
groups of OCMC active layer, GO nanosheets are irreversibly
bound to the membrane. The OCMC NF membranes surface-
functionalized with GO nanosheets are characterized by
Fourier-transform infrared spectroscopy, X-ray photoelectron

GO nanosheets

spectroscopy, scanning electron microscopy, atomic force microscopy, contact angle analyzer, and zeta potential analyzer. The
membranes exhibit not only higher permeability but also better salt rejections than the pristine membranes and the commercial
NF membranes; besides, the desalting properties are enhanced with the concentration of GO nanosheets increasing.
Furthermore, the transport mechanism of GO—OCMC NF membranes reveals that the nanoporous structure of GO—OCMC
functional layer and size exclusion and electrostatic repulsion of water nanochannels formed by GO nanosheets lead to the

membranes possessing enhanced desalting properties.
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1. INTRODUCTION

Water shortage is a worldwide problem due to dwindling water
resources and increasing water consumption. Desalination
using nanofiltration (NF) membranes is nowadays an
appropriate choice for brackish and seawater treatment.'™
NF membranes with high retention of multivalent anion salts,
low operational pressure, and high water flux can considerately
reduce the investment and energy costs of separation processes.
Thus, it is of great interest to develop novel NF membranes
assuring high salt rejections, as well as high water permeability.
Graphene (GN) is a two-dimensional sheet of sp>-bonded
carbon atoms in a hexagonal honeycomb lattice with atomic
thickness and high mechanical strength.® Attractive advantages
of GN over membranes enable faster water transport, low-
pressure requirements, and a wider range of operating
conditions than previously possible.” Graphene oxide (GO)
nanosheets are the highly oxidized form of GN with carboxyl,
epoxy, and hydroxyl groups in the plane and the edges.® These
oxygen-containing functional groups endow GO nanosheets
with good hydrophilicity and provide possibilities for the
reactions with amino groups.”'® On the basis of its good
hydrophilicity and chemical properties, GO nanosheets possess
promising potentials for water purification."""?
O-(carboxymethyl)-chitosan (OCMC) is a derivative of the
naturally occurring polysaccharide chitosan (CS) with both
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primary amino and hydroxyl groups.'® It can be employed as
the material of the active layers to prepare NF membranes
through methods of surface cross-linking,14 blending,15 ultra-
violet irradiation,'® surface functionalization,'” etc.

Recently, GO nanosheets as a novel nanomaterial have been
used for membrane fabrication via phase inversion, layer-by-
layer deposition, and surface functionalization to improve
antifouling properties, permeability, and mechanical strength of
membranes.'®>* Although GO membranes prepared by phase-
inversion method have relatively improved antifouling perform-
ances, the majority of GO nanosheets is embedded in the bulk
of the membrane, rendering it unavailable to form a functional
layer on the membrane surface. The approach of layer-by-layer
deposition has partly enhanced separating properties of GO
membranes, but GO nanosheets with free surface 7 electrons
on the basal plane tend to stack up on the membrane surface
due to the 7—7 conjugate interaction.”® The aggregation of GO
nanosheets could further hamper the surface-based water
transport of membranes, rendering the degradation of
membrane separating performances. Additionally, some studies
have focused on surface functionalization. While it has
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Scheme 1. Procedure to Synthesize OCMC NF Membranes Surface-Functionalized with GO Nanosheets

effectively enhanced the antimicrobial properties of GO
membranes, the generated amide and ester groups have the
tendency of hydrolysis, leading to the inactivation of the
functional layer. To solve these problems, GO nanosheets
should be covalently and irreversibly bonded on the membrane
surface without aggregation to improve separating properties.
Surface functionalization is a feasible approach to change the
surface properties of membranes in a defined selective way
while preserving its porous structure. Using ring-opening
polymerization between epoxy groups in GO nanosheets and
amino groups in the OCMC active layer, GO nanosheets can
be irreversibly bound to the membrane surface. Furthermore,
the mass-transport process through GO—OCMC NF mem-
branes is explored for the first time. To date, surface
functionalization of the OCMC membranes with GO nano-
sheets that enhances desalting properties has not been
investigated.

In this paper, we report a novel OCMC NF membrane
surface functionalized with GO nanosheets to enhance
desalting properties. GO nanosheets are covalently bound to
the OCMC active layer of membranes, yielding both higher
permeability and better separating property, compared with the
pristine membrane and the commercial NF membranes.
Moreover, the concentration of GO nanosheets has a
remarkable influence on the morphology and separating
performances of membranes, including hydrophilicity, surface
roughness, water flux, and salt rejection. We also explore the
mechanism of separation and permeation for OCMC NF
membranes surface functionalized with GO nanosheets.

2. EXPERIMENTAL SECTION

2.1. Materials. The following chemicals were used as received: O-
(carboxymethyl)-chitosan (OCMC, 80 wt % of deacetylation, Dibo),
graphite (GN, Fada), H,SO, (95 wt %, Sinopharm), KMnO,
(Sinopharm), H,0, (30 wt %, Sinopharm), HCl (36—38 wt %,
Sinopharm), Epichlorohydrin (ECH, Basf), NaOH (Sinopharm),
NaCl (Sinopharm), Na,SO, (Sinopharm), and KCI (Sinopharm). The
commercial membrane of polysulfone (PSf, Lanjing) was used as
supporting layer, and NTR 7450 (Hydranautics/Nitto Denko), NF
200 and NF 270 (Dow Deutschland), DK (GE Osmonics), OPMN-K
(Vladipor), and NF-PES-10 (Microdyne Nadir Filtration) were used
for comparison test.

2.2. Methods. 2.2.1. Preparation of GO Nanosheets. There are
many methods in practice for the preparation of GO nanosheets.**>’
In this experiment, a modified Hummer’s method was used to prepare
GO nanosheets from natural graphite powder.*® First, flake graphite
was oxidized in a mixture of concentrated H,SO, and KMnO, below
10 °C. Then, the temperature of mixture was maintained at 30—40 °C
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for 30 min. Second, the resulting pasty solution was diluted, and the
temperature was maintained at 90—100 °C for 15—20 min. Third,
hydrogen peroxide was added, and the color of the suspension
changed from brown to yellowish brown. Finally, GO was obtained by
centrifugation and ultrasonication in water. After drying the residue in
vacuum drying oven, GO nanosheets were used for the further
characterization and membrane preparation.

2.2.2. Preparation of OCMC NF Membranes Surface-Function-
alized with GO Nanosheets. The overall membrane synthesis
procedure is illustrated in Scheme 1. First, the filtered and degassed
1.7 wt % of OCMC aqueous solution was coated on the PSf
membrane by a finely polished glass rod. This membrane was then
dried in a convection oven at 60 °C for 1 h, and the OCMC-coating
was formed on the PSf membrane support. Second, the OCMC-coated
membrane was soaked in the GO nanosheets solution that was
composed of GO nanosheets (0, 2, 10, 100 mg/L) and ECH (2 wt %)
in ethanol at pH & 14 and was maintained in a convection oven at 50
°C for 3 h. ECH was cross-linked with OCMC-coating, while the
epoxy groups in GO nanosheets were covalently bonded to amino
groups in OCMC-coated membrane via surface functionalization.
Finally, the membranes were rinsed thoroughly with ethanol to
remove excessive GO and ECH. The membranes were stored in
deionized water for further characterization.

2.3. Characterization. The Fourier-transform infrared (FTIR)
spectroscopy was performed using Tensor 27 spectrometer (Bruker,
Germany) in the range of 4000—400 cm™" at room temperature. X-ray
powder diffraction (XRD) patterns were recorded using D8
ADVANCE diffractometer (Bruker, Germany), equipped with a Cu
Ka radiation source (A= 1.5418 A). Raman scattering was performed
on NEXUS 670 Microscopy (Thermo Nicolet, USA) with an
excitation laser of 532 nm. The X-ray photoelectron spectroscopy
(XPS) measurement was performed on ESCALAB 250 spectropho-
tometer (Thermo Fisher SCIENTIFIC, USA) with an achromatic
Mg/Al X-ray source at 45S0W. Scanning electron microscopy (SEM)
was observed using S-4800 scanning electron microscope (Hitachi,
Japan) at a 15 kV accelerating voltage. The samples were coated with
gold under an argon purge before the characterization. Atomic force
microscopy (AFM) images were recorded using Multimode-V
microscope (Veeco, USA) in contact mode. Contact angle measure-
ments were performed with a DSA100 contact angle analyzer (Kruss,
Germany) using a sessile drop technique. At least two replicates were
used, and ~20 Milli-Q water drops per replicate were delivered for
calculation of the average value of the contact angle. Membrane zeta
potentials were measured using a NANOPLUS zeta potential analyzer
(Micromeritics, USA) with KCl electrolyte solution. The zeta
potentials were measured over the range of pH 3—10. Results
shown for each pH are an average of six measurements taken at that
pH.
2.4. Membrane Permeation Measurements. NF membrane
Performance Evaluation Instrument (Hangzhou Water Treatment
Center) was used to evaluate water flux and salt rejection of
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membranes via cross-flow filtration. Prior to filtration, the membranes
were wetted by pressurization at 2 MPa for 30 min. The pure water
flux was measured (P = 0.25, 0.5, 1.0, and 1.5 MPa, t = 25 °C, v = 5.0
m/s). NaCl solution (1000 mg/ L)asa representative monovalent salt
solution and Na,SO, solution (1000 mg/L) as a representative
divalent salt solution were used for the single salt filtration,
respectively. The permeate flux and salt rejection were measured (P
0.25, 0.5, 1.0, and 1.5 MPa, t = 25 °C, v = 5.0 m/s). The
concentration of the feed solution and the raw solution were measured
by conductivity meter (DDS-307A, Leici, China)

For all the tested salt solutions and natural water, the natural pH of
6.0 + 0.1 was used. The average data were determined from three
pieces of the membrane tested.

The flux was defined as the amount of permeate produced per unit
area of membrane surface per unit time:

AV
T AAt (1)

where F is the flux (L-m™2-h™"); AV is the volume of product water
(L); A is the area of membrane surface (m?); At is the time of
permeation (h).

The salt rejection was calculated by changing the ratio of electrical
conductivity:

K
R=1]1—- —| X 100%
Ko

)

where k, is the feed conductivity (uS/cm); k; the permeate
conductivity (uS/cm).

2.5. Membrane Comparison Tests. The NF membranes studied
were NTR 7450, NF 200, NF 270, DK, OPMN-K, NF-PES-10, and
GO—-OCMC membranes (100 mg/L GO nanosheets) for desalting
performances. The membrane comparison tests were operated using
NF membrane Performance Evaluation Instrument as mentioned
above at 25 °C and 1 MPa, with the feed concentration of 1 g/L NaCl
or 1 g/L Na,SO, solution, respectively, and the permeate flux and salt
rejection were measured. Prior to the experiments, all virgin NF
membranes were soaked overnight in Milli-Q water.

3. RESULTS AND DISCUSSION

3.1. Characterization of OCMC NF Membranes Sur-
face-Functionalized with GO Nanosheets. Figure 1 shows

(c)
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Figure 1. FTIR spectra of (a) OCMC/PSf membranes, (b) ECH—
OCMC/PSf membranes, and (¢) GO—OCMC/PSf membranes.

FTIR spectra of OCMC/PSf membranes, ECH-OCMC/PSf
membranes, and GO—OCMC/PSf membranes. For OCMC/
PSf membranes, as shown in Figure 1a, the peaks at 1555 and
1240 cm™ are corresponding to —NH— bending vibration of
—NH, and —OH bending vibrations, respectively. For ECH—
OCMC/PSf membranes, the peak of —NH, stretching (1555
cm™") disappears, and the intensity of —OH stretching (1240
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cm™") is increased (Figure 1b), as a consequence of the cross-
linking between ECH and OCMC.** In GO—OCMC/PSf
membranes, as shown in Figure Ic, the intensity of —NH,
stretching (1550 cm™") becomes slightly stronger, while that of
—OH stretching (1240 cm™") is much stronger than in ECH—
OCMC/PSf membranes due to surface functionalization of GO
nanosheets, which is consistent with the XPS data (Supporting
Information, Figure S6). We can further demonstrate the
surface binding of GO nanosheets by computing the cross-
linking degree of ECH and OCMC from the ATR-FTIR

spectra as shown according to the following equations:>"*>
_ INHz _ IOH
Rym, = » Row =
sulfone sulfone (3)

where Iy and Ioy is the absorbance at 1555 and 1240 cm™,

corresponding to the hydroxyl groups and primary amine,
respectively, and Iy is the absorbance of PES at 1150 cm™.
As shown in Table 1, Ryy, is ordered as follows: OCMC/PSf

Table 1. Ryy, and Rpy of OCMC/PSf, EHC-OCMC/PS{,
and GO—OCMC/PSf Membranes

OCMC/PSf ECH-OCMC/PSf GO—-OCMC/PSf
membranes membranes membranes
RNHZ 0.1208 0.0184 0.1024
Roy 1.137 1.1632 1.3887

membrane > GO—OCMC/PSf membrane > ECH-OCMC/
PSf membrane, and Ry is ordered as follows: GO—OCMC/
PSf membrane > ECH—OCMC/PSf membrane > OCMC/PSf
membrane. Therefore, GO nanosheets are covalently bonded
to OCMC NF membranes, whereas the cross-linking degree of
ECH in GO—OCMC/PSf membranes is lower than that in
ECH—-OCMC/PSf membranes. It implies that GO nanosheets
hindered the cross-linking reaction of ECH and OCMC,
resulting in the lower cross-linking degree of GO—OCMC/PSf
membranes. GO nanosheets possibly blocked the penetration
of ECH into OCMC coating due to the sheet-like structure.
Surface functionalization with GO nanosheets is thus successful
in fabricating GO—OCMC/PSf membranes.

The surface morphology of ECH-OCMC/PSf and GO—
OCMC/PSf membranes are visualized by SEM, and the results
are shown in Figure 2. In Figure 2a, the surface of ECH—
OCMC/PSf membranes is not completely smooth with some
nodules and pores of similar sizes, which comes from the
homogeneous cross-linking reaction of ECH and OCMC. After
surface functionalized with GO nanosheets, as shown in Figure
2b, the morphology of GO—OCMC/PSf membranes is
significantly changed, where pore sizes and nodules are reduced
on the surface. As the concentration of GO nanosheets
increases, pores and nodules become invisible, and the
membrane surface is composed of tight and smooth structures
with slits observed in Figure 2b—d.

Figure 3 shows the three-dimensional (3D) AFM surface
images of ECH—OCMC/PSf and GO—OCMC/PSf mem-
branes. The data of the surface roughness are presented in
Table 2. Generally, the surface roughness is an important
parameter correlating with membrane antifouling property and
local mass transfer.>®> The surface of ECH—OCMC/PSf
membrane presents high roughness with several obvious
“peaks” and “valleys” in Figure 3a. After surface functionalized
with GO nanosheets, the fluctuations are replaced by numerous
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Figure 2. SEM images of (a) ECH—OCMC/PSf membranes and (b—d) GO—OCMC/PSf membranes with GO nanosheets (2, 10, 100 mg/L).
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Figure 3. AFM 3D images of (a) ECH—OCMC/PSf membranes and (b—d) GO—OCMC/PSf membranes with GO nanosheets (2, 10, 100 mg/L).

small ones, which leads to a smoother surface on GO—OCMC/ decreases from 8211 to 4.149 nm with increasing the GO
PSf membrane. The root-mean square roughness (RMS) nanosheets concentration from 0 to 100 mg/L, shown in Table
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Table 2. Surface Roughness of Membranes

membranes RMS® (nm)
ECH—-OCMC/PSf membrane 821 + 0.264
GO—OCMC/PSf membrane (2 mg/L GO nanosheets) 591 + 0.204
GO—OCMC/PSf membrane (10 mg/L GO nanosheets) 5.48 + 0.190
GO—OCMC/PSf membrane (100 mg/L GO nanosheets)  4.18 + 0.112

“Means of three samples for each membrane.

2. It suggests that the decrease in RMS values is attributed to
the surface functionalization of GO nanosheets. For ECH—
OCMC/PSf membranes, OCMC usually has a tendency of
instantaneous demixing, leading to a high RMS value and a
reduction in uniformity. After surface functionalization, GO
nanosheets are covalently bounded to the surface of OCMC
active layer, reducing the swelling of OCMC, so that surface
roughness of GO—OCMC membranes decreases. In addition,
the increasing concentration of GO nanosheets could provide
more GO nanosheets in large sizes. It could cover a wide area
that exceeds the area of voids between the sheets and yields the
most compact and smooth membrane surface.>***

Surface hydrophilicity is one of the most important factors in
determlmng permeation and antifouling properties of mem-
branes.*® Water static contact angle (WSCA) of the membrane
surface is measured to characterize surface hydrophilicity, and
the results are shown in Figure 4; WSCA decreases from 62° to

80
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S 60 -
o
8
5
> . .
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(a) (b) (c) (d)

Membrane number

Figure 4. Water static contact angle of (a) ECH—OCMC/PSf
membranes and (b—d) GO—OCMC/PSf membranes with GO
nanosheets (2, 10, 100 mg/L).

49.8° with the increasing concentration of GO nanosheets
solution from 0 to 100 mg/L. It indicates that the surface
functionalization of GO nanosheets effectively enhances the
hydrophilicity of membranes. In previous reports, GO nano-
sheets have good hydrophﬂ1c1ty due to plenty of carboxyl,
epoxy, and hydroxyl groups.”” Surface binding of GO
nanosheets endows OCMC NF membrane with high hydro-
philicity. Thus, GO—OCMC/PSf membranes present higher
hydrophilicity, which could benefit water permeability of
membranes.

The results of the zeta potential versus pH for the
membranes are shown in Figure 5. The ECH-OCMC and
GO—OCMC membranes are all positively charged at low pH
with an isoelectric point between pH 3—6 and negatively
charged at high pH. The isoelectric point of ECH—OCMC is
5.3, which is consistent with previously reports.*® More
specifically, the isoelectric points of GO—OCMC membranes
(2, 10, 100 mg/L) are 4.4, 42 and 4.1, respectively. GO—
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Figure S. Zeta potential measurements of (a) ECH-OCMC/PSf
membranes and (b—d) GO—OCMC/PSf membranes with GO
nanosheets (2, 10, 100 mg/L) at various pH.

OCMC membranes are more negative than ECH—OCMC
membranes. When the concentration of GO is 100 mg/L, the
GO—-OCMC membranes attain more negative zeta potential
(ca. =20 mV at pH 9.8) than ECH—OCMC (ca. —8 mV at pH
9.8). Zeta potential curves of this shape are characteristic of
surfaces with both acidic and basic functional groups. With
increasing GO concentration, the charges of the GO—OCMC
membrane surface relatively decrease. Note that GO nano-
sheets are negatively charged due to the aromatic matrix and
oxygen-containing functional groups.* '® The attachment of
GO nanosheets significantly contributes to the surface charges
of membranes. Since GO nanosheets are increasingly
introduced on the membrane surface, the density of functional
groups and the charge density increase, resulting in the more
negative GO—OCMC membrane surfaces. Therefore, the
effective membrane charge could be attributed to the inherent
charges due to protonation and dissociation of surface carboxyl
and hydroxyl groups.

3.2. Membrane Permeation. Figure 6 shows the resultant
pure water fluxes of ECH-OCMC/PSf and GO—OCMC/PSf

30F
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Figure 6. Pure water fluxes of (a) ECH-OCMC/PSf membranes and
(b—d) GO—OCMC/PSf membranes with GO nanosheets (2, 10, 100
mg/ L).

membranes. The pure water fluxes of membranes significantly
increase as GO nanosheets concentration increases. When the
concentration of GO nanosheets is 100 mg/L, the GO—
OCMC/PSf membrane has a maximum pure water flux of
26.89 L-m™2h™! at 1.5 MPa, which is about twice that of the
ECH—OCMC/PSf membrane. The increase of water flux could
be attributed to the increase of hydrophilicity of GO—OCMC

functional layer and the decrease of permeability resistance. On
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one hand, GO nanosheets, which possess a great amount of
hydrophilic groups, promote the interaction between mem-
brane surface and water molecules. On the other hand, GO
naonosheets can cover a wide area without exposing the
underlying polymer layer.** Consequently, GO naonosheets
would hinder the cross-linking between ECH and OCMC due
to the unique sheet-like structure, rendering the decrease of
permeability resistance from the cross-linking network. GO—
OCMC/PSf membranes thus exhibited the increase of the
permeate flux.

The separation performance of ECH—OCMC/PSf and
GO—-OCMC/PSf membranes is examined using NaCl as a
representative monovalent salt and Na,SO, as a representative
divalent salt, and the results are shown in Figures 7 and 8. GO—
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Figure 7. (A) Permeation flux and (B) NaCl rejection of (a) ECH—
OCMC/PSf membranes and (b—d) GO—OCMC/PSf membranes
with GO nanosheets (2, 10, 100 mg/L).

OCMC/PSf membranes and ECH—OCMC/PSf membranes
both have the higher rejection of Na,SO, over NaCl solution.
Previous study presented that the permeation flux of Na,SO,
and NaCl both had similar flux of ~18 L-m™2h™" for ECH—
OCMC/PS membranes.>® In this paper, GO nanosheets were
introduced into the OCMC NF membrane via surface
modification. Therefore, GO—OCMC/PSf membranes and
ECH—OCMC/PSf membranes display almost similar range of
flux rate for both Na,SO, and NaCl solution. Permeation flux
and salt rejection of GO—OCMC/PSF membranes concur-
rently increase with the additive GO nanosheets increasing.
When the concentration of GO nanosheets is 100 mg/L, GO—
OCMC/PSf membranes achieve the maximum salt rejections
of 69.10% and 93.74% for a feed NaCl and Na,SO,
concentration of 1000 mg/L, respectively, and the correspond-
ing permeation fluxes of 24.12 and 24.07 L-m *h ™" at 1.5 MPa.
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Figure 8. (A) Permeation flux and (B) Na,SO, rejection of (a) ECH—
OCMC/PSf membranes and (b—d) GO—OCMC/PSf membranes
with GO nanosheets (2, 10, 100 mg/L).

This indicates that GO nanosheets effectively enhance the
permeability and salt rejection of GO—OCMC/PSf mem-
branes. On one hand, the increase of hydrophilicity of GO—
OCMC functional layer and the decrease of permeability
resistance attributed to the increase of permeation flux, as
shown above. On the other hand, the presence of multiple
functional groups on GO naonsheets resulted in a negative
surface charge distribution on membrane surface and nanoscale
interlayer spacing of GO nanosheets resulted in size exclusion
in the GO—OCMC functional layer, which could effectively
hinder the passage of salt ions for GO—OCMC/PSf
membranes. Moreover, the higher retention for Na,SO, than
NaCl is in accordance to the diffusion coeflicients between the
salts. According to previous studies, the order of the diffusion
coefficients is inversely reflected in the retention sequence.*”*’
As the diffusion coeflicient for Na,SO, is much lower than for
NaCl, for Na,SO, a low diffusion contribution can be expected
resulting in a higher retention. Thus, GO—OCMC/PSf
membranes present both higher water permeation and higher
salt rejection than ECH—OCMC/PSf membrane.

3.3. Comparison of Commercial NF Membranes in
Desalting Properties. In Figure 9, the GO—OCMC
membranes are compared with the commercial NF membranes
for desalting properties. The comparison focuses on two
quantities of interest: the permeation flux through the
membranes and salt rejections. The separation results show
that the GO—OCMC NF membranes possess better desalting
properties than commercial NF membranes. The permeation
flux of NaCl is nearly 2—15 times higher in GO—OCMC NF
membrane than it is in other types of NF membranes, and the
rejection is the maximum of 62%; while that of Na,SO, is
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Figure 9. Comparison of NF membranes in (A) NaCl and (B)
Na,SO, permeation.

nearly 2—21 times higher, and the rejection is the maximum of
92.9%. Therefore, the GO—OCMC membranes show signifi-
cant improvement in membrane desalting properties suited for
large-scale industrial applications.

3.4. Transport and Separation Mechanism. To further
illustrate the transport and separation mechanism of GO—
OCMC/PSF membranes, the simulation diagram is shown in
Figure 10. Previous study found that the self-assembled GO

e

PSf membrane

Figure 10. Schematic of the separating process of GO—OCMC/PSf
membranes.

GO nanosheets

OCMC coating

layer is composed of 2—3 GO nanosheets.>**' In our research,

we assumed that the top layer of the membrane contains 2—3
GO nanosheets. The interlayer distance of single-layered GO
nanosheets is 0.7—1 nm owing to multiple functional groups on
the surface of GO platelets. When GO stacking, water
nanochannels (~0.7—1 nm thick) between GO single sheets
are formed.*”** Consequently, the GO—OCMC/PSF mem-
brane surface consists of water nanochannels in the diameter of
0.7—1.0 nm.
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Research on nanoporous GN menbranes suggests that single-
layer GNs with the diameter of ~0.4 nm pores can reach water
permeability as high as 2.75 X 10° L-m~*h~"-MPa™".” Owing to
water nanochannels with hydrophilic groups, OH groups on
the GO—OCMC/PSf membrane surface can hydrogen bond
with water and offer a smoother entropic landscape for water
molecules to traverse, thus allowing for faster overall water flow
between GO nanosheets.** Therefore, GO nanosheets are
supposed to scarcely influence the water flux of membranes.
Moreover, GO naonosheets with good coverage capacity on
OCMC coatings hindered the cross-linking between ECH and
OCMC so that the cross-linking degree between ECH and
OCMC decreased, endowing the functional layer of GO—
OCMC/PSf membranes with higher permeability than that of
ECH—OCMC/PSf membranes. When GO nanosheets increas-
ingly distributed on GO—OCMC/PSf membranes, the reacting
density of ECH and OCMC decreased, the reacting network
decreased, and water passage tortuosity decreased. Permeation
resistance of GO—OCMC/PSf membranes is thus weakened,
allowing the increase of water flux.

In previous study, the decrease of cross-linking degree
between ECH and OCMC usually resulted in the decrease of
salt rejection.®® However, our research presented both high
water flux and high salt rejection. Electrostatic repulsion and
size exclusion of the water nanochannel are the main factor for
high salt rejection. The active layer of GO—OCMC/PSf
membranes could acquire a negative surface charge distribution
due to the ionization of carboxylic acid and hydroxyl groups of
GO nanosheets in water,*® which is consistent with the results
of zeta potential. Electrostatic repulsion thus dominates the
high salt retention. Moreover, the presence of functional groups
on GO nanosheets resulted in 0.7—1 nm interlayer distance.*”
Size exclusion by GO nanosheets could also help GO-—
OCMC/PSf membranes effectively hinder the passage of salt
ions. Therefore, water flux and salt rejection performances were
greatly improved.

4. CONCLUSION

This paper has presented a feasible OCMC NF membrane
preparation method via surface functionalization with GO
nanosheets. GO nanosheets have effectively improved water
flux and salt rejection of membranes. As the GO nanosheets
concentration increases, GO—OCMC/PSf membranes have
exhibited enhanced desalting properties including higher
hydrophilicity, lower surface roughness, higher water fluxes,
and higher salts rejections compared with other types of the
commercial NF membranes. The good separation performance
can be attributed to the nanoporous structure of functional
layer, size exclusion, and electrostatic repulsion of water
nanochannels on GO—OCMC NF membrane surface. In
general, the OCMC NF membrane surface functionalized with
GO nanosheets shows promise in water desalination due to
high flux and good separation properties.
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