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ABSTRACT: Graphene oxide (GO) has attracted remarkable
attention as a potential material in the fabrication of next-
generation membranes with high water permeability and efficient
purification. Herein, an easy and effective means of modifying GO
lamellar with a phytic acid (PhA) molecule as both an inserter and
a surface modifier was developed to fabricate high-performance
GO-based membranes. As a result, the addition of PhA to the GO
membrane enhanced hydrophilicity and enlarged the interlamellar
spacing. The optimal GP-10 composite membrane displayed a high
average pure water flux of 6.31 L m−2 h−1 bar−1 under an ultralow
pressure nanofiltration condition, which was about 18.6 times
higher than that of 0.34 L m−2 h−1 bar−1 for pure GO membrane.
At the same time, it possessed the ability to reject different charged
dye molecules with a rejection rate higher than 99.88%. In addition, the composite membrane also showed good structural stability
under different pH conditions. This study not only provides a method to simply design GO-based membranes by introducing
multifunctional small molecules but also sheds light on using such GO composite membranes in practical water separation
applications.
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1. INTRODUCTION

High-efficiency technologies for water purification are of key
significance to solve serious water shortage and water pollution
in our modern society.1−5 As an efficient water treatment
technology, membrane filtration has been widely used in
wastewater treatment and seawater desalination owing to the
advantages of high separation efficiency, low energy con-
sumption, simple operation, and environmental friend-
liness.6−11 Nanofiltration (NF) is a type of membrane filtration
techniques that can work under relatively low operation
pressure but with high permeation flux and rejection rate.12−15

However, conventional polymer-based NF membranes usually
suffer physical aging, poor thermal and chemical resistance, and
membrane fouling problems, which hinder their large-scale
applications and long periodic running.16−20 In addition,
overcoming the widespread “trade-off” effect between perme-
ability and selectivity is still a major challenge in water
treatment-related membrane processes.21−23 Therefore, smart
designing of next-generation advanced NF membranes has
received more and more attention in the fields of water
purification and molecular separation.
Recently, researchers have mainly focused on searching for

new membrane materials to fabricate high-performance NF
membranes that can balance the rejection rate and water
permeability. Among all available materials, two-dimensional
(2D) materials, such as graphene24 and graphene oxide

(GO),25 owing to their high thermal, chemical, and mechanical
stability, atomic thickness, and fast water transport channels,
have been considered to be one of the most potential materials
for fabricating next-generation advanced NF membranes.26−30

Because the abundant oxygen-containing functional groups
(i.e., −OH, −COOH, epoxy groups) on the edges and the
surface of GO enable it to easily disperse in water, the
submicrometer-thick GO membrane has promising water
transport properties, as a previous study by Geim et al. in
2012 has demonstrated.31

However, pure laminar GO membranes usually show low
water flux.32−34 How to improve the water flux of GO-based
membranes without sacrificing the rejection rate is crucial for
designing the NF membrane devices. Inserting a suitable
amount of intercalation materials, including zero-dimensional
(0D) materials such as quantum dots,35 one-dimensional (1D)
materials such as Fe3O4,

36 SiO2,
37 TiO2 nanoparticles,38,39

oxidized carbon nanotubes (OCNTs),40−43 2D materials such
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as boron nitride (BN)44 and MoS2,
45 and three-dimensional

(3D) materials such as metal−organic frameworks
(MOFs),46−48 into the interlayer channels to enlarge the
interlayer distances has become an effective strategy to
enhance water permeance. For example, Jin et al.36 enlarged
the interlayer distances to enhance the water flux by uniformly
in situ-growing the Fe3O4 nanoparticles on the plane of the
GO nanosheet. In 2018, Xu et al.40 used OCNTs to adjust the
interlayer distance of GO and increase the water channel of the
membrane through the layer-by-layer self-assembly technique,
acquiring a pure water flux of 21.7 L m−2 h−1 and obtaining a
99.3% rejection rate for methyl blue. Subsequently, they
prepared forward osmosis (FO) GOOCNTs-LbL membrane
by GO and OCNTs with five bilayers.42 The results showed
that inserting OCNTs in the GO interlayer can increase the
layer spacing and thus efficiently improve the water flux. In
addition, Jin et al.46 incorporated 3D nanoporous crystals as
intercalators to enlarge the interlamellar spacing, which made
the water permeability of the optimized membrane with 14
times enhancements while maintaining a relatively high
rejection rate of 98.2% for rhodamine B. However, most of
these inserters often cause excessive expansion of the interlayer
distances because of their large size and poor interactions
between inserters and GO lamellar, which further deteriorates
the membrane stability and selectivity.49,50 The unfavorable
swelling effect coming from the excessive inserted agents into
the GO nanochannels tends to destroy the interlayer van der
Waals forces, which results in an unstable laminar GO
structure and thus worsens its performance and selectivity.51,52

Membrane surface modification with hydrophilic materials is
an effective means to further enhance the membrane
performance that possesses a high rejection rate and water
permeability through the synergistic effect of an inserter and a
surface modifier.53,54 However, fabricating a membrane device
with this synergistic effect usually involved a complex process
and expensive manufacturing cost. Therefore, it is of great
significance to use a simple route that can realize both
interlayer cross-linking and surface hydrophilic modification to
precisely regulate the membrane structure and thus improve
membrane performance and engineer-stabilized nanochannels,
which remains to be of high demand.
As a water-soluble natural organic compound, phytic acid

(PhA) is readily obtained from grains and beans.55 It contains
six phosphate groups attached symmetrically to a cyclo-
hexanehexol ring. The peculiar molecular structure of PhA
makes it possible to serve as an intercalator to modify
interlayer distances because the phosphate groups of PhA can
easily interact with the oxygen-containing functional groups of
GO nanosheets through the formation of multiple hydrogen
bonding.56,57 Meanwhile, the existence of hydroxyl groups
endows PhA with good hydrophilicity.58,59 Consequently, PhA
can be used not only as an inserter but also as a surface
modifier to modify GO-based membranes.
Here, the uniform dispersion solution of GO and PhA was

assembled onto cellulose acetate (CA) membranes via the
vacuum filtration method to construct laminar GO/PhA (GP)
composite NF membranes. Heat treatment was employed to
enhance interactions between GO and PhA, where water
molecules were removed and formed a stable C−P bond
between GO galleries. Because of the expansion of the
interlayer distance and the improvement of hydrophilicity,
the pure water flux of the optimally tuned composite
membrane is increased 18.6 times from 0.34 L m−2 h−1

bar−1 for the pure GO membrane to 6.31 L m−2 h−1 bar−1

for the GP-10 membrane, while maintaining a high dye
rejection rate over 99.88%. Moreover, the optimally tuned
composite membrane exhibits good pH tolerance in harsh
aqueous solution. This work can arouse more research interests
on designing more practical high-performance composite NF
membranes for water purification.

2. EXPERIMENTAL SECTION
2.1. Membrane Fabrication. The GO solution was prepared

using the modified Hummers’ method according to our previous
study.54 In order to fabricate GO and GP composite membranes, 2
mL of GO dispersion (1 mg/mL) was first diluted to 20 mL of
deionized (DI) water. Then, different amounts of phytic acid (PhA)
solution (0, 0.1, 1, 2, 3, and 4 mL) with a concentration of 10 mg/mL
were added and stirred for 2 min. Subsequently, the mixed solution
was sonicated for 10 min to make sure a uniform GP suspension with
different mass ratios of GO to PhA (1:0, 1:1, 1:5, 1:10, 1:15, and
1:20) was obtained. After that, the uniform GP suspension was
assembled onto the supporting CA membranes via the vacuum
filtration method. The effective area of the membrane is controlled as
13.08 cm2. Finally, the composite membrane device was moved into
an oven at 90 °C for 0.5 h. The component ratio of the obtained
membrane was determined by the mass ratio and was expressed as
GP-X, in which X represents the mass ratio of PhA (GO, GP-1, GP-5,
GP-10, GP-15, and GP-20, respectively).

2.2. Permeability and Rejection Behavior of the Mem-
branes. The homemade dead-end filtration device was used to
measure the pure water flux and dye as well as salt retention, and the
effective area is 13.08 cm2. The specific operation process is as
follows: the pure water flux was evaluated using DI water, the
rejection behavior was measured using different organic dyes (10 mg/
L, including methyl blue (MB), direct red 80 (DR80), Congo red
(CR) and rhodamine B (RhB)) and different salt solutions (NaCl,
MgCl2, Na2SO4, and MgSO4, 2000 ppm). Before the membrane
performance test, all membranes were prepressurized for 10 min with
an operation pressure of 1 bar. Subsequently, the filtrate was collected
and measured every 30 min.

The pure water flux (J) and the rejection rate (R) were calculated
as follows:

J
V

AtP
=

(1)

R
C

C
1 100%p

f
= − ×

i
k
jjjjj

y
{
zzzzz (2)

where J, V, A, t, and P represent the pure water permeance (L m−2 h−1

bar−1), the volume (L) through the filtration membrane, the
membrane effective area (m2), the operation time (h), and the
operating pressure condition (bar), respectively. Also, CP and Cf
represent the concentration of the permeate side and the feed side,
respectively.

2.3. Membrane Hydrophilicity Influences by the pH Value.
To analyze the effect of the pH value on the hydrophilicity of the
membrane surface, each membrane was initially soaked in aqueous
solution with a pH value of 2 and 12 for 30 min. Then, we took it out
and dried it in the oven. The hydrophilicity was characterized using
the contact angle test.

2.4. Membrane Reusability Test. The reusability test method of
the GP composite membrane was similar to our previous study.54 In
brief, the reusability test was carried out using the filtration-dry-
filtration process. After the first filtration, the feed liquid was poured
out, and the adsorbed water between layers was pumped out; then,
the membrane was made to stand for 30 min at room temperature to
complete one cycle. After multiple cycles, the integrity of the GP
composite membrane can be judged by the change in the rejection
rate, and its strength can be determined at the same time.
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Detailed materials, membrane characterization methods, and other
relevant data are available in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Membrane Surface Morphology and Physico-
chemical Properties. The synthesis process steps of the GP
composite membrane are shown in Figure 1. First, PhA was
adsorbed on the surface of GO and the formed GP composite
through hydrogen bonding under ultrasonic dispersion.
Subsequently, the GP solution was assembled on the
supporting CA membrane via the vacuum filtration method.
To improve the structural strength of the GP membrane, the
obtained GP membrane was treated at 90 °C for 30 min,
during which the C−P bond was formed between the
interlayer of GO nanosheets.
From the digital photographs and SEM images shown in

Figures 2a, b and S1, we can see that all the membranes
surfaces are intact without any visible defects. Their typical
wrinkle morphologies came from the folding effects of GO
nanosheets. The cross-sectional morphologies shown in
Figures 2c, d and S2 demonstrate that the thickness of GP
active layers linearly increases with an increase in the PhA
dosage (Figure 2e). The thickness of GP-10 (593.1 nm) is
higher than that of GO (417.5 nm), which indicates that PhA
molecules have been successfully introduced into the GO
interlayer channels and thus will improve the permeation of
water through the membrane.
The transmission electron microscopy (TEM) image of GP-

10 and the corresponding element mapping are shown in
Figures 2f and S3. The GP-10 that links PhA on its surface
maintains the nanosheet morphology of GO (Figure S3).
Clearly, the C, O, and P elements are uniformly distributed
throughout the GP-10 membrane. In addition, the energy-

dispersive X-ray spectroscopy (EDS) mapping of GP-10
(Figure S4c and S4d) also exhibits that the phosphorous
element is uniformly distributed on the surface and the cross-
section of the GP-10 composite membrane, while no
phosphorous signals can be detected in pure GO membrane
(Figure S4a and S4b). These results further indicate that PhA
molecules not only successfully bonded onto the GO surface
but also inserted into the interlaminar nanochannels.
The interlayer distances of membranes will determine the

separation ability. The pure GO exhibits a narrow X-ray
diffraction (XRD) peak at 2θ = 10.82° with an interlayer
spacing of 0.818 nm (Figure 2g). For GP membranes, the
interlayer distances gradually increase as the content of PhA
increases (Figure 2h) as follows: 0.825 nm (GP-1) < 0.836 nm
(GP-5) < 0.847 nm (GP-10) < 0.850 nm (GP-15) < 0.852 nm
(GP-20). This is because more PhA molecules are inserted
into interlaminar channels, resulting in an extended interlayer
spacing. It can be expected that an increase in interlayer
distances between GO laminates would lead to higher water
permeability not only because the interfacial slip effect would
reduce60 but also because the larger interlayer spacing would
reduce the transfer resistance and thus become more favorable
for the transportation of water molecules.
As shown in Figure S5, pure GO membrane is negatively

charged because of the existence of abundant polar functional
groups on the GO edges and surfaces.61 By using PhA
molecules with abundant phosphate groups to modify GO, the
zeta potential decreases with the increasing PhA content at
first, and the GP-10 membrane exhibits the lowest zeta
potential of −49.6 mV, which is mainly due to the
deprotonation of a large number of phosphoric acid functional
groups in PhA molecules introduced into the membrane
surface.62 However, with a further increase in the PhA content,

Figure 1. Preparation process of the GP composite membrane.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c04322
ACS Appl. Nano Mater. 2022, 5, 3643−3653

3645

https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c04322/suppl_file/an1c04322_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c04322/suppl_file/an1c04322_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c04322/suppl_file/an1c04322_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c04322/suppl_file/an1c04322_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c04322/suppl_file/an1c04322_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c04322/suppl_file/an1c04322_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c04322/suppl_file/an1c04322_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c04322/suppl_file/an1c04322_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c04322?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c04322?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c04322?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c04322?fig=fig1&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c04322?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the zeta potential starts to gradually increase again. This is
mainly because with the further increase in the PhA content,
the pH value of the original solution will further decrease,
which would inhibit the deprotonation of the hydroxyl and
carboxyl groups on the edge of GO and the phosphate
functional groups of PhA molecules, resulting in an increase in
the zeta potential.52,63 Although the change in membrane
potential is nonlinear, all the zeta potentials of GO and GP
membranes are negative, especially for the GP-10 membrane,
which possesses the lowest zeta potential of −49.6 mV. This
result further demonstrates the successful modification GO
with PhA molecules, and we can expect that the GP-10 that
exhibits the lowest zeta potential will have a higher rejection
rate for negatively charged dyes and ions owing to the Donnan
effect.64

3.2. Membrane Surface Chemical Composition. Figure
2i illustrates the Fourier transform infrared (FT-IR) spectra of
GO and GP membranes. The spectra of the pure GO
membrane show absorption peaks at 1764, 1687, 1342, 1274,
and 1058 cm−1, which are attributed to carboxyl CO,
aromatic ring CC, carboxyl C−O, epoxy C−O, and alkoxy
C−O, respectively. This result is consistent with that in a
previous report.65 After being modified by PhA molecules,
there are obvious differences in several peaks of GP

membranes compared with the GO membrane. For the GP
membrane, the disappearance of the vibration peak of carboxyl
C−O at 1342 cm−1 suggests that the C−P bond is formed. In
addition, two new absorption peaks appear at 1301 and 868
cm−1, which are attributed to the stretching vibrations of PO
and P−O−C, respectively.66 These results further indicate that
PhA has been successfully introduced into the GO structure.
The surface chemical compositions of membranes were

further characterized by XPS. As revealed in Figure 3a, GO
shows two peaks at 285.0 and 533.0 eV, which are attributed to
the C 1s and O 1s, respectively. For GP membranes, two new
peaks appeared at 134.0 and 192.0 eV, attributing to the P 2s
and P 2p derived from the PhA molecule,67 which indicates
that the phosphorous species exist on the GP surface. In
addition, Figure 3b exhibits that the C 1s spectrum of GO has
three divided peaks at binding energies of 248.8, 287.6, and
289.2 eV, which are assigned to C−C/CC, C−O, and O−
CO bonds, respectively.68,69 The O 1s spectrum of GO
(Figure 3c) also contains three main peaks at 532.4, 533.2, and
534.1 eV, corresponding to O−CO, OC, and O−C.70
After the modification of PhA, taking the GP-10 membrane

as an example (Figure 3e), the C 1s spectrum is divided into
four peaks including C−C/CC (284.8 eV), C−P (285.7
eV), C−O (287.7 eV), and O−CO (289.3 eV).71,72 The O

Figure 2. SEM surface images of (a) GO and (b) GP-10 membranes; SEM cross-section images of (c) GO and (d) GP-10 membranes; insets in c
and d are the digital photographs of GO and GP-10 membranes; (e) thickness of GO and GP composite membranes; (f) TEM and elemental
mapping images of GP-10; (g) XRD patterns of GO and GP composite membranes; (h) interlayer distances of GO and GP composite membranes;
(i) FT-IR spectra of GO and GP membranes.
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1s component peaks (Figure 3f) at 531.5, 532.4, 533.4, and
534.2 eV are identified as O−CO, OC/OP, HO−P,
and O−C/P−O−C, respectively.70,73 Meanwhile, the P 2p
spectrum with two divided peaks located at 134.1 and 135.1 eV
are assigned to P−C and P−O, respectively (Figure 3d).72,74

The appearance of the new additional peaks (C−P, PO, and
P−OH) verifies the successful decoration of PhA onto the GO
surface.56,57 It should be noted that C−P has been well formed
by the dehydration process, and the strong chemical bond
between each interlayer will promote the membrane stability
during realistic operation.
The element content of the different GO-based membrane

surfaces is shown in Table S1. With the increase in the PhA
content, the content of P element increases at first and then
gradually maintains a relatively stable value. Moreover, the P
element can be detected at a depth of 100 nm for GP-10 based
on the XPS sputtering depth results (Table S2). These results
further demonstrate that PhA not only successfully bonds to
the GO surface but also enters the inside of the composite
membrane and forms strong chemical bonds between them.
3.3. Membrane Roughness and Hydrophilicity. The

surface roughness and hydrophilicity of the membrane play an
important role in water permeability. The atomic force
microscopy (AFM) surface images and the corresponding
3D topographies of GO and GP composite membranes are
shown in Figure 4, and their membrane roughness values are
summarized in Table S3. It is clear that the membranes
become more smooth after introducing PhA molecules, which
agrees well with the surface morphologies investigated by
scanning electron microscopy (SEM). The lower roughness of
the surface is conducive to the formation of a hydration layer,
preventing the adsorption of organic pollutants, thereby
improving the durability of the composite membrane
according to previous studies.61,75

The average contact angels of GO-based membranes are
used to measure their hydrophilicity, and the results are shown
in Figure 5a. The average contact angles of GO, GP-1, GP-5,
GP-10, GP-15, and GP-20 are 60.9°, 47.6°, 40.8°, 29.4°, 29.2°,
and 28.1°, respectively. Clearly, the content of hydrophilic PhA
molecules has a positive linear correlation with the membrane
surface hydrophilicity. The hydrophilic groups on PhA were
bonded to the laminar GO surface until a relatively saturated
cross-linking value was reached. It can, therefore, be expected
that the improved hydrophilicity of GO-based membranes
could fasten the diffusion of water molecules and result in high
water permeances.76

3.4. Membrane Permeability and Separation Per-
formance. As shown in Figure 5b, the pure water flux of GO
was only 0.34 L m−2 h−1 bar−1. Compared to GO, GP
composite membranes exhibit improved pure water fluxes
because of the increase in the interlayer distances and the
improvement of surface hydrophilicity. The pure water flux of
GP-1, GP-5, GP-10, GP-15, and GP-20 were 1.44, 2.92, 6.31,
6.23, and 6.22 L m−2 h−1 bar−1, respectively. Meanwhile, it is
worth noting that compared with GP-10, although GP-15 and
GP-20 have slightly larger interlayer spacing and higher
hydrophilicity, their pure water fluxes are relatively smaller.
This is mainly because excessive PhA would block a part of the
nanochannels, and the increased thickness of the GP-15 and
GP-20 membranes will increase the distance of the mean free
path for water molecules, thus resulting in relatively lower pure
water fluxes.77−79

Subsequently, the cationic MB dye solution was used to
carry out the separation performance test on the obtained
membranes (Figure 5b), and it can be seen that all the
prepared membranes show a high rejection ratio over 99.68%.
The relationship between the interlayer spacing and water flux
as well as dye rejection for GO and GP membranes is depicted
in Figure S6. Clearly, although the increase in the interlayer

Figure 3. (a) XPS survey spectra of GO and GP composite membranes; high-resolution (b) C 1s and (c) O 1s XPS spectra of the pure GO
membrane; high-resolution (d) P 2p, (e) C 1s, and (f) O 1s XPS spectra of the GP-10 membrane.
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spacing makes the rejection rates of GP membranes slightly
decrease, the pure water fluxes are effectively increased. When
the interlayer spacing increases to about 0.85 nm, the optimal
performance of water flux will be shown. Considering the pure
water flux of the membranes and minimizing the amount of
PhA added, the optimized GP-10 was used as the ideal
separation membrane for the following filtration experiments.
Four kinds of organic dyes, including positively charged dyes
(MB and RhB) and negatively charged dyes (CR and DR80),
were used to examine the separation performance of the GP
composite membrane. As shown in Figure 5c, the GP-10
composite membrane exhibits a high rejection rate for both
positively and negatively charged dyes. The rejection rates of
GP-10 for MB, RhB, CR, and DR80 are 99.89, 99.89, 99.94,
and 99.91%, respectively.

Then, four kinds of salt ions (2000 ppm Na2SO4, MgSO4,
MgCl2, and NaCl solutions) were carried out to characterize
the salt separation performance of the GP-10 nanofiltration
membrane (Figure 5d). As we can see, although the GP-10
composite membrane has high rejection rates for dye solutions,
it exhibits poor salt rejection rates for Na2SO4, MgSO4, MgCl2,
and NaCl with the corresponding rates of 21.08, 15.62, 12.65,
and 7.18%. On the basis of this phenomenon, we can expect
that the membrane has a potential application prospect in the
field of dye desalination and purification.
The effect of the pH of MB solution on the membrane

separation performance for the GP-10 membrane was also
tested under pH 2, 7, and 12 environments (Figure 5e). The
rejection rates of MB are 99.99, 99.89, and 97.14% at pH 2, 7,
and 12, respectively. While the rejection rates of DR80 were
99.71, 99.91, and 97.42%. The rejection ratio was all over 97%

Figure 4. AFM surface images and the corresponding 3D surface morphology images of (a) GO, (b) GP-1, (c) GP-5, (d) GP-10, (e) GP-15, and
(f) GP-20 membranes.
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under the experimental pH environments, indicating that the
GP-10 membrane has good pH tolerance and can be used in a
wide range of pH values.
To further explore the reason why the dye rejection rate of

the GP-10 membrane is relatively lower in the alkaline
environment, the experiment on the influence of the pH value
on the hydrophilicity of the membrane has been performed
(Figure 5f). In the alkaline environment, the water contact
angle of GP-10 is significantly larger, that is, the surface
hydrophilicity is relatively worse. This is mainly because in the
strong alkaline environment, PhA molecules on the surface and
between the interlayers of the membrane will react with strong
alkaline substances such as NaOH to generate sodium phytate
and other substances, leading to a significant decrease in the
hydrophilic group and thus resulting in reduced hydrophilicity
of the membrane surface. At the same time, certain defects
would be formed on the surface and between the interlayers of
the membrane after the reaction. Therefore, the GP-10
membrane exhibits relatively lower dye rejection in an alkaline
environment.
3.5. Durability of the Membrane. The durability of the

membrane is an important factor to determine whether the
membrane can be used in practical water treatment. Figure 5g
exhibits the separation performance of GP-10 for MB solution

after 5 cycles. Considering the MB on the membrane surface is
not washed out after each cycle, MB was more likely to block
the water transport nanochannel with the increasing cycle
number. As a result, the MB solution flux was relatively
decreased, but the rejection rate still remained at a high rate of
over 99.75%. This fact demonstrates that the GP-10 membrane
has good mechanical integrity, and thus, the GP-10 membrane
can show excellent recycling capability, which enables the GP
composite membrane to have a better application prospect in
modern industry.
As shown in Figure 5h and in Table S4, we compared our

work with previous studies. Various intercalation materials
have been used to improve the performance of GO
nanofiltration membranes. Although it has been demonstrated
that intercalating inserters into the interlayer channels is an
effective strategy to enhance water permeance, the balance
between water flux and the rejection rate is still supposed to be
considered. Clearly, some inserters such as amino-modified
boron nitride (a-BN),44 polyelectrolyte (PE),80 and graphitic
carbon nitride nanotube (g-C3N4NT)

81 did not improve flux
significantly (0.20 L m−2 h−1 bar−1 to 4.77 L m−2 h−1 bar−1).
Other inserters such as MoS2,

45 multiwalled carbon nanotubes
(MWCNTs),82 and copper-triazolate MOFs (CuTz-1)83 can
relatively better increase the permeability of GO membranes,

Figure 5. (a) Water contact angles of GO and GP composite membranes; (b) pure water flux and MB rejection of GO and GP composite
membranes; (c) dye rejection ratio of GP-10 for MB, RhB, DR80, and CR solution; (d) salt rejection of 2000 ppm salt solution by the GP-10
composite membrane; (e) dye rejection ratio of GP-10 for MB and DR80 at pH 2, 7, and 12; (f) water contact angle of GP-10 in acidic (pH 2) and
alkaline (pH 12) environments; (g) reusability of the GP-10 composite membrane for MB dye solution; (h) comparison of the flux and rejection of
the GP-10 membrane prepared in our work with the state-of-the-art GO-based membranes and commercial polymeric membranes.
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while the dye rejection rate would slightly reduce. Moreover,
these previous reported membranes usually operated at high
pressures (2−20.7 bar), while our GP composite membrane
could work efficiently with maintaining excellent dyes rejection
and relatively high pure water flux at a much lower pressure (1
bar). Significantly, under the same operating condition, the
water flux and the MB rejection of the GP-10 membrane is
much higher than those of three commercial membranes (i.e.,
VNF1, VNFK, and DK), which were studied in our previous
work.54 Therefore, our GP composite membrane shows good
potential applications in water treatment.
The mechanism for dye separation by the GP-10 membrane

is proposed in Figure 6. To be specific, the high rejection of
GP-10 for different charged dyes is mainly attributed to the
steric hindrance effect. These dyes with a large size cannot pass
through the GP-10 with a smaller interlayer size; therefore, the
GP-10 can efficiently intercept these dyes.

4. CONCLUSIONS
In summary, we successfully synthesized high-performance
lamellar GP composite membranes through vacuum filtration,
in which PhA not only serves as an inserter but also works as a
surface modifier to modify GO nanosheets. The improved
hydrophilicity and enlarged nanochannels enabled the GP
composite membrane to exhibit increased permeability with
high rejection for different charge dyes. The optimized
membrane GP-10 showed a high water flux of 6.31 L m−2

h−1 bar−1 and good rejection rate of over 99.88% for four kinds
of dye solutions. Moreover, the GP-10 membrane can
effectively remove anionic dye DR80 and cationic dye MB in
a wide range of pH with a rejection rate of over 97%.
Importantly, the GP-10 membrane exhibited good tolerance to
different pH environments and has good stability for dye
rejection after 5 cycles. We believe that our study will provide
insights for fabricating high-performance 2D lamellar compo-
site NF membranes by simply introducing multifunctional
small molecules.
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