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The excellent mechanical and chemical characteristics of graphene oxide (GO) enable their potential
application in the realm of membrane separation. However, the expansion and instability of GO
nanosheets in water limit its application. In this work, nitrogen-doped GO (NGO) was obtained by
a harmless hydrothermal reduction method. The obtained NGO films were attached to a polyvinylidene
fluoride support membrane by vacuum filtration. By changing the hydrothermal reaction temperature,
the reduction degree of GO and doping amount of nitrogen was adjusted to control the inter-layer
structure and permeability of NGO. The defect of NGO nanosheets and the reduction of oxygen-
containing functional groups could accelerate the transportation of water molecules through the inter-

layer space of the hydrophobic graphene sheets. Significantly, the polarization and high adsorption
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Accepted 30th March 2022 energy of pyridine-N serve as a supplement to the exclusion mechanism of the inter-layer spacing. NGO
membranes have better permeability than the initial GO membranes without sacrificing the rejection

DOI: 10.1035/d2ra00725h rate. The optimized NGO film has a significant rejection rate of above 99% for various dyes, such as
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1. Introduction

Water resources are the most critical foundation of human
society and the carrier of ecological balance. With the rapid
development of the population, the demand for industrial water
continues to expand. It is estimated that by 2025, the annual
industrial water consumption will increase by 50% over 1995.
Compared with traditional water purification methods,
membrane separation has many advantages, such as low energy
consumption, high selectivity, and negligible side reactions.*?

In recent years, significant progress have been achieved to
obtain two-dimensional materials with a pronounced sieving
effect of the mechanical distance between layers, which has
become a new hot spot in the study of membrane separation.
Controlling the inter-layer spacing and nanochannels of
a membrane made from graphene oxide (GO), MoS,, metal-
organic frameworks, and MXene, are vital for specific molecular
or ion sieving.*”
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methylene blue, Congo red and methyl blue.

At the same time, the membranes show extraordinary perme-
ability in gas separation, water purification and seawater desali-
nation."™ GO, a typical two-dimensional material, contains
a variety of hydrophilic oxygen-containing functional groups.™
The strong hydrophilicity and electronegativity of these functional
groups provide advantages for water purification.* For example,
Han et al. proposed a method to prepare ultra-thin graphene
(=22-53 nm thick) NF film using chemical conversion graphene,
which has a significant permeability (21.8 L m > h™* bar ') and
a manifest organic dye filtration performance (>99%).” Wei et al.
found that membranes prepared by slow deposition had signifi-
cant desalination, and the water flux was about three times as
much as that of film prepared by prompt deposition.*®

However, the hydrogen bonds formed in the oxidation zone of
GO with water molecules strongly hinder the transmission speed
of water in the sheet. Joshi et al. demonstrated that the ion
hydration radius limited the sieving effect of the laminated GO
film, and it has a particularly steep cut-off point at ~4.5 A."” To
solve these problems, researchers have managed to achieve
a balance between GO's excellent modifiability and good filtration
and separation performance by adjusting the lamella pores,
modifying functional groups and limiting the interval between the
lamellas.* Li et al. used hydrogen peroxide and GO hydrothermal
to make holes on the GO surface, keeping the Na,SO, rejection rate
at 90% while increasing the water flux. Kang et al. re-oxidized rGO
to make pores so that the membrane exhibited ultra-fast water
permeability (586 L m > h™" bar ") and precise molecular sieving
(MWCO: 269 Da).*® Mi et al. directly filled GO with functional
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groups with different molecular weights and electronegativity to
control the gap between GO sheets.”* Huang et al. demonstrated
the possibility of partially reduced GO membranes for water
treatment, constructed reduced GO membranes through a hydro-
thermal reduction method, and they were illustrated that the
retention of partial oxygen-containing groups is the key element
for rGO film formation.” Fand et al. regulated the reduction of GO
through controlling the time of hydrothermal reactions, and the
prepared rGO film was resistant to Methyl blue, Congo red and
Crystals.” The interception rate of purple is over 99%. Song et al.
prepared nitrogen-doped reduced GO by a hydrothermal method,
the incorporation of nitrogen can change the atomic content and
bonding structure, resulting in a narrower interlayer spacing and
a more polarized surface than GO, and it was hypothesized that it
could be used in ion screening membranes.*

Compared with the pristine GO membranes, laminated
nitrogen-doped GO membranes provide size-dependent
permeability of hydrated ions due to the electrostatic charac-
teristics, and the polarized pyridine N. However, the detailed
structure-property relationship between the functional group of
GO-based membrane for removing dye has not been studied yet.
Here, as demonstrated in Fig. 1, we propose a harmless and
convenient method to dope GO with nitrogen through a hydro-
thermal method, which can be easily adjusted by adjusting the
temperature of the hydrothermal reaction. The obtained
nitrogen-doped graphene oxide (NGO) film was attached to
a polyvinylidene fluoride (PVDF) substrate with a vacuum
filtration method. Under the modified conditions, the opti-
mized NGO membranes presented high water flux and rejection
to Methylene blue (MnB), Rhodamine B (RB), Congo red (CR)
and Methyl blue (MB). The physical characterization revealed
that the pyridine N played a key role, which could improve the
screening performance of the membrane-based its size repul-
sion and electrostatic interaction.

2. Experimental methods
2.1. Materials

GO powder (0.5-5 pm, 99%) was gained from XFNANO Mate-
rials Tech. Co., Ltd (Nanjing, China). MnB (M,, = 319.85, AR,

NH,-H,0
a
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Fig. 1 Schematic diagram of NGO preparation.
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=99.0%), RB (M,, = 479.01, AR, =99.0%), CR (M,, = 696.98, AR,
=99.0%) and MB (M,, = 799.80, AR, =99.0%) dyes were
purchased from China National Pharmaceutical Co., Ltd (Bei-
jing, China). Poly(vinylidene fluoride) (PVDF) membranes
(diameter = 5 cm, pore size = 0.22 pum) were gained from
Shanghai Xing Ya Co., Ltd (China).

2.2. Preparation of NGO membranes

First, GO powder was dispersed in ultrapure water by sonicating
to acquire a GO dispersion of 0.1 mg mL~". Then, 40 mL of the
prepared GO dispersion was mixed with 10 mL of concentrated
ammonia water, and stirred at room temperature for 30
minutes. Then it was poured into a 100 mL Teflon-lined
stainless-steel autoclave, and hydrothermally reacted for 1
hour. The reaction temperatures were kept at 100 °C, 120 °C,
and 140 °C, respectively. A series of NGO dispersions were
prepared, and the samples were named NGO-x, where x repre-
sents the reaction temperature. Finally, the prepared 50 mL of
NGO-x dispersion was diluted with ultra-pure water to 100 mL,
dispersed and sonicated for 30 minutes, and the NGO film was
attached to the PVDF membrane by vacuum filtration (effective
area was 12.56 cm?).

2.3. Membrane performance analysis

An ultrafiltration cup filter (Amicon® Stirred Cell 50 mL, Merck
KGaA Co., Ltd, Germany) was used to test the performance of
the NGO-x membrane. The experimental pressure is 0.1 MPa.
The valid penetration area is 9.6 cm?, and the concentration of
the original dye solution is 200 ppm. The filtration performance
of the membrane is reflected by the water flux J (L m > h™*
bar~') and the rejection rate R (%), which apply the following
formula to evaluate

Among them, V (L) represents the volume of filtration solu-
tion on the permeate side. A (m ™) represents the effective filter

L 2
T~

/

Vacuum
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area, ¢ (h) represents the filtration time, and P (bar) represents
the working pressure.

G
R=(1-2) x100%
< Cf) '
where the Cj, and Cy represent concentrations of the dye solu-
tion measured on the permeate and feed sides, respectively.

3. Results and discussion

The schematic diagram of NGO-x prepared with NGO-120 as an
example in Fig. 1 indicated that the GO dispersion was
brownish yellow, while the NGO-120 dispersion after hydro-
thermal treatment changed to black. A similar color also
appeared on the GO and NGO-120 membranes formed by the
corresponding suction filtration, implying that the graphene
oxide was reduced during the hydrothermal process. This may
be related to the recovery of graphite sp> bonds caused by the
reduction of graphite oxide.”® In addition, these membranes can
be stretched and bent freely (Fig. Sibf), showing good
mechanical properties and flexibility.

3.1. Physical properties of the NGO membranes

The surface and cross-sectional morphology of the NGO-x film
were observed by SEM. As shown in Fig. 2(a)-(d), the surface
morphology of thin film NGO-x showed a uniform and densely
packed randomly oriented graphene shape without any
agglomeration, which given rise to its isotropic characteristics.
This can be attributed to directional flow caused by filtration
during manufacturing. Under vacuum filtration pressure, due
to the large aspect ratio of graphene sheet, 2D NGO-x tended to
self-adjust the base plane parallel to the membrane plane,
resulting in significant alignment of GO sheet. The degree of
surface wrinkles of NGO-x membranes increased first and then
decreased, compared with the pristine GO membranes,
implying that during the restoration process, both the defect
and the restored sp”> domain increased, but the growth rate of
the defect was faster than the restored sp> domain, resulting in
more obvious wrinkles of the NGO-100 membrane than that of
the GO membrane. As shown in Fig. 2c and d, when the
hydrothermal treatment temperature continued to rise, more
and more sp> regions were recovered, and the surface of the
reduced graphene film became smoother, making the NGO-120
and NGO140 films gradually smooth. In the cross section of the
membrane shown in Fig. 2e-h, we can see that GO and NGO-x
were successfully deposited during the manufacturing process
to form a dense film with a “sandwich” -like structure, which
can be attributed to the directional flow caused by filtration.
The membrane presented a layered structure that provides
a nanochannel for the transport of water molecules. From NGO-
100 to NGO-140, the layer structure was stacked densely.

The inter-layer distance of the nanosheets of the GO and
NGO-x films at different reaction temperatures could be easily
measured by XRD. As shown in Fig. 3a, after the hydrothermal
reaction, the distribution and intensity of the peak changed
prominently. As the degree of reduction increases, the inter-
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layer spacing of NGO nanosheets continue to decrease.*® The
distinct XRD peak of GO was at 10.3°, indicating the inter-layer
spacing is 0.92 nm. After the reaction at 100 °C, a new peak at
20.3° (inter-layer spacing of 0.43 nm) appeared, at the same
time, the 10.3° peak of the raw material GO disappeared, indi-
cating that the graphite structure was restored due to reduction
after N-doping.>” As the temperature increased, the NGO peak
position continued to move back, at 120 °C it was 20.8° (inter-
layer spacing 0.42 nm), and at 140 °C it was 21.4° (inter-layer
spacing 0.41 nm). It implied that the reaction temperature
increased, the reaction rate increased, and the inter-layer
spacing decreased.

Raman spectroscopy is an effective technique to commonly
resolve the disordered composition of carbon-based materials
commonly.?® The D band centered at 1350 cm ™ is derived from
the lattice defects of carbon structure. The G band centered at
1585 cm ' is originated from the in-plane vibration of sp”
carbon framework.> The disorders and defects (such as wrin-
Kkles, pores and edges) of the graphene nanosheets are deter-
mined by intensity ratios of the D band to the G band (Ip/Ig).*
The increase of defects in graphene sheets helps to accelerate
the transportation of water molecules.** As the hydrothermal
reaction temperature increased from 0 °C to 120 °C, the Ip/Ig
value increased significantly from GO to NGO-x. These results
indicated that the removal of oxygen-containing functional
groups and nitrogen doping promoted the formation of many
smaller sp” carbon domains. The degree of disorder and defects
in NGO-x had also increased. When the reaction temperature
exceeded 120°, the Ip/Ig value hardly increased, indicating that
the disorder degree and defects of NGO-x did not change
significantly with the continuous increase of the temperature.
Similarly, in the FT-IR spectra analysis (Fig. S27), the samples
can be seen to increase with the reaction temperature, and the
oxygen-containing peaks such as -OH (~3204 cm™ '), C=0
(~1720 cm™") and C-OH (~1220 cm ") gradually weakened or
even disappeared. At the same time, the appearance of C-N
(~1050 cm ™) and N-H (~1580 cm ') peaks proved that GO was
partially reduced with the successful incorporation of nitrogen
during the hydrothermal process.

3.2. Functional groups of the NGO-x membranes on the dye
rejection performance

The chemical composition and properties of the functional
groups in the samples were confirmed by XPS. As shown in
Fig. 4a, the XPS results of NGO-x powder clearly display the
existence of C 1s (~285 eV), N 1s (~400 eV), and O 1s (~582 eV).
Fig. 4b and S3-S51 shows that compared with the original GO,
as the reaction temperature increased, the intensity of the C 1s
and N 1s peaks in NGO-x increased, while the O 1s peak
decreased. The N element content was within 3.5-6.0%. The N
1s peak of NGO-x was further deconvoluted into three different
valence states: ~398.5 eV (pyridine N), ~399.9 eV (pyrrole N)
and ~401.2 eV (graphite N). A pyridine nitrogen atom bonded
with two carbon atoms at the edge of a carbon plane or at
a graphene defect, leaving a local electron pair perpendicular to
the graphite 7 network.*” Pyrrole N is the majority in NGO-x. In

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 SEM images of (a—d) surfaces and (e—g) cross sections of NGO-x membranes: (a, €) GO, (b, f) NGO-100, (c, g) NGO-120, (d, h) NGO-140.

the nitrogen bond configuration, the high binding energy of
graphite N demonstrates that the nitrogen atom replaces the
carbon atom on the base surface. The bonding configuration
makes the NGO sheet layer in terms of polarized surface
charges, which will affect the electrostatic interaction on the
plane.*** As the doping reaction temperature increased, the
content of pyridine N and pyrrole N increased overall, while the
content of graphite N remained roughly unchanged, which

© 2022 The Author(s). Published by the Royal Society of Chemistry

indicates that nitrogen doping was mainly through the substi-
tution of oxygen-containing groups.*® At the same time, the
Fig. 4c results show that the increased doping reaction
temperature can incorporate more pyridine N into the carbon
network, indicating that our method was conducive to the
constitution of pyridine N. However, when the temperature
reached 140 °C, the N content decreased. This may be because
NH; efficiently reacted with the oxygen functional groups (epoxy

RSC Adv, 2022, 12, 12622-12630 | 12625
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Fig. 3 (a) XRD patterns and (b) Raman spectra of NGO membranes.

groups, carboxylic acids and hydroxyl substances) present on
the GO surface or the edge of the graphite to form intermedi-
ates. The temperature was too high and too fast to be restored in
advance.?””

According to slip flow theory, the increase in water flux can
be attributed to promoting non-oxidized sp> carbon framework,
the rise of defects, and the lessen of oxygen-containing groups.*”

Raman shift(cm™)

At the same time, NGO-120 has the highest N content and
pyridine-N content. Because in addition to the effect of inter-
layer spacing, the polarization and high adsorption energy of
pyridine-N can interact with more charged solutes as a supple-
ment to the exclusion mechanism of inter-layer spacing.** This
can also indicate that although the oxygen-containing func-
tional groups are not entirely removed after the nitrogen-doped
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(a) XPS spectra of GO and NGO-x powder samples; (b) chemical composition obtained by XPS analysis of NGO-x powder; (c) the

relationship between functional nitrogen-containing groups and hydrothermal temperature; (d) water contact angle of NGO-x membranes.
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hydrothermal reaction, the rejection rate and water flux are
equivalent to the performance of the NGO membrane previ-
ously studied.®®

As the XPS analysis shows (Fig. 4b and S67), when the reac-
tion temperature increases, the C/O ratio of the sample gradu-
ally rises. After the graphene oxide was reduced, the hydrophilic
hydroxyl groups, for instance, carboxyl and carboxyl groups
were removed partly, which is related to the hydrophilicity of
NGO-x membranes. The membrane's hydrophilicity is tightly
connected to the permeability of the water separation process.*
The hydrophilicity/hydrophobicity of the material was assessed
by gauging the water contact angle of the loaded surface of the
sample membrane (Fig. 4d). The contact angles of GO and NGO-
x membranes are 36.86°, 63.44°, 70.65°, and 73.37°, respec-
tively. However, the contact angle of the sample film was still
less than 90°, indicating that GO is partially reduced after the
nitrogen doping reaction, and the remaining oxygen-containing
functional groups make the NGO-x film retain a certain hydro-
philicity and allow water molecules to pass through.

3.3. Dye rejection performance evaluations of the optimized
NGO-120 membranes

A series of measurements were conducted to measure the
performance of NGO-x membranes, as shown in Fig. 5. By
adjusting the volume of the NGO dispersion, the connection
between the performance of the NGO film and the deposition
amount on the PVDF support film was evaluated (Fig. 5a). With
the increase in the deposition of reaction products, the water
flux of the NGO-120 membrane decreased, approximately
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linearly, and the rejection rate of MB dye increased from 83% to
99.6% when the load mass was 0.08 mg cm™ >, while the
improvement was slow afterwards. When the number of gra-
phene nanosheets on the PVDF support membrane increased, it
resulted in the thicker nanosheets on the membrane, and more
sheets were applicable to trap MB molecules, but the nano-
channels for the transportation of water molecules have become
longer, thereby increasing transportation resistance.**** As to
survey the separation capability of the membrane, GO and NGO-
x membranes were tested for the retention of MB dye. As shown
in Fig. 5b, the water flux of the original GO membrane was 5 L
m > h bar !, but the rejection rate was only 25%. This is
because water molecules will form hydrogen bonds with the
hydroxyl carboxyl groups in the GO sheet, which will increase
the transport resistance of water molecules while expanding the
distance between the nanosheets.'® The rejection rate of the
NGO-x membrane increased significantly after the nitrogen
doping reaction, and remained above 96% overall, but the water
flux first increased and then decreased, reaching the maximum
value of 9.8 L m 2 h™* bar ' at NGO-120. The interception rate
also had the highest value of 99.8%. Due to the low hydro-
thermal temperature of NGO-100, there would be more oxygen-
containing functional groups in the lamellae, leading to a large
gap between the lamellae and the formation of hydrogen bonds
between the functional groups and water to hinder the passage
of water molecules, resulting in a rejection rate of about 98%
with a water flux of only 5 L m > h™" bar~'. When the reaction
temperature increased, NGO-140 caused the lamellae to stack
themselves due to the excessively high hydrothermal tempera-
ture, which caused the small lamellae spacing. At the same
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Fig. 5 Dye filtration performance test of NGO-x membrane. (a) The filtration performance test of NGO-120 membrane with different loadings
on MB solution, (b) the separation performance of NGO-x membrane on MB solution, (c) the filtration test of NGO-120 membrane for different

dye solutions and (d) the long-term filtration stability of MB solutions.
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time, the dispersibility of the oxygen-containing functional
groups was low, and the rejection rate and water flux were both
low, resulting in a rejection rate of 95% with the water flux of
only 6 Lm > h™" bar .

The test results also correspond to the characterization
results above. The reduction degree, interlamellar spacing,
defect degree and nitrogen doping amount of NGO can be
controlled by adjusting the reaction temperature. Among them,
NGO-120 with the highest nitrogen and pyridine N has the best
filtration performance, indicating that pyridine N can effectively
improve the filtration of NGO membranes performance.
Therefore, filtration tests were performed on various organic
dyes on NGO-120 to test the universality of the membrane
rejection effect. As shown in Fig. 5¢, the flux order of the four
negative dyes (MnB, RB, CR and MB) was: MnB > CR > RB > MB,
which showed opposite of molecular weight. Larger dye mole-
cules were more readily to accumulate between the NGO sheets
to obstructing the channels of water molecules, so the flux is

View Article Online

Paper

reduced. However, the overall interception rate remained at
around 99%. Generally speaking, NGO films have excellent
retention properties for these dye molecules. Fig. 5d showed the
long-term performance of the membrane by an uninterrupted
24 h test. The dye rejection rate kept over 97% during the test
with high water flux, suggesting that the membrane has a long
life span that could be suitable for the actual membrane
applications.

As shown in Fig. S7,t the GO film was volatile, most of it
dissolved after 7 days and completely dissolved after 14 days,
implying after water molecules diffused into the intervals
between GO nanosheets, they form hydrogen bonds with
oxygen-containing functional groups and expand, so the GO
film cannot remain stable in water.** However, the NGO-120
film did not separate from the substrate during the long-term
test of 14 days (a)—(f), indicating that the NGO-120 after nitrogen
doping treatment was comparatively steady in water. In addi-
tion, the oxygen content of NGO-120 decreased after 120 °C

Fig. 6 Digital photography of the stability of (a—f) NGO-120 membranes in aqueous solutions with different pH values and (g—i) SEM images of
surfaces to NGO-120. The stability of the membrane was compared by immersing the GO and NGO-120 membranes in different pH solutions

(pH = 1: HCL, 0.1 mol L; pH = 14: NaOH, 1 mol L™%) for 14 days.
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hydrothermal process, while the - interplay in the graphite
domain increased, enhancing the stability of the NGO-120 film
in water with a wide range of pH values.*> In the SEM observa-
tion, it was found that there was no obvious change between the
membrane after immersion in pure water (Fig. 6h) and the
membrane before immersion (Fig. 2c). Compared with the
image soaked in pure water (Fig. 6h), the folds of the membrane
soaked in pH = 1 solution (Fig. 6g) were reduced. In contrast,
after soaking in pH = 14 solution, the film (Fig. 6i) folds more
obviously. This is because there are still negatively charged
oxygen-containing functional groups on NGO-120, and at pH =
1, the surface is denser due to the attraction of a large amount of
H', while the repulsion of a large amount of OH ™ in the solution
of pH = 14 increases the wrinkles.*> However, changes in
ambient pH did not disrupt membrane integrity. It was also
proved that the introduction of positively charged nitrogen-
containing functional groups effectively limited the pH sensi-
tivity of the membrane due to oxygen-containing functional
groups, resulting in a broad pH stability of the membrane.**

4. Conclusion

In summary, GO was reduced and doped with nitrogen by
hydrothermal treatment at different temperature, adjusting the
degree of reduction and nitrogen doping. The obtained NGO
films were attached to a PVDF substrate by vacuum filtration.
Under the optimized preparation conditions, the NGO-120
membranes showed high water permeability and water repel-
lency to dye molecules, including MB, RB, CR and MnB. The
pyridine N in nitrogen doping could improve the screening
performance of the membrane according to its size repulsion
and electrostatic interaction. Therefore, by controlling the
hydrothermal temperature, it is easy to obtain a NGO film with
excellent dye separation performance. This work supplies
a harmless and convenient method for the preparation of NGO
separation membranes.
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