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Preparation of a graphene/silver hybrid membrane
as a new nanofiltration membranef
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In this study, we describe the preparation, characterization, water flux and rejection performance of
a composite membrane formed from reduced graphene oxide (RGO) and silver nanoparticles (AgNP) via
a rapid thermal reduction method. The nanocomposite is characterized by transmission electron
microscopy (TEM), (UV-vis), (XRD),
microscopy (SEM), field emission scanning electron microscopy (FESEM), and Fourier transform infrared

UV-visible spectroscopy X-ray diffraction scanning electron
spectroscopy (FTIR). The average diameter of the Ag nanoparticles is around 20-40 nm. The RGO
membranes and RGO-AgNP composite membranes were prepared by vacuum filtration of RGO-AgNPs
dispersions through mixed cellulose filter membranes. We evaluated the water separation performance
of the membranes, including water flux and rejection rate. The water flux is not only related to the

concentration of silver particles and to the volume of solution used. High water flux and high rates of

rsc.li/rsc-advances

1. Introduction

Declining water resources and the increasing water consump-
tion force us to take into account new advanced water treatment
technology, the technology can be a more efficient, more envi-
ronmentally friendly way to provide a safe water supply.
Membrane separation technology plays an important role in
water treatment, food processing, and the chemical and phar-
maceutical industries. Nanofiltration, reverse osmosis, and the
recently resurgent forward osmosis membrane processes are
the most effective ways to remove traditional and emerging
contaminants from water.>?

Materials with nanopores and nanochannels such as carbon
nanotubes,>* nanoporous graphene,® graphene oxide (GO)*” is
an emerging field of research with great potential. And these
materials have attracted significant research interest in recent
years due to their potential applications in separations.
Graphene-based membranes are extremely promising in areas
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rejection of rhodamine B (85-99.9%) are achieved.

such as filtration, separation, water desalination, biomimetic
selective mass transport, energy storage and energy conver-
sion.***> Graphene oxide (GO) as an oxygenated derivative of
graphene. This hydrophilic layered carbon material, has also
received a great deal of attention amongst researchers because
it is light-weight, has a large specific surface area, is readily
availability in bulk quantities, is inexpensive top prepare, has
good water-dispersibility, and is readily functionalized by
chemical reaction.

The two-dimensional structure and tunable physicochemical,
properties of GO offer an opportunity to make a fundamentally
new class of sieving membranes by stacking GO nanosheets. GO
membranes have been prepared by vacuum filtration,"” layer-
by-layer assembly,**® spray-coating,’ or spin-coating.>**
Graphene-based films have two-dimensional nanochannels
between restacked sheets, which create tortuous paths through
hydrophobic nonoxidized material. This enables high water
permeability through hydrophilic oxidized regions, and selective
rejection of hydrophobic substances.

In the work by Nair et al.,' GO membranes fabricated via
spin-coating had unique mass-transport properties favorable
for the design of graphene-based membranes for filtration and
separation applications. By tuning the physicochemical prop-
erties of the nanopores and the layer number of graphene
membranes, the desired selectivity toward various gases and
liquids and the ideal transmembrane fluxes can be generally
obtained.”” Small spacing between GO nanosheets could be
obtained by partially reducing GO to decrease the size of
hydrated functional groups or by covalently bonding the stacked
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GO nanosheets with small molecules to overcome the hydration
force. In contrast, an enlarged GO spacing can be conveniently
achieved by inserting soft polymer chains (e.g., polyelectrolytes)
between GO nanosheets. Even larger-sized nanoparticles or
nanofibers are also used as spacers, resulting in GO membranes
ideal for applications in water purification, wastewater reuse, and
pharmaceutical and fuel separation.”® Noble metal nanoparticles
have attracted interest a wide range of applications due to their
unique physicochemical properties.**>*

In this paper, in order to achieve an enlarged GO spacing, we
added silver nanoparticles to GO for increasing the distance
between layers, and then reduced the GO to RGO to obtain
RGO-AgNP composites. The RGO-AgNP composite membranes
were prepared by vacuum filtration. For comparison, we also
prepared RGO and formed RGO membranes. We investigated
water flux and rejection performance of the RGO membrane
and the RGO-AgNPs composite membranes prepared with
varying concentration of silver nanoparticles.

2. Experimental section

2.1. Materials

The chemicals, including sulfuric acid (H,SO,, 98.0%), potas-
sium permanganate (KMnO,, 99%), phosphorus pentoxide
(P,0s), graphite, hydrogen peroxide (H,O,, 30%), hydrochloric
acid (HCl, 37%), silver nitrate (AgNO;), sodium citrate and
sodium borohydride. The above chemicals were analytical grade
and provided by Beijing Chemical Factory.

2.2. Preparation and of GO nanosheets and RGO-AgNPs
composite

Graphene oxide nanosheets were synthesized from natural
graphite powder by the modified Hummers' method.*® The RGO
nanosheets were reduced from the GO directly. The RGO-AgNPs
composites were produced via directly reducing AgNO; on GO
nanosheets. The GO was then reduced to graphene. The reac-
tion process of GO nanosheets and RGO-AgNP composite as
shown in Fig. 1.

2.3. Fabrication of RGO and RGO-AgNPs composite
membrane

The RGO membranes and RGO-AgNP composite membranes
were prepared by vacuum filtration as described in our previous
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Fig. 1 The reaction process of GO nanosheets and RGO-AgNPs
composite.
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studies.”™ The obtained dispersion (RGO and RGO-AgNP
composite) was filtered through a 0.22p mixed cellulose
membrane (¢ 50 mm, Shanghai Xingya purifying material
factory) to produce a membrane. The thickness of the RGO and
RGO-AgNP membranes can be readily controlled by changing
the volume of the RGO-AgNP composite solution filtered.

2.4. Characterization

The GO nanosheets, RGO nanosheets and RGO-AgNPs
composites were characterized by transmission electron
microscopy (TEM, JEOL 2011), UV-visible spectroscopy (UV-vis,
Lambda 750), X-ray diffraction (XRD, D8 Advance), scanning
electron microscopy (SEM, JEOL 6460), field emission scanning
electron microscopy (FESEM, JSM-7500F), and Fourier trans-
form infrared spectroscopy (FTIR, MAGNA-IR 550).

2.5. Membrane flux and rejection tests

The membranes were prepared by vacuum filtration of disper-
sions (RGO and RGO-AgNP composite) through mixed cellulose
filter membranes.

The rejection performance of the membrane was examined
using rhodamine B (RhB), a typical stable dyestuff, organic
pollutants. The rejection rate was calculated as the % change in
solution concentration. The rejection rate R, using the following
equations:

F-P
F

R= x 100

where F is the absorbance of the RhB flowing into the
membrane, P is the absorbance of the RhB passing through the
membrane.

3. Result and discussion

3.1. SEM analysis

Fig. 2(a) is a photograph of a RGO-AgNPs composite membrane.
Fig. 2(b) show SEM images of the cross section of the as-obtained
RGO-AgNPs composites membrane, which displays a wrinkled
surface and a well-packed layered lamellar structure. FESEM
analysis was used to investigate the surface morphology of the
RGO-AgNPs composite membrane. Fig. 2(c and d) show FESEM
images of the surface and the cross section of the RGO-AgNPs
composite membrane, respectively. The FESEM images of the
cross section of RGO-AgNPs composite membrane display
a wrinkled surface and stacked lamellar structure, with some
white spots between the layers as spacers. The top surface of the
FESEM images of the RGO-AgNPs composite membrane appears
as a dense surface with AgNPs (white spots), homogeneously
spread on the surface of the membrane (Fig. 2(c)). The average
diameter of the Ag nanoparticles is around 20-40 nm (Fig. 2(c))
and corroborating the TEM images.

3.2. TEM analysis

To further characterize the composite morphology more clearly,
GO and RGO-AgNP composites were characterized by TEM.
Representative TEM micrographs of the GO and RGO-AgNP

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Photographe (a), SEM images of (b) the cross section of an
RGO-AgNP composite membrane (the top). FESEM images of (c) the
surface and (d) the cross section of a RGO-AgNP composite
membrane.

composite are shown in Fig. 3. Fig. 3(a) shows a TEM images of
GO, with thin sheet-like morphology and sheets with wrinkled
surfaces and folding at the edges were clearly visible. Fig. 3(b-d)
show TEMs of RGO-AgNP composites with different mass ratios
of AgNO; to GO. A large number of Ag nanoparticles are
nanometer sized and are homogeneously dispersed on the RGO
sheets. The average diameter of the Ag nanoparticles is around
20-40 nm. Most of the Ag nanoparticles fall in the size range
from 20 nm to 30 nm.
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Fig. 3 TEM images of (a) GO, and RGO-AgNP composites with
different mass ratios of AQNO= to GO, (b) for1 : 1, (c) for1: 2 and (d) for
1: 3, respectively.
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3.3. UV-visible spectroscopy analysis

The formation of AgNPs on GO sheets was primarily confirmed
by the UV-vis absorption spectroscopy (Fig. 4(a)). UV-vis
absorption spectra were recorded of GO, RGO, and RGO-
AgNPs composites. GO has two absorption bands at 230 nm
and 304 nm due to the excitation of the —m* transition of
aromatic C-C and the n-7 transition of C=0,* respectively.
RGO dispersed in water solution has an absorption peak
around 263.7 nm due to the incomplete reduction of GO. The
dispersed RGO-Ag composite showed two main absorption
peaks at 264 nm and 410 nm. The peak at 264 nm is due to the
incomplete reduction of GO. The absorption peak at 410 nm is
the surface plasmon band of the Ag nanoparticles, indicating
the formation of Ag nanoparticles on the RGO nanosheets
surface."”
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Fig. 4 (a) UV-vis absorption spectra of GO, RGO and RGO-AgNPs
composite with different mass ratios of AQNO3 to GO, (b) the X-ray
diffraction (XRD) pattern of GO, RGO, and RGO-AgNP
composite, and (c) FTIR spectra of graphite, GO and RGO-AgNPs
composite.
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3.4. XRD analysis

Fig. 4(b) shows the X-ray diffraction (XRD) pattern of GO, RGO,
and RGO/Ag. GO portrays its signature peak at 12.7°. The four
diffraction peaks positioned at 38.8°, 44.9°, 65.2°, and 78.4°for
RGO-AgNPs composites are assigned to the (111), (200), (220),
and (311) crystallographic planes of face-centered cubic (fcc)
AgNPs, respectively.** The peak at 12.7° disappeared after the
GO was decorated with silver nanoparticles. The X-ray diffrac-
tion patterns of the RGO-AgNPs composites prepared with
different concentration of silver nitrate did not contain obvious
diffraction peaks of GO. The explanation for this is that silver
nanoparticles can be distributed on the surface of GO sheets to
prevent the stacking of GO layers. With the increase of the
concentration of AgNPs, the diffraction peak of silver nano-
particle is enhanced, especially the (111) crystallographic
planes.

3.5. FTIR analysis

The FTIR spectra of graphite, GO, RGO and RGO-AgNPs
composite are shown in Fig. 4(c). Graphite has three charac-
teristic peaks and the absorption peaks are C=C vibration
(1569 em™"), the peaks at 2359 em™" and 1113 cm ™" are the
intrinsic absorption band of graphite material. The FTIR spec-
trum of GO indicates the presence of C=O0 stretching vibration
(1726 em™"), unoxidized C=C bonds in the carbon lattice
(1631 cm™"), aromatic stretching vibrations of aromatic C=C
(1404 cm™"), C-O-C stretching (1230 em™ '), C-O stretching
(1056 cm™") and a broad OH stretching band (3430 cm™"). The
oxygen containing functional group absorptions are much
stronger in the GO spectrum compared to the graphene spec-
trum. The FTIR spectra of RGO, the OH stretching (3430 cm™")
is somewhat weakened, and the C=O stretching vibration
(1726 cm™') and, C-O-C stretching (1230 cm ') are almost
completely eliminated, confirming the reduction of GO. Addi-
tion of AgNPs further reduces or eliminates peaks at 3430 cm ™,
1726 cm ™', and 1056 cm ™~ '. This change indicates the interac-
tion between Ag" and carboxylate groups on the edge of the GO
sheets through the formation of a coordination bond or
through simple electrostatic attraction and the reduction of
GO.*

3.6. Water flux tests

As mentioned above, the RGO-AgNPs composite membrane
thickness can be readily controlled by changing the volume of
the solution filtered. So, experiments were carried out on
different samples and different volume of the solution filtered.
As shown in Fig. 5(a), the water flux of the RGO-AgNPs
composite membrane is greater than the flux for the RGO
membrane. For membranes prepared using the same concen-
tration of AgNPs, increasing the thickness of the membrane (by
increasing the volume of sample filtered during membrane
preparation) reduces the water flux. At the different concentra-
tion of AgNP and the same volume of the solution filtered, the
greater higher concentrations of AgNPs used to prepare the
membrane, result in greater water flux. In other words, the
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Fig. 5 (a) The water flux of membranes prepared using different
volume of the RGO-AgNP composite solution with different mass
ratios of AgNOs to GO, (b) the rejection rate for RhB of membranes
prepared from different volume of the RGO—-AgNP composite solution
with different mass ratios of AQNOs to GO.

water flux is not only related to the concentration of silver
particles, but also to the membrane thickness at the same
concentration (Table 1).

3.7. Rejection rate tests

Ten ml of RhB solution (0.02 mg L™ ') was vacuum filtered
through the RGO-AgNPs composite membranes. The RhB
concentration in the filtrate and the unfiltered solution were
measured by UV-vis spectroscopy. The rejection rate was
determined by comparing the concentration of RhB in the
filtrate and the unfiltered solution. As seen in Fig. 5(b), the rates
of rejection of RhB were in a range of 85-99.9%. First, compared
to the RGO membranes, the rejection is lower for the RGO-
AgNP composite membranes, and decreases as the AgNP

Table 1 The water flux of different volume of the RGO-AgNPs
composite solution filtered with different mass ratios of AgNOs to GO

Water flux/L

m>h™* bar™? RGO 1:1 1:2 1:3
0.5 mL 334.2 — — —
1.0 mL 139.6 280.7 — —
1.5 mL 45.2 121.0 280.7 —
2.0 mL 17.7 32.3 140.3 212.7
2.5 mL — 22.1 46.8 84.5
3.0 mL — — 14.0 30.5
3.5 mL — — — 16.3

This journal is © The Royal Society of Chemistry 2017
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Table 2 The rejection rate for RhB of different volume of the RGO -
AgNPs composite solution filtered with different mass ratios of AQNOs3

to GO

Rejection rate/% RGO 1:1 1:2 1:3
0.5 mL 94.4 — — —
1.0 mL 97.1 94.5 — —
1.5 mL 98.6 97.8 87.4 —
2.0 mL 99.7 99.4 92.1 85.0
2.5 mL — 99.5 98.5 90.3
3.0 mL — — 99.8 97.5
3.5 mL — — — 98.3

concentration increases. At the same concentration of AgNP,
the rejection rate decreases as the membrane thickness
increases. The higher rate for RhB rejection can be attributed to
one factor. RhB has a higher molecular weight, resulting in
higher rejection by the size exclusion effect of the membrane
(Table 2).

3.8. Schematic discussion

As mentioned above, due to the nanochannels between these
restacked sheets, in the GO membrane, water permeates
through a tortuous path,** Fig. 6(a) shows a schematic of the
permeation through GO laminates. The GO membranes have
a void spacing of about 0.3 nm between GO nanosheets (d,).
Incorporation of AgNPs increases the spacing. As we described
earlier in the TEM and SEM images, the average size of the silver
particles as spacer of GO is about 20 nm, therefore the silver
particles increased the spacing of GO to about 20 nm (d,).
Increasing the density of AgNP, results in further increase in the
graphene sheet spacing, as illustrated in Fig. 6(c and d). We
propose that, the AgNPs are stacked with each other on the
graphene sheets, so the distance between the graphene sheets is
increased by increasing the AgNP density. This result in
increasing water flux and decreasing rejection rate for RhB as
the weight of silver nanoparticles is increased, as observed in
Fig. 7. As the article® says, membranes separation applications
obey a permeability/selectivity trade-off—highly permeable

Fig. 6 Schematic diagram for the permeation through (a) GO and
RGO-AgNP laminates with different mass ratios of AQNO3 to GO, (b)
forl:1, (c) forl:2, (d) forl: 3, respectively.
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Fig. 7 (a and b) are the water flux and rejection rate for RhB after
converting the volume of the RGO-AgNP composite solution to the
weight of silver nanoparticles.

membranes have low selectivity and vice versa—largely due to
broad distributions of free-volume elements (or pores in porous
membranes) and nonspecific interactions between small
solutes and polymers. Even though, we can choose the better
combination performance through control the mass ratios of
AgNO; to GO in our work. The membrane with the mass ratios
1: 2 of AgNO; to GO has the best combination performance due
to it's suitable distribution of silver nanoparticles. On the other
hand, not all separation demands would benefits from
membranes with ultrahigh permeability or selectivity.
Increasing demand for energy-efficient gas and water separa-
tion, has stimulated substantial research aimed at overcoming
the permeability/selectivity trade-off. And we will do some more
research for this challenge in further.

In terms of water purification, most of the research'’**3¢ is
aimed at the graphene oxide membrane, and in these studies
few metal-nanoparticles are used as spacers, so their water flux
of the membrane are smaller than our work. For example, Han
et al® were prepared ultrathin graphene nanofiltration
membranes. The pressure-driven separation performance of the
resulting graphene laminates was evaluated on a dead end
filtration device. The results showed that the as-prepared gra-
phene nanofiltration membranes possess high water flux
(21.8 L m™2 h™" bar !). Hu and MiV fabricated ultrathin
(22-53 nm) GO membranes on a polydopamine-coated poly-
sulfone support via a layer-by-layer self assembly technique with
1,3,5-benzenetricarbonyl trichloride (TMC) as crosslinkers. The
water flux of the GO membranes were 80-276 Lm >h™" MPa ™.

RSC Adv., 2017, 7, 49159-49165 | 49163
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By comparison, these results of the water flux are not as good as
the results of our study. And on the other hand, most of the
RGO/Ag composite membranes have been studied for their
antibacterial activity due to the presence of silver particles. Sun
et al.** report an antibiofouling membrane onto cellulose
acetate membrane. In this study, the presence of GO-AgNPs
composite on the membrane exhibited a strong antibacterial
activity, leading to an inactivation of 86% Escherichia coli after
contacting with the membrane for 2 h. Similar results were
obtained by de Faria A. F. et al.*® This type of study may have
great potential in developing high-performance antibiofouling
membrane for membrane separation processes. Therefore,
through the basic research of this experiment, we can further
study the antimicrobial activity of this membrane in water
treatment.

4. Conclusions

In this study, we developed the RGO-AgNP membranes. We
have demonstrated that selective RGO-AgNP membranes can
be prepared by a vacuum filtration method. These membranes
enable water flow through two-dimensional nanochannels
between these restacked sheets, and unwanted solutes can be
rejected by size exclusion. In order to enlarge the spacing
between the GO sheets, we added AgNP to GO. The water flux
increases with increasing amounts of AgNP, and decreases with
increased membrane thickness. By contrast, the rejection rate
of RhB decreases with increased AgNP density, but increases
with membrane thickness. The membrane with the mass ratios
1 : 2 of AgNO; to GO has the best combination performance due
to its suitable distribution of silver nanoparticles, these prop-
erties indicate potential for water purification.
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