1

Nanoscale

5

5

PAPER

10
Cite this: DOI: 10.1039/c5nr05005g

Q1

15

1

Electrically-charged recyclable graphene ﬂakes
entangled with electrospun nanoﬁbers for the
adsorption of organics for water puriﬁcation†
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Graphene ﬂakes were entrapped between nylon 6 nanoﬁber layers and the resulting assembly was used

20

as a recyclable water puriﬁcation membrane. Water puriﬁcation was achieved via adsorption of the model
organic pollutant (methylene blue; MB) on the surface of the graphene component. Desorption of these
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MB molecules was achieved by applying high voltage, which increased the removal eﬃciency of the

DOI: 10.1039/c5nr05005g

recycled membrane. The adsorption and desorption mechanisms were evaluated in detail. The material
characteristics of the membrane were analyzed by scanning electron microscopy, Raman, UV–visible, and
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Fourier transform infrared analyses.
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The diﬃculty in accessing clean water is an increasingly
growing concern, especially in remote and drought-aﬀected
areas. The issue of accessing clean water is anticipated to
become an even greater challenge1 due to water pollution
caused by the discharge of waste generated during domestic,
industrial, and agricultural processes. The major pollutants in
such waste include organic dyestuﬀs and heavy metal ions.
These pollutants exert severe deleterious impacts on the
health and lifestyle of human beings and the quality of the
environment.2,3 Although there are numerous water purification techniques, new and innovative methods and materials
are still being sought to meet specific demands.
Carbon materials such as carbon nanotubes, graphene, and
graphene oxide exhibit extraordinary electronic, thermal, and
mechanical properties, and thus, they have been intensively
studied.4,5 The sp2-hybridized single atomic layer and honeycomb structure with giant π-conjugation confer excellent electronic, thermal, and mechanical properties to graphene.6 The
theoretical surface area of graphene is 2630 m2 g−1, which furnishes outstanding adsorption capacity for organics such as
ethanol, methanol, protein, and DNA.7–10 The adsorption sites
provided by the large surface area expedite the adsorption of
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organic pollutants by graphene. The pore structure, weak
polarity, and hydrophobic and lipophilic nature along with
strong selective sorption capacity toward organics such as
methylene blue (MB) facilitate rapid and eﬃcient adsorption.11
Another unique surface reactivity feature of graphene is its
attraction toward organics via electrical force.12 Graphene–
polymer composites have been applied in various fields.13–15
A number of adsorption properties (i.e. adsorption enthalpies,7,16 adsorption energies,8 adsorption mechanisms,10,17
etc.) related with graphene have been actively studied, however,
the desorption mechanisms or methods were not considerably
studied compared to the adsorption case. Herein, we propose
to wrap or lock graphene flakes inside tough nanofibers to
achieve free inflow and outflow of water; by passing polluted
water through the assembly, and toxic species or dissolved
organic matter attach to the graphene surface via adsorption.
The mass of graphene as well as the nanofiber size and
amount can be controlled by varying the deposition operating
conditions such as the supply voltage, nozzle-to-collector distance, precursor composition, and deposition time. In this
manner, the porosity and texture of the “sandwich-like”
structure membrane, comprising graphene flakes inside
and nanofibers outside, can be tuned. Furthermore, we introduce a novel desorption method supplying a high voltage and
demonstrate the desorption mechanism that enables the
adsorption performance of the graphene to be improved even
in repetitive uses.
This study presents a simple electrospinning route for the
fabrication of graphene-embedded nylon nanofiber membranes on a stainless steel mesh (Fig. 1). Nylon 6 was selected
as a working polymer because of its exceptional mechanical
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concentration on the decolorization process are discussed. The
optimal operating and fabrication conditions are determined
and the membrane is evaluated by subjecting the membrane
to high voltage to detach the MB organics. The recyclability of
the electrically regenerated membrane is also evaluated.
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Experimental
Fabrication of graphene-embedded nylon
nanofiber membrane

10

The graphene-embedded nylon nanofiber (GNN) membrane
was prepared in two simple steps. Electrospinning produced
nylon nanofibers were used to support graphene flakes as well
as to permeate fluids as a filtration membrane. First, nylon
nanofibers were electrospun onto a stainless steel 325 mesh
(wire diameter = 35 μm, pore size = 43 μm), as illustrated in
Fig. 1a–c. Nylon 6 (15 wt%; Sigma-Aldrich) dissolved in formic
acid (Sigma-Aldrich) solution was supplied from a syringe
pump (KDS, Legato 100) for 10 min at a flow rate of Q = 50 μL h−1
with high DC voltage of V = 12 kV at the needle (Glassman
High Voltage Inc., EL40P1). The inner and outer diameters of
the needle where the stable Taylor cone was formed were 0.25
and 0.52 mm, respectively (EFD, 25 gauge). In the second step,
a graphene suspension containing 0.05 wt% of graphene
flakes (XG Science; average diameter: 25 μm; thickness:
6–8 nm; typical surface area: 150 m2 g−1) in ethanol (Duksan
Pure Chemical) was prepared. The graphene suspension was
then supplied to the nanofiber-deposited steel mesh by using
a syringe pump (KDS, Legato 100) at a flow rate of Q = 1 mL min−1
and a commercial filter holder, which has a circularshaped structure for even distribution of graphene (Advantec
MFS, Inc., Cat. no. 540100). The ethanolic graphene solution
was sonicated for uniform dispersion and subsequent deposition. Graphene flakes are stacked while permeating the
graphene solution through the nanofiber membrane; see
Fig. 1d and e.
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Fig. 1 The fabrication process of GNN membrane. (a) Photograph of a
stainless steel 325 mesh. (b) Schematic of the electrospinning process.
(c) Photograph of a nylon nanoﬁber-deposited steel mesh. (d) Schematic
of the ﬁltration-assisted deposition process. (e) Photograph of ﬁnal GNN
membrane.

strength, chemical stability, and compatibility with other
materials.18–20 The water purification capacity of this assembly
is evaluated on the basis of MB decolorization.21,22 The eﬀect
of the graphene loading and the eﬀect of the MB flow rate and
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The GNN membrane was characterized by using a scanning
electron microscope (SEM, Hitachi, S-5000) and Fourier transform infrared spectrometer (FTIR, Horiba, LabRam Aramis
IR2). The Raman shift of the membrane was measured by
using a confocal Raman spectrometer (Jasco, NRS-3100) with
514 nm laser light as the excitation source. The absorbance of
the aqueous MB solutions before and after treatment was
monitored via UV–visible spectroscopy (Mecasys, OPTIZEN
POP). The Brunauer–Emmett–Teller (BET) surface area was
obtained by the nitrogen adsorption–desorption isotherms at
77 K (−196 °C) using a BET analyzer (Micromeritics, Tristar 3000).

Results and discussion
Graphene-embedded nylon nanofiber membrane
Fig. 2 presents an overview of the GNN membrane (center)
assembly, constituent materials, and spectral characterization.

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Schematic of GNN membrane. (a) SEM image of nanoﬁbers deposited on a stainless steel mesh. (b) Size distribution of nylon nanoﬁbers.
(c) SEM image of graphene ﬂakes entrapped in the nanoﬁber web. (d) Raman spectrum of the membrane.

The membrane consists of a stainless steel mesh at the
bottom, over which nylon nanofibers were deposited by
electrospinning. Fairly dense and uniform nylon nanofibers
(or webs) on the steel mesh are observed in the SEM image in
the inset of Fig. 2a. The nanofibers ranged in size from 60 to
100 nm (Fig. 2b). Graphene flakes in the size range of a few to
ten microns were stacked on top of the nanofibers (Fig. 2c).
The model aqueous organic pollutant (MB) was passed
through the membrane to purify the MB solution. The membrane was characterized via Raman spectroscopy, which is
useful for characterization of the sp2- and sp3-hybridized
carbon atoms of graphene (Fig. 2d). The D, 2D, and G bands
of graphene appeared at 1348 cm−1, 2707 cm−1, and
1579 cm−1, respectively. These results are in good agreement
with the previously reported values for graphene.23 The observation of these peaks confirms the presence of graphene in
the membrane.

Eﬀect of graphene loading on purification

50

55

The eﬀect of the graphene loading on the purification capacity
of the assembly was studied by evaluation of the rate of
adsorption with the fixed flow rate of the MB solution (Q =
1 mL min−1) and concentration (1 ppm). Prior to the investigation on the eﬀect of the graphene loading, the adsorption
capability of the nanofibers alone without graphene was first
tested. No evidence of adsorption was confirmed when using
the nanofibers alone, as the methylene blue solution showed
no sign of purification (not shown) after passing through the
nanofiber fabric. Thus, we first assured that any sign of MB

This journal is © The Royal Society of Chemistry 2015

purification was due to the graphene inclusion in the
membranes.
The graphene loading was varied between 0.078 and
4.680 mg cm−2. The samples were given an identification
number (GNN#) which signifies the amount of graphene; for
example, GNN5 (0.388 mg cm−2) represents a five-fold increase
in mass compared to GNN1 (0.078 mg cm−2). The surface area
of GNN1 (without the steel mesh) from BET was 123.5 m2 g−1.
Given that the surface area of pristine graphene flakes and
nylon fibers is 150 and 33 m2 g−1, respectively, their combined
eﬀect have resulted in reducing the overall surface area as
123.5 m2 g−1.24 The rest of the GNN membranes with diﬀerent
graphene loadings had the surface area values similar to that
of GNN1. This little change in the surface area indicates that
the surface area is not subject to change with respect to the
graphene loading. The removal eﬃciency was measured based
on the absorption spectra with the highest peak at λ = 664 nm,
which corresponds to the typical absorption wavelength of MB.
The removal eﬃciency was defined as: η = (1 − A/A0) × 100%,
where A is the absorbance of purified water and A0 is the absorbance of pure MB solution at λ = 664 nm. As shown in Fig. 3,
increasing the graphene loading in the membrane produced a
defined increase in the purification capacity of the GNN membrane, and complete purification was achieved with graphene
loadings of GNN5 or higher. Interestingly, only a slight
improvement was achieved in cases of GNN1 and GNN2
(0.155 mg cm−2), whereas a substantial improvement was
achieved above GNN3 (0.237 mg cm−2), which indicates that
there is a threshold value of the graphene loading to maximize
the purification capacity.
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for the GNN5 membrane while increasing the flow rate due to
lack of graphene. The GNN15 membrane retained η = 100% up
to the flow rate of 1.5 mL min−1; however, η again decreased
beyond 2.0 mL min−1. The GNN30 membrane held η = 100%
up to the flow rate of 2.0 mL min−1; however, η decreased
beyond 2.5 mL min−1. This trend is expected and confirmed
dependence of the purification capacity on the graphene
loading.
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Eﬀect of MB solution concentration on purification
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Fig. 3 Removal eﬃciency at diﬀerent graphene loadings based on MB
absorbance results. The MB solution concentration and the ﬂow rate
were ﬁxed at 1 ppm and 1 mL min−1, respectively.

Eﬀect of MB solution flow rate on purification
It is important for a membrane to possess “high throughput”
purification capability to provide a suﬃcient amount of purified water to fill a practical need. For this reason, the
maximum flow rate beyond which purification is no longer
achieved should be estimated. It is impractical to sacrifice the
purification quality to achieve a high flow rate. Thus, here we
refer to the maximum flow rate as the point beyond which the
purification quality is no longer acceptable; quantitatively, for
example, the point at which the removal eﬃciency is less than
90%. Fig. 4 compares the removal eﬃciency from using the
GNN5, GNN15, and GNN30 membranes. The MB solution concentration was fixed at 1 ppm while increasing the flow rate.
The complete purification (100% removal eﬃciency) was
achieved when the flow rate was 1.0 mL min−1 for all graphene
loadings. However, the removal eﬃciency dramatically reduced

40

Fig. 5a quantitatively compares the purification capacity of the
GNN5, GNN30, and GNN60 membranes while varying the concentration of the MB solution from 1 to 3 and 5 ppm. At the
lowest concentration of 1 ppm, all of the membranes achieved
η = 100%. However, at higher concentrations, only the
GNN60 membrane achieved the removal eﬃciency greater
than η = 90%. The overall purification capacity of the GNN
membranes deteriorated at higher concentrations of MB.
Upon increasing the concentration from 1 to 5 ppm for GNN5,
complete purification was achieved at 1 ppm, whereas the
removal eﬃciency was limited to 37.4% and 11.3% at 3 and
5 ppm, respectively. Even though the removal eﬃciency
declined to below 90% in cases of GNN5 and GNN30 at 3 and
5 ppm, it should be noted that the amount of graphene used
were only 1.901 and 11.47 mg, respectively (which were
obtained as the product of 0.388 mg cm−2 × 4.9 cm2 and
2.340 mg cm−2 × 4.9 cm2) that means the developed GNN
membrane showed excellent purification capability even at
such a low graphene loading. Fig. 5e shows the permeability
computed by the volumetric flow rate (liter per hour) divided
by pressure (bar) and the cross-sectional area (m2) of the
GNN membrane, yielding the unit of L (h m2 bar)−1. The
permeability range varies significantly depending on the
graphene concentration. The permeability reduces with increasing the concentration. This trend is expected because a fluid
permeating through the membrane has to experience greater
drag when more graphene flakes are present, which in turn
slows down the permeable capacity of the membrane, which is
evidenced in Fig. 5e. Fig. 5f–h show the time series snapshots
of the purification process for the GNN5, GNN30, and GNN60
membranes, respectively; also see Movie S1 in the ESI.†
The overall removal eﬃciency
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55
Fig. 4 Removal eﬃciency at diﬀerent MB solution ﬂow rates based on
MB absorbance results. The MB solution concentration was ﬁxed at
1 ppm and the graphene loadings were denoted in the graph.
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To compare the overall purification performance of the GNN
membranes as a function of both graphene loading and flow
rate, the removal eﬃciency results are plotted on the threedimensional axes, as shown in Fig. 6a. As expected, the
GNN60 membrane yielded the best purification case. At higher
flow rates, the purification capacity decreased, especially for
the membranes with the low graphene loading (i.e., GNN1, 2,
3, and 4). These membranes with the low graphene loadings
are of no use in practice as they suﬀer from poor purification
capability at higher flow rates. The GNN5 membrane achieved
η = 100% when the flow rate was low, but the performance
deteriorated upon increasing the flow rate. For the graphene
loading beyond GNN15, all of the membranes performed well

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Removal eﬃciency as a function of: (a) the graphene loading
with the MB solution ﬂow rate and (b) the graphene loading with the MB
solution concentration.
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Fig. 5 (a) Removal eﬃciency at diﬀerent MB solution concentrations
based on MB absorbance results. The MB solution ﬂow rate was ﬁxed at
1 mL min−1 and the graphene loadings were denoted in the graph.
Photographs of original MB solutions (left) and puriﬁed MB solutions
(right) for GNN60: (b) 1 ppm, (c) 3 ppm, (d) 5 ppm. (e) Permeability of
GNN5, GNN30, and GNN60 using 5 ppm MB solution. (f–h) The time
series snapshots of the MB solution passing through the (f ) GNN5,
(g) GNN30, and (h) GNN60 membranes at t = 3, 6, 9 min, respectively.

for the wide range of flow rate. Fig. 6b quantitatively compares
the removal eﬃciencies from various graphene loadings and
MB concentrations. The results again confirmed that the
higher removal eﬃciency was achieved when the graphene
loading was higher. In addition, the purification capacity
deteriorated when the concentration increased.

This journal is © The Royal Society of Chemistry 2015

The carbon–carbon (C–C) bonds of graphene are rich in π-electrons. The most plausible type of interaction between the MB
molecules and graphene is π–π stacking. The most significant
interactions between MB molecules and graphene are attributed to adsorption. The MB molecules are adsorbed on the
surface of the graphene sheets with an oﬀset face-to-face orientation via π–π stacking interactions, during which external
mass transfer between the MB solution and the graphene
sheets takes place via boundary layer diﬀusion.25
As observed in the evaluation of the eﬀect of graphene
loading, at a lower graphene content, the removal eﬃciency
was low. Purification (complete removal of MB) was achieved
with the membrane when suﬃcient adsorption was accomplished due to the availability of a larger number of graphene
sites. At a high graphene loading, the overall surface area of
the membrane increases, which enhances the rate of adsorption of MB on graphene. On the other hand, low removal
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Fig. 7 FTIR spectra of (a) aqueous MB solution, (b) pristine GNN membrane, and (c) GNN membrane after treatment of MB solution.
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Fig. 8

Chemical structure of methylene blue.

Herein, attempts were made to desorb the MB molecules
from graphene by applying 10 kV of high voltage (HV) for
1 min prior to the start of every cycle. Fig. 9 shows the results
of the recyclability test performed with (red) and without
(black) HV treatment of the used GNN5 membranes. After a
few cycles, the MB removal capacity of the membrane not subjected to (without) HV treatment declined substantially, reaching below 40% removal eﬃciency at the fifth cycle. However,
HV treatment of the used membrane resulted in an enhancement of the removal eﬃciency with repetitive use (right
column, red data bars in Fig. 9a). This improvement was
repeatedly confirmed for all cycle numbers. Therefore, desorption of MB molecules from graphene was successfully
achieved, as confirmed through this recyclability test.
Graphene is well known for its significant conductivity
(electron mobility at room temperature = 250 000 cm2 V−1 s−1)
owing to its zero band gap. This property of graphene plays a
significant role during the HV treatment for the desorption of
MB molecules from graphene. Rahaman et al. investigated the
electrostatic interaction between viral particles and multiwalled carbon nanotubes under application of an external electric field.28 They observed inactivation of the adsorbed viral
particles by surficial oxidation. In the present study, HV treatment eﬀectively broke the bond between the MB molecules
and graphene via oxidation/decomposition (Fig. 9b). The
mechanism of MB oxidation at the graphene surface owing to
the HV treatment can be explained as follows:

1

5

10

15

20

25

eﬃciency was observed when the flow rate of the MB solution
was high due to poor adsorption of the MB molecules on the
graphene surface. At a high flow rate, the MB molecules have
the propensity to cross the barrier membrane, leading to poor
water purification as observed in Fig. 4.
To confirm the state of the MB molecules adsorbed on
graphene, as-prepared GNN and the used GNN membranes were
analyzed using FTIR (Fig. 7). Characteristic peaks of MB were
apparent at 2920 and 2850 cm−1 (the bottom curve), corresponding to the stretching vibration of the C–H bonds in the
methyl groups (–CH3) of methylene blue (Fig. 8).26 The middle
curve in Fig. 7 shows a typical IR spectrum of pure graphene.
The peak at 3446 cm−1 corresponds to the hydroxyl (O–H)
groups. The peaks observed in the region of 1500–1800 cm−1
are ascribed to the carbonyl and carboxyl groups on the
surface of graphene.27 In the used GNN membranes, the top
curve shows peaks corresponding to MB as well as graphene,
which confirms the adsorption of MB on graphene.
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In general, the filtration capacity of a filter declines with repetitive use given that the filter (in this case, the graphene sheet)
can only hold a certain amount of adsorbate (i.e., MB molecules); that is, the adsorption site or area is limited. In contrast
with the rapid adsorption of organic pollutants by graphene,
the desorption process is quite a challenge because of strong
bonding between graphene and the attached organic pollutants (MB molecules in this study).12
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Fig. 9 (a) Removal eﬃciency of GNN5 membrane over multiple cycles
for the membrane subjected to high voltage (HV) and not subjected to
HV treatment. The MB solution concentration and the ﬂow rate were
ﬁxed at 1 ppm and 1 mL min−1, respectively. (b) Schematic of the MB
degradation process.
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Fig. 10

SEM images of (a) as-deposited and (b) HV-treated nylon nanoﬁbers on the steel mesh.

Hydroxyl radicals are generated by the following reactions:

20

25

e– ðHVÞ þ H2 O ! H• þ OH• þ e ðOH• radical generationÞ ð1Þ
e– ðHVÞ þ H2 O ! H2 Oþ þ 2e ðH2 Oþ ion formationÞ

ð2Þ

H2 Oþ þ H2 O ! H3 Oþ þ OH• ðOH• radical generationÞ

ð3Þ

In addition to generation from the decomposition of water,
hydroxyl radicals can also be generated by electronically excited
oxygen atoms (O(1D)) from oxygen (O2) in the air as follows:29
e– ðHVÞ þ O2ðgÞ ! Oð1 DÞ þ Oð3 PÞ þ e ðO atom formationÞ ð4Þ

30

Oð1 DÞ þ H2 O ! OH• þ OH• ðOH• radical generationÞ

ð5Þ

These generated hydroxyl radicals are responsible for the
degradation and consequent removal of MB from the graphene
surface as follows:

35

40

C16 H18 N3 SCl þ OH• ! C16 H18 N3 SClðOHÞ

ð6Þ

C16 H18 N3 SClðOHÞ þ OH• ! C16 H18 N3 SClðOHÞ2

ð7Þ

C16 H18 N3 SClðOHÞ2 þ OH• ! C16 H18 N3 SClðOHÞ3

ð8Þ

C16 H18 N3 SClðOHÞ3 ! Decomposition products
ðamines; nitrates; CO2 ; etc:Þ
•
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55

ð9Þ

The OH radicals react with MB molecules to initially form
hydroxide species that are later decomposed into amines,
nitrates, CO2, etc., as shown in eqn (6)–(9). The decomposition
of adsorbed MB molecules in the first cycle makes more area
on the surface of graphene available, providing more binding
sites for the MB molecules in the second cycle. This eﬀect is
evidenced by the improved water purification performance
(i.e., MB removal capacity) of the present GNN membranes. A
comparison of the as-prepared nanofibers on the stainless
steel mesh and those subjected to the HV treatment is presented based on SEM analysis (Fig. 10). No sign of degradation
of the nanofibers was apparent even after the HV treatment.
Thus, in theory, this membrane can be recycled indefinitely as
long as the nanofibers remain mechanically and electrically
resistant to the HV treatment, which is the case here.

This journal is © The Royal Society of Chemistry 2015
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Conclusion
A water purification membrane was fabricated by entrapping
graphene flakes between nylon nanofiber layers. The fabricated membrane was found to be eﬀective for water purification based on the removal of the model pollutant,
methylene blue. The removal eﬃciency varied as a function of
the amount of pollutant passing through the membrane.
Evaluation of the eﬀect of the graphene loading on the purification performance showed that there is a threshold value
(0.237 mg cm−2) of the graphene loading to maximize the purification capacity of the membrane. Removal of the model pollutant by the membrane occurs via adsorption of the MB
molecules on the surface of the graphene flakes. The adsorption phenomenon was confirmed by FTIR. Furthermore, electrically driven desorption was applied as a novel approach for
recycling the used membrane. Applying high voltage to the
membrane was eﬀective for desorbing the MB molecules
without sacrificing the mechanical stability of the nanofibers
that entrap the graphene flakes.
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