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ABSTRACT

Water pollution due to indiscriminate disposal of industrial dyes poses serious
environmental hazards nationally and internationally. Some of the dyes are
potentially carcinogenic and may induce mutagenicity and genotoxicity.
Recently, graphene-based nanocomposite has attracted considerable interest for
photocatalysis-based wastewater treatment. Here, we report the production of
graphene-oxide-based hydrophobic PAN/GO nanofibers using electrospinning
technique for photocatalytic degradation of Rhodamine 6G dye under natural
sunlight illumination. The synthesized nanofibers were characterized using
X-ray diffraction, EDX, field emission scanning electron microscopy and FTIR
spectroscopy. Dye removal efficiency was investigated by monitoring UV-Vis
absorption intensity over time. Structural change in dye was studied using FTIR
analysis. Kinetics of dye degradation reaction was monitored through pseudo-
first-order and pseudo-second-order kinetics model. Effects of nanofiber weight
and initial dye concentration on the degradation efficiency were investigated in
detail. Reusability and stability of these synthesized nanofibers in dye solution
have been studied using scanning electron microscopy and FTIR spectroscopy.
A comparative study for dye degradation was also performed using TiO,-coated
nanofibers under visible light and UV light illumination. These large-area reu-
sable graphene oxide nanofibers provide a scalable and novel route for photo-
catalytic degradation of carcinogenic dyes from industrial water.

Introduction million people still lack the easy access to clean
potable water. According to a recent report, it is
estimated that around 37.7 million people are affec-

Water pollution due to industrial coloring dyes is  ted by water-borne diseases annually, 1.5 million

now an acute problem worldwide and in developing children are estimated to die of diarrhea alone, and 73

countries in particular [1]. It is estimated that 780 million working days are lost due to water-borne
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diseases each year (UNICEF and FAO Joint report).
Some of the dyes are potentially carcinogenic and
may induce mutagenicity and genotoxicity [2, 3].
Moreover, colored water reduces the penetration of
light into the water thus altering the aquatic life. It
also adds large quantity of chemicals in soil, thus
affecting the eco-balance [4]. Various manufacturing
industries such as textile, leather, pulp, paper, paint,
food processing, cosmetics and plastics industries use
dyes for coloring their products and produce almost
7 x 10° tones of dyes annually. These industries use
huge amount of water, and abundant colored
wastewater is discharged regularly to reservoirs
[2, 5, 6]. Textile industry itself contributes to almost
20% of wastewater [7]. As a result, the removal of
these toxic dyes from water is one of the major con-
cerns of the scientific community today. It is pro-
posed that 4% of the common disease burden can be
relaxed by proper advancement of water supply
system with sanitation and hygiene to maximize the
health benefits [8].

Various physical, chemical and biological methods
are reported in the literature for the treatment of
colored wastewater. Some of the traditional methods
for dye removal are adsorption on solid adsorbent
[2, 4, 9] sedimentation, electrochemical coagulation
and flocculation [10, 11]. In all these methods, pol-
lutant is transferred from water to some another
phase, thus generating secondary pollutant which
further needs treatment. Moreover, there is problem
of adsorbent regeneration in all these adsorption-
based processes limiting their field application [12].
As potential alternative, engineered nanomaterial-
based catalysis has gained significant interest
recently due to large aspect ratio, tunable photo-
physical properties, and quantum confinement
effects of these nanomaterials [13]. Nanostructured
materials such as nanoadsrobent, nanosize catalyst,
nanomembrane, etc., give better selectivity and yield
for the removal of pollutants from the wastewater
[14]. 1D nanostructures are more effective catalyst
than nanoparticles since nanocatalyst often leads to
the formation of agglomerates, thus reducing the
reactivity in solution [15]. Recently, graphene-based
materials have attracted in fabricating the electronics
devices and photocatalyst [16, 17]. Various methods
are available for the synthesis of graphene such as
chemical vapor deposition [18], epitaxial growth [19],
micromechanical exfoliation [20] and reduction of
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graphene oxide (GO) [21]. Among above, the
reduction of GO to graphene is most economic
method for bulk production. GO is usually prepared
using Brodie, Staudenmaier and Hummers method,
which involve the oxidation of graphite powder
using acid followed by exfoliation of GO sheets.
Graphene oxide has both sp® and sp® hybridized
carbon atoms, and also additional chemical func-
tionalization can be achieved in GO during synthesis
process [15, 22]. The presence of sp* hybrid network
in graphene-based materials makes them favorable
for catalytic application [15, 23-25]. Graphene-based
materials are extensively being used in photochem-
ical or photocatalytic reactions for solar fuel gener-
ation [26], photocatalytic water splitting [27] and
dye degradation [28-30]. Also the cost-effective
production of nanofiber using electrospinning has
advantage of large surface area and facile synthesis
approach thus are commonly used in water reme-
diation [31, 32].

Here, we demonstrated the production of graphene
oxide (GO)/polyacrylonitrile (PAN) composite
nanofibers by electrospinning method and their
application for degradation of Rhodamine 6G (Rh6G)
dye. Rh6G is xanthenes-based dye which is com-
monly used in different optoelectronics applications
and as a coloring agent in various industries includ-
ing cotton, silk, wool, fibers leather [33, 34]. It is a
mutagen and hence highly toxic for cells, tissues and
organisms. It is also proven to have carcinogenic and
teratogenic effects [35, 36]. The Rh6G dye was com-
pletely photodegraded in the presence of GO/PAN
nanofiber. Dye removal efficiency was investigated
by monitoring UV-Vis absorption intensity over
time. Structural change in dye was studied using
FTIR analysis. Kinetics of dye degradation reaction
was monitored through pseudo-first-order and
pseudo-second-order kinetics model. Effects of
nanofiber weight and initial dye concentration on the
degradation efficiency were investigated in detail.
Reusability and stability of these synthesized nano-
fibers in dye solution have been studied using scan-
ning electron microscopy and FTIR spectroscopy. A
comparative study for dye degradation was also
performed using TiO,-coated nanofibers under visi-
ble light and UV light illumination. These large-area
reusable graphene nanofibers provide a scalable and
novel route for photocatalytic degradation of car-
cinogenic dyes from industrial water.
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Figure 1 Schematic for a electrospinning setup, b photoreactor.

Materials and methods
Materials

Sodium nitrate (NaNOj3, 99%), concentrated sulfuric
acid (HySO4, 98%), potassium permanganate
(KMnOy, 99%), hydrogen peroxide (H,O,, 35%),
Polyacrylonitrile (PAN), concentrated hydrochloric
acid (36.5%), titanium tetra isopropoxide (TTIP, 99%)
and Rhodamine 6G were purchased from Hi Media,
Mumbai, India. Graphite powder was purchased
from Bay Carbon Company, USA. All other solvents
were purchased from Merck Ltd, Singapore.

Production of GO

Graphene oxide was synthesized using modified
hummers method [37]. Briefly, 3 g of graphite pow-
der was slowly added to concentrate H>,5SO,-NaNO;
and solid KMnO,4 was slowly mixed under continu-
ous stirring. The mixture was then kept in ice bath
and stirred for another 2 h. Subsequently, the tem-
perature was increased to 90 °C. After adding excess
distilled water, the mixture was stirred using a
magnetic stirrer for another 30 min. Finally, 30%
H,0, was added and the solution color changed to
brilliant yellow.

Fabrication of the PAN/GO nanofibers

PAN/GO photocatalyst was synthesized using elec-
trospinning technique. In typical procedure, an elec-
trospinning solution composed of polyacrylonitrile
(PAN) (1.75 g), GO (20 mg) and DMF (20 mL) was
prepared. This solution was stirred for 24 h for uni-
form mixing. The electrospinning solution was taken
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into a 5-ml syringe with a capillary tip whose inner
diameter was 0.5 mm. A high potential of 13 kV was
applied between the droplet at the needle of syringe
and collector to generate high-intensity electric field
as shown in Fig. 1a. A grounded electrode metal
plate covered with 0.5-mm-thick aluminum foil was
used as a collector. The collector was placed at a
working distance of 15 cm. Flow rate of polymer
solution was adjusted using syringe pump. The
optimized flow rate was found to be 0.3 mL/h.

Synthesis of TiO,

Titanium dioxide (TiO,) sol-gel solution was syn-
thesized using previously reported procedure [38],
where 5 mL of titanium tetra isopropoxide (TTIP)
and 0.8 mL of isopropyl alcohol (IPA) were slowly
added to 30 mL of 0.1 M nitric acid solution under
vigorous stirring. The solution was then refluxed at
80 °C for 12 h.

Synthesis of TiO,-loaded PAN/GO
nanofibers

Synthesized PAN/GO nanofibers were coated with
TiO, nanoparticles by dipping the nanofiber mat into
TiO, sol-gel solution for 15 min for photocatalysis
study. These fibers were then dried at 65 °C for 1 h in
air.

Dye degradation study

Synthetic wastewater containing Rhodamine 6G was
prepared by mixing different concentrations of Rho-
damine 6G in water. PAN/GO nanofibers were
added to this synthetic wastewater solution. The
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solution was kept for continuous stirring for mixing
and mobilizing the degraded dye from surface of
nanofibers. The change in the concentration of dye

Intensity|

Intensity

2 Theta (6)

Figure 2 XRD pattern of graphene oxide (GO).

Figure 3 a SEM image of (a)
nanofiber, b SEM image of g
nanofiber high resolution,

¢ histogram for nanofiber
diameter distribution.

© ,

Frequency distribution
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was studied using the change in peak absorbance of
dye in UV-Vis spectra over time.

TiO,-loaded PAN/GO nanofibers were used to
study the photocatalytic degradation of Rhodamine
6G under visible light and UV light irradiation in a
photocatalytic reactor. The experimental design of
the photoreactor is shown in Fig. 1b. The photoreac-
tor consists of an orbital shaker, a beaker with dye
solution and a light source placed as shown. In this
study, UV illumination and visible light bulb of 40 W
were used as light sources. The beaker was placed
onto orbital shaker to mobilize the degraded dye
from surface.

Characterization

The microstructure and surface morphology of the
nanofibers samples were recorded by FESEM
instrument (FEI Quanta 200 F, Netherland) operated
at accelerating voltage of 15 kV. EDX was attached to
FESEM. Surface morphology of nanofibers was also
checked using scanning electron microscope (JEOL
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Figure 4 AFM image of nanofibers.

JEM2010) operated at 10 kV. NT-MDT NTEGRA was
used to record AFM. UV-Vis spectrum for dye
solution was recorded using Hitachi UV-Vis spec-
trophotometer. FTIR spectra of nanofibers and dye
solution were obtained to understand the structure of
PAN/GO nanofiber sample. FTIR was taken using a
Thermo-Nicolet spectrometer using potassium bro-
mide (KBr) pellets.

Results and discussion
Characterization of graphene oxide (GO)
Figure 2 shows XRD pattern for synthesized GO;

here, peak around 10° corresponds to characteristic
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peak of GO which is from (002) plane reflection. Peak
near 25° is from reduced graphene oxide (rGO) which
comes due to incomplete oxidation of rGO, and peak
at 43° comes from turbostratic band of disordered
carbon materials which corresponds to (101) and
(012) planes.

Characterization of PAN/GO composite
nanofiber

Figure 3a shows the FESEM image of electrospun
PAN/GO composite nanofibers with 9.26 wt% PAN
and 0.1 wt% GO in DMF solution. The inset contains
the high-magnification image. It shows that the
obtained nanofibers are spread uniformly without
aggregation. The average diameter of nanofibers was
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estimated to be 156.46 + 39.9 nm. Figure 3c shows
the distribution of nanofiber diameter. The diameter
of the nanofibers was found to be dependent on the
electric field and flow rate. Since the nanofibers are a
highly interconnected network resulting into a
fibrous web, it provides a large surface area to dye
solution. AFM image of the nanofibers is presented in
Fig. 4, and image shows highly interconnected
nanofibers overlapping each other. The energy-dis-
persive X-ray (EDX) analysis of electrospun nanofi-
bers was carried out to find out the different elements
present in the fiber mat. Figure 5a shows the obtained
EDX spectra, which clearly implies that the

3000 2500 2000 1500 1000 500

Wavelength(cm-1)

nanofibers are composed of carbon (C), nitrogen
(N) and oxygen (O) atoms.

Figure 5b shows FTIR spectra of PAN/GO nano-
fibers before photodegradation experiment. The peak
at 2224 cm™' is from the -CN groups of PAN,
whereas peak at 3006 cm™' represents C-H stretch-
ing vibration of the aromatic rings in GO. The peak
observed at 1719 cm ™' corresponds to C=O stretch-
ing vibration. The peak at 1540 cm ™' can be attrib-
uted to N-O asymmetric stretching, whereas the peak
at 1149 cm™ ' is due to the C-N stretching in aromatic
amines indicating the presence of aromatic amine
groups in GO/PAN nanofibers. The broad band at

@ Springer
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Figure 6 Degradation of dye over time.
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Figure 7 FTIR spectra of Rh6G dye nanofiber before and after
the addition into nanofiber.

3755 cm ™! indicates that the nanofibers contain O-H
group on their surface which interact with dye for
efficient adsorption. GO FTIR peaks are consistent
with previous report [39].

Photocatalytic degradation of dye

Photocatalytic degradation of dye was studied by
dipping PAN/GO nanofibers into synthetic
wastewater solution. The degradation efficiency was
monitored by UV-Vis absorption spectroscopy. As
shown in Fig. 6, the concentration of the Rh6G dye
was degraded to 65% in 12 h under the natural sun-
light with just 6 mg of nanofiber addition in 20 mL of
dye solution. The color of the synthetic wastewater
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also changes from dark red to almost transparent as
shown in Fig. 6 making the photodegradation a col-
orimetric phenomenon.

Mechanism of dye degradation

In order to understand the mechanism of the degra-
dation process, FTIR spectra of Rh6G was taken
before and after the nanofiber addition. Figure 7
presents FTIR spectra of Rh6G before PAN/GO
nanofiber addition. As shown in Fig. 7, the peak at
1017 em ™" corresponds to C-O stretching in ester
group of Rh6G molecule, and the peak at 3457 cm ™"
corresponds to the hydroxyl group (-OH) stretching,
whereas the peak at 1639 cm™' shows stretching
vibration and scissor bending vibration of the amine
groups. The small peaks at 1500, and 1471 cm™*
represent the vibration of aromatic ring (-C-C-), the
band at 1268 cm ™" corresponds to the C-N stretching
vibration, and the peak at 589 cm ™' corresponds to
C-Cl stretching in Rh6G. The position and intensity
of these bands get affected by nanofiber addition.
Figure 7 shows the FTIR spectra of the Rh6G after the
addition of PAN/GO nanofibers. The position and
intensity of these bands changed after nanofiber
addition. The FTIR spectra showed a blue shift in the
586 cm ™' band which corresponds to C-Cl stretching
and the peak at 1017 cm™' representing the C-O
stretching has shifted to 1089 cm™' with a marked
decrease in transmittance. The peak corresponding to
aromatic C—C stretch no longer exists in the solution
with sufficiently long-time exposure to the
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Figure 8 Mechanism of dye
degradation in inset structure

of Rhodamine 6G.
Light Source

Visible light

_PAN/GO Nanofibers

nanofibers. This can be attributed to the chemical
interaction between Rh6G and PAN /GO nanofiber.

Based on the above observation, we propose a
simple photocatalytic model for dye degradation
(Fig. 8). At first, Rh6G molecules get adsorbed onto
the nanofibers surface due to large aspect ratio of the
nanofiber. This adsorption of dye can build up to
multilayer. Figure S1 confirms the adsorption of
Rhodamine 6G form wastewater onto the nanofibers.
Later on, when light is absorbed by the photosensi-
tizer dye molecule impregnated on the nanofiber
surface, it excites the electron from HOMO energy
level to LUMO energy level of Rh6G molecule. Pho-
toexcited electron from Rh6G dye percolates through
GO structure and transfers the electron rapidly to the
oxygen molecule where it forms a highly reactive
species O;". This anion oxidizes H,O to generate
OOH™ anion. Two OOH™anions then react to gen-
erate H,O,. The H,O, further dissociates to make OH
radical which is highly oxidizing agent and which
degrades Rh6G to CO,, H,O and other degradation
products [40]. The following equations summarize
the photocatalytic mechanism.

PAN/GO + D — PAN/GO — Dyg (1)
PAN/GO — Dyq + hv — PAN/GO — Dj;, (2)
PAN/GO — D, — PAN/GO — D/, + ecp (3)
0, + ecp — O (4)

0, + H,O — OOH + OH™ (5)
HOO + HOO — O, + HO - OH (6)
H,O0,+ e — OH + OH (7)
Rh6G + OH' — Degradation products, CO,, Water

(8)

Effect of nanofiber weight

The effect of nanofiber amount on the dye degradation
efficiency was studied using different weights of
nanofibers, viz. 4, 6 and 8 mg with same concentration
of dye. Figure 9 shows the decrease in dye absorbance
over the time with different amounts of nanofibers.
Rh6G degradation increases from 61.4% for 4 mg fiber
to 90.6% for 8 mg over the period of 12 h as shown in
Fig. 9c. This can be attributed to the availability of more
catalytic sites due to increased exposed surface area of
nanofibers leading to efficient photodegradation of dye.

Effect of dye concentration on degradation effectiveness

We also studied the photodegradation of Rh6G with
different concentrations of dye. The dye degradation
experiment was performed with three different con-
centrations of dye, namely 107°, 2 x 10> and
5x 107°M, and the same amount of nanofiber
(8 mg) was added. Figure 10 shows the degradation
of dye with time, and it can be seen with the increase
in dye concentration the percentage degradation

@ Springer
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Figure 9 Photocatalytic degradation of Rhodamine 6G under natural sunlight a using 8 mg nanofiber, b using 6 mg nanofiber, ¢ using

4 mg nanofibers.

decreases for same time period which is attributed to
availability of more dye molecules for same surface
area of nanofibers. Another reason for this is that
once concentration of dye is increased, the dye will
absorb the light and photon will never reach at
photocatalyst surface [41].

Kinetic study

The quantity of dye adsorbed at a given time gq; (mg/
g) and percentage dye removed were calculated
according to the mathematical expressions below;

14

g = (Ci=Ci) 37 (9)

(Ci—Cy)

i

%Removal = x 100 (10)

We calculated the first-order kinetics and second-
order kinetics for the reaction. For the first order,
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dC
dC
E—klc (12)
—kqt Co
C=Ce ™ or In < =kt (13)

Since we monitored degradation at 526 nm, the
concentration in above mentioned equation can be
written as

In <%> =yt (14)

Therefore, the curve between In (%) and time () is a
straight line with slope k;, where Ay and A are
absorbance at initial time and at some particular time
of interest ¢.

Second-order kinetic model was also tried to fit for
the data obtained from the experiment.
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r:i—f:k’ZCZ (15)
1 1
— =kt +— (16)

C Co

Replacing concentration by absorbance at charac-
teristic wavelength

% =kt + Aio (17)
The resultant curve between 4 and t was plotted.

Figure 11 describes the first- and second-order
kinetics of degradation reaction. From Fig. 11, it
can be inferred that the reaction does not clearly
follow first-order or the second-order kinetics, and
also it can be seen from the curve the degradation
initially seems to follow the second-order kinetics
and with the decrease in the dye concentration in
the solution, the system tends to follow the first-
order kinetics.

Reusability of PAN/GO nanofiber

Reusability is a key issue for a photocatalyst to be
used for the industrial application. The used nanofi-
bers were dried at 65 °C for 6 h and characterized
with FTIR spectra to see the change in chemical
structure of nanofibers. Figure 12c¢ shows the FTIR
analysis of the fibers after they were used for com-
plete degradation. It can be seen from Fig. 12 that
PAN/GO nanofibers represent same characteristic
peaks before and after the addition of nanofibers to
dye solution. It is clear from the spectra that chemical
structure of the fibers remains the same after
photocatalysis.

SEM images of fibers were also taken to see the
effect on morphology of the nanofibers after using
them for the removal of dye from the solution.
FESEM images as shown in Fig. 12a depict negligible
morphological change in the GO/PAN composite
nanofibers after using them for degradation which
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proved the high stability of synthesized PAN/GO
nanofibers.

Figure 12b shows the comparative study of pho-
tocatalysis after three successive cycles which shows
very little performance change in degradation. It can
be seen that after first cycle the degradation was
about 85% and after three successive cycles the
degradation does change from 84 to 74%. Therefore,
these nanofibers can be reusable for dye degradation.
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Wavenumber (cm-1)

Photocatalytic degradation study using TiO,-loaded PAN/
GO nanofibers

TiO, is widely studied semiconductor because of its
good photocatalytic properties. We prepared com-
posite TiO-loaded PAN/GO nanocomposite by
coating photocatalytic TiO, nanoparticles on the
PAN/GO nanofibers to increase its photocatalytic
activity as well as the effective surface area. These
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Figure 13 Degradation of dye using TiO,-loaded PAN/GO nanofiber. a Under visible light illumination, b under UV light illumination,

¢ comparison of dye degradation for UV and visible light.

nanofibers were used to study the degradation of
Rh6G in visible light as well as in UV light. Figure 13
shows the degradation of Rh6G dye with time. The
photocatalytic degradation of dye pollutant enhances
with UV irradiation in comparison with fluorescent
incandescent light.

The enhanced photocatalytic degradation with UV
illumination could be attributed to the photoexcita-
tion of TiO, along with the dye. TiO, onto nanofibers
will absorb light (if hv > Eg) followed by the excita-
tion of electron from VB to CB of TiO,. Since GO has
better electron and hole mobility than TiO,, the
excited electron is transferred easily to conduction
band of graphene oxide which will readily transfer
electron to O, making oxidizing species. Moreover,
TiO, adsorbed onto the nanofiber will also funnel
into the solution leaving trace amount of TiO,

nanoparticles on the solution which will provide
added photocatalytic properties; this can be seen in
Fig. 52. The photoexcited electron from conduction
band of TiO, (in solution) will lead to the formation
of highly oxidizing species hydroxyl radical which
will accelerate the degradation of dye [41, 42].

Conclusion

Here, we report the production of highly stable GO/
PAN composite nanofibers using simple and facile
electrospinning technique. FESEM confirms the for-
mation of uniform nanofibers. FTIR and UV-Vis
spectra of dye confirm that there is a strong interac-
tion between nanofiber and Rhodamine 6G
nanoparticles. The PAN/GO composite nanofibers
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exhibited a good photocatalytic effect on Rhodamine
6G dyes degradation. Effect of various operational
parameters onto the photocatalytic dye degradation
was studied. The statistical analysis of experimental
parameters such as initial dye concentration and
amount of photocatalyst has significant effect on the
removal of dye. It was observed that with the
increase in the amount of photocatalyst, the process
of degradation is faster. Similarly, the increased
amount of dye will reduce the degradation rate.
Furthermore, reusability and high stability are other
advantages of these composite nanofibers. Effect of
TiO, loading onto nanofiber suggests that with UV
illumination, the dye degrade faster than visible light.
The simple and elegant approach as proposed here
provides a scalable and novel route for photocatalytic
degradation of carcinogenic dyes from industrial
water.
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