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ABSTRACT

Visible light responsive graphene oxide (GO) nanotitania composite
was synthesized, and its photocatalytic activity was investigated for the
degradation of Eosin Yellow (EY). The nanocomposite was synthesized by
organic solvent free-controlled hydrolysis of titanium tetrachloride (TiCl,)
exfoliated with 10 wt. % (0.5 g) of the as prepared GO particles under
ultrasonication through in-situ addition of the aqueous GO solution.
The synthesized nanocomposite has been characterized using X-Ray
diffraction (XRD), UV-Visible diffuse reflectance spectral (UV-Vis DRS),
and field emission scanning electron microscope (FESEM) techniques.
In the presence of visible light, its photocatalytic activity was enhanced,
in contrast to the synthesized bare nanotitania particles. The agueous
solution of EY was degraded in 80 minutes (95.5 %). It was also supported
with an increase in the rate constant of the composite (7.05 x 102 mint)
as compared with that of the nanotitania (1.41 x 102 min). Through the
chemical oxygen demand (COD) studies, effective mineralization of the dye
was observed with the nanocomposite.
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INTRODUCTION

In the recent times, the photocatalytic
degradation with metal oxide semiconductors
has been proved to be an effective methodology
to detoxify a wide variety of industrial effluents
[1]. The strong oxidizing and reducing species
generated during the process remain attached on
the surface of the metal oxide and that converts
the organic pollutants into simple and harmless
products such as carbon dioxide and water [2].

Metal oxides such as TiO,, ZnO, Fe O,, ZrO,
have been known as the photocatalysts due to
their electronic structure which is influenced by
filled valence band and an empty conduction
band [3]. Titania (TiO,) has been identified and
investigated thoroughly as a photocatalyst owing to
its efficient ionic conductivity. High photocatalytic
activity of TiO, makes it a novel photocatalyst for
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the detoxification of several organic dyes in the
visible region [4]. However, the major drawback
is its photosensitivity to solar light. The wide band
gap of nanotitania (3.2 eV) limits its activity to
Ultraviolet light which represents only 4 % of
solar light affecting its efficiency as a photocatalyst
[5]. Recombination of the electron-hole pairs
after generation is another problem hindering its
efficiency as a photocatalyst in the visible region.
It is therefore necessary to modify TiO, in such a
way that its wide band gap becomes narrow, and
the recombination rate of the photo-generated
electrons and holes is minimized.

Currently, graphene has attracted scientific
interest due to its promising thermal as well
as electrical conduction properties. Due to the
hexagonal honeycomb-like network, the sp? -
bonded carbon lattice has exceptional electrical
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and spacious delocalized m-bond that enhances
its conductivity capacity and structural stability.
Its oxygenated form, graphene oxide has been
recommended to be a good supporting material
for assembling on metal oxides. The resulting
composites could act as charge carriers for the
photocatalytic degradation process. In this respect,
anchoring nanotitania particles over the GO sheet
can be efficient method to attain a promising
photocatalyst [6]. The wide band gap of TiO,
can be reduced by graphene oxide modification
[7]. Graphene oxide based nanocomposites are
expected to be visible light active and exhibit
synergistic properties, due to their narrow band gap
associated with optical and mechanical properties.
The nanotitania composite exfoliated with an
optimum weight percentage of graphene oxide are
synthesized in the present study, and its efficiency
as a visible light active photocatalyst is compared
with that of the bare nanotitania.

Eosin Y (EY), a synthetic heterocyclic
compound, is a red fluorescent anionic dye. Eosin
and its analogues are mainly used in dyeing or
textiles, ink manufacturing, and in coloring
cosmetics [8]. Wastewater containing EY causes
serious environmental problems due to its stability
and dark color [9]. The dye is widely used as
counter stain in routine staining of histological
tissue sections [10]. These stains were reported to
be mutagenic for humans and animals [11]. High
concentrations of the dye in the stain solutions
results in the formation of waste water toxicity.
Hence, in the present work, EY (Fig. 1) was selected
as the dye model for the photocatalytic degradation
study using nanotitania and GO-nanotitania
composite under visible light irradiation.

EXPERIMENT
Materials and Methods

Titanium tetrachloride (TiCl,), graphite powder,
potassium permanganate (KMnO,), phosphoric
acid (H,PO,), sulphuric acid (H,SO,), hydrogen
peroxide (H,0,), potassium dichromate (K,Cr,0.),
silver sulphate (Ag,SO,), mercury (II) sulphate
(HgSO,), ferrous ammonium sulphate [FeSO,.
(NH,),SO,.6H,0],and 1,10-phenanthrolin (ferroin)
were procured with AR grade quality from SD-
Fine analytical grade of 99 % purity. Eosin yellow
(Molecular formula: C, HBr,O,,A_ = 517 nm,
Molecular weight: 647.89 g mol") was selected as
the probe molecule for the present study. All the
chemicals were used as procured without any
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further purification. The experimental solutions
were prepared using distilled water (DI).

Synthesis of GO-nanotitania composite

Graphene oxide (GO) was prepared by the
modified Hummers method [20], dried and
characterized. A standard solution of GO was
prepared by dispersing 1 g of GO powder in 100 mL
of distilled water and kept under ultrasonication. A
standard solution of GO was prepared by dispersing
1 g of GO powder in 100 mL of distilled water and
kept under ultrasonication. In order to compare
the photocatalytic activity of the bare nanotitania
particles and GO coated nanotitania composite,
TiCl, was selected as the precursor and hydrolyzed
under aqueous medium. A measured volume of
GO solution was added into the reaction mixture
to which TiCl, was also added simultaneously
and kept under ultrasonication [21]. The volume
of GO, TiCl, and water were fixed according to
the designed reaction conditions [12]. The finally
obtained nanotitania particles and the nanotitania
composite with 10 % GO were dried and calcined
under optimum temperature conditions.

Instrumentation

The composites were characterized using X-Ray
Diffractometer (PANalytical-X* Pert PRO, Japan)
at room temperature using Nickel Filter Cu-Ka
radiation (A= 1.54059 A") over wide range of 10°<
20 < 80" with a scanning speed of 2 min™'. The UV-
visible diffuse reflectance spectra were recorded
using Single Monochromator UV-2600 (optional
ISR-2600Plus, A up to 1400 nm). The morphology
of the as-synthesized composite was investigated
by field emission scanning electron microscope,
FESEM (LEO1550).
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Fig. 1: Structure of Eosin Yellow
IUPAC NAME: 2-(2,4,5,7-Tetrabromo-6-oxido-3-oxo-
3Hxanthen-9-yl)benzoate
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Detection method
Photocatalytic studies

UV-visible  spectrophotometer  (Shimadzu
UV-2550, wavelength range: 180-1100 nm) was
used to study the photocatalytic performance of
the synthesized nano composite. 10 mg of the
composite was added to 10 ppm of 100 mL of
the dye solution under continuous stirring. After
establishing adsorption-desorption equilibrium for
30 minutes in dark condition, the photocatalytic
study was carried out under 400 watts tungsten
halide lamp embedded in a wooden breakfront. In
pre-determined time intervals, 5 mL of aliquots was
drawn, centrifuged and the translucent dye solutions
were analyzed using UV-visible spectrophotometer
at the respective absorption wavelength (\ __ =517
nm) of the dye. The % degradation of the dye was
calculated using equation.1.

Co—Ct
Photocatalytic degradation % = (OC—> x 100 (1)
0

where C is initial concentration of the dye and C,
is the concentration of the dye at a time interval, t.

RESULTS AND DISCUSSION
X-Ray Diffraction

The diffractograms of nanotitania and 10 % GO
- nanotitania composite are shown in Figs. 2a and
2b, respectively. The spectra of nanotitania particles

(Fig. 2a) revealed the formation of the distinct
anatase phase with a peak at 20 = 25.2° (JCPDS
File No. 21-1272) for the diffraction pattern (101)
and other related peaks at 35.7°, 37.5°, 47.4°, 54.4°,
62.2°, 69.4°, 74.8°, and 82.3° for the diffraction
patterns (103), (004), (200), (211), (204), (220),
(215), (303) can be observed corresponding to the
formation of body centered tetragonal nanotitania.
Also, the diffractogram of 10 % GO - nanotitania
composite (Fig. 2b) clearly indicates the presence of
the characteristic GO peak C (002) along with the
anatase diffraction peaks of nanotitania particles.
The average crystallite size was calculated using
Debye - Scherrer equation (Equation 2) based
on full width at half maximum (FWHM) for the
characteristic anatase diffraction plane (101)
obtained at 20 = 25.2°. The crystallite size was
obtained as 14.48 nm and 16.27 nm for nanotitania
and GO - nanotitania composite, respectively,
as shown in Table 1. The low crystallite size of
nanotitania compared to Degussa P25 indicates the
formation of highly crystalline nanosized particles.
This formation is also revealed from the broadening
of peaks in both spectra [12].

D = KA/(B cosB) (2)

where K is a dimensionless factor (0.9), A is the X-ray
wavelength =1.54059 A’, B is full width at half maxima
(FWHM= 0.98072) and 0 is the diffraction angle.

Table 1; Crystallite size of the photocatalysts

Photocatalyst

Crystallite size, D (nm)!!

Degussa P25
Nanotitania (present work)
10 % GO-nanotitania

25
14.48
16.27

) Calculated from Equation 2

T00

600 4

500 -

101)

Intensity

10 15 20 25 30 35 40 45 50 S5 B0 65 70 75 B0 BS 90 95 100
2 Theta (degrees)
Fig. 2 (a): XRD spectra of nanotitania
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Fig. 2 (b): XRD spectra of 10 % GO - nanotitania composite
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UV-Vis diffuse reflectance spectroscopy (DRS) analysis

The optical properties were studied and the
results were presented in Fig. 3. Nanotitania
particles showed an absorption edge at 425 nm
while the absorption was shifted (red shift) to 525
nm on incorporation of GO particles on its surface.
This clearly demonstrates a significant effect of GO
on the optical characteristics of the GO-nanotitania
composite material and narrowing the band gap in
the composite. These results can be ascribed to the
synergistic effect of GO and nanotitania particles
on the optical properties of 10 % GO - nanotitania
composite. Further, the light absorption properties
of GO is greater than those of nanotitania and it
increases the light absorption shift towards the
visible region [13, 14]. The band gap energy was
calculated using Equation 3 and the results are
presented in Table 2.

Eg = 1240 /A eV 3)

where Eg is the band gap energy in electron
volts and A is the wavelength in nanometers. The
band gap of pure titania is 3.2 eV whereas in GO
it is around 1.9 - 2.6 eV [7]. The narrow band gap
in the synthesized nanotitania (2.91 eV) compared
to the commercial Degussa P25 may be due to its

concise crystallite size (14.48 nm) as calculated
from Equation 2. Further, the band gap in the
nanocomposite with 10 % GO was determined
as 2.36 eV showing the narrowing in the band
gap on incorporation of GO on the surface of the
nanotitania particles.

Morphology studies

The surface morphological characteristics of
the synthesized composite was presented in Fig.
4 (a). It reveals the formation of spherical shaped
particles in the FESEM image (at 10 nm scale)
tending to form as large aggregates. Further, the
EDAX elemental analysis (Fig. 4 b) indicates the
peaks corresponding to carbon (C) atom of GO,
titanium (Ti) and oxygen (O) [21].

Photocatalytic Degradation
Effect of dye concentration

The effect of initial dye concentration on
photocatalytic degradation of EY was estimated by
varying the concentration from 1.16 x 10° M to 3.5
x 10° M. The study was performed with a known
weight of nanotitania and 10 % GO-nanotitania
composite respectively; the results are shown in
Figs. 5 (a) and 5 (b). The percentage degradation
efficiency was high for the concentration of 2.33

0.5 -

Absorbancefa.u

10 % GO - nanotitania

nanotitania

0.0 5 425 nm 525 nim

S B e L B s S S e
200 250 300 350 400 450 500 550 GOD 650 700
Wavelength/nm

Fig. 3: UV- Vis DRS spectra of nanotitania and 10 % GO —nanotitania composite

Table 2: Band gap energy values for the photocatalysts

Photocatalyst Wavelength (nm) Calculated band gap (eV)"
Degussa P25 387.5 3.2
Nanotitania (present work) 425 291
10 % GO-nanotitania 525 2.36

[ Values obtained from UV-Vis DRS plot, " Determined from Equation 3
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x 10° M, and it gradually decreased at higher
concentrations. This phenomenon was observed
to be superior with GO containing nanotitania
composite compared to the bare nanotitania
particles. With increase in concentration of the
dye, its rate of adsorption on the active sites of
the photocatalyst increases, and simultaneously
decreases the adsorption tendency of hydroxyl ions
on these sites. Hence, the generation of hydroxyl
radicals, that are the major degradation agents,
decreases. However, high dye concentrations
decrease the photon numbers and their adsorption
on the surface of the catalyst, and finally decrease
the degradation efficiency [15]. From these studies,
the optimum concentration of EY was fixed as 2.33
x 10 M for the successive experiments.

Effect of photocatalyst

The effect of degradation on the aqueous
solutions of EY with concentration of 2.33 x 10° M
was tested with the synthesized nanomaterials; the

v 10 nm
10%%G0+nano Ti02

Fig.4 (a): FESEM image of 10 % GO-nanotitania composite

L8

4.7 =

TiK

09 - K

results are shown in Fig. 6. There was no significant
degradation either through catalysis or photolysis
processes. However, very phenomenal degradation
tendency of EY has been observed in the presence
of the synthesized nanomaterials under visible light
irradiation. The nanotitania particles have shown
65 % degradation efficiency and the tendency
has improved to almost 98 % with 10 % GO - NT
composite (for known weight) in 80 minutes.
This may be due to increased light absorption
capacity of GO coated on highly crystallised in-situ
synthesized nanotitania composite, and its narrow
band gap creates a superior photocatalytic ability
[11]. Hence, in the subsequent experiments, the
nanotitania composite with 10 % GO was used for
the degradation studies.

Effect of photocatalyst dosage

The amount of photocatalyst on degradation
of EY has been studied and presented in Fig. 7.
The catalyst (10 % GO - nanotitania) load was

g - ) T 1 T
200 400 600 .00

10,00

1200 400 1600 1800 2000

Emergy - kel

Fig. 4 (b): EDAX spectra of 10 % GO-nanotitania composite
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varied from 2 mg to 12 mg/100 mL with 2.33 x = of the particle surface [16]. Hence, the influence of
10° M concentrated EY solution at the natural pH pH on the degradation of the dye was estimated by
of the dye (5.97). The results represents that the varying the pH values at 4.5, 5.7, 6.8, 10.7 and 11.1,

degradation efficiency has increased with increase respectively, for a fixed concentration of dye [2.33
in catalyst dose and at higher catalyst dose above 8 x 10 M] and catalyst load (10 % GO - nanotitania
mg, the trend was not much effective. With increase composite, 8 mg/100 mL). The surface properties
in amount of the catalyst, the rate of adsorption of of the photocatalyst depend on the zero point
the dye increases due to more number of active sites charge (zpc) of the surface. For TiO,, the zpc is
on the surface of the catalyst [15]. However, high 6.8, indicating that the surface is positively charged
catalyst dose bring opacity in the aqueous solutions in the acidic range and negatively charged in the
and restricts the penetration of the visible light with alkaline range [17]. Moreover, the presence of more
decrease in the rate of degradation. Therefore, an oxygen containing acidic functional groups on the
optimum amount of 8 mg/100 mL of EY solution outer layers of GO (zpc =1.6) would have further
was chosen as catalyst dose for the studies. decrease in the zero point charge of TiO, with 10 %
GO. As depicted in Fig. 8, the degradation efficiency

Effect of pH of EY was more in the pH range of 5.7 - 6.8. With
The effluents released from textile industries further increase in pH, the degradation efficiency
contain harmful dyes at various pH conditions. is decreased. There might be a strong chemical
The pH of a solution is an important factor in the interaction and adsorption between the negatively
photocatalytic reactions as it determines the charge charged EY molecules and the positively charged

70 4
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Fig. 5 (a): Effect of initial dye concentration on degradation of EY.
(Photocatalyst) = nanotitania.
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Fig. 5 (b): Effect of initial dye concentration on degradation of EY.
(Photocatalyst) = 10 % GO - nanotitania.
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Fig. 6: Effect of photocatalyst.
[EY]=2.33 x 10° M, Volume = 100 mL
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S
1
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3
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Catalyst/mg

Fig. 7: Effect of photocatalyst dose.
Catalyst= 10 % GO-nanotitania composite, [EY]=2.33 x 10° M, Volume = 100 mL

surface of TiO, below pH 6.8, which would lead to
degradation of the dye. Very low degradation rate
at higher pH conditions may be due to repulsion
between the negatively charged dye and the catalyst
surface.

Chemical oxygen demand

The chemical oxygen demand was estimated
separately to evaluate the mineralization of the dye.
It is indication of the oxygen equivalent of organic
matter present in the wastewaters. The analysis was
performed with 8 mg of 10 % GO - nanotitania
composite dispersed in 100 mL aqueous solutions
of EY with concentration 2.33 x 10° M using
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dichromate (K,Cr,0,) method [18].

The aliquots (5 mL) of the analytes under study
were collected in a time interval of 10 minutes and
precipitated. The supernatant liquid was taken
in a 250 mL round bottomed flask (RBF). 10 mL
of K,Cr,0, [0.00833] N 10 mL of Ag,SO,-H SO,
solution, and 0.1 g of HgSO, solution were added
into the RBFand refluxed for 1.5 hours. The mixtures
were then cooled and titrated against standardised
ferrous ammonium sulphate (FAS) solution [0.026]
N using ferroin indicator. The COD content in
the samples was calculated using equation 4 and
the loss percentage of COD was calculated using
equation 1. Based on the results presented in

Nanochem Res 3(2): 160-169, Summer and Autumn 2018
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Fig. 8: Effect of pH on the degradation of EY.
Catalyst= 10 % GO - nanotitania, Catalyst load = 8 mg, [EY]=2.33 x 10° M, Volume=100 mL.

Table 3. COD studies of EY using 10 % GO - NT composite

Mineralization of Eosin -Y

Time (min) COD (mg/L) % COD loss % degradation

0 187.5 - -

10 156.8 16.3 20.4
20 112.3 40.1 49.6
30 79.6 57.5 65.8
40 62.1 66.8 72.1
50 45.3 75.8 81.8
60 24.7 86.8 90.7
70 11.2 94.0 93.6
80 4.3 95.5 98.1

Table 3, a significant decrease in the COD of EY
associated with 95.5% COD loss within 80 minutes
are observed. These results were in close agreement
with the degradation efficiency percentage of EY
with the nanocomposite, confirming the removal
of EY along with mineralization in the presence of
10 % GO- nanotitania composite,
COD = [B — A] % 0.2 * 200 mg /L (4)

where B and A are the volumes (mL) of FAS
consumed for the blank (distilled water) and the
sample under study, respectively. 1 mL difference
between the titrations corresponds to 0.2 mg of
oxygen required for the 5 mL sample, and 200 is
deduced as calculation factor.

Kinetic analysis
The kinetic study was performed for the
degradation of EY dye wusing Langmuir-

Nanochem Res 3(2): 160-169, Summer and Autumn 2018

Hinshelwood kinetic model [19].

r=dC/dt = kKC/(1 + KC) )

Onneglecting the value of KCin the denominator
(KC<<1) and integrating with respect to time t, the
above equation is simplified to a pseudo-first order
equation,

In— = kKt = kgt (6)

where Co is the initial concentration and C is the
concentration of EY solution at time t. k is the rate
constant and K is the adsorption coefficient of EY
dye onto the photocatalyst.

Thekinetic plots of EY degradation were depicted
in Fig. 9. The rate constants (k) were calculated as
1.41 x 102 min! (R? = 0.9723) and 7.05 x 10* min
1 (R* = 0.9912) for the rate of degradation with
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Fig. 9: Kinetic plots of EY degradation.
[Catalyst load] = 8 mg, [EY] =2.33x10° M

EY +hv (Vis) =EY'" or EY™"

GO (¢)+ 02— 02"+ GO
TiO2 (hvs") + OH" — OH’ + TiO2
EY™*+OH — EY + OH"

02" +H" — HOY’
HOz2" + H" + GO (¢) — H20: + GO

EY! or EY?" + TiO2 — EY"* + TiO2 (ecs’) — GO (€) + TiO2(hvs")  (2)

EY + 20H" — H:20 + oxidation products

H202 + TiO2 (ecs’) — HO™+ OH™ + TiO2
EY"™ + 02" (or) HO" —degradation products

(1)

€)
(4)
©)
(6)
()
@®)
)
(10)

Scheme 1: Photosensitized degradation reactions of EY using GO- nanotitania composite

nanotitania and 10 % GO - nanotitania composite,
respectively. The rate constant has been increased 7
times with the GO nanocomposite with nanotitania.
It shows the superior effect of GO assembled on
nanotitania in enhancing the rate of reaction [20].

Plausible photocatalytic mechanism

The schematic illustration of the photocatalytic
reactions is presented in Scheme 1. Under
visible light illumination, typical photosensitised
mechanism was proposed in which the adsorbed
dye molecule on the surface of the photocatalyst
is excited followed by consequent transfer to the
conduction band of the catalyst [16, 21, 22]. The
dye molecule is converted to a cationic radical.
Without GO in the photocatalyst, the e/h* pairs are
recombined causing a low photocatalytic activity.
Its presence forms a strong overlap between the
d-orbital (conduction band, CB) of nanotitania and
ni-orbital of GO causing a synergic effect [23]. In this
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interaction, the electron in the CB of nanotitania
can be easily shuttled into the conducting zone of
GO thereby decreasing the recombination of e/
h* pair. The negative electron reduces oxygen to
superoxide ions and the positive hole in the valence
band (VB) of nanotitania oxidises water molecules
to hydroxyl radicals. These superoxide ions and
hydroxyl radicals would mineralize the dye.

CONCLUSION

The nanotitania composite assembled with an
optimum weight percentage of graphene oxide was
synthesised through the in-situ addition of TiCl,
in an aqueous medium under ultrasonication.
Exfoliation of GO on nanotitania surface was
clearly identified through XRD and UV-Vis DRS
spectral analysis. The photocatalytic activity
of these composites was investigated for the
degradation of EY under visible light irradiation.
With an optimum increase in GO percentage of the

Nanochem Res 3(2): 160-169, Summer and Autumn 2018
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composite, degradation of the dye was improved
compared with that of nanotitania. Further, the
COD studies confirmed the photoefficiency of the
composite by degrading 95.5% of EY. The results
of COD loss and degradation efficiency were
compared and a close agreement was observed in
both the studies.
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