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The increasing prevalence of antibiotics in the environment
has promoted the development of antibiotic resistant microor-
ganisms, and novel approaches are needed to effectively remove
antibiotics from water and mitigate this worldwide problem. A
reduced graphene oxide-V,05 (RGOV) nanocomposite was syn-
thesized and used for photocatalytic degradation of the antibi-
otic oxytetracycline (OTC) in aqueous solution. The Sol-Gel
method was employed for V,Os synthesis from e-waste-based
vanadium nitrate, and a one pot solvothermal method was
used to synthesize RGOV. Fourier-transform infrared spectros-
copy (FTIR), X-ray diffraction spectroscopy (XRD), transmission
electron microscopy (TEM) with energy dispersive analysis of X-
rays (EDAX) confirmed V-O-C bonds on the surface of the
RGOV nanocomposites. A decrease in the band gap of V.Os
Jrom 2.21 to 2.13 eV was supported by diffuse reflectance
ultraviolet—visible spectrophotometry. OTC adsorption onto the
nanocomposite increased with an increase in RGO concentra-
tion and saturated at 17% for RGOV with 30% graphene oxide.
The composite degraded 90% of the OTC present in aqueous
solution (50 mg/L). Platinum (1%) doping further increased
OTC degradation by the nanocomposite to 98.7%. Optimum
conditions for maximum OTC degradation are (1) an initial
OTC concentration of 50 mg/L, (2) a RGOV nanocomposite
dose of 0.5 g/L, and (3) a 40 min incubation time. Our results
support the potential use of RGOV nanocomposite for OTC
photodegradation. © 2018 American Institute of Chemical Engineers
Environ Prog, 2018
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INTRODUCTION

Antibiotics are extensively used in mariculture and animal
farming to prevent bacterial infection and promote growth [1,2].
The increasing and in appropriate use (without proper veteri-
nary guidance) of antibiotics is resulting in their entry into the
environment at alarming levels, where they promote the devel-
opment of multi-antibiotic resistant bacteria which disrupt natu-
ral microbial communities and adversely impact human and
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veterinary medical treatment [3,4]. Oxytetracycline (OTC) is a
broad-spectrum antibiotic widely used for treating respiratory
disorders, sexually transmitted infections, and other inflamma-
tory diseases in animals [5]. Due to its affordability and minimal
side effects, OTC has extensive use in animal husbandry. Prob-
lematically, nearly 70% of the compound is not metabolized
and/or retained in the animal body and is excreted through
urine and feces [0]. Aside from promoting antibiotic resistant
microbes, OTC inhibits nitrification in aquatic systems, reduces
biogas production during anaerobic digestion of manure,
reduces microbial respiration, and decreases soil enzyme con-
centrations [7,8]. Several methods have been developed to
decrease residual antibiotics in the environment. Heterogenous
catalyst-based photocatalytic oxidation is one such method that
has been proven to be highly effective [9].

Discarded electrical and electronic equipment are referred
to as e-waste. E-waste contains substantial amounts of hazard-
ous substances, which when leached into the environment
pose serious threats to biological systems [10,11]. E-wastes are
processed by recycling or removing hazardous components
before they are accumulated for compacting and destruction.
Numerous metal oxides are extracted from e-wastes, which
when doped with photocatalysts tend to have higher photoca-
talytic activity [12].

V,0s is one such metal oxide catalyst. It has a band energy
gap of 2.47 eV and greater electron hole recombination when
irradiated, thus demanding doping with transition metals and
photocatalysts [13]. Graphene, having high adsorption capacity,
conductivity and photo-conversion efficiency, serves as an ideal
catalyst [14,15]. Hence, hybridization of V,05 with reduced gra-
phene oxide (RGO) yields high photocatalytic activity and sta-
bility even under natural irradiation, making it ideal for reuse
over multiple cycles [16]. Additionally, doping with noble metals
increases light adsorption in the visible light region due to
greater surface excitation [17]. Among all the noble metals, plati-
num doping has been found to significantly increase the dura-
bility and electrocatalytic activity of the photocatalyst [18].

In this context, we present the findings of our study with
following objectives: (1) synthesise V,05 by the sol-gel method
using vanadium nitrate extracted from e-waste; (2) dope V,0s
onto (RGO) graphene oxide; (3) characterize the synthesized
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reduced graphene oxide-V,0s (RGOV) nanocomposite; (4)
assess the efficiency of the nanocomposite for OTC degrada-
tion; and (5) enhance the photocatalytic activity of the RGOV
nanocomposite by platinum doping.

EXPERIMENTAL

Materials

Vanadium nitrate was obtained as a by-product of hydro-
metallurgical treatment of vanadium redox battery from an e-
waste recycler in Coimbatore, Tamil Nadu, India. The other
chemicals used in this experiment were procured from Sigma-
Aldrich (India) and used as received.

Synthesis of V,05 Nanoparticles

A metal citrate intermediate was prepared by constant stir-
ring of a 2:1 ratio molar solution of vanadium nitrate solution
and citric acid with 50 mL of water for 12 h at 45°C, then
refluxing for 3 h. The metal citrate was chelated to the metal
oxide to control particle size and ensure uniform distribution
of the metal ion in the reaction mixture [19]. The reaction mix-
ture was dried on a hot plate at 180-200° C for 60 min. The
resultant V,0Os white powder was washed, dried in a vacuum
oven at 60° C for 2 h, and used for further experiments.

Synthesis of Graphene Oxide

We adopted a modified Hummers method [20] for synthesis
of graphene oxide (GO) from graphite powder. In brief, 2 g of
graphite powder was gradually mixed in 100 mL of concen-
trated H,SO4 containing 8 g of KMnOy and stirred for 2 h. The
temperature of the reaction mixture was maintained below
20°C using an ice bath with constant stirring for 30 min.
Double-distilled water (100 mL) was added to the reaction
mixture and stirred for another 15 min. The reaction was termi-
nated by adding 200 mL of double-distilled water followed by
30 mL of 30% H,O, aqueous solution. The solid product
was separated by centrifugation and washed repeatedly with
5% HCl in water until the pH of the supernatant solution
became neutral. The brown solid was vacuum dried at 60° C
before use.

Synthesis of Reduced Graphene Oxide Vanadium
Oxide (RGOV)

A RGOV composite was prepared using a solvothermal
process. In brief, GO (0.2, 0.4, and 0.6 g to obtain 10%, 20%,
and 30% w/w, respectively) was sonicated in 50 mL methanol
for 30 min at room temperature to achieve uniform dispersion.
Synthesized V,05 (2 g) was gradually added to the flask and
the reaction mixture was stirred mechanically for 1 h to ensure
complete mixing. The homogeneous suspension was trans-
ferred to a Teflon-lined stainless steel autoclave and placed in
a hot air oven at 120° C for 8 h, where reduction of GO to
RGO was facilitated by autogenous pressure generated within
the vessel. The pressure simultaneously enhanced the merging
of V,0s onto RGO layers. The resulting composite was
washed repeatedly with water, filtered, dried in vacuum at
60° C, and stored in a desiccator until use. The prepared mate-
rials were labeled RGOV-10, RGOV-20, and RGOV-30.

Platinum Doping of RGOV-20

Platinum chloride was used as the precursor for platinum
metal. Briefly, 2.5 mg of platinum chloride and 2 g of RGOV-
20 were added to a beaker containing 30 mL of double-
distilled water. The reaction mixture was stirred vigorously at
80° C until it became dry. The dried mixture was scraped and
reduced with hydrogen gas at 450° C. The prepared catalyst
was labeled RGOV-20/Pt (1%).

Characterization

After pelleting with KBr, Fourier-transform infrared spectra
were obtained in transmission mode on a Shimadzu DR-8101A
Spectrophotometer. A Philips X'Pert Pro MPD diffractometer
was used to perform X-Ray Diffraction analysis with Cu radia-
tion between 5 and 80° 20 at a scan rate of 0.1°/min and an
incident wavelength of 0.154 nm. An aqueous solution of the
sample was deposited in micro grids to ascertain morphology
and composition using transmission electron microscopy and
energy dispersive X-ray (Hitachi JEOL-2010 HRTEM). Spectra
were also obtained with a UV-visible diffuse reflectance spec-
trophotometer (Jasco V650) with an integrated sphere assem-
bly using BaSOy as the reference.

Photocatalytic Studies

Photocatalytic activity of the RGOV nanocomposite towards
OTC degradation was assessed using an immersion well batch
photoreactor. A known amount of catalyst was dispersed in an
aqueous solution of OTC at the desired concentration under
ultrasonication for 5 min. Before irradiating, the suspensions
were stirred in the dark for 20 min to equilibrate OTC adsorp-
tion on the catalyst surfaces. A 150 W xenon lamp was used as
the irradiation source. During irradiation, 0.2 mL aliquots
were withdrawn at regular time intervals and centrifuged at
8,000 rpm for 5 min. OTC degradation was quantified based on
the change in concentration with time, determined using a total
organic carbon analyzer (TOC-V CSH Analyzer Shimadzu). OTC
adsorption onto the nanocomposite (in the absence of light)
was evaluated using the same procedure. OTC photolysis was
also determined using the xenon lamp in the absence of cata-
lyst. OTC removal percentage was calculated:

(Co=Cy)

0

Degradation (%) = X 100 (1)

where, C, is the initial concentration of OTC and C, is OTC
concentration at various time intervals.

Recycling of the Catalyst

After treatment, the OTC solution and photocatalyst were
left undisturbed for 1 h. The supernatant was then decanted
and the composite separated by filtration, washed with deio-
nized water, vacuum dried at 60° C, and reused for subsequent
photocatalysis experiments.

RESULTS AND DISCUSSION

Characterization

Fourier-Transform Infrared Spectroscopy

In the Fourier-transform infrared spectroscopy (FTIR) spec-
trum of the synthesized V,0s nanoparticle [Figure 1(a)], the
broad absorption band at 1020-853 cm™* was attributed to
V=0 stretching and a peak at 480 cm™" to V-O-V bonding. This
adsorption band matched that of a previous study [18]. Peaks
corresponding the oxygen-containing functional groups of car-
boxylate (C-O) at 1050 cm™", epoxide (C-O-C) at 1225 cm ™",
C-OH deformation peak at 1380 cm™", and C-O stretching of
COOH groups at 1700 cm™ were well defined in the FTIR
spectra of the GO and RGOV composites. The sharp peak at
1624 cm™! and the broad band at 3600 cm™" are indicators of
adsorbed water on hydrophilic GO [12]. No additional peaks
were observed in the FTIR spectrum of the RGOV-20/Pt (1%)
composite, attesting to the low platinum concentration.

X-Ray Diffraction Spectroscopy

Figure 1b shows the structural characterization of the
RGOV, RGO, and RGOV-20/Pt(1%) nanocomposites. A sharp
diffraction peak at 26 = 10.2° originated from RGO, is in good
agreement with a previous study [21]. The x-ray diffraction
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Figure 1. (a) FTIR spectra of GO, V,0s, RGOV (10, 20 & 30) and RGOV-20/Pt (1%) photocatalysts; (b) XRD spectra of GO, V,Os,
RGOV (10, 20 & 30) and RGOV-20/Pt (1%) photocatalysts. [Color figure can be viewed at wileyonlinelibrary.com]

spectroscopy (XRD) spectrum of V,Os indicates that the syn-
thesized photocatalyst is crystalline in nature. Good matching
with JCPDS Number 09-0387 with attributed (h k D) values of
200, 001, 110, 400, 011, 310, 002, 411, 600, 601, 121, 420, and
710 is a further indicator of crystallinity [22]. Similar XRD
spectra were obtained for all of the prepared photocatalysts,
inferring that the crystalline structure of V,Os is not signifi-
cantly impacted by RGO loading and platinum doping.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) and EDAX were
performed to study the morphology and the composition of the
prepared sample [Figure 2(a—e)]. The RGO electron micrograph
showed thin stacked flakes with a few well-defined structural
layers at the edges. The TEM image indicated that the nanocom-
posite was devoid of particle agglomeration and had a uniform
structure with controlled particle size. The composite also had a
uniform deposition of V,0s and Pt (1%) metal over the RGO
surface with no separate particle over the edges insuring the
absence of blends but strong bonds with RGO sheets. The pres-
ence of C (23.87%), V (49.61%), O (25.42%) and Pt (1.10%) was
determined by EDAX mapping of the RGOV 20/Pt composite.
The absence of impurities indicated that the synthesized photo-
catalyst was of very high purity.

DRS-UV

Diffuse reflectance spectra (DRS) of V,0s, RGOV-20, and
RGOV-20/Pt (1%) are shown in Figure 2f. The band gap of the
synthesized V,05 was 2.21 eV. However, the band gap of

Environmental Progress & Sustainable Energy DOI 10.1002/ep

RGOV-20 decreased to 2.13 eV, indicating strong interaction
between V,0s5 and RGO sheets. Doping with transition metal
Pt (1%) further decreased the band gap to 2.09 eV. Thus, the
introduction of RGO improves the light absorption capacity of
V,0s in the visible light region compared to bare V,05 and
loading with Pt (1%) further enhanced the conducting nature
of the composite.

Photocatalytic Studies

OTC Adsorption

OTC adsorption onto the nanocomposite surfaces in dark-
ness is shown in Figure 3. The maximum adsorption OTC on
V,0s was 8%, whereas for RGOV adsorption increased with
increasing RGO content and became saturated at 17% for
RGOV-30. This can be attributed to hydrogen bonding
between OTC and surface hydroxyl groups. For all catalysts,
adsorption—desorption equilibrium was attained at 20 min [23].

Effect of RGO (%) and Pt (1%) on OTC Degradation

The optimum weight (%) of RGO (w/w) with respect to
V,0s for maximum degradation of OTC was determined
[Figure 4(a)]. The degradation efficiency of bare V,05 was 58%
after 60 min, while RGOV-10 had a degradation efficiency of
68% and RGOV-20 had an even greater efficiency of 90%.
A further increase in RGO content from 20 to 30% did not sig-
nificantly increase OTC degradation. Thus, subsequent experi-
ments to optimize photocatalytic parameters were conducted
with the RGOV-20 nanocomposite. The electronic interaction
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Figure 2. (2) TEM image of (a) RGO, (b) V,0s, (¢) RGOV-20, (d) RGOV-20/Pt (1%), and (e) EDAX Spectrum of RGOV-20/Pt (1%)
photocatalyst; (f) DRS-UV spectra of V,Os, RGOV-20 and RGOV-20/Pt (1%) photocatalysts. [Color figure can be viewed at

wileyonlinelibrary.com]

of RGO with V,Os has been found to retard the recombination
of photo-induced charge carriers by prolonging electron life-
time, promoting generation of oxy reactive species and captur-
ing photo-generated holes. This can be attributed to the
enhanced catalytic activity of RGOV [24].

Doping with 1% Pt [Figure 4(b)] improved OTC degradation
(98% after 40 min). Thus, the RGOV-20/Pt(1%) nanocomposite
proved to be an efficient photocatalyst for OTC degradation.
The enhanced degradation can be attributed to the conducting
ability of the platinum metal, which further decreases electron
hole recombination [18].

OTC Concentration

Photocatalytic degradation of OTC on RGOV-20/Pt(1%) was
determined at different initial concentration (25-100 mg/L) and
the results are shown in Figure 4c. Degradation decreased with
increasing OTC concentration. Maximum degradation was
observed at lower initial concentrations (25 and 50 mg/L) and
as initial concentration increased, degradation decreased. At an
initial concentration of 100 mg/L, degradation was 40%. This
phenomenon is mainly attributed to the fact that the color

intensity of OTC solution tends to increase with increase in
OTC concentration. The higher the color intensity the lesser
would be the ability of light to penetrate deep into the solution
and excite electrons, thus, resulting in decreased degradation
rates [25]. Under the conditions of the experiment degradation
was maximal at 50 mg OTC/L.

RGOV-20 Pt(1%) Dosage

Catalyst dosage should be optimized for photocatalysis to
avoid using excessive amounts of catalyst. Degradation of
OTC at 50 mg/L was determined at catalyst doses of 0.25, 0.5,
0.75, and 1 g/L [Figure 4(d)]. OTC degradation increased from
90% to 98.7% with an increase in catalyst dosage from 0.25 to
0.5 g/L. Further increases in catalyst dosage (0.75 and 1 g/L)
did not increase degradation. This is due in part to an increase
in agglomeration of nanocomposites, which makes the solu-
tion more turbid. Higher turbidity increases light scattering,
which negatively affects photocatalytic degradation efficiency
[26]. Degradation (upto 58%) was rapid in the initial 10 min of
the reaction, indicating sufficient reactive sites in 50 mg of the
nanocomposite. Further studies should address the influence

Environmental Progress & Sustainable Energy DOI 10.1002/ep
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Figure 3. Adsorption of OTC over different catalysts
(Experimental condition: Initial OTC concentration of 50 mg/L
and catalytic dose: 0.5 g/L in dark). [Color figure can be
viewed at wileyonlinelibrary.com]

of salts and metals on the photocatalytic activity of the RGOV-
20 nanocomposite.

Kinetics of OTC Degradation

The photocatalytic degradation of OTC was well-described
by pseudo-first order kinetics, following the Langmuir—
Hinshelwood model [27]:
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where, k' is the apparent rate constant (min™") of the photoca-
talytic degradation. A plot of In (Co/C) versus time (min) yields
a straight line and the slope is the degradation rate. Figure 5a
shows OTC degradation kinetics under optimized conditions.
The degradation rate constant was 1.878 X 107 min™".

Catalyst Stability and Reusability

Reusability and stability of the catalyst is essential for practi-
cal applications [28]. Repeated OTC photodegradation experi-
ments were performed to estimate the reusability of RGOV-20/
Pt(1%) as a photocatalyst. Results [Figure 5(b)] suggest that
RGOV-20/Pt(1%) can be reused for four cycles, as only an 11%
reduction in OTC degradation was observed between the first
and fourth cycle. This indicates high stability, although addi-
tional research should be conducted to further increase the
reusability of the photocatalyst.

CONCLUSION

The RGOV-20 nanocomposite prepared by a solvothermal
method degraded 90% of OTC compared to bare V,0s (58%)
within 60 min. Increasing RGO loading in excess of 20% did
not significantly impact OTC degradation. On doping with Pt
1%, OTC degradation increased to 98.7% within 40 min, thus
demonstrating high potential of RGOV-20/Pt(1%) for OTC
removal.
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Figure 4. (a) Effect of RGO loading of the catalyst; (b) improved efficiency on doping Pt (1%) on the degradation of OTC
(Experimental condition: Initial OTC concentration of 50 mg/L and catalytic dose: 0.5 g/L); (¢) Effect of initial concentration over
the degradation of OTC for RGOV-20; (d) Effect of weight of the catalyst on the degradation of OTC. [Color figure can be viewed
at wileyonlinelibrary.com|]
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