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for industrial scale dye degradation.

INTRODUCTION

Devastation to the natural world has been an unintended
consequence of emerging industrialization and technological
breakthroughs over the past few decades. Specifically, the
damage caused to essential resources of life such as water, air
and soil leave behind harmful consequences to the entire eco-
system. Release of textile and industrial effluents into water
reservoirs is a likely event that threatens the well-being of living
creatures. Nearly 15% of dyes manufactured around the world
unintentionally spread across and pollute the water systems
[1]. This ultimately extends to a yearly count of 280,000 tons
of dye being released in the form of effluents [2]. Such occur-
rences adversely impact the water’s salinity, pH, total organic
carbon, solid particle suspension, biological and chemical
oxygen demand, etc. [3]. It is quantified that almost 70% of
dyes that are manufactured for industrial scale usage are azo
dyes that have large molecular weights and complex structural
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arrangement [4]. Azo dyes fall under the anionic variety of
dye classification and is identified peculiarly with the presence
of azo and sulphonic functional groups [5,6].

Dye effluent contaminated water dispel unpleasant odour
over time, which results from the decomposition of hydrophytes
and water-based entities. This occurs when the dye contami-
nation escalates the water’s turbidity and lowers the chance of
receiving natural sunlight. In humans, ingestion of dye contam-
inated water leads to cancer, emphysema, heart diseases,
dermatitis, kidney failure, metabolic stress, splenic sarcoma,
etc. [7,8]. Owing to such risk factors and non-biodegradable
nature, the quest for efficiently removing these harsh dye
contaminants from the environment remains inevitable. Various
strategies like photocatalysis, adsorption, ozonation, membrane
filtration, enzyme degradation, reverse osmosis, electro-kinetic
coagulation, efc. have been developed for the remediation of
toxic dye moieties from industrial effluent discharge [9,10].
Amongst these approaches photocatalysis substantiates to be
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the efficient, cost-effective and ecofriendly approach for reme-
diation purposes. During this process reactive oxygen species
like singlet oxygen, hydroxyl and superoxide radicals, efc. are
generated which then attacks the toxic dye molecule and frag-
ments it into safer products [11].

In recent times, the semiconducting materials are being
used as photocatalysts owed to their diverse properties in various
fields e.g. TiO,, CuO, ZnO, Fe,03, WO;, AL,Os, SnO; and NiO
are few of semiconductor metal oxides profoundly used for
photocatalysis applications [12]. TiO, is widely studied as a
photocatalyst owed to its eco-friendliness, cost effectiveness,
stability and tunability. Doping it with certain elements is a
proven way to tune its bandgap and harness its applicability
in both ultraviolet and visible regions [13,14]. Liu et al. [15]
synthesized xylan/PVA/TiO,composite and used it as a photo-
catalyst against astrazon brilliant red 4G and ethyl violet dyes.
They successfully achieved about 94% degradation efficiencies
for both the dyes. Simiarly, Mulpuri et al. [16] developed a
TiO, co-doped with boron and zinc photocatalyst under sol-gel
synthesis technique and successfully carried out the degrad-
ation of acid red 6 dye. D’ Amato et al. [17] fabricated a gold/
TiO, composite coated polypropylene matrix via dip coating
method and investigated its ability to photodegrade alizarin
red S dye. Chkirida et al. [18] synthesized a composite based
on biopolymer sodium alginate, ferric/ferrous oxide and TiO,
and tested its photocatalytic activity against methylene blue
dye under ultraviolet light source.

In present work, nanoparticles of copper-doped titanium
dioxide (Cu-TiO,) were synthesized by hydrothermal synthesis
and their use as a photocatalyst for the degradation of reactive
black 5 (RBY), reactive red 198 (RR198) and reactive yellow
145 (RY145) dyes was demostrated. Dependence on the pH
and concentration and pH of the dye solution, kinetics and
recyclability were also be investigated.

EXPERIMENTAL

Titanium isopropoxide, copper acetate, trioctylphosphine
oxide (TOPO), ethanol, reactive black 5 (RB5), reactive red
198 (RR198) and reactive yellow 145 (RY145) dyes were
procured from Sigma-Aldrich, USA. Ultrapure distilled water
was used throughout the study. PXRD pattern was obtained in
a Rigaku SmartLab SE X-ray instrument at 20-80° diffraction
angle. The UV-DRS patterns were recorded in a JASCO V-
750 spectrophotometer at a wavelength sweep between 200-
800 nm. The HR-SEM was done in a Thermoscientific Apreo
S instrument whereas, HR-TEM images were taken in a JEOL
JEM-2100 Plus instrument. The photocatalytic degradation
studies were performed in a multi-lamp HEBER reactor aided
with reflecting mirrors and six UV-Vis light sources.

Synthesis of Cu-TiO, nanoparticles: Copper acetate
(0.05 M) and trioctylphosphine oxide (TOPO, 0.01 M) were
added in a 1:4 ratio of ethanol:water solution under constant
stirring. The resulting dispersion was added to 0.1 M titanium
isopropoxide and stirred until a homogeneous mixture was
obtained. Further, the mixture was transferred into a Teflon-
lined autoclave setup which was placed in a hot air oven at
180 °C for 10-12 h. The resultant hydrothermally synthesized

Cu-TiO; was filtered out and washed several times with water
and acetone to ensure purity. Then, it was vacuum sealed for
further characterization and investigations.

RESULTS AND DISCUSSION

PXRD analysis: PXRD pattern (Fig. 1) was recorded for
the Cu-TiO, nanoparticles to validate its formation and to find
certain parameters like crystallite size, phases, purity, efc. The
obtained spectrum accorded closely to the anatase-form of
TiO, with standard JCPDS 21-1272 [19]. Dominant peaks at
25.3°, 37.8°, 47.9°, 54.3° and 62.72° were the characteristics
of (101), (004), (200), (105) and (204) planes, respectively. These
peaks and their corresponding planes exclude the probable
formation of rutile or brookite forms of TiO, in the lattice.
Thus, the phase purity of synthesized Cu-TiO, nanoparticles
was validated accordingly. The crystallite size of Cu-TiO, nano-
particles was calculated to be 17 nm using the Debye Scherrer’s
equation. Additionally, it can be observed that the presence of
copper dopant was not visibly detected in the spectrum. Yet,
the existence of copper in crystal lattice is evident from the
unusual broad peaks of the anatase-TiO,. This broadness/wider
appearance of the peaks can be attributed to the smaller grain
sizes or the overlapping of rapid diffraction peaks [20]. How-
ever, owed to the incorporation of larger copper ions (ionic
radii 0.72 A) in comparison with the smaller titanium ions
(ionic radii 0.68A), copper ions tend to occupy the grain boun-
daries and thereby depresses further growth of the nanoparticle
[21,22]. This leads to the unusual broader diffraction peaks of
Cu-TiO; nanoparticles when compared to that of the standard
anatase-TiO,.
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Fig. 1. PXRD pattern of Cu-TiO, nanoparticles

UV-DRS analysis: The optical absorbance and reflectance
spectrum of Cu-TiO, nanoparticles were investigated and is
displayed in Fig. 2a-b. A broad absorption maxima was centered
at 300 nm and prolonged into the visible region of the spectrum.
This is ascribed to the transport of charges between the valence
and conduction bands, 2p-orbital of O* to the 3d ty,-orbital of
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Fig. 2. (a) Absorbance and (b) reflectance spectrum of Cu-TiO, nanoparticles

Ti* [23]. The reflectance spectrum demonstrates that the nano-
particles can be employed in the visible range, as the diffused
light can pass through at wavelengths greater than 400 nm.
Fig. 3a-b exhibited the Kubelka-Munk plots [24], which were
used to calculate the plausible bandgaps of the nanoparticles.
The resulting bandgap energy (E,) was found to be 3.3 and
3.2 eV for direct and indirect transitions, respectively. Such
reduced bandgap values depict that the Cu-TiO, nanoparticles
are capable of rapid electron transfer upon the incidence of a
light source and therefore can act as an efficient photocatalyst.

Morphological studies: The morphological and particle
size studies were briefly supported with HR-SEM and TEM
analysis techniques. The HR-SEM image (Fig. 4a) showcased
the formation spherulitic shaped Cu-TiO, nanoparticles. The
particles were quite agglomerated due to the negligible attra-
ction forces that act between the particles. The elemental comp-
osition was investigated with energy dispersive X-ray (EDX)
study (Fig. 4b) and resulted in their corresponding atomic
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percentage values. The elements Ti, O and Cu were found to
be present in 38.48, 58.59 and 2.92% compositions. This clearly
puts forth the fact that copper has been successfully incorpo-
rated in the anatase-TiO; lattice. The average particle size of the
spherulites were in the range of 350-450 nm. Also, the elements
present in the sample were mapped and shown in Fig. 4c-e. Similar
to the homogenous distribution of Ti and O elements, the Cu
was also dispersed uniformly in the synthesized nanoparticles.

High resolution enhanced image of individual particles
were obtained using HR-TEM analysis (Fig. 5a), which re-
confirmed the spherulitic morphology of Cu-TiO, nano-
particles. Selected area electron diffraction fringes (SAED)
(Fig. 5b) of Cu-TiO, nanoparticles were cross-referred with
the JCPDS standard PXRD data and led to the major diffraction
planes (101), (004) and (200). Similarly, the d-spacing value
(Fig. 5¢) were also calculated to be 0.358 and 0.194 nm, which
corresponded to the characteristic diffraction planes (101) and
(200) [25,26].
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Fig. 3. Kubelka-Munk plots of (a) direct and (b) indirect bandgap plots of Cu-TiO, nanoparticles
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Photocatalytic degradation of reactive dyes

Absorption studies: The 50 ppm solutions of RBS5,
RR198 and RY 145 dyes were taken in 100 mL tubes made of
quartz material and then 50 mg of Cu-TiO, photocatalyst was
added in each tube before exposing the dye solutions to UV-
Vis light. At a constant interval of 10 min, aliquots were retrieved
and centrifuged to separate out the photocatalyst is dispersed
in the solution from hindering the optical analysis. Further,
the optical absorbance were recorded for the dye solutions
and plotted against wavelength. As represented in Fig. 6, the
absorbance intensity of all the three dye solutions were kept
in contact with the photocatalyst reduced gradually under UV-

Fig. 5. HR-TEM (a) image, (b) SAED spectrum and (c) d-spacing of Cu-TiO, nanoparticles

[2 10 | B

Vis irradiation. The probable cause for the decreased absor-
bance is highly based on the photocatalytic activity of Cu-TiO,
photocatalyst. When the surface of photocatalyst encounters
UV-Vis light it excites and ejects a valence band electron of
the photocatalyst to a high energy conduction band. Owed to
this occurrence, a hole and an electron are left in the valence
and conduction bands, respectively. These two entities initiate
the formation of active species known as the reactive oxygen
species (ROS). These ROS include hydroxyl radicals, which
have the ability to degrade toxic dyes and transform them into
gaseous carbon dioxide and water [27].

Effect of concentration and pH of dye solutions: The
concentration dependence of the degradation was analyzed
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Fig. 6. Absorption spectra of 50 ppm RBS, RR198 and RY 145 dye solutions in contact with Cu-TiO, photocatalyst

and is displayed in Fig. 7. An increased concentration is a direct
illustration of the increased number of dye molecules in a
solution. Every photocatalyst surface primarily requires a light
source to activate the electron-hole recombination process
which leads to photocatalytic degradation of dyes. However,
when the dey concentration was increased beyond a certain
extent the light source is obstructed by the increased presence
of dye molecules. Such an act leads to lowered degradation
and as a consequence the efficiency also declines [28]. In same
way, when the concentration of the dye was increased from
25 ppm to 100 ppm, the efficiency declined drastically.
Similar to concentration, varying the pH of dye solution
also impacts the degradation process. Since TiO; is a peculiar
amphoteric material, it can adapt to varying pH conditions
easily. Likewise, Cu-TiO, photocatalyst is also expected to
have such equivalent characteristics. When the dye solution is

adjusted to pH = 3, the photocatalyst surface acquires a positive
charge and attracts the weakly negative charged dye molecules.
The vice-versa happens when the solution pH is altered to 11.
Fig. 8 showed that at both acidic and basis cases, the degradation
efficiencies deviated from that of the degradation in neutral
pH [29]. Collectively, the efficiencies were comparatively higher
in acidic conditions and lower in basic condition with respect
to neutral conditions.

Degradation efficiencies: Fig. 9 showed the maximum
efficiency of degradation achieved by all the three studied dye
solutions. The insets provide a visual evidence for the success-
ful degradation of the dyes assisted by Cu-TiO, photocatalyst.
The observed efficiencies were in the decreasing direction of
RB5 >RR198 >RY145. The RB5 dye (89.31%) was degraded
to a greater magnitude when compared to RR198 and RY 145
dyes, which had efficiencies of 80.52 and 73.36%, respectively.
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Fig. 9. Degradation efficiency of Cu-TiO, photocatalyst against 50 ppm of RB5, RR198 and RY 145 dye solutions

It is clearly seen that the efficiency with respect to time didn’t
saturate completely in the stipulated 120 min duration. This
infers that if the reaction progresses for further duration the
Cu-TiO, photocatalyst can potentially degrade the dye moieties
entirely.

Kinetic studies: The reaction kinetics of the degradation
reaction was fit into the pseudo-1* order kinetic equation: In
(Cy/C) =k't [30]. To find various parameters, the plot In (Cy/C)
against time was fitted into a linear graph (Fig. 10). Correlation
coefficient (R?), equilibrium time concentration (C, cal) and
rate constant (k') were acquired from the linear fit and shown
in Table-1. It was observed that the C,, cal values were very
low, which elucidates that the experimentally obtained dye
concentrations would also be small. Hence, the Cu-TiO, photo-

TABLE-1
PARAMETERS OF REACTION KINETICS
Dye C,,cal (mg g) k' (min™) R?
Reactive black 5 0.024 0.019 0.996
Reactive red 198 0.057 0.033 0.990
Reactive yellow 145 0.078 0.052 0.987

catalyst’s ability to degrade optimum concentration of the all
three dyes is proven.

Recyclability/reusability study: Reusable nature of a
photocatalyst material is a prominent feature that paves way
for its commercial and industrial scale usage. This property of
the prepared Cu-TiO, photocatalyst was verified by incorp-
orating it into five continuous degradation cycles (Fig. 11). As a
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Fig. 10. Kinetics of photocatalytic degradation in 50 ppm of RB5, RR198 and RY 145 dye solutions
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Fig. 11. Recyclability studies of Cu-TiO, photocatalyst in 50 ppm of RB5, RR198 and RY 145 dye solutions
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result the photocatalyst exhibited average efficiencies of 82%,
88% and 90% for RB5, RR198 and RY 145 dyes, respectively.
These values attested that the Cu-TiO, photocatalyst surface
is highly active even after a number of degradation cycles and
hence can be regenerated after multiple applications against
harmful dyes.

Conclusion

The copper-doped titanium dioxide (Cu-TiO,) spherulites
were successfully synthesized via simple hydrothermal strategy.
It was characterized and validated by PXRD, UV-DRS, HR-SEM
and HR-TEM techniques. Further, it was incorporated as a
photocatalyst for degrading three reactive dyes namely reactive
black 5 (RBY), reactive red 198 (RR198) and reactive yellow
145 (RY145). Efficiency of the Cu-TiO, photocatalyst was
studied at a wide range of dye concentrations 25-100 ppm.
Studies of the dependence of degradation on pH were deter-
mined in acidic, basic, and neutral environments. Efficiency
and kinetics of the degradation were also monitored with respect
to time. Finally, the recyclability/reusability of Cu-TiO, photo-
catalyst was investigated under five continuous degradation
cycles. Conclusively, this work endorses the Cu-TiO, nano-
particles as a superior photocatalyst material for real-time
remediation applications.
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