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ABSTRACT

The pollution effects caused by coloured wastewater streams due to the presence of biore-
fractory dyes are significant, directing the need for a concentrated effort for development of
efficient treatment schemes. The present work reports the investigations related to the treat-
ment of patent blue V containing wastewater using modified photocatalytic reactor provid-
ing the understanding into the effect of various process parameters and intensification
using additives. Comparison of obtained results with natural (solar radiation) and artificial
(fluorescent lamp, 11 W) sources confirmed the efficient treatment using the artificial source
as expected though significant extent of degradation was also obtained based on the use of
solar light. Modifications based on the use of glass coating at the interior of the reactor for
possible enhanced utilization of the incident energy showed better degradation efficacy. The
removal efficacy was also observed to be dependent on the operating parameters viz. initial
concentration and pH with maximum extent of degradation being obtained at initial con-
centration of 10 ppm and pH of 2.5. Using optimized conditions, the maximum extent of
degradation obtained in the present work for different approaches was 86.4% for UV/TiO,,
64.7% for solar/TiO,, 68.4% for UV/ZnO, 59.0% for solar/Zn0O, 92.8% for UV/H,0,, 72.1%
for solar/H,0,, 81.56% for UV /ferrous sulphate and 66.22% for solar/ferrous sulphate. UV
irradiation with modified glass surface photoreactor has been established to be best
degradation approach for the removal of patent blue V dye from the wastewater and use of
different additives can help in enhancing the extent of degradation. The work has also
showed the ways to improve the extent of degradation using solar-based treatment which
can be very useful, especially in developing tropical countries like India.
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1. Introduction

Wastewater generated from textiles, wood finish-
ing, paper and printing industries as well as leather
and cosmetics industries are well known [1] to contain
considerable amount of suspended solids, chlorinated
organics, surfactant, heavy metals and most impor-
tantly dyes which impart obnoxious colour to the
effluent. The coloured wastewater streams create sig-
nificant problems considering both general appearance
and toxicity to micro-organisms as well as reduce the
availability of oxygen to the aquatic plants. A very
small amount of dye in water is visible and it affects
the penetration of light reducing the photosynthesis in
aquatic plants affecting their growth due to the lower
levels of dissolved oxygen. There are many structural
varieties of dyes and pigments such as direct, reactive,
acidic, basic, disperse, azo, diazo, anthraquinone-
based and metal complex dyes [2-4]. Over 700,000
tons of approximately 10,000 types of dyes and
pigments are produced annually worldwide. From
this amount, about 20% appear as industrial effluents
during the textile dyeing and finishing processes
creating significant concerns and load on the effluent
treatment facilities [5]. Many of these dyes find their
way into the environment and also exhibit a high
resistance to natural degradation facilities (sunlight,
soil, bacteria, etc.) creating significant environmental
issues. Considering these adverse effects, it has
become necessary for industries to use efficient treat-
ment techniques to decolorize the effluents before dis-
posal into the water bodies. Many physical and
chemical methods, such as coagulation, precipitation,
floatation, chemical oxidation, solvent extraction, etc.,
have been tried in order to remove colour from
wastewater [6-9]. These conventional approaches have
not been very successful due to the fact that dyes are
stable to conventional oxidizing agents. Also the treat-
ment costs associated with some of the techniques
such as solvent extraction and chemical oxidation are
significant.

Advanced oxidation processes (AOPs) have also
been explored for effective decolourization of dyes
[10] and reported as an alternative to more conven-
tionally applied adsorption and coagulation, which
are considered as non-destructive as they merely
transfer the dye from liquid to solid form of waste.
AOP utilizes the strong oxidizing species such as OH
radicals produced in situ, which causes a sequence of
reactions thereafter to break down the macromolecules
into smaller and less harmful intermediates. There are
various methods such as cavitation, UV/H,0,, UV/
Fenton, etc. through which OH radicals can be pro-
duced; although the use of artificial and natural
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energy-based photochemical degradation of several
organic pollutants including dyes has been widely
reported [11-13]. As documented in the literature
[12,13] the intensity and distribution of light inside the
reactor has a strong effect on the reaction rate. The
above facts have attracted the interest of several
researchers [14-17] to develop methodologies for
improvements in the photocatalytic reactors with
subsequent application for the oxidation of many
organic pollutants present in aqueous systems [18,19].
It is important to understand here that a lot of work is
indeed performed using different photocatalysis-based
treatment approaches, but still the full commercial
scale installations are lacking, which may be attributed
partly to higher costs associated with the more com-
monly used UV-based irradiation, which has also been
claimed as efficient at laboratory-scale operations.
Another major problem is lack of uniform distribution
of the incident light. The present work tries to address
both these problems with experiments based on solar
irradiations and modified reactor design.

Different photocatalysts have been applied for
wastewater treatment applications including TiO,,
CuO, ZnO, etc. for different pollutants [20,21] though
the work related to comparison of the different cata-
lysts for the patent blue V dyes is lacking. It is impor-
tant to establish the optimum loading for the specific
dyes so as to avoid the problems of absorption and
scattering of incident light by the catalyst. In the case
of homogeneous photolysis operations involving the
use of hydrogen peroxide and/or photo-Fenton reac-
tions [22], scattering effects due to the presence of
heterogeneous phase is not important and hence part
of the current work also involved understanding the
effect of addition of hydrogen peroxide and FeSO,.

The study is aimed at developing a simple, efficient
and economic way of degrading patent blue V usually
present in textile wastewater effluents with specific
reference to Indian context. Patent blue used as the
model pollutant has a dark blue colour. Patent blue is
an acidic dye and has a wide spread use in cosmetics,
textiles, detergents and also as food additive [23].
Another important objective of the work was also to
design an efficient photoreactor which can trap maxi-
mum amount of incident light energy so as to give effi-
cient degradation of patent blue V. Initially, the
efficacy of the conventional reactor has been compared
with the modified reactor coated with borosilicate glass
mirrors. Typically, the incident light can be absorbed,
transmitted and emitted from the solution or the walls
of the reactor. It is estimated that the amount of energy
incident in the dye solution remains fixed in both
cases, but the use of glass coating helps in transmitting
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the reflected energy back to the solution. Subsequently
detailed experiments were performed to establish the
effect of the type of the catalyst and type of source of
irradiation. Comparison between the solar and UV
irradiations has also been presented along with the
intensification studies based on the use of different
combination treatment approaches. The novelty of the
current work is in terms of using modified photocat-
alytic reactor with glass coating inside the reactor and
comparison of the different hybrid approaches for the
treatment of patent blue dye.

2. Materials and methods
2.1. Materials

Patent blue (CI. No. 45160; dark blue colour;
molecular formula: Cy;H3N,NaO;S,; molecular
weight: 582.67 g/mol; IUPAC name: Bis [hydrogen
[4-[4-(diethylamino)-5'-hydroxy-2’,4’-disulphonatoben-
zhydrylidene] cyclohexa-2,5-dien-1-ylidene] diethyl
ammonium) was obtained from Loba Chem. Pvt. Ltd,
Mumbeai, India. The chemical structure of the dye has
been depicted in Fig. 1. Ferrous sulphate (FeSO,), zinc
oxide (ZnO), hydrogen peroxide (H,O,) and titanium
dioxide (TiO,) were obtained from Merck Specialties
Pvt. Ltd, Mumbai, India. Dilute solutions of different
chemicals with required concentrations were prepared
using demineralised water freshly prepared in the
laboratory. All the chemicals used for experimental
studies were as received from the supplier.

2.2. Equipment and procedure

The actual image of photocatalytic reactor used for
the experiments involving UV and solar irradiations is
shown in Fig. 2. The cylindrical reactor was made up
of  polyacrylic  material having  dimensions
45 cm x 45 cm x 5 em (I x b x h) with top portion of the
reactor equipped with ports for sampling and stirring.

Fig. 1. Molecular structure of patent blue V.
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The UV irradiation was carried out using three 11 W
fluorescent lamps arranged in triangular fashion. The
inside wall of the reactor was coated with borosilicate
glass having thickness 4 mm for enhanced utilization
of the incident energy. During the photolysis experi-
ments, dye solution containing the appropriate quan-
tity of the photocatalyst powder was stirred using
agitators for obtaining the uniform suspension of cata-
lyst in the solution. After specific time intervals, sam-
ples (20 mL volume) were withdrawn using suitable
aliquots and analysed after filtration. Experiments
were also performed using a normal reactor in
absence of any glass coating to establish the degree of
improvement in the modified photoreactor. In the case
of solar photocatalysis, experiments were performed
at ambient temperature using solar light as the energy
source for catalyst excitation. The reactor assembly
was the same as that used for UV-based experiments
and continuous mechanical agitation was also used to
ensure uniform mixing.

The aqueous dye solution (2.5L volume) was
introduced into the reactor and this operating vol-
ume was kept constant in all the sets of experi-
ments. The catalyst was added to the solution at
desired loadings and equilibrium was allowed to be
established so as to eliminate any effects of adsorp-
tion on the catalyst surface. The suspension was
exposed to the irradiations for 180 min. The effect of
initial dye concentration (10-30 ppm) and pH
(2.5-12.5) was also investigated to obtain the opti-
mum conditions, which have been then used in the
further  experiments involving the combined
approaches. The range of catalyst loading considered
for experiments related to understanding the effect
of catalyst was 0.2-1.2 g/L. The separation of solid
particles from the solution was performed using
simple filtration with the help of whatmann’s filter
paper for two times and then concentration of
patent blue was measured using UV-vis spectropho-
tometer (ChemitoSpectrascan UV 2600 double beam)
with analysis at the wavelength of 1=675nm. The
performance of the process was assessed in terms of
extent of degradation [24] quantified using the fol-
lowing equation:

Extent of degradation (%) = Cog ¢ x 100 (1)

where Cj is the initial concentration of dye and C is

the concentration of dye at the specific time interval.
All the experiments were repeated at least two

times to check the reproducibility and average values
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Fig. 2. Experimental set-up for photocatalysis experiments based on UV and solar irradiation.

have been reported in the discussion. Error bars have
also been shown to depict the variation, which was
within 2% of the reported average value.

2.3. Adsorption studies

Patent blue V solution was prepared with an ini-
tial concentration in the range of 5-50 ppm using
demineralized water and subjected to adsorption
studies. The solution was agitated for predetermined
time with stirring at 200 rpm. The solution was anal-
ysed for patent blue V concentration using UV-vis
spectrophotometer at regular intervals of time. The
patent blue V removal was quantized in terms of
adsorption capacity (gey and extent of adsorption
[25]:

Co—-C
o = G -0 <V )
w
Extent of adsorption = (COC—_C) x 100 3
0
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Fig. 3. Adsoprtion studies over TiO, catalyst surface.

where Cy and C are the initial and concentration at
given time, respectively. V is the volume of the solution
(L) and w is the amount of dye adsorbent used (g).

The obtained results for the adsorption of dye on
the two catalysts used in the work (TiO; and ZnO) with
respect to time have been shown in Figs. 3 and 4. From
the figure, it has been observed that the percentage
adsorption of the patent blue V dye on solid surface
was 8 and 7% only for the case of TiO, and ZnO, respec-
tively. The dye is adsorbed onto the catalyst surface
until adsorption—desorption equilibrium is reached.
From the results, it was noticed that the adsorption/
desorption equilibrium of patent blue V dye at different
initial concentration was reached in about 30 min, after
which the concentration remained constant. During the
actual photocatalysis experiments, equilibrated samples
were used to establish the true extent of degradation
obtained due to the use of irradiations.

3. Results and discussion

3.1. Comparison of conventional and modified
photocatalytic reactor

Initially, degradation of patent blue V has been
studied in the conventional and modified photocatalytic

8

—+—5ppm —E—10ppm
7 | =15 ppm ——20ppm
— 25 ppm

Percentage Adsorption,%
B

o 10 20 30 40 50 60 70

Time, min

Fig. 4. Adsoprtion studies over ZnO catalyst surface.



R.R. Dalbhanjan et al. | Desalination and Water Treatment 57 (2016) 18217-18228

reactor to establish the improvement obtained due to
the modifications in the reactor. The obtained results
have been depicted in Fig. 5, where the variation in the
extent of degradation has been shown as a function of
the initial concentration. It can be clearly seen from the
figure that use of the glass coating is advantageous in
enhancing the light utilization resulting in higher
extents of degradation of patent blue V. Almost, four
times higher degradation was obtained using modified
photocatalytic reactor with glass coating as compared
to the conventional photocatalytic reactor. The maxi-
mum extent of degradation as 41.5% was obtained
using modified reactor under UV irradiation and 35.8%
degradation was obtained under solar irradiation.
Higher degradation using glass-coated reactor is attrib-
uted to the enhanced utilization of incident energy. The
incident light can be absorbed, transmitted and emitted
from the dye solution in the reactor. It is estimated that
the amount of energy incident in the dye solution
remains fixed in both cases, but the use of glass coating
helps in transmitting the reflected energy back to the
solution. Also glass coating helps in enhanced reflec-
tions into the solution resulting in higher extent of
degradation. As enhanced extent of degradation was
obtained using the modified reactor, it has been used
for a detailed parameter optimization study and also
for comparing the effect of using hybrid approaches for
process intensification.

3.2. Effect of initial concentration

Initial dye concentration is one of the very impor-
tant parameters in deciding the treatment efficiency in
any wastewater treatment approach. The experiments
related to effect of initial concentration have been per-
formed for three approaches of using irradiation only,
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Fig. 5. Effect of initial concentration on removal of patent
blue V using general and modified photoreactor under UV
and solar irradiation (pH 2.5).
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combination of irradiation with hydrogen peroxide
and heterogeneous system based on the use of photo-
catalyst as titanium dioxide. The range of initial dye
concentration has been kept the same in all the three
cases as 10-30 ppm and the obtained results have been
given in Fig. 6. It can be seen from the figure that the
extent of degradation was higher at lower concentra-
tion of dye and hence lower initial concentration,
specifically 10 ppm, has been selected in the further
studies. The obtained results can be attributed to the
fact that the at higher concentrations of dye solution,
the penetration of photons into the solution decreases
due to the filter effect making the solution less perme-
able to UV/solar radiation. Consequently, the genera-
tion of the hydroxyl radicals decreases at higher
concentration of the dye and hence lower extent of
decolorization is observed at higher loadings.

The observed trends in terms of variation with ini-
tial concentration were similar for the combination of
irradiation with TiO, at 1 g/L catalyst loading using
two irradiation sources though the actual values of the
extent of degradation were higher in the presence of
catalyst and for the use of UV irradiations. Quantita-
tively speaking, the extent of degradation of patent
blue V decreased from 96.6 to 76.6% for UV /TiO, with
an increase in the initial concentration from 10 to
30 ppm and from 94.7 to 74.9% for the case of solar/
TiO,. For all the cases, the degradation values were
higher as compared to that obtained without using
catalyst (extent of degradation is over the range of
10-40%). This can be attributed to the fact that the
large quantity of photons are generated by photoex-
citation of the TiO, species which can easily come in
contact with a sufficient amount of patent blue V mole-
cules, giving a higher extent of degradation as com-
pared to that obtained for the case of without using
any catalyst. However, at higher concentration of

100 =
+ Only UV T P
20 mOnly Solar ; -
= 20 & UV/TiO2
= Solar/Ti02 .
£ 70
2 UV/H202
“3 60 » Solar/H202
%" 50
s 40 £
° ]
§ 30 &
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Initial Concentration, ppm

Fig. 6. Effect of initial concentration on removal of patent
blue V using UV and solar irradiation with and without
TiO,/H,0, (pH 2.5; catalyst loading =1 g/L).
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patent blue, it should be noted that the surface area of
the TiO, catalyst should be sufficiently high to adsorb
maximum quantum of dye molecules for degradation.
This suggests that as the initial concentration of the
dye increases, the requirement of catalyst surface
needed for the degradation also increases. Since illu-
mination time and amount of catalyst are constant, the
OH radical (primary oxidant) formed on the surface of
TiO, is also constant (on a lower side than that
required for giving sufficient degradation at enhanced
loading), which results in a decrease in the extent of
degradation at higher initial concentration of dye.

Similar results have also been observed in the case
of H,O, addition in the dye solution when the experi-
ments were carried out at different initial concentra-
tion of patent blue over the range of 10-30 ppm using
UV/solar irradiation. The extent of degradation
decreased as initial concentration increased at same
loading of H,O,. For this case, the maximum extent of
degradation obtained was at 10 ppm initial concentra-
tion of dye as 98.3% for UV/H,0O, and 95.5% for the
case of solar/H,0,. The observed trends can be attrib-
uted to similar mechanisms related to the quantum of
hydroxyl radicals formed as explained in details for
the case of photolysis and combination of irradiation
with photocatalyst.

3.3. Effect of pH

The effect of pH on the photocatalytic degradation
of patent blue V has been studied using representative
pH in the three conditions, i.e. acidic, basic and neu-
tral. The influence of pH has been investigated for
both the irradiation sources at optimum dye concen-
tration of 10 ppm with the addition of solid catalyst
(TiO,) and hydrogen peroxide. The desired pH level
was achieved by the addition of concentrated H,SO,
and 1N NaOH to the solution as required. The
obtained results have been given in Fig. 7.

For the case of H,;O,-based degradation, it has
been observed that degradation of patent blue V was
more favourable in acidic conditions as compared to
neutral and basic conditions. At pH 2.5, the maximum
degradation as 96.7% was obtained for the UV/H,0,
process and 86.1% degradation was obtained for the
solar/H,O, treatment. The obtained results can be
explained on the basis of higher oxidation capacity as
well as the ease of generation of hydroxyl radicals
under acidic conditions. Under alkaline conditions, the
dissociation reaction of hydrogen peroxide is ham-
pered and hence there is a possibility of scavenging of
the free radicals by the non-dissociated H,O,. Overall
the availability of hydroxyl radicals is hampered
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Fig. 7. Effect of pH on removal of patent blue V using UV
and solar irradiation with and without catalyst
(concentration = 10 ppm; catalyst loading =1 g/L).

thereby reducing the extent of degradation under
alkaline conditions. The results are consistent with
those reported by Daneshvar et al. [26], who studied
the degradation of Rhodamine B under UV/H,O,
treatment and reported that at pH 2, maximum extent
of colour removal as 90% was obtained.

In the case of TiO,-based photocatalysis, it was
observed that the photocatalytic removal of dye is
lower as compared to combination with H,O, at cata-
lyst loading of 1 g/L. The maximum degradation of
patent blue v obtained was 84.1% for UV-assisted pro-
cess and 72.8% for solar-based degradation obtained
at 1 g/L TiO, catalyst loading at operating pH of 2.5.
Again maximum extent of degradation was obtained
under the acidic conditions. The effect of pH in the
case of photocatalytic degradation is mainly based on
two counteracting mechanisms of effect on the catalyst
in terms of zero point charge of catalyst coupled with
agglomeration effects and the oxidation capacity of
free radicals. In the present case, TiO,-particle
agglomeration was not observed and hence enhanced
oxidation potential of hydroxyl radicals under acidic
conditions resulted in higher extents of degradation.
The enhanced rate of degradation with a decrease in
pH can also be explained on the basis of zero point
charge of TiO,. The adsorption of molecules at the
metal sites is followed by the dissociation of OH™
groups leading to the formation of metal-hydroxyl
complexes [27]. Due to the amphoteric behaviour of
most metal hydroxides, the following two equilibria
are considered:

M-OH + H" — M-OH} @
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M-OH — M-O +H* ®)

The zero point charge [28] for TiO; is 6.8. TiO, surface
is positively charged in acidic media (pH <6.8),
whereas it is negatively charged under alkaline condi-
tion (pH > 6.8). At low pH, electrostatic interactions
between the positive catalyst surface and dye anions
lead to strong adsorption of the latter on the metal
oxide leading to higher rates of degradation. Credence
to the obtained results can also be obtained based on
literature illustrations. Mengyue et al. [29] reported
that TiO, was the most active photocatalyst for the
degradation of monocrotophos in the acidic conditions
particularly at pH of 2. Khokhawala and Gogate [30]
also reported that the possibility of bond breakage is
favoured wunder acidic conditions based on the
favoured state of molecules.

3.4. Comparison of degradation of patent blue using UV/
H,0, and UV/[TiO, treatment approach

Presence of hydrogen peroxide or titanium dioxide
under UV/solar irradiation results in the intensifica-
tion in the formation of the highly reactive hydroxyl
radicals which can bring about the decolourization.
Experiments have been carried out using two different
irradiation sources, i.e. fluorescent lamp (three each of
11 W) and natural solar radiations. The obtained
results for degradation of patent blue V using differ-
ent approaches as solar alone, UV alone, TiO, with
UV/solar irradiation and hydrogen peroxide with
UV/solar irradiation at initial concentration of patent
blue V as 10 ppm and pH of 2.5 have been depicted
in Fig. 8.

It can be seen from the figure that the extent of
degradation was minimum for the treatment approach
involving only irradiation without any addition of
catalyst, i.e. hydrogen peroxide or TiO,. Also, the
extent of degradation was slightly higher using UV
than solar irradiation attributed to the light intensity
and higher exposed volume based on the use of 3 UV
lamps in close vicinity. Further, the extent of degrada-
tion of dye increased when the UV irradiation-based
degradation was supported by the presence of H,O,
(1 g/L) or TiO, (1 g/L). The extent of increase was
higher for the UV irradiations as compared to solar
irradiations. Maximum degradation of 92.8% was
obtained using UV/H,0, and 72.1% degradation was
obtained using solar/H,O,. The degradation of the
dye in UV/H,0O, process is the result of the reaction
of hydroxyl radicals generated upon photolysis of
hydrogen peroxide which exhibits a high oxidation
potential (Ep=2.8V) [31] and can bring about
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Fig. 8. Comparison of catalysts for removal of patent blue
V using UV and solar irradiation (pH 2.5; concentra-
tion = 10 ppm; catalyst loading =1 g/L).

oxidation of organic compounds through sequential
hydroxylation-dehydrogenation breakdown steps [32].
In the case of UV/TiO,, enhanced degradation is
attributed to the dissociation reaction of H,O mole-
cules generating active free radicals. The degradation
of the dye using UV/TiO, (96.6%) was marginally
higher than the UV/H,0, process.

The photocatalytic decolorization of dyes was
found to follow pseudo-first-order kinetics based on
the integral method of analysis. At low initial dye con-
centrations, the rate expression can be given by the
following equation:

= K] 6)

where k” is the pseudo-first-order rate constant.
The dye can be adsorbed on the TiO, surface initially
until equilibrium is reached and hence the equilibrium
concentration of the dye in the solution was taken as
the initial dye concentration for kinetic analysis. Inte-
gration of equation (6) with the limit of C=Cjpat t =0
where Cj is the equilibrium concentration gives the
following equation:

ln% _ ¥t @

where C is the residual concentration at any given
time f. A plot of In Cy/C vs. t has been shown in
Fig. 9. The obtained value of rate constant for UV/
TiO, process was 9.99 x 10> min~" and for solar/TiO,,
the rate constant was 5.3 x 107> min~'. Similarly the
rate constants for UV/H,0, and solar/H,O, process
were 8.63 x 107> and 6.2 x 10> min ", respectively.
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3.5. Effect of H,0, loading

The loading of hydrogen peroxide is one of the
important factors affecting the degradation both from
environmental as well as economical point of view. In
order to avoid the use of excess hydrogen peroxide,
which can add to both cost as well as COD if unuti-
lized in the treatment, it is essential to establish the
optimum loading for efficient treatment. The obtained
results for the effect of addition of H,O, over the
range of 0.2-1.2 g/L on degradation of patent blue V
(10 ppm initial concentration and pH of 2.5) have been
given in Fig. 10. It has been observed that extent of
degradation increased with an increase in the concen-
tration of H,O; till an optimum loading of 1%. Above
1% loading, the extent of degradation decreased with
an increase in the hydrogen peroxide loading.
Quantitatively, addition of H,O, from 0.2 to 1g/L
increased the extent of degradation from 36.5 to 98.3%
for the UV irradiation and from 31.8 to 95.4% for solar
irradiation-based approach. Further increase in the
H,0O; loading above 1g/L, decreased the extent of
degradation to 83.6% for UV-based approach and
61.5% for solar-based approach. The observed results
can be attributed to the enhanced production of free
radicals initially due to the dissociation of hydrogen
peroxide, but above the optimum loading, residual
hydrogen peroxide acts as a scavenger of the gener-
ated free radicals thereby decreasing the extent of
degradation. The enhanced generation of hydroxyl
radicals (mainly reaction (8)), which can attack the
patent blue V molecule and the existence of optimum
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Fig. 10. Effect of H,O, on removal of patent blue V using
UV and solar irradiation (pH 2.5; concentration = 10 ppm).

loading can be explained on the basis of series of reac-
tions as given below:

H,0, + hy — 20H" ®)
H,O, + OH' — HO;, + H,O )
OH' + HO;, — H,0 4+ O, (10)
OH' + OH" — H,0, (11)
HO; + HO; — H,0, + O, (12)
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Fig. 9. Kinetic rate constant for TiO,-based degradation of patent blue using UV and solar irradiation (pH 2.5; concentra-

tion = 10 ppm; catalyst loading =1 g/L).
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Above the optimum loading of 1%, the hydroxyl
radical dominantly reacts with H,O, and produces
HO; (Eq. (9)); also OH' radicals generated at high
concentration react with HO; (Eq. (10)) or dimerize
into H,O, (Eq. (11)) [33,34]. Due to all these reactions
consuming the generated hydroxyl radicals and due
to the fact that the HO; radicals are less reactive than
OH:, there is a overall decrease in the extent of
removal of dye. Hence, 1g/L loading of H,O,
appears to be the optimum for the degradation of
patent blue V.

3.6. Effect of catalyst loading and type of catalyst

A series of experiments were also carried out to
investigate the optimum catalyst loading for the UV/
photocatalyst approach as well as understand the
effect of type of catalyst by varying the amount of two
different metal catalysts, i.e. TiO, and ZnO over the
concentration range of 0.2-1.2g/L. The obtained
results for the variation in the extent of degradation of
dye at initial concentration of 10 ppm and pH of 2.5
for the case of TiO, and ZnO have been shown in
Figs. 11 and 12, respectively. It can be seen from the
figure that extent of degradation generally increases
with the use of photocatalyst for both the cases and
enhanced catalyst loading till an optimum value
favours degradation. The maximum extent of degrada-
tion of patent blue in the presence of optimum loading
of TiO, catalyst as 1 g/L was 96.6% for the UV-based
approach and 94.7% for the solar irradiation-based
treatment. For the case of ZnO catalyst, at similar
loading of 1 g/L, the extent of degradation was 68.4%
for UV and 59.0% for the solar irradiation-based treat-
ments. The observed results can be attributed to the
fact that the presence of catalyst, i.e. TiO, and ZnO
enhances the dissociation of H,O molecules to increase
the number of free radicals generated, thereby increas-
ing the rate of degradation of the organic compound.
The higher destruction of patent blue V using TiO,
than ZnO may be explained on the basis of higher
activity of the TiO, catalyst as well as enhanced sur-
face area available for the reaction. With an increase
in the catalyst loading up to 1 g/L, more active sur-
face area is available for enhanced dissociation and
hence the rate of decolorization of dye increases.
Above this optimum loading, increase in the turbidity
of the solution reduces the light transmission through
the solution. It should be also noted here that the
particle—particle interaction becomes significant as the
number of particles in the solution increases, which
reduces the site density for surface holes and electrons
and hence the extent of degradation decreases.
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Fig. 11. Effect of titanium oxide loading on removal of
patent blue V using UV and solar irradiation (pH 2.5;
concentration = 10 ppm; catalyst loading = 0.2-1.2 g/L).
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Fig. 12. Effect of zinc oxide loading on removal of patent
blue V using UV and solar irradiation (pH 2.5; concentra-
tion = 10 ppm; catalyst loading = 0.2-1.2 g/L).

The results obtained in this work, are in good
agreement with reported trends in the literature
[28,34,35]. Kansal et al. [35] studied the effect of
catalyst loading by performing experiments over the
catalyst loading range of 0.25-2.0 g/L for dye solu-
tions containing methyl orange and rhodamine 6G at
initial concentration of 25 mg/L and natural pH (6.4
for methyl orange and 5.97 for rhodamine 6G). It has
been reported that the initial rates of degradation
increased significantly with an increase in the catalyst
loading from 0.25 to 1.0 g/L and any further increase
led to almost no change in the rate of decolorization.
The initial increase in the rate of degradation was
attributed to the increase in the total active surface
area giving enhanced availability of active sites for the
reaction [36]. Beyond the optimum loading, due to an
increase in turbidity of the suspension with high dose
of photocatalyst, there is a decrease in penetration of
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UV light and hence photo-activated volume decreases
[37] leading to lower rates of degradation.

3.7. Effect of combination with ferrous sulphate

Studies were also performed to understand the
effect of introducing ferrous sulphate on the removal
of patent blue V under UV as well as solar irradiation
at optimum pH of 2.5 and dye concentration of
10 ppm. The ferrous sulphate loading was varied over
the range of 0.2-0.8 g/L. Fig. 13 depicts the obtained
results for patent blue V removal where it can be
observed that the extent of dye removal increases with
an increase in the loading of ferrous sulphate and the
maximum removal of dye was observed at 0.8 g/L of
additive loading in both the cases viz. solar/ferrous
sulphate (66.22%) and UV/ferrous sulphate (81.56%).
This can be attributed to the promotion of production
of oxidizing species due to the presence of ferrous sul-
phate. In the aqueous medium, in the presence of
solar or UV irradiation, splitting of FeSO, to ferrous
ion (Fe’*) and sulphate ion (SOF”) occurs (reaction
(13)). Reaction of sulphate ion and water molecule
produces hydroxyl radicals in the presence of irradia-
tions (reaction (14)) which thereby expedite the
removal of patent blue V. During the treatment,
hydrogen peroxide is also formed in situ (reaction
(15)), which reacts with ferrous ions generating addi-
tional hydroxyl radicals (reaction (16)) also intensify-
ing the extent of dye removal. The enhancement in
generation of oxidizing species and destruction of dye
can be shown by following reaction mechanisms:

FeSO; — Fe?* 4507~ (13)

SO2™ + H,0 — HSO; + HO' (14)
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Fig. 13. Effect of addition of ferrous sulphate on removal
of patent blue V using UV and solar irradiation (pH 2.5;
concentration = 10 ppm; catalyst loading = 0.2-1 g/L).
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HSO, + HO' — H,O, 4 SO3~ (15)

Fe** + H,O; — Fe’* + OH™ + HO' (16)
The results presented in the work can also be con-
firmed by similar results presented in our earlier work
[38] for removal of patent blue V using the air bubble-
induced oxidation technique. It is also important to
note that optimal additive loading is beneficial for
intensification [39], which can be attributed to the fact
that for higher FeSO, loading than optimal concentra-
tion, the solution becomes saturated with ferrous ions
and self-quenching of hydroxyl radical occurs giving
lower extent of degradation.

3.8. Mineralization study

The products from the oxidation of dye are typi-
cally some intermediates which on continued treat-
ment results in the formation of CO, and H,O, which
can be established as complete mineralization. It is
important to establish the reduction in the COD as
these intermediates are expected to be aromatic com-
pounds, which also accounts for the COD of the solu-
tion. Barka et al. [40] established the decomposition
pathway based on the identification of the reaction
intermediates in details using HPLC/MS and reported
that several stages as hydroxylation, desulfonation,
deamination, dealkylation and dehydroxylation were
dominating the degradation. The extent of
mineralization of patent blue V dye was also studied
in the present work and the obtained results have
been given in Fig. 14. The obtained percentage change
in COD for solar and UV alone was only 16 and 26%,
respectively. A higher extent of COD removal was
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Fig. 14. Percentage reduction of COD using modified
photocatalytic reactor.
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obtained when experiments were carried out with
TiO, or hydrogen peroxide under UV/solar irradia-
tion. The obtained COD removal was 84 and 76% for
the UV/TiO, and solar/TiO, approaches, whereas the
COD removal for hydrogen peroxide in combination
with UV and solar irradiation was 92 and 68%, respec-
tively, at constant initial dye concentration of 10 ppm
and pH as 2.5. It can be established that the COD
removal followed the same trend as the removal of
the parent compound.

4. Conclusions

The present work has conclusively established that
patent blue V, an acidic dye, can be effectively
removed from water using light irradiation-based
treatment strategies involving the use of additives and
can be intensified using modifications in the reactor.
Following important design related information can be
established from the results:

(1) The modifications in terms of the use of glass
coating on the inner walls of the reactor
resulted in significant improvement in the
extent of degradation as compared to the con-
ventional reactor.

(2) Lower initial concentration and acidic condi-
tions were found to be favourable for the
degradation of patent blue V.

(3) Presence of TiO, and H,O, plays a favourable
role in enhancing the degradation of the patent
blue V using modified photocatalytic reactor.

(4) The maximum degradation of patent blue V
was obtained using H,O, in combination with
UV irradiations followed by the combination of
UV with TiO, catalyst.

(5) In the case of two metal oxides used in the
work viz. TiO, and ZnO, TiO, was found to be
more effective as compared to ZnO due to the
higher band gap and large oxidation potential.

(6) Amongst all the treatment approaches, the
maximum degradation as 98.3% was obtained
for the UV/H,O, process under modified
photocatalytic reactor, i.e. with glass coating.

(7) The mineralization studies also confirmed that
maximum COD removal as 92% was also
obtained using the UV/H,0, treatment.

Overall, it can be said that light irradiation-based
treatment strategies holds good promise for degrada-
tion of patent blue and the extent of degradation can
be maximized based on the use of modified reactor
and by the use of intensifying additives.
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