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ABSTRACT

Photocatalytic efficiency of commercially available low-cost ZnO material was evaluated for
methyl red (MR) degradation under UV illumination. Photocatalytic reaction system was
optimized in terms of dose of catalyst, pH, removal of chemical oxygen demand (COD), inten-
sity/wavelength of UV source. MR degradation followed first-order rate equation, and under
optimum conditions 70–99% decolorization was achieved in the concentration range of 10–50
mg/L. About 42% COD removal was achieved for MR solution having concentration 30mg/L
with 1 h illumination and 4.0 g/L ZnO dose. Role of different radical scavengers was also
investigated to gain an insight of role of many reactive oxygen species (ROS) in degradation
process. These studies revealed that singlet oxygen and the superoxide ions were the main
ROS taking part in MR degradation. The present method was compared with other
UV-induced photocatalytic processes using other photocatalysts. The recycle ability of the
ZnO and the turnover frequency of the process was evaluated. Finally, a comparative account
relative to the solar light-induced process of MR degradation using the same ZnO catalyst was
revealed.

Keywords: Methyl red degradation; Commercial ZnO; UV light; ROS; Decolorization

1. Introduction

Textile and dying industries discharge huge amount
of colored wastewater in surface water bodies, which
contains toxic and non-biodegradable compounds like
dyes and pigments [1]. Among the coloring materials,
azo compounds constitute the largest group. Methyl
red (MR) belongs to this group and has its wide appli-
cations in textile dying and paper printing industries.
This particular dye is harmful causing irritation in eyes,
skin, and digestive tract if inhaled or swallowed. It is a
mutagen, mitotic poison, and a suspected carcinogen

[2,3]. Thus, it is a great concern to remove MR from
wastewater in an efficient and cost-effective way before
its release to the environment.

Many processes, such as incineration, biological
treatment, ozonation, and solid phase adsorption, have
extensively been used for the treatment of dye-bearing
wastewater. However, these processes have their own
limitations. The incineration can generate toxic volatile
compounds; the biological treatment requires long
time and, in many cases, leads to foul odor. Moreover,
in many cases, the process becomes unsuitable due to
the resistance of the dye to biological degradation.
Ozonation deals with ozone instability, and solid-
phase adsorption results in toxic sludge.*Corresponding author.
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Recently, advanced oxidation processes (AOPs),
which include chemical oxidation (O3/H2O2), Fenton
and photo-Fenton reagents (Fe2+/H2O2, Fe2+/H2O2/
UV), UV-based reactants (UV/O3, UV/H2O2, UV/
O3/H2O2), photocatalytic redox processes (semicon-
ductor/UV), super critical water oxidation under
high temperature and pressure, sonolysis, and γ-beam
irradiation have shown great promise for dye degra-
dation [4,5]. The AOPs with heterogeneous photoca-
talysis [6–9] have shown a great potential towards
the destruction of organic dyes leading to total min-
eralization. Among all the catalysts, titanium dioxide
(TiO2) and zinc oxide (ZnO) are found to be the most
efficient and well documented in literature for photo-
catalytic degradation of pollutants because of faster
electron transfer to molecular oxygen [10]. On illumi-
nation with the light of energy higher or equal to
their band gap energy (hν ≥ Eg= 3.2 eV, where Eg =
band gap energy), the catalyst particle is excited and
an electron moves from valence band to conduction
band thus forming a positively charged hole in the
valence band. The conduction band electrons and the
valence band holes then migrate to the oxide surface
and react with chemisorbed O2 and/or OH−/H2O
molecules to generate reactive oxygen species (ROS),
such as superoxide (O��

2 ), hydroperoxide (˙OOH), sin-
glet oxygen (1O2), and hydroxyl radicals (˙OH), which
attack the dye molecules leading to their oxidative
degradation. The other mechanisms involve the elec-
tron in the conduction band to react with the
adsorbed dye molecules to form dye radical anion,
which, on further reaction, can lead to the destruction
of the dye molecules. On the other hand, the
adsorbed dye molecules may be directly oxidized by
the valence band holes to form dye radical cations,
which finally degrade.

Both TiO2 and ZnO either in the commercially
available form or as engineered nanomaterials are
popular photocatalysts [11–18]. However, the fate of
these modified nanomaterials in the environment and
within the microbial population is one of the biggest
concerns today. Recent research has been directed
towards the potential toxicity of ZnO and other metal
oxide nanomaterials. Although significant amount of
literature is now available on engineered nanomaterial
oxides, we are still in the dark due to their fate in
water and wastewater treatment. Moreover nanomate-
rials are prone to aggregate unless otherwise stabilized
by some ways. Due to these reported problems, com-
mercial forms are preferable due to their easy avail-
ability and low cost. One problem, we faced with
commercial TiO2 application for photocatalytic appli-
cations, is the poor separability from the reaction mix-
ture [19,20]. To overcome this problem, the

commercial TiO2 was modified either by silver
impregnation [19,20] or by heating [20]. This type of
problem does not occur for commercial ZnO. One
more advantage of ZnO is that it has strong lumines-
cence properties, and, as compared to TiO2, it can
absorb larger fraction of visible light. It has already
been reported that nano as well as commercial forms
of ZnO and TiO2 can be effectively used for the degra-
dation of azo dyes such as acid red 18, MR, and
methyl orange [21–24]. Very recently, we explored the
possibility of MR degradation under solar illumination
using commercial ZnO (Merck) [25].

The quantum efficiency of ZnO powder is higher
compared to that of TiO2 [26–29]. In the photocata-
lytic reactions, the semiconductor is activated by
ultraviolet (UV) or visible radiation, establishing a
redox environment in the aqueous solution, thus act-
ing as a sensitizer for light-induced redox processes
[30].

To date, various researchers proposed different
mechanisms for dye degradation, which involve dif-
ferent ROS. As reported by many authors, the
hydroxyl radical, among the various ROS, plays the
major role in destroying the chromophores. Probable
mechanism may be presented by a series of
reactions (1–9) shown below, finally leading to
mineralization [31–34].

1. Absorption of efficient photons and production
of holes and electrons:

ZnOþ hv ! ZnO� (1)

where hv ≥ Eg = 3.17 eV, where Eg = band gap energy:

ZnO� ! e�cb þ hþ
vb (2)

2. Formation of singlet oxygen and superoxide ion:

ðO2Þads þ e�cb ! O��
2 (3)

O�
2 þ hþ

vb !1 O2 (4)

3. Neutralization of OH¯ and H+ groups into ˙OH
radical:

ðH2O ! Hþ þOH�Þads þ hþ
vb ! Hþ þ �OH (5)

O��
2 þ 2Hþ þ e�cb ! H2O2 (6)

H2O2 þHþ þ e�cb ! �OHþH2O (7)
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4. Oxidation of the organic reactant via successive
attacks by ˙OH radicals or by direct reaction with
holes.

Reactantþ �OH ! R� þH2O (8)

Reactantþ hþ
vb ! Rþ þ degradation products (9)

The present study reveals the potential of UV illu-
mination-based photocatalytic degradation of MR dye
using commercially available ZnO obtained from
Merck. The photocatalytic kinetic studies have been
carried out to optimize reaction system by varying
various physical parameters, such as initial dye con-
centration, ZnO dose, pH of the reaction medium,
interfering ions, and radical scavengers. The amount
of oxidation of MR dye was investigated through the
determination of chemical oxygen demand (COD) of
degraded solution. A comparative account is also
made to understand the applicability of the material
under solar and UV illumination to degrade MR. It is
important to note that while “solar irradiation” is
more green, “UV illumination” is more controllable.

2. Materials and methods

2.1. Materials

MR purchased from S.D. Fine Chemicals was used
without further purification. The commercial ZnO
from Merck was used as photocatalyst. Double dis-
tilled water was used throughout the experiment.
Other chemicals used in the study such as NaOH,
KNO3, NaCl, Na2SO4. KNO3, KH2PO4, CaCl2, and
FeSO4 were purchased from Merck. Humic acid, oxalic
acid, maleic acid, malic acid, citric acid, p-benzoqui-
none, sodium azide, and t-butanol were obtained from
Aldrich. All the chemicals used in the study were of
analytical reagent grade. For determination of COD,
potassium dichromate (K2Cr2O7), conc. H2SO4, mercu-
ric sulfate (HgSO4), and silver sulfate (Ag2SO4) were
used. Solution pH was adjusted with HCl (0.1 N) and
NaOH (0.1 N) solution as and when required.

2.2. Instrumentation

The instruments used in the study were UV–vis
spectrophotometer (Chemito, spectrascan 2600), UV
fluorescent lamp (Phillips, 25-W and 15-W), centrifu-
gation machine (REMI, India), COD digester (SPEC-
TROQUANT 320, MERCK), Cyberscan 510 digital pH
meter, electrical balance (Afcoset), orbital shaking

incubator (REMI Instruments), and magnetic stirrer
(REMI-2 MLH).

2.3. Experimental procedure

The photocatalytic degradation was carried out in a
500-mL borosil beaker (with 12.5-cm height and 10-cm
diameter, placed on a magnetic stirrer). On the top of
the beaker, a low-pressure 25-W UV fluorescent tube
(wavelength ~365 nm) was placed at a distance of 13
cm from the bottom surface of the beaker. Upon addi-
tion of 30mL of MR dye solution (conc. ≈30mg/L) in
the beaker, the effective distance between the solution
surface and light source remained as 12.2 cm. The
experimental setup for the photodegradation of MR is
shown in Fig. 1. After the photo irradiation, the solu-
tion was centrifuged and the supernatant was col-
lected. The absorption spectrum of irradiated solution
was measured in standard quartz cuvette. The degra-
dation of MR was recorded with respect to the absorp-
tion at λmax = 435 nm. The concentration of MR was
found out from the absorbance value using the
pre-established calibration curve.

To find out the time required to attain the adsorp-
tion–desorption equilibrium, the MR solution (30mL,
~30mg/L) was stirred in presence of ZnO (4.0 mg/L)
under dark, and the decrease of absorbance of the MR
solution was monitored at 435 nm at a regular time
interval. The absorbance reached at a stable position
at 60min and no further change in absorbance was
observed beyond this point, which indicated that the
equilibrium was reached. This time was considered as
the “zero time of irradiation” for photocatalytic degra-
dation.

The extent of oxidation of the dye was determined
by COD measurement. The aqueous solution of MR at
an initial concentration of 20 and 30mg/L individu-
ally was mixed with ZnO (4.0 g/L) and exposed to
UV light. Aliquots were then taken at 10min interval

Fig. 1. Experimental setup for UV-catalyzed degradation.
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and COD was measured using closed reflux titrimetric
method [35].

To examine the effects of interfering substances
and the scavengers on the MR degradation, 30mL of
MR solution (conc.: 30 mg/L) was stirred with ZnO
(4.0 g/L) in presence of interfering substances at
required concentrations. The color removal (%) was
found out by measuring the absorbance at 435 nm.

3. Results and Discussion

3.1. Characterization of commercial ZnO

The characterization of the photocatalyst by FE-
SEM/XRD/DRS is reported by us very recently [25].
In the literature, the band gap (Ebg) for ZnO is
reported to be in the range 3.06–3.3 eV [36]. In our
case, the Ebg as calculated from DRS was 3.09 eV. The
crystallites were of various sizes and shapes. Sphere-
like shape with a few hundred nanometer diameter
was noticed for smaller sized particles. The XRD pat-
tern indicated that the catalyst had wurtzite structure
having the diffraction peaks at 2θ = 31.69 (1 0 0), 34.36
(0 0 2), 36.18 (1 0 1), and 56.56 (1 1 0) confirming the
hexagonal structure [37]. The relative high intensity of
the peak corresponding to 101 planes indicates aniso-
tropic growth implying a preferred orientation of the
crystallites [38,39].

3.2. Parametric study of UV light-induced photocatalytic
degradation of MR

3.2.1. Effect of ZnO dose

In most of the photocatalytic studies, initial rate of
photodegradation is found to be proportional to the
dose of the catalyst. However, above a certain dose of
catalyst, the reaction rate decreases because of light
scattering and screening [40]. With the increase of ZnO
dose, the tendency of solid catalyst particles to agglom-
erate also increases, resulting in a reduction in catalyst
effective surface area available for the light absorption
leading to a drop in the photocatalytic degradation rate.
It is important to choose the optimum catalyst dose in
order to avoid excess of catalyst and to ensure mini-
mum energy loss during degradation process. The
influence of photocatalyst dose on the dye degradation
was investigated for a dye solution at an initial concen-
tration of 30mg/L. The UV photoirradiation was done
for 1 h with ZnO at varying doses in the range of
0.5–4.0 g/L. The total degradation of MR increased with
the increase in ZnO dose (Table 1). Most commonly, in
heterogeneous photocatalytic degradation process, an
initial gradual increase in degradation with the increase

in catalyst dose and subsequent decrease in degrada-
tion at higher catalyst dose are observed. In the present
study, within the described range of catalyst dose and
with 1 h irradiation, an increase in MR degradation was
observed with increase in ZnO dose and 99.4% degra-
dation of MR was achieved with 4.0 g/L ZnO dose.
Thus, 4.0 g/L was selected as the optimum dose for
ZnO for further studies. The increase in degradation
can be explained in terms of availability of active sites
on the catalyst surface and the penetration of UV light
into the suspension with increase in ZnO dose.

3.2.2. Photocatalytic degradation of MR

Various processes, such as hydrolysis, adsorption,
and photolysis, were investigated in the present study.
In all cases, the experiment was carried out up to 1 h.
The hydrolysis was done by simple stirring of the
solution under the dark. In adsorption study, the solu-
tion was stirred in presence of ZnO under the dark.
The photolysis was carried out by stirring the MR
solution under UV light, without the addition of ZnO.
The λmax for MR was at 435 nm. In all the above three
cases (Fig. 2), the absorbance of the MR solution was
monitored at 435 nm at a regular time interval. The
change in absorbance or concentration was not
observed in case of hydrolysis and photolysis. But a
nominal change (~1.3%) in concentration was
observed in case of adsorption experiment. The
decrease in concentration during adsorption experi-
ment was almost negligible, though it was an obliga-
tory step. After allowing the ZnO-MR solution to be
stirred under the dark for 1 h to achieve the adsorp-
tion equilibrium (this is designated as zero time for
photocatalytic degradation), the UV photocatalysis
was performed, and an immediate change in the
absorbance of MR solution was observed. These obser-
vations revealed the significance of ZnO as well as UV
light in photocatalytic destruction of MR dye.

The systematic photocatalytic degradation of MR
was carried out with 30mL of MR solution (conc. 30
mg/L) using optimum dose i.e. 4.0 g/L of ZnO. As the
reaction proceeds, the peak intensity decreases gradu-
ally (Fig. 3). At the end of 60min of reaction, there was
no evidence of absorption peak, and almost ~99% dis-
coloration of MR dye occurred. It indicated that the
main chromophore (i.e. the azo group) of MR in the
solution had been eliminated with the photocatalytic
reaction in UV/ZnO system, and the dye has been
possibly transformed to other more simple organics.
The common and practical problem of photocatalysis is
the recombination of e�cb=h

þ
vb, which may be avoided by

the use of suitable electron acceptor [41]. In the present
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study, the experiment was carried out in aerobic condi-
tion where the reaction mixture was always in contact
with air/oxygen. The dissolved oxygen has a tendency
to work as an electron sink and thus it participates in
the formation of ROS such as super oxide radical (O��

2 )
and subsequently leading to other reactive species like
H2O2, HO�

2, ˙OH, and HO�
2 [42,43]. This process reduces

the recombination of charges and favors the oxidation
of the substrate. Slight darkening of the catalyst during
the irradiation revealed that the reaction occurred on
ZnO surface. Experiment had also been done in absence
of UV light and under that condition, the color of the
catalyst did not change.

The absorption spectrum was monitored at a regu-
lar interval of time and the data were fitted in various

linear equations of reaction rates, and compared
(Table 2). For the heterogeneous photocatalytic
degradation processes, many authors have used the
Langmuir–Hinshelwood (L–H) rate equation to analyze
the photocatalytic reaction. In the present case, the
degradation followed the first-order reaction kinetics
(as shown in the inset of Fig. 3), which is an obvious
phenomenon in semiconductor photocatalysis [44,45].

3.2.3. Effect of initial MR concentration

The effect of initial concentration (10–50mg/L) of
MR on its photocatalytic degradation under UV light

Table 1
Effects of catalyst (ZnO) dose and initial MR concentration

Dose of catalyst (g/L) Concentration of MR (mg/L) Removal of color (%)

0.5 a 71.5
1 a 74.9
1.5 a 85.9
2 a 89.5
3 a 93.1
4 a 99.4
b 10 99.6
b 20 99.5
b 30 99.1
b 40 82.2
b 50 70.6

aConcentration of MR: 30mg/L.
bOptimized dose of catalyst: 4.0 g/L.
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Fig. 2. Degradation of MR during hydrolysis (no catalyst,
no light), adsorption (catalyst, no light), photolysis (light,
no catalyst), and photocatalysis (catalyst, light) experi-
ments (MR conc. = 30mg/L; catalyst dose = 4.0 g/L).
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was investigated where a decrease in overall degrada-
tion was observed at a concentration ≥30mg/L, with
the increase in concentration of MR. One of the rea-
sons is that the increase in MR concentration prevents
the penetration of UV light through the solution. The
other reason may be the reduction in radical density
relative to target pollutant on to the surface of catalyst.
It is obvious that, when concentration of MR increases,
the ROS (e.g. ˙OH and O��

2 ) required for the degrada-
tion of MR also increases. However, the formation of
ROS on the catalyst surface remains constant under a
specified condition. Table 1 shows the percent degra-
dation of MR at various initial concentrations after 1 h
of irradiation.

3.2.4. Effect of intensity and wavelength of UV light on
MR degradation

The extent of light absorption by catalyst and
thereby the rate of photocatalysis depends on two fac-
tors: the wavelength of light and the intensity. It has
already been reported that, at high intensity, the reac-
tion rate becomes independent of light intensity [46].
Studies on photocatalytic degradation of MR were car-
ried out using two different UV light sources (~254 and
~365 nm) of same radiant flux (25W/m2). As observed
for the 1-h illumination of MR (30mg/L) in presence of
ZnO (4.0 g/L), between the two UV lights used, the
higher photocatalytic degradation (~99%) was obtained
with ~365-nm light source. The observed lower degra-
dation (~86%) with light source having emission at
~254 nm under similar condition was attributed to the
partial absorption at this range and wasting of light at
~254 nm by MR itself. Because of the better perfor-
mance, the 365-nm UV light was selected for our stud-
ies. The incident light intensity is expected to be one of
the rate-controlling parameters. The effect of intensity
of UV light (~365 nm) on MR degradation efficiency
was also examined at initial MR concentration of 30
mg/L, at pH ~6.5 and catalyst loading at 4.0 g/L. About
99% MR degradation was achieved with light intensity
at 25W/m2 and 15W/m2. These results revealed that a

light source with less intensity was enough for ~99%
color removal. However, %COD removal (hence oxida-
tion) was ~43% with the 25-W UV light and ~24.8%
with 15-W UV light. It has already been reported that
with increase in lamp power (and thus its light inten-
sity) the rate of electron-hole pair formation at the ZnO
surface increases and consequently its ability to oxidize
organic pollutant also increases. Because of the better
performance, the UV light (~365-nm) with higher inten-
sity (25W) was selected for our studies.

3.2.5. Effect of medium pH on MR degradation

The solution pH is an important factor for hetero-
geneous photocatalytic degradation. Both the charac-
teristics of dye (viz., speciation behavior, solubility in
water and hydrophobicity) and the charge on the pho-
tocatalyst surface depend on the pH. Thus MR
remains mostly in its cationic form (i.e. the protonated
form) below pH 5.3 (pKa), and in anionic form (i.e.
un-protonated form) above pH 5.3. It is already
reported that the electrostatic interaction between the
semiconductor surface, solvent molecules, the probe,
and charged species formed during photocatalytic
oxidation strongly depends on the solution pH [47].

The effect of pH on the λmax and hence the color of
the MR dye had been studied to determine the opti-
mum pH range for the maximum photocatalytic degra-
dation of the dye. While studying in the entire pH
range (2–12), it was noticed that there was a blue shift
of λmax for MR when the solution pH changed from 5
to 6. As the pH was further increased, there was no
more shift. The pH of the reaction mixture, as the reac-
tion continued, was monitored up to 1 h and it was
observed that the solution pH increased from ~6.5 to
~7.5. However, from earlier discussion there should
not be any shift of λmax of MR in this range of pH
while the reaction proceeds. The used commercial ZnO
has the pHZPC 8.2 as reported in our previous study
[25]. Hence, the particle surfaces are positively charged
when the solution pH < 8.2 and negatively charged
at pH > 8.2. That is why all of the photocatalytic

Table 2
Models used for degradation kinetics

Kinetic model Equationa for the linear fit Rate constant (k) Coefficient of correlation (R2)

Zero order CA=CA0 − kt 0.522 0.889
First order ln CA= ln CA0− kt 0.0534 0.971
Second order (1/CA) = (1/CA0) + kt 0.0094 0.721
L–H (1/r) = (1/KkCA) + (1/k) 1.492 0.412

aCA0 = conc. at zero time; CA = conc. at time t; k = rate constant; t = time; K = adsorption constant; r = rate of reaction.
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degradation studies were performed in the pH range
of 6.5–7.5, where dye was in anionic form and ZnO
surface was positively charged. Under this situation,
the interaction between two species favored the photo-
catalytic degradation. The observed change in pH dur-
ing the reaction could be attributed to the formation of
various intermediates.

3.2.6. Effect of interfering substances

Since the composition of wastewater varies
widely, it is necessary to investigate the effects of dif-
ferent interfering inorganic ions (viz., Ca2+, Fe2+/3+,
Cl−, SO2�

4 , H2PO
�
4 , and NO�

3 ), common organics such
as humic acid, and some low molecular weight
organic acids (LMWOA) (viz., malic acid, maleic acid,
oxalic acid, and citric acid). These species may affect
the photocatalytic degradation by getting adsorbed
on the surface of ZnO. Furthermore, they may com-
pete with the target pollutant and subsequently
reduce the formation of ˙OH radical. The hydroxyl
radicals may also be scavenged by anions and this
may result in the formation of new anion radicals.
They have lower oxidation potential compared to the
hydroxyl radical. Experiments were performed to
examine the effects of these interfering substances on
the degradation of MR (30mg/L) under UV irradia-
tion for 1 h using ZnO catalyst (4 g/L). The effect of
different interfering substances on the percent color
removal of dye is shown in Fig. 4. Under the condi-
tions examined, the presence of NO�

3 (1,000mg/L),
SO2�

4 (100mg/L), and Cl− (1,200mg/L) did not show
any significant effect on the dye degradation.

However, the degradation was strongly inhibited by
H2PO

�
4 (500mg/L). This is due to the solubility of

ZnO in presence of H2PO
�
4 to form various phos-

phate complexes in aqueous solution [48]. With the
increase in H2PO

�
4 concentration, the dissolution of

ZnO might have increased which caused the gradual
decrease in photocatalytic degradation. No discernible
effect was observed in presence of cations like Ca2+

(125mg/L) and Fe+2/+3 (60 mg/L). The presence of
humic acid at a level of 10mg/L reduced the dye
degradation to a level of 85%. This result is contra-
dictory to our earlier result of MR degradation by
solar irradiation in presence of humic acid, where no
interference was noticed [25]. Humic acid is UV sen-
sitive and may produce some products which affect
MR degradation. The interference of other LMWOA
(Conc.: 1 mM) was also investigated and it was found
that the presence of these acids in the reaction mix-
ture significantly reduced the MR degradation.
Results of these studies are shown in Fig. 4.

3.2.7. Effect of radical scavengers on photocatalytic
degradation of MR

To understand the mechanistic pathway of the MR
degradation, it is important to know the participation
of ROS, such as singlet oxygen (1O2), superoxide
(O��

2 ), and hydroxyl radicals (˙OH), under photocata-
lytic conditions. This was investigated using appropri-
ate quenchers of these species in the reaction system.
For this purpose, materials sodium azide (NaN3, a
quencher of singlet oxygen but may also interact with
˙OH), p-benzoquinone (BQ, a quencher of superoxide

Fig. 4. Effect of different interfering ions, LMWOA, and radical scavengers on MR degradation under UV light (MR conc.
= 30mg/L; catalyst dose = 4.0 g/L; time of irradiation = 1 h).
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radical), and t-butanol (a quencher of ˙OH) were used
to examine the scavenging effect [49,50]. In this experi-
ment, a comparison was made between the original
decolorization of MR-ZnO system with those obtained
after addition of quenchers (1 mM) in the initial solu-
tion, under otherwise identical condition. The results
are shown in Fig. 4. The degradation of MR was
highly suppressed in presence of p-benzoquinone, and
~18% of MR was decolorized within 1 h. Similarly, the
addition of sodium azide also significantly inhibited
the decolorization with ~19% degradation of MR.
However, there was no significant effect of t-butanol
on MR decolorization. These results confirmed that
1O2 and O��

2 serve as the main ROS in the MR degra-
dation in suspension, while ˙OH played a little role.
Similar results were also obtained in our previous
study on MR degradation by solar light [25].

3.2.8. COD removal

The degree of MR oxidation with time is demon-
strated by monitoring the change in COD. The COD
removal for two different concentrations of MR (20
and 30mg/L) was examined. During photodegrada-
tion the aliquots were withdrawn at 10min interval
and COD was measured using closed reflux titrimet-
ric method. The COD removal was calculated as
follows:

%CODRemoval ¼ COD0 � CODtð Þ=COD0½ � � 100

where CODt and COD0 were COD (mg/L) values at
any given time t min and at time 0min. The plot of
COD removal with time during the photocatalytic
treatment of MR is shown in Fig. 5. After 1 h of degra-
dation, the COD removal was found to be ~42 and
~73% for MR solutions having initial concentration 30
and 20mg/L, respectively. When the UV photocatalytic

reaction was performed beyond 60min with the MR
solution having initial concentration of 30mg/L, a
gradual increase in COD removal was noticed, and at
8 h of UV photoirradiation ~80% of COD removal
occurred.

3.2.9. TOF and recycle ability of the catalyst

To examine the cost effectiveness of this method,
the photocatalyst was regenerated and reused for dye
degradation. It was observed that the catalyst could be
reused for the second and the third cycle with an effi-
ciency of ~80 and ~74%, sequentially. The regenera-
tion of photocatalyst was easy. After degradation of
the dye, the solution was centrifuged and supernatant
was decanted. Then the catalyst was thoroughly
washed many times with distilled water and was
reused for the second and the third cycle of operations
with a fresh lot of dye solution (30mg/L). The catalyst
could be used further with a decreased efficiency.

Catalyst turnover number (TON) and turnover fre-
quency (TOF) are two important parameters to com-
pare catalyst activity [20]. For heterogeneous catalysis,
TON is the number of reactant molecules that is con-
verted to products in presence of 1 g catalyst. The TOF
is TON/time. For the degradation of MR (30mg/L)
with ZnO (4.0 g/L), the TOF was found to be 4.4 × 1015

molecules/g/s.

3.2.10. Comparative study on MR degradation under
UV and solar irradiation with TiO2 and Ag–TiO2 and
other catalysts

In our earlier studies [19], we used “commercial
TiO2 (Merck)” and “Ag+ doped TiO2”, (later on desig-
nated as nano silver impregnated TiO2 [20]) for MR
degradation using UV light. Other ZnO based cata-
lysts viz., Ag-doped ZnO (Ag-ZnO), N-doped ZnO
(N-ZnO), and Ag-N co-doped ZnO nanoparticles
(Ag-N-ZnO) for MR degradation under UV and solar
irradiation were also reported [51]. A comparative
account of the catalyst used in the present study was
made with the earlier used catalysts (i.e. commercial
TiO2, Ag+ doped TiO2, Ag-ZnO, N-ZnO, and Ag-N-
ZnO) in terms of their MR degradation ability and
cost (Table 3). The cost of ZnO photocatalyst was com-
parable to that of commercial TiO2. However, it is to
be noted that although Ag+-doped TiO2 was a good
photocatalyst, it contained silver. So proper treatment
after its use was required.

A comparative account of the experimental condi-
tions and the performance of the present method with
solar light-induced photocatalytic degradation method
[25] using the same ZnO catalyst is also made (Table 4).

Fig. 5. COD removal kinetics for MR (MR conc. = 30 and
20mg/L; catalyst dose = 4.0 g/L).
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4. Conclusions

The present study describes the degradation of MR
using commercial ZnO in the presence UV light. The
discoloration of the dye follows first-order equation.
The COD measurement reveals that on UV irradiation
for 1 h the dye is oxidized by ~42 and ~73% in case of
dye concentrations 30 and 20mg/L, respectively.
Low-intensity (15W) UV light is enough for successful
degradation of MR under optimized conditions but
higher COD removal can be achieved in high-intensity
(25W) UV light. The effects of various ions, humic
acid, and LMWOA (generally found in the waste
stream) are examined. The organic acids and H2PO

�
4

anion inhibit the degradation of MR significantly. It is
also found with the use of appropriate radical scav-
engers that the photocatalytic degradation of the dye

is caused by singlet oxygen and super oxide ion gen-
erated in the reaction system. The photocatalyst can
be recovered easily, and can be reused for dye degra-
dation with slightly less efficiency. A comparative
account of MR degradation is also made with respect
to earlier used photocatalysts, and the present catalyst
is found to be good in terms of both efficiency and
easy availability. A comparative account of the present
method of UV irradiation and the solar light irradia-
tion recently reported [25] is made.
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Table 3
Comparative account on MR degradation under UV irradiation using commercial/modified photocatalysts

Catalyst Size pHZPC
a Separability

Degradation
(%)

Cost
(Rs./100 g)

Irradiation
time (min)

Rate
constant (k)

MR conc.
(mg/L)

Catalyst
dose (g/L)

TiO2 ~2 μma 6.2a b ~85d 50a 45d 1.1 × 10−1d 20d 1
Ag–TiO2 ~2 μma 7.1a c ~99d 88a 45d 4.9 × 10−2d 20d 1
ZnO <1 μm 8.2 c ~99e 89e 60e 5.3 × 10−2e 30e 4
Ag–ZnO 44 nm NR c ~56f NR 180f 5.0 × 10−3f NR NR
N–ZnO 20 nm NR c ~51f NR 180f 4.2 × 10−3f NR NR
Ag–N–ZnO 16 nm NR c ~60f NR 180f 6.3 × 10−3f NR NR

aRef. [20].
bRequires 0.45 μm membrane filtration.
cRequires settling or centrifugation.
dConcentration of MR: 20mg/L, Catalyst dose: 1.0 g/L, Ref. [19].
eConcentration of MR: 30mg/L, Catalyst dose: 4.0 g/L [present method].
fRef. [51].

NR: not reported.

Table 4
Comparative account of UV–vs. solar light-induced ptotocatalytic degradation of MR using commercial ZnO

Parameter Unit UV Solar

Optimum pH – 6.5–7.5 ~7
Optimum dose g/L 4 0.5
Conc. of MR mg/L 30 30
Time of irradiation min 60 60
Color removal % ~99 ~99
COD removal % ~42 ~53
Intensity of light W/cm2 0.0025 0.00658
Wavelength nm 365 Visible range
Dominating ROS NA 1O2 and O��

2
1O2 and O��

2

Turnover frequency (TOF) molecules/g/s. 4.4 × 1015 3.6 × 1016

Interfering ions – H2PO
�
4 H2PO

�
4
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