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Abstract The capability of W6+-impregnated ZnO
photocatalysts for sunlight mineralization of a variety
of structurally different dyes has been investigated.
Compared to bare ZnO, the W6+-loaded photocatalysts
showed significantly higher activity for the decoloriza-
tion as well as mineralization of dyes, and complete
mineralization was noticed in a short span of 150 min.
The results obtained by various analytical tools were
correlated to estimate the mechanistic aspects of the
decolorization/mineralization process and to identify
the nature of the oxidizing species involved in the pro-
cess. A strong dependence of the decolorization/
mineralization process was observed on the nature and
number of auxochromes attached to color-generating
conjugated system. The rapid decolorization/

mineralization of the dyes and release of corresponding
anions with the decolorization of dyes suggested the
involvement of charged rather than radical reactive ox-
ygen species (ROS) in the oxidation process. Langmuir-
Hinshelwood kinetic model was found to be best suited
for evaluating the kinetics of mineralization process.
The effec t iveness of the ca ta lys t s fo r the
decolorization/mineralization of a mixture of dyes was
also examined. The suitability of the catalysts for suc-
cessive use in sunlight exposure was also evaluated.

Keywords Decolorization . Photocatalysis . Sunlight .

Dyes . Auxochromes

1 Introduction

Water is the lifeline of living beings on earth. The
presence of color of unspecified origin raises objections
on water quality for living, especially human beings
consumption (ETAD 1997). Colorants or dyes are char-
acterized by large molecular structures composed of
fused aromatic and nonaromatic rings with established
conjugation and auxochromes that engender color
(Singh and Arora 2011; Christie 2001). Among the
chemical processing industries, the textile sector is the
major producer of highly colored wastewater due to the
ample use of colorants (dyes) in the fabric dying process
(Makita and Harata 2008). Other industries that add
color discharge include dyestuff manufacturing indus-
tries, distilleries, and tanneries (Martinez and Brillas
2009; Boyter 2007). It has been estimated that
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approximately 15 % of the total dye stuff used in the
textile sector for various processes is discharged as an
industrial effluent without any treatment (Cho and Zoh
2007) that leads to adverse environmental and health
effects; therefore, complete removal of dyes from the
industrial wastewater is essential before being
discharged to water channels. The situation is further
aggravated when the dyes present in wastewater under-
go oxidation and reduction, due to a variety of environ-
mental factors such as pH, light, temperature, and mi-
croorganisms, generating a secondary stream of poten-
tially carcinogenic or mutagenic compounds that can be
lethal towards living organisms including humans in the
ecosystem (Khataee et al. 2009). Therefore, the com-
plete removal of these toxic dyes, without leaving any
toxic by-product or intermediates, is highly desirable.

Among the traditional physiochemical methods for the
removal of dyes, adsorption is regarded as a viable option;
however, the capacity and the safe disposal of dye-loaded
adsorbents are a restraining factor in its widespread appli-
cability (Chong et al. 2010). The requirements of selective
microorganisms, prolonged incubation periods, and con-
trolled temperature conditions limit the use of biological
means for dye removal. Oxidation technologies that lead to
either complete mineralization or transformation to less
toxic oxygenate have gathered considerable attention for
the elimination of dyes in the recent years (Chong et al.
2010; Ligrini et al. 1993; Rauf and Ashraf 2009).
Photocatalysis, being the part of oxidation technologies,
is considered as s solution provider for the cost-effective
removal of dyes from an industrial effluent (Hernández-
Alonso et al. 2009; Fujishima et al. 2000; Jiuhui 2008;
Bhatkhande et al. 2002; Lettmann et al. 2001; Lazar et al.
2012; Mills et al. 1993) where the conversion of light
energy into chemical energy by the semiconductor non-
toxic materials, with the in situ generation of oxidizing
species, leads to the completemineralization of dyes (Sotto
et al. 2010; Ahmed et al. 2010). Since carried out at
ambient conditions, photocatalytic processes do not re-
quire extreme operational conditions of pressure and tem-
perature or addition of expensive oxidizing agents for the
generation of oxidizing species (Chatterjee and Dasgupta
2005; Lam et al. 2012; Hameed et al. 2011; Neppolian
et al. 2003).

Currently, in photocatalysis, a variety of artificial
light sources are in use for the initiation of the excitation
process at the surface of the semiconductor and the
generation of oxidizing species which are suitable for
the study of process at the lab scale but loosen economic

and operational viability in large-scale use (Fang et al.
2007). The wide-ranging commercial applicability of
photocatalysis requires the utilization of a cheaply avail-
able, high-intensity, polychromatic, and self-sustained
excitation source. Sunlight being comprised of about
~42 % visible and ~5 % UV light (Fang et al. 2007) is
an appropriate alternative to the artificial energy sources
for use in photocatalytic processes. However, the non-
availability of sunlight/visible light-responsive
photocatalysts limits the use of this renewable and in-
tense excitation source for photocatalytic environmental
applications. Hence, it is highly desirable either to ex-
plore the new sunlight active photocatalysts or to en-
hance the capability of the existing photocatalysts such
as TiO2 and ZnO by applying suitable surface or struc-
tural modifications to harvest the major portion of sun-
light with sufficiently high activity. Although TiO2 is the
most studied active photocatalysts (Chong et al. 2010);
nevertheless, ZnO, due to its higher absorption cross sec-
tion and comparable activity, is a better choice than TiO2

for use in sunlight photocatalytic decontamination process-
es (Sakthivel et al. 2003). The photocatalytic properties of
ZnO are strongly dependent on its structure, including the
morphology, aspect ratio, size, orientation, and crystal
structure. ZnO, with a band gap of 3.2 eV, is a highly
fluorescent material that reflects the high recombination
rate of charge carriers. Secondly, its surface undergoes
anodic corrosion under illumination (Velmurugan and
Swaminathan 2011). It has been proposed that the draw-
backs associated with ZnO can be eliminated, and its
activity can be enhanced in the solar spectrum (Hameed
et al. 2008, 2009a, b, c). Several approaches are proposed
in the literature (Rehman et al. 2009; Zhang 1997; Rolison
2003; Bell 2003) to make ZnO responsive in the sunlight
exposure. Among the proposed strategies, the alteration of
ZnO surface by metal ion (impregnation) or altering its
band structure by metal ion insertion (doping) is being
consideredwidely. Photocatalysis being a surface phenom-
enon (Fujishima et al. 2008), the surface modification
through metal ion impregnation, can lead to better results
rather than altering the crystal structure by metal ion inser-
tion. Metal ion impregnation not only maximizes its pho-
tocatalytic efficiency but also shifts the photoresponse of
ZnO in the visible region (Sun et al. 2011).

The photocatalytic decolorization of dyes has been
reviewed in detail (Ahmed et al. 2010) where the ma-
jority of the studies is carried out using TiO2 and artifi-
cial light sources. Secondly, most of the studies lack the
explanation of the mechanistic aspects of dye
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decolorization in aqueous photocatalytic system. Very few
are available in the literature regarding the evaluation of the
photocatalytic activity of ZnO either bare or modified
(doped/impregnated), in natural sunlight. In the area of
photocatalyst development, dyes are often used as sub-
strates to evaluate the photocatalytic activity of synthesized
or modified catalysts. However, the studies covering the
modes of degradation/decolorization/ mineralization of
dyes and the identification of the oxidizing species in-
volved in the process are very rare. Usually, decolorization
of the dye substrate is wrongly quoted as degradation. In
our opinion, the decolorization supported by mineraliza-
tion (total organic carbon (TOC) removal) actually deter-
mines the degradation of dye. The degradation without the
change in TOC should be treated as decolorization.

The present study is focused upon sunlight-assisted
photocatalysis of six model dyes using W6+-impregnated
ZnO. The selection of dyes rhodamine B (RhB), alizarin
yellow R (AY), methyl orange (MO), congo red (CR),
indigo carmine (IC), and rose bengal (RB) is based on their
chemical structure, absorption spectra, and the
auxochromes attached to the conjugated system with the
aim to explore the plausible route for the decolorization as
well as mineralization. High-performance liquid chroma-
tography (HPLC) was used to verify the formation of
intermediates. The decolorization of the dyes was moni-
tored by UV-visible spectroscopy, while the mineralization
of the carbon contents of the particular dye was estimated
bymeasuring the TOC. The concentration of released ions,
estimated by ion chromatography, in the solution was used
as a marker for the identification of oxidizing agents
involved in the decolorization and mineralization process
and their probable interaction sites in the dyemolecules. In
addition, the suitable kinetic model was used to evaluate
the kinetics of decolorization and mineralization process.
The efficacy of the catalyst was established for the
decolorizat ion/mineral izat ion of mixture of
abovementioned dyes containing 10 ppm of each dye
maintaining 60 ppm of overall dye concentration in the
solution.

2 Experimental Details

The impregnation of ZnO with W6+ ions was achieved by
wet impregnation. The detailed procedure for the synthesis
and characterization of the impregnated catalysts is de-
tailed in our previous communication (Hameed et al.
2014).

Prior to sunlight exposure, 150 cm3 of catalyst-dye
suspension containing 30 ppm dye solution and 100 mg
photocatalyst was kept in the dark for 1 h to attain
adsorption equilibrium. For photocatalytic experiments,
the catalyst-dye suspension was exposed to sunlight
(900–1100×102 lx) in a glass reactor (120×30 mm). It
was noticed that the intensity of sunlight affects the
progress of photocatalytic experiments, while no signif-
icant effect due to the change in the angle of incidence
was observed. The intensity of sunlight was monitored
at regular intervals during the course of studies for
optimum comparison. The progress of the dye decolor-
ization process was monitored by analyzing the samples
at regular intervals using a UV-visible spectrometer
(Shimadzu UV-1800) after completely removing the
catalyst. The mineralization of the respective dye was
evaluated by TOCmeasurements using TOC-VCPH total
carbon analyzer supplied by Shimadzu Corporation,
Japan. Dionex ion chromatograph (ICS-5000 + EG
Eluent Generator; Thermo Scientific, USA) was used
to estimate the inorganic ions released during the
decolorization/mineralization process. The samples col-
lected after 20 min of sunlight exposure were analyzed
by HPLC (SPD-20A; Shimadzu, Japan) to estimate the
formation of intermediates. The reproducibility of re-
sults and the calibration of all the equipment were
ensured on a regular basis.

3 Results and Discussion

3.1 Characterization

The characterization of the W6+-impregnated catalysts
by UV-visible diffuse reflectance spectroscopy (DRS),
photoluminescence (PL) spectroscopy, X-ray photoelec-
tron spectroscopy (XPS), X-ray diffraction analysis
(XRD), and field emission scanning electron microsco-
py (FESEM) is discussed in detail in our earlier com-
munication (Hameed et al. 2014).

3.2 Photocatalytic Degradation of Dyes

The generation and population of reactive oxygen spe-
cies (ROS) in an aqueous photocatalytic system is pri-
marily dependent on the ability of the photocatalyst to
generate charge carriers (e−, h+) with the absorption of
photons and, finally, its capability to deliver these to the
adsorbed species like water and oxygen before being
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squandered in the recombination process. The presence
of charge-trapping entities, for enhancing the lifetime of
excited states and productive use of photogenerated
redox couple, is mandatory to avoid nonproductive loss.
The favorable valance band edge (Evb≥1.23 V) and
conduction band edge (Ecb≤−0.28 V) facilitates the
generation of hydroxyl radicals (Eq. 1) and superoxide
anion radicals (O2

·−). The source of oxygen (O2) for
superoxide anion radical (O2

·−) formation (Eq. 2) is
either the dissolved/adsorbed oxygen already present
in the system or produced in situ as a result of water
oxidation by photogenerated holes (Eq. 3).

hþ þ H2O→Hþ þ HO˙ ð1Þ

O2 dissolved=adsorbedð Þ þ e−CB→O˙−
2 ð2Þ

HO˙ þ HO˙→H2Oþ §O2 ð3Þ
The characteristic features of dyes are the presence of

chromophores, conjugated system composed of alter-
nating double and single bond, fused rings, stabilizing
effect of resonance, and auxochromes (Abrahart 1977).
All these features collectively impart color to the dyes
that exhibit strong absorption in the visible region of
spectrum, i.e., 420–800 nm. The position of the absorp-
tion maximum is systematized by the auxochromes
attached to the conjugated system. The loss of any of
the abovementioned features results in decolorization of
dye. Being composed of large resonance/conjugation-
stabilized molecules, along with the potential environ-
mental concerns associated, dyes are widely used as
substrates for the evaluation of the photocatalytic activ-
ity. Any alteration in the dye structure because of the
interaction of oxidizing species produced in the aqueous
phase photocatalytic system may end up in the decolor-
ization of the dye. The loss of color does not essentially
mean the complete removal of dye along with the re-
moval of all the intermediate decolorization products. In
a photocatalytic system, mainly the decolorization of
dye is accomplished by either direct or indirect
photocatalysis. The decolorization of dyes via direct
photocatalysis mode is achieved by the sole interaction
of reactive oxygen species with the dye substrate. The
indirect photocatalysis mode operates for those dyes that
show strong absorption in the excitation region of the
photocatalyst, and dye molecules facilitate their own
decolorization by injecting the energy in the
photocatalyst for the generation of oxidizing species
after being excited by photon absorption. The

degradation of organic substrates through the oxidation
by the photogenerated holes is also probable. In our
opinion, this mode may be applicable to lighter mole-
cules with sufficient donate-able electrons, which the
dyes lack due to conjugation, delocalization, and reso-
nance. The bulky structure of dyes is an additional
restraint in the applicability of this mode. Additionally,
in the presence of highly oxidizing species like super-
oxide anion radicals (O2

·−), it may be hard to estimate
the additional contribution of hole oxidation mode. For
dyes, h+ oxidation may lead to decolorization (due to the
loss of conjugation); however, the complete degradation
is doubtful. The three possible modes of the dye degra-
dation are presented below.

& Direct photocatalysis

O˙−
2 þ Dye→Intermediates ð4Þ

HO˙ þ Dye→Intermediates ð5Þ

O˙−
2 ; HO

˙ þ Intermediates→CO2 þ H2O ð6Þ
& Dye-assisted indirect/charge transfer photocatalysis

Dyeþ hv→Dye* ð7Þ
Dye* þ PC→PC e−CB þ hþVB

� �þ Dye
PC ¼ photocatalystð Þ ð8Þ

hþVB þ H2O→Hþ þ HO˙ ð9Þ

HO˙ þ Dye→Intermediates ð10Þ
O2 þ e−CB→O˙−

2 ð11Þ

O˙−
2 þ Dye→Intermediates ð12Þ

O˙−
2 ; HO

˙ þ Intermediates→CO2 þ H2O ð13Þ
& Photogenerated hole (h+) oxidation

hþVB þ Dye→Decolorization=Intermediates ð14Þ

RhB is a cationic florescent dye with at least three
aromatic rings fused into a complex structure. It pos-
sesses a strong absorption band at λmax=552 nm. The
decolorization profile of RhB over 1 %W6+-impregnat-
ed ZnO is presented in Fig. 1a, while the structural
formula elaborating the complex binding and conjuga-
tion is presented at the onset of Fig. 1a. The percentage
degradation of RhB over pure and W6+-impregnated
ZnO, evaluated from the UV-visible profiles, is
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presented in Fig. 1b, where a significantly higher decol-
orization of dye can be observed for W6+-loaded ZnO
catalysts. In the initial 20 min of sunlight exposure, com-
pared to ~7 % for bare ZnO, a decolorization of ~86, ~46,
~40, and ~14%was observed for 1, 5, 10, and 15%W6+-
loaded ZnO, respectively. The dye was completely decol-
orized (~100%) by 1%W6+-loaded catalyst in 150min of
exposure. Compared to pure ZnO, a 10-fold increase in the
decolorization was estimated for 1 % W6+-impregnated

catalyst. The graphical evaluation of the rate constants Bk^
for the decolorization of dye in the presence of pure and
W6+-impregnated ZnO catalysts obtained by applying
Langmuir-Hinshelwood kinetics is presented in Fig. 1c,
where a significantly higher rate of decolorization can be
observed for impregnated catalysts. Compared to k=
0.0026 min−1 for pure ZnO, k=0.033 min−1 was observed
for 1 %W6+-impregnated ZnO. The observed high decol-
orization for impregnated catalysts compared to pure ZnO

Fig. 1 a The UV-visible decolorization profile of rhodamine B
over 1 % W6+@ZnO. b The comparison of the percentage decol-
orization of RhB over pure and W6+-impregnated ZnO. c The
graphical evaluation of rate of decolorization. d The comparison

of TOC removal over pure and 1 %W6+@ZnO. e The comparison
of decolorization and mineralization of RhB over 1 %W6+@ZnO.
f The HPLC profile of RhB over 1 % W6+@ZnO after 20 min of
sunlight exposure showing the intermediates formed
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clearly indicates that the presence of W6+ at the
surface of ZnO, a highly fluorescent material with
high recombination rate, efficiently facilitates the
Btrapping^ and Btransfer^ of photo-excited elec-
trons. With favorable potential of the conduction
band edge of ZnO (−0.31 V) for the reduction of
O2 to superoxide anion, the failure of pure ZnO in
the efficient decolorization of dye depicts the loss
of majority of charge carriers in recombination
process. The significant decrease in the lumines-
cence intensity in the PL spectra (Hameed et al.

2014) supports the trapping of excited electrons by
surface W6+ species. The efficient decolorization
especially by 1 % W6+-loaded ZnO depicts the
enhanced generation of oxidizing species in the
system. It can be predicted that the oxygen
s u r f a c e - b o n d e d W6 + s t a t e s a c c e p t t h e
photogenerated electrons from ZnO at the cost
W6+–O bond and form W5+ surface entities. The
unstable W5+ states immediately transfer electrons
to O2 molecules in the vicinity and regain 6+

oxidation states as elaborated below.

As mentioned earlier, the dyes lose their inherent
color and absorption band with the loss of conjugation.
Any minor change in the structure of dyes, i.e., interac-
tion or insertion of any oxidizing specie in a photocat-
alytic system may result a decrease in the absorption
intensity at a particular wavelength which is usually
regarded as the degradation or mineralization. As per
our view, the appropriate terminology that can practical-
ly explain this process is Bdecolorization.^ Therefore,
the initial interaction of the oxidizing species (either
O2

·− or HO· radicals) with the dye molecules leads to
the decolorization of dye rather than degradation/miner-
alization, leaving behind a variety of intermediates. In
dyes being high carbon-containing molecules, the true
parameter that can differentiate between the mineraliza-
tion and decolorization is the measurement of TOC. The
comparison of TOC removal (%) as a function of time

for bare and 1 % W6+-impregnated ZnO is presented in
Fig. 1d. A significantly higher mineralization, ~10
times, was observed for an impregnated catalyst. It is
evident from Fig. 1e, showing the comparison of decol-
orization and mineralization for 1 % W6+@ZnO, that
the estimation of decrease in dye concentration by UV-
visible spectroscopy is not the true measure of
degradation/mineralization of the RhB. In comparison
to ~80 % decolorization in the first 20 min of sunlight
exposure, only ~20 % of TOC was eliminated in the
same period. The disagreement between the two mea-
surements suggests that initially, the oxidizing species
interact with the giant dye molecules to split it into
smaller intermediates, thus causing the fragmentation
of dye with significant damages to the conjugated struc-
ture that results in the decolorization of dye. The rate of
TOC removal increases with the decrease in dye
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concentration, depicting the involvement of more and
more oxidizing radical participates in TOC removal that
were initially engaged in decolorization. ZnO has a
favorable conduction band edge (−0.31 V) for the re-
duction of oxygen; therefore, the inevitable formation of
superoxide anion radicals (O2

·−) can be predicted. The
rapid decolorization of dye and removal of TOC indi-
cated the pronounced role of O2

·− in the oxidation pro-
cess compared to any other oxidizing species such as
HO· radicals. The HPLC chromatogram of the RhB
sample after 20 min of sunlight exposure confirmed
the formation of intermediates (Fig. 1f). It is important
to mention here that we failed to identify the substrate
(RhB) in HPLC analysis under our experimental condi-
tions detailed above but successfully separated the in-
termediates. The details discussed above lead to the
conclusion that initially, the interaction of superoxide
anion radicals (O2

·−) with dye molecules leads to decol-
orization with the formation of fragments. With the
decrease in dye concentration with the increase in sun-
light exposure time, the fragments are further oxidized
by O2

·− for complete mineralization. Probably, HO·

radicals due to their completely radical nature may not
be able to decolorize and mineralize the dye so efficient-
ly. Other researchers have also identified the leading role
of superoxide anion radicals in photocatalytic processes
as well (Turchi and Ollis 1990; Pichat 2013; Henderson
2011; Bielski et al. 1985). The fast decolorization rate
also predicted that the direct photocatalysis (Eqs. 4–6) is
the major mode of dye decolorization rather than indi-
rect photocatalysis as the energy of photons absorbed by
RhB (552 nm, 2.24 eV) may not be sufficient to induce
charge separation (Eqs. 7–13). Keeping in view the
charged as well as radical nature, the selectivity of
O2

·− for the particular interaction sites in the dye was
evaluated by measuring the released anions in the solu-
tion during the course of experiment. Ion chromatogra-
phy (IC) analysis identified NO3

− ions in the solution
which indicated the interaction of superoxide ions with
terminal nitrogen-bearing groups. Being negatively
charged in nature, O2

·− anions seek fully or partially
positive charge-bearing locations in the dye structure
for interaction leading to decolorization. The insertion
of the oxygen in the structure not only disturbs the
conjugation but also imparts charge distortion due to
the electronegativity. The successive interaction of oxy-
gen leads to the formation of a variety of oxygenates
with charge polarization, which further facilitates frag-
mentation and mineralization. The possible sites in RhB

that can be interacted by O2
·− anion radicals are identi-

fied in the Scheme 1.
AY is an Bazo^ dye with electron-withdrawing NO2

group in the structure that imparts additional stability.
The structure of AY is presented in the inset of Fig. 2a.
AY is strongly absorbed in the 200–400-nm region of
the spectrum, making a fraction of the photons inacces-
sible to the catalyst particles. The decolorization profile
of AY over 1 % W6+-impregnated ZnO catalyst in
sunlight exposure is presented in Fig. 2a, while the
comparison of timescale decolorization (%) of AYover
bare and W6+-impregnated ZnO is presented in Fig. 2b,
where a significantly high decolorization of AY for all
the impregnated catalysts compared to ZnO can be
observed. Pure ZnO can utilize only 3–5 % of the solar
spectrum, which comprises UV photons, for the gener-
ation of charge carriers (Rehman et al. 2009). The partial
masking of the absorption region of ZnO by AY results
in the significant decrease in the decolorization. The
compatibility of the absorption regions of both ZnO
and AY further strengthens the decolorization by indi-
rect photocatalysis. AY molecules after being excited
with the absorption of photons in 200–400 nm inject
energy to the valance band of ZnO for band gap excita-
tion. The resultant oxidizing radicals interact with the
dye molecules, thus causing its decolorization.
Although the dye molecules absorb the major portion
of photons in 200–400 nm, the decolorization of dye
molecules by direct photocatalysis cannot be ruled out.
For bare ZnO, no decolorization of the dye was ob-
served in the visible region of sunlight spectrum when
the experiments were performed using a UV cutoff filter.
Compared to ~38 % for bare ZnO, a decolorization of
~100, ~97, ~91, and ~78 % was observed for 1, 5, 10,
and 15 %W6+-impregnated ZnO in 150 min of sunlight
exposure. The observed rate constants (k) evaluated for

Scheme 1 Possible sites in RhB interacted by O2
·− anion radicals
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the degradation by plotting ln(Co / C) versus sunlight
exposure time, for pure, 1, 5, 10, and 15 % W6+@ZnO
were 0.0030, 0.036, 0.028, 0.018, and 0.012 min−1,
respectively. The comparison of TOC removal of bare
and 1 % W6+-impregnated ZnO revealed a significantly
higher mineralization over 1 % W6+-impregnated ZnO.
Compared to <20 % TOC removal for pure ZnO, com-
plete mineralization of AY was noticed in 150 min of
sunlight exposure. The comparison of the AY decolor-
ization and that of TOC removal (mineralization) is
presented in Fig. 2c; ~97 % of the AY was decolorized
in 90 min of sunlight exposure, while the same percent-
age of TOC was removed in 150 min, which again
enlightens the initial engagement of superoxide ions
and hydroxyl radicals with the complex AY molecules
leading to fragmentation and decolorization. The HPLC
profile (Fig. 2d) verified the fragmentation of AY. The
intermediates further engaged in the oxidation process
until complete mineralization. Based on the structure of
AY, three positions can be identified that can be

hospitable locations for O2
·− anion attack. The presence

of NO2
− and COO− auxochromes induces the partial

positive charge on the attached carbon atom, making it a
soft target for O2

·− anions. In the presence of nitrite and
nitrate anions in the solution, it can be assumed that the
fragmentation of the dye structure is initiated with the
displacement of terminal NO2 groups by O2

·− anions.
The azo group (–N=N–), being part of the conjugated
system, is another suitable location of the O2

·− attack.
The possible sites of interaction in AY are marked in
Scheme 2.

MO, an azo dye with terminal SO3
− group (inset of

Fig. 3a), possesses a strong absorption band in the 200–
550 nm range. The decolorization profile of MO on
1 % W6+@ZnO catalyst is presented in Fig. 3a. As
presented in Fig. 3b, all W6+-impregnated ZnO catalysts
showed superior activity compared to bare ZnO for the
decolorization of MO. Compared to ~41 % for bare
ZnO, ~100, 91, 67, and 50 % decolorization of MO
was observed for 1, 5, 10, and 15 % W6+-impregnated

Fig. 2 a The UV-visible decolorization profile of alizarin yellow
over 1 % W6+@ZnO. b The comparison of the percentage decol-
orization of AY over pure and W6+-impregnated ZnO. c The
comparison of decolorization and mineralization of AY over

1 % W6+@ZnO. d The HPLC profiles of AY (30 ppm) and after
20 min of sunlight exposure over 1 %W6+@ZnO; the inset shows
the intermediates formed
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ZnO, respectively. The presence of strong absorption
band in the excitation range of ZnO (200–400 nm)
predicts that the decolorization of MO also proceed
through indirect photocatalysis for bare and W6+-im-
pregnated ZnO photocatalysts. The low extent of decol-
orization for pure ZnO is due the nonavailability of
efficient charge traps at the surface. The presence of
W6+ states serves as boosters for enhancing the activity
both by direct and indirect photocatalysis. The

increasing surface density of W6+ states due to the loss
of trapping and transfer ability of conduction band elec-
trons imposes the detrimental effect on MO decoloriza-
tion. The comparison of the MO decolorization and
TOC removal efficiency of 1 % W6+-impregnated
ZnO is presented in Fig. 3c, where a substantial increase
in the rate of depletion of TOC was observed with the
decreasing concentration of MO. Figure 3d confirmed
the possible formation of intermediates. The presence of
SO4

2− and NO3
− ions in the solution confirms the dis-

placement of terminal SO3 groups byO2
·− anion radicals

as well as the interaction with the –N=N– group. The
plausible locations in MO that can be targeted by O2

·−

anion radicals are (a) the carbon atom attached to NO2

group, (b) the carbon atom attached to SO3 group, and
(c) the carbon atom attached to –N=N– group or the
group itself after the loss of conjugation.

A rapid decolorization of CR was observed (Fig. 4a).
CR is a di-azo dye with two terminal electron-
withdrawing SO3 groups (inset of Fig. 4a). It possesses
a strong absorption band between 400 and 600 nm. A

Scheme 2 Possible sites of interaction in AY

Fig. 3 a The UV-visible decolorization profile of methyl orange
over 1 % W6+@ZnO. b The comparison of the percentage decol-
orization of MO over pure and W6+-impregnated ZnO. c The
comparison of decolorization and mineralization of MO over

1 % W6+@ZnO. d The HPLC profiles of MO (30 ppm) and after
20 min of sunlight exposure over 1 %W6+@ZnO; the inset shows
the intermediates formed
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high decolorization of the dye was observed for all the
catalysts, including ZnO. To establish the kinetics of
decolorization although the experiments were per-
formed for a period of 150 min, however, the samples
were analyzed after every 10min in the first hour instead
of 20 min. The decolorization rate was found to be
increasing with the decreasing concentration of dye in
the solution. The timescale decolorization of CR is
presented in Fig. 4b. Compared to ~77 % for bare
ZnO, the decolorization of the dye on eachW6+-impreg-
nated catalyst was higher than 90 % in 90 min of
sunlight exposure. The rapid decolorization evidenced
Bdirect photocatalysis^ as the dominant mode.
Complete decolorization of dye was accomplished in
90 min of sunlight exposure, while ~50 % mineraliza-
tion was observed in the same period. A significant
increase in TOC removal was observed with the de-
creasing CR concentration with time. The formation of
intermediates in relatively higher concentration in

HPLC analysis depicted the possible reason for low
TOC removal compared to decolorization. The rapid
decolorization of CR may be attributed to the terminal
SO3 and azo groups that serve as facilitators for the
incoming O2

·− anion radicals. The possible interaction
sites in CR are (a) the carbon atoms attached to the
terminal SO3 groups and (b) the carbon atoms attached
to the –N=N– groups.

IC, an anionic dye in nature, is a combination of
fused (five- and six-membered rings) with two terminal
SO3 groups that do not possess a strong absorption band
in 200–400 nm range (inset of Fig. 5a). It absorbs
photons in the visible region at 610 nm. The degradation
profile of IC is presented in Fig. 5a. A high decoloriza-
tion of IC, as presented in Fig. 5b, was observed on all
the catalysts, including ZnO in sunlight exposure. The
decolorization of IC was even faster than that of CR. For
1 % W6+-impregnated ZnO, ~90 % of the IC was
removed in just 30 min; however, the same percentage
of TOC was removed in 150 min. The carbon atoms

Fig. 4 a The UV-visible decolorization profile of congo red over
1 % W6+@ZnO. b The comparison of the percentage decoloriza-
tion of CR over pure and W6+-impregnated ZnO

Fig. 5 a The UV-visible decolorization profile of indigo carmine
over 1 % W6+@ZnO. b The comparison of the percentage decol-
orization of IC over pure and W6+-impregnated ZnO
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attached to the electron-withdrawing SO3 groups that
are attached to the conjugated system are the soft
interacting points for superoxide anions. Additionally,
the charge separation induced by the intermolecular
hydrogen bonding, as presented in Scheme 3, further
facilitates the oxidation and mineralization of dye. An
additional factor that accelerates the decolorization of
the dye may be the interaction of the anionic IC with the
photogenerated holes; however, no experimental evi-
dence can be reported in this regard.

The structure of RB is presented in the inset of
Fig. 6a. RB is a halogenated dye and has the
absorption pattern similar to that of rhodamine B
with absorption maximum at λ=547 nm. The de-
colorization profile of RB is presented in Fig. 6a.
The rapid decolorization of RB was observed for
all W6+-impregnated catalysts including bare ZnO.
As presented in Fig. 6b, for 1 % W6+-impregnated
ZnO, ≥80 % of the dye was decolorized in the
first 10 min of sunlight exposure, while the com-
plete decolorization was observed in 90 min of
sunlight exposure. All the other catalysts including
ZnO also decolorized ≥90 % of the dye in the
same period. Although the dye was completely
decolorized in 90 min, only ~80 % of the TOC
was removed in the same period for 1 % W6+-
impregnated ZnO. The prolonged sunlight expo-
sure removed ~96 % of TOC in 150 min; howev-
er, the rate of mineralization of RB was signifi-
cantly higher than that of the other dyes. The rate
of decolorization as well mineralization of RB is
attributed to the higher number of sites available
for O2

·− anion radical interaction. The simulta-
neous interaction of O2

·− at ~9–10 possible loca-
tions not only leads to the rapid decolorization of

dye but also ends up with the formation of smaller
fragments that are mineralized with ease leading to
enhanced mineralization. The formation of fewer
intermediates is also evidenced in Fig. 6c, the
HPLC chromatogram recorded after 20 min of
sunlight exposure. The rapid release of chloride
and iodide ions, as measured by IC, was consistent
with the timescale decolorization profile of the dye
which confirmed the electron-withdrawing halogen
groups (chloride and iodide) as the possible sites
for O2

·− anion radical attack to disrupt the
conjugation-stabilized structures leading to the de-
colorization of the dye. The IC profile of the
timescale release of Cl− ions in the solution during
photocatalytic process is presented in Fig. 6d. The
appearance of ClO4

− in the IC profile depicts that
Cl− is further interacted by the oxidizing species in
the solution.

By the careful analysis of decolorization/mineralization
data, it was observed that the number and the nature of the
auxochromes attached to the conjugated system play a
vital role in the decolorization process. The chemical na-
ture of the substituent, whether electron withdrawing or
electron donating, contributes in shifting the absorption
spectra towards longer or shorter wavelength. The position
and the number of electron-withdrawing groups facilitate
the decolorization of dyes, while the release of these
groups in the solution as respective anions with the prog-
ress of reaction clearly predicts the involvement of charged
species in the process. The comparison of the decoloriza-
tion (%) of RhB,AY, andMO is presented in Fig. 7a, while
the inset shows the same for CR, IC, and RB. It can be
noticed that although the structure of RhB is much com-
plex, however, its decolorization was significantly higher
than that of AYand MO. The possible reason may be the
shifting of absorption maximum in the absorption region
(200–400 nm) that hinders the direct absorption of photons
by the catalyst particle, thus causing a decrease in the
decolorization. The rapid decolorization of CR, IC, and
RB is attributed to the electron-withdrawing nature and
number of the auxochromes and other structural factors
such as intermolecular hydrogen bonding and charge
separation.

Superoxide O2
·− anion radicals are the reactive

charged entities that are instantly produced in the aque-
ous photocatalytic system. The factors that affect the
population of these entities are already discussed in
detail. The presence of additional charge in O2

·− induces
the instability and reactivity in these entities and requires

Scheme 3 Charge separation by intermolecular hydrogen
bonding
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the instant dissipation of additional charge to regain
stability (Pichat 2013). The presence of anions in the

solution with the discharge of dye color depicts the
involvement of charge entities like O2

·− rather than
hydroxyl radicals (HO·). Additionally, the rapid de-
pletion of organic carbon supports the leading role of
superoxide anion radicals; however, being among the
primary oxidizers, the contribution of hydroxyl radi-
cals in the decolorization process cannot be negated
altogether.

The suitability of the most active among the synthe-
sized catalysts, i.e., 1 % W6+@ZnO, was evaluated for
the decolorization and mineralization of the mixture of
abovementioned dyes containing 10 ppm of each dye
that doubled the overall dye concentration compared to
individual dye. The decolorization profile of the mixture
of dye is presented in Fig. 8. The decolorization of the
mixture was evaluated on the basis of the peak at
550 nm. As presented in the inset of Fig. 8, the catalyst
showed superior activity and ~96 % of the dye was
decolorized in 150 min of sunlight exposure. The TOC
removal was sluggish, and ~40 % mineralization was
observed in the same period that is due to the increased

Fig. 7 a The comparison of the percentage decolorization of RhB,
AY, andMO over 1 %W6+@ZnO, while the inset shows the same
for CR, IC, and RB. b The comparison of the percentage miner-
alization of RhB, AY, and MO over 1 % W6+@ZnO, while the
inset shows the same for CR, IC, and RB

Fig. 6 a TheUV-visible decolorization profile of rose bengal over
1 % W6+@ZnO. b The comparison of the percentage decoloriza-
tion of RB over pure and W6+-impregnated ZnO. c the IC profile
for the release of anions during the decolorization and

mineralization of RB over 1 % W6+@ZnO. d The HPLC profiles
of RB (30 ppm) and after 20 min of sunlight exposure over
1 % W6+@ZnO; the inset shows the intermediates formed
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dye concentration (almost twice as compared to individ-
ual dyes) and engagement of majority oxidation species
in decolorization.

The consistency in the activity of 1 % W6+-
impregnated ZnO was evaluated by studying the
degradation of RB with the same amount of cata-
lyst three times in continuation by adding the fresh
30 ppm solution of the dye. The catalyst did not
show any sign of deactivation, and a consistent
performance was observed. As monitored by ICP,
≥1 ppm of Zn2+ ions in the solution was observed
for W6+-impregnated ZnO catalysts, which re-
vealed the stability of the catalyst in the adopted
experimental conditions.

Although the activity of all the W6+-impregnat-
ed photocatalysts was much higher than that of
bare ZnO, a successive decrease in the decoloriza-
tion ability of the catalysts with increasing surface
population of W6+ states was noticed. This obser-
vation led to the conclusion that the synergy, for
the trap and transfer of photo-excited electrons,
between ZnO and surface-bounded W6+ remains
in operation up to a certain level of impregnation.
Beyond this level, the mutual collaboration be-
tween the participating units is lost. The layer-by-
layer deposition of W6+ ions at the surface with
increasing impregnation leads to the decrease not
only in the magnitude of effective charge trap and
transfer. The low surface capacity of ZnO may be
an additional contributor in this regard.

The above discussion can be summarized as follows:

& The loss of dye color during the photocatalytic
process does not represent the removal of dye rather
may be termed as decolorization.

& The TOC removal actually determines the removal
of dye.

& The estimation of anions in the solution helps in
identifying the oxidizing species involved.

& The superoxide anions displace electron-
withdrawing groups, which leads to the loss of
conjugation causing the decolorization of dye ini-
tially and simultaneously with the intermediates
formed causing mineralization

& The nature and number of electron-withdrawing
groups in the structure of dye facilitates the decol-
orization of dye.

4 Conclusions

The impregnation of ZnO by W6+ ions not only im-
proved the absorption of light in the visible region of the
solar spectrum but also successfully suppressed the
unwanted e−–h+ pair by promoting the delivery of
photogenerated electrons to the reductants. It was ob-
served that superoxide anion radicals lead to the photo-
catalytic decolorization and mineralization process.
Being charged in nature, superoxide anions are selective

Fig. 8 a The UV-visible profile
for the decolorization of the
mixture of dyes (RhB, AY, MO,
CR, IC, and RB) containing
10 ppm of each over
1 % W6+@ZnO, while the inset
shows the comparison of the
percentage decolorization and
mineralization of a mixture of
dyes detailed above in sunlight
exposure
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in attack and displace electron-withdrawing groups that
lead to decolorization initially, simultaneously followed
by mineralization. The ease of degradation of dyes
depends on the nature and number of electron-
withdrawing groups present in the dye structure. Both
indirect and direct photocatalysis modes were observed
in the dye removal process; however, the extant of
indirect photocatalysis depends on the position of the
absorption spectra of dye. The study proved that the
existing catalysts could be made responsive in sunlight;
however, the knowledge of the nature and chemical
compatibility among the components is essential so as
to lead the desired results.
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