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� Enhanced photocatalytic activity of
V2O5–ZnO composites for the
mineralization of nitrophenols in
sunlight.
� Superoxide anion radicals are the

major contributors in removal of
2-NP and 2,4-DNP.
� The removal of 4-NP is mediated by

hydroxyl radicals.
� V2O5 promotes the formation of

hydroxyl radicals.
� Nitrite ions are further oxidized to

NO3
� and ONOO� anions.
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In an effort to enhance the photocatalytic activity of ZnO in natural sunlight, V2O5–ZnO nanocomposites
were synthesized by co-precipitation technique. The characterization of the synthesized powders by
FESEM, XRD and UV–visible diffuse reflectance spectroscopy (DRS) revealed that the both V2O5 and
ZnO retain their individual identity in the composites but the increasing concentration of V2O5 affect
the particle size of ZnO. As estimated by photoluminescence spectroscopy, in comparison to pure ZnO,
the presence of V2O5 significantly suppressed the charge carrier’s recombination process. The photocat-
alytic activity of the synthesized powders was evaluated for the degradation/mineralization of three
potential nitrophenol pollutants (2-nitrophenol, 4-nitrophenol, and 2,4-dinitrophenol). The synthesized
composites showed significantly higher activity for both degradation and mineralization of nitrophenols
compared to pure ZnO. The progress of the degradation process was evaluated by HPLC while minerali-
zation was monitored by TOC analysis. The degradation/mineralization route was estimated by identify-
ing the intermediates using GC–MS. The correlation of the experimental data revealed that the position of
NO2 group in 2- and 4-nitrophenol significantly affect the rate of degradation. The identification of hydro-
xyl group containing intermediates in the degradation of 4-NP confirmed the formation and vital role of
hydroxyl radicals in degradation process. The rapid mineralization of nitrophenol substrates pointed out
superoxide anions as major contributors in degradation and mineralization process. The assessment of
the release of relevant ions (NO2

�, NO3
�, ONOO� and NH4

+) during the degradation process assisted in iden-
tifying the plausible interaction sites.
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1. Introduction

Nitrophenol (NP) derivatives, because of their extensive use as
raw materials in chemical processing industries, are the major phe-
nol derivatives in the industrial effluent (Andreozzi et al., 1999).
The chemically stable NP resists chemical and biological removal
(Tryk et al., 2000; Carey, 2000). NP derivatives are converted to
chlorinated phenolic compounds during the chlorination process
for the removal of microorganisms, thus generating offshoots that
are more toxic (Adav et al., 2007; Gondal et al., 2009; Hayat et al.,
2011a). Based on the toxicity and hazard, the maximum permissi-
ble limits of NP, especially 2-NP, 4-NP and 2,4-DNP, as established
by USEPA, are less than 20 ppb (USEPA, 1980). Currently no con-
ventional single step process is available for the complete removal
of these pollutants without leaving any toxic by-products (Aksu
and Yener, 2001). Among the photon-based oxidation technologies
(Andreozzi et al., 1999), sunlight photocatalysis can provide an
economically viable and single-step solution to this issue
(Bahnemann, 2004; Kositzi et al., 2004; Malato et al., 2009). Among
the existing photocatalysts, TiO2 is widely studied photocatalyst in
this regard but due to its wide bandgap of 3.2 eV, most of the stud-
ies are performed in UV exposure (Schiavello, 1988; Pelizzetti and
Serpone, 1989; Ollis et al., 1991; Hoffmann et al., 1995; Mills and
Le Hunte, 1997; Palmisano and Sclafani, 1997; Tryk et al., 2000;
Aksu and Yener, 2001; Gondal et al., 2008). Sunlight, being cheap
and renewable, is freely available in the nature. Therefore, the
use of sunlight as a light source in photocatalysis can make these
processes, even more feasible for commercial applicability. How-
ever, the non-availability of single photocatalyst fulfilling the
requirements of high photon absorption and appreciable photocat-
alytic activity in the solar spectrum is a serious constraint on the
exercise of this option. The existing most active photocatalysts
such as TiO2 and ZnO, due to their wide bandgap, can absorb
65% of the total incident sunlight photons and therefore are not
a suitable for sunlight photocatalytic applications. The choices in
this contest are; either to develop new sunlight active photocata-
lysts having activity comparable to TiO2 or ZnO in UV region or
to modify the existing active photocatalysts for enhanced activity
in sunlight exposure. The strategies for enhancing the photocata-
lytic activity of ZnO and TiO2 are reviewed in detail (Rehman
et al., 2009). Among the proposed techniques, composite formation
is regarded as an effective tool in improving the productivity of
ZnO by suppressing the unwanted electron hole pair recombina-
tion. The components of the composite support each other by the
mutual transfer of charge carriers and retain their individual iden-
tity. In bi-component composites, both the components of the
composite depending on their band edge can absorb photons indi-
vidually, thus behaving as tandem photocatalysts (Hameed et al.,
2008, 2009a,b; Hayat et al., 2011b; Ali et al., 2014).

ZnO, a n-type semiconductor with a band gap of 3.2 eV, absorbs
photons in the UV region (Xu and Schoonen, 2000). Being
inexpensive and non-toxic, it is regarded as a suitable choice for
photocatalytic water decontamination. Owing to its better photon
absorption cross-section, for particular applications, ZnO is pre-
ferred over TiO2 (Bahnemann, 2004; Pardeshi and Patil, 2008;
Gaya et al., 2010; Sugiyama et al., 2012) however, its stability
and high recombination rate of charge carriers under illumination
are the drawbacks that are needed to be addressed. V2O5 is visible
light responsive versatile photocatalyst. V2O5 is slightly soluble in
water that questions its suitability for water purification purposes.
It has been reported that the issues of chemical stability and photo-
corrosion can be eliminated by composite formation (Hameed
et al., 2008; Rehman et al., 2009).

The present study is an attempt to enhance the photocatalytic
activity of ZnO by making its composite with V2O5 by co-precipitation
route. The stability of the composites was monitored by ICP analysis
for Zn and V in the solution before and after exposure to sunlight. The
photocatalytic performance of the synthesized composites was
evaluated for the degradation/mineralization of three important NP
pollutants namely; 2-NP, 4-NP and 2,4-DNP in sunlight exposure.
The interesting aspect of the study is that all experiments were per-
formed in a completely natural environment without applying any
conditions for controlling the parameters such as temperature, pH,
pressure, stirring, and oxygen flow.
2. Experimental details

V2O5–ZnO composites, loaded with 1%, 3%, 5% and 10% V2O5

with respect to the weight of ZnO, were synthesized by dissolving
the stoichiometric amounts of NH4VO3 (Sigma–Aldrich, 99.5%) and
Zn(NO3)2�6H2O (Sigma–Aldrich, 99.99%) in 500 mL de-ionized
water. For the synthesis of 1% V2O5–ZnO, the metal solution con-
taining 0.0229 g of ammonium meta-vanadate and 4.54 g of zinc
nitrate was hydrolyzed with drop wise addition of 0.5 M NaOH
(Panreac, 99.9%) solution with vigorous stirring and maintained
the pH at 12. The gel formed was heated at 250 �C for 3 h under
stirring to convert gelatinous material to yellowish precipitates.
The precipitates were filtered and washed several times with de-
ionized water till neutral pH of the filtrate. To ensure stoichiometry
and complete precipitation, the filtrate was checked for the possi-
ble presence of V5+ ions in the solution. The co-precipitates were
dried at 120 �C in oven, crushed to fine powder and calcined at
450 �C in a muffle furnace for 4 h. Pure ZnO was also synthesized
by adopting the same procedure.

Solid-state diffuse reflectance spectra (DRS) of synthesized
composites were recorded by Perkin Elmer UV–visible diffuse
reflectance spectrophotometer in the 200–900 nm range. The pho-
toluminescence (PL) spectra of the synthesized composites, in
comparison to pure ZnO, were recorded by HORIBA Scientific (Jobin
Yvon Fluoro Log 3), France, macro PL system. The samples were
excited at 325 nm while the emission response was recorded in
the 350–700 nm range. Powder XRD patterns were acquired using
a Xpert X-ray powder diffractometer (Philips PW1398) with Cu Ka
radiation source from 20� to 80� (2h) with a step time of 3 s and
step size of 0.05�. The crystallite sizes of different phases identified
were calculated by applying the Scherrer’s equation to the major
reflections. The changes in the morphology of the synthesized
composites, in comparison to pure ZnO, were observed by Field
Emission Scanning Electron Microscope (JEOL JSM 6490-A). The
chemical composition and ionic state of V2O5–ZnO composites
were recorded in the binding energy range of 0–1100 eV using X-
ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe II,
ULVAC-PHI)

The photocatalytic performance of the synthesized composites,
in comparison to pure ZnO, was evaluated for the degradation of 2-
NP, 4-NP and 2,4-DNP in the natural sunlight exposure. A 30 ppm
solution of the respective mono and dinitrophenol was used for
degradation studies. In a typical experiment, 150 mL of the cata-
lyst/substrate solution, containing 30 ppm respective NP and
100 mg of the catalyst, was exposed to sunlight in a glass reactor
without stirring. The optimization of the catalyst loading was
based on the minimum amount of the catalyst that furnished sig-
nificant activity for degradation. The catalyst loading was adjusted
for pure ZnO and kept constant for synthesized composites, for
comparison. All the experiments were carried out in the fixed per-
iod of the daylight in the measured sunlight illumination of
1000 ± 100 � 102 lx without any temperature and pressure control.
The progress of degradation process was monitored by drawing the
samples after every 20 min in the 1 h and after 30 min in the next
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1.5 h. The catalyst was removed by using 0.20 lm Millipore filter.
The collected samples were analyzed by HPLC (SPD-20A, Shima-
dzu, Japan) using 60:40 methanol–water mixture as solvent and
c18 column at 254 nm. Ion chromatograph, Dionex (ICS-5000+EG
Eluent Generator), was used to measure concentration of released
ions during the photocatalytic process. TOC-VCPH total carbon
analyzer supplied by Shimadzu, Japan, measured the removal of
TOC. The samples drawn after 20 min of sunlight exposure were
analyzed by GC–MS (Shimadzu, Japan, Shimadzu-QP2010 Plus)
equipped with RtX1 capillary column, for the identification of
intermediates formed during the mineralization process. High pur-
ity (99.999%) helium gas was used as carrier. The presence of
respective NP substrates in GC–MS analysis was used as a marker
for the validation of procedure adopted for analysis.
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Fig. 2. The comparison of PL spectra of pure ZnO and V2O5–ZnO composites
recorded in the range of 350–650 nm after excitation at 325 nm.
3. Results and discussion

3.1.1. Characterization of V2O5–ZnO composites

The comparison of solid-state absorption spectra of pure ZnO
and synthesized V2O5–ZnO composites is presented in Fig. 1, where
compared to pure ZnO, the absorption of photons in the visible
region increases with the increase in V2O5 contents that represents
the absorption by the V2O5 portion of the synthesized composites.
With the absorption of photons in ZnO, the major optical transi-
tions arise due to the shifting of electrons from the O (2p) orbitals
to Zn (3d) orbitals. Like Zn, V is also a 3d metal, therefore the main
transitions in V2O5 correspond to the transfer of electrons from O
(2p) to V (3d). Probably, owing the short V–O bond length
(1.58 Å) compared to Zn–O (1.90 Å), V2O5 is more absorptive in
the visible region than ZnO.

The comparison of PL response of pure ZnO to that of V2O5–ZnO
composites, loaded with various percentages of V2O5, is presented
in Fig. 2. A significant decrease in the luminescence intensity for
the composite, compared to pure ZnO, illustrates that the charge
carriers generated as a result of photo-excitation of ZnO is trapped
by surface V2O5 states. Pure ZnO exhibits the characteristic bands
at �380, �429 and �510 nm (Srikant and Clarke, 1998) that are
composed of emissions due to bandgap excitations, the interstitial
Zn atoms and the excitations between Zn and singly charges sur-
face oxygen respectively (Srikant and Clarke, 1998; Willander
et al., 2010). These bands, in the order of their appearance are
marked as ‘‘a’’, ‘‘b’’ and ‘‘c’’ in Fig. 2. The significant decrease in
the intensity of these bands indicates that a synergy exists
between ZnO and V2O5 to enhance the lifetime of the excited state.
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Fig. 1. The comparison of (a) the solid state absorption spectra of pure ZnO and
V2O5–ZnO composites in 200–900 nm range.
The red shift of �10 nm in the band at 380 nm (a) that represent
the bandgap excitations in ZnO signifies that introduction of
V2O5 states at the surface lowers that bandgap energy of ZnO either
by inducing low energy surface states or by the mutual sharing of
the valence band. A successive decrease with the mild red shift in
the intensity of the band at 510 nm, with the increasing concentra-
tion of V2O5 states, indicates the diminution of free surface O- sites
of ZnO with the increasing occupancy of V2O5 entities. It is impor-
tant to mention here that all the observed values for pure ZnO and
V2O5–ZnO composites, in the PL spectra, are in agreement with the
literature values (Srikant and Clarke, 1998).

The high-resolution (120,000�) FESEM images of V2O5–ZnO
composites are presented in Fig. 3a–d. For 1% V2O5 loaded ZnO
image, Fig. 3a, hexagonal rod shaped ZnO particles are more prom-
inent than V2O5 but the presence of V2O5 can be identified on the
surface of ZnO. From the Fig. 3b–d, the growth of V2O5 in various
shapes is observable, however, for 10% V2O5–ZnO composite, the
formation of needle like V2O5 structures (Fig. 3d) is more
prominent.

The comparison of the XRD patterns of pure ZnO and synthe-
sized V2O5–ZnO composites is presented in Fig. 4a. The intense
reflections at 2h values of 31, 34, 36, 47, 56, 62 and 67 matched
with hexagonal, P63mc, ZnO (JCPDS 36-1451). The high intensity
and sharpness of major reflections is the characteristic of phase
purity and high crystallinity. The major reflections due to V2O5

phase were entrapped in intense ZnO reflections. The reflection
at 42 and 62 were matched with orthorhombic V2O5 (JCPDS 41-
1426). As presented in Fig. 4b, the intensity of the reflections at
42 and 62 nm, increased with the increase in V2O5 contents. As
expected, for V2O5–ZnO composites, a successive decrease in the
intensity of the main reflections arising due to hexagonal ZnO
was also observed with the increasing concentration of V2O5. The
average crystal size of ZnO in pure and V2O5–ZnO composites, eval-
uated by applying Scherrer’s equation on the most intense reflec-
tions, varied between 35 and 60 nm while that of V2O5 ranged
between 10.5 and 18 nm.

The comparison of XPS survey scans of the synthesized
V2O5–ZnO composites is presented in the Supplementary Materials
(Fig. S1a) where no significant shift in the binding energy of ZnO
peaks was observed. The Zn 2p peaks appeared at 1020.22 eV
and 1022.33 eV while O1s peak appeared at 529.9 eV. The
appearance of V2p3/2 peak at 517 eV confirmed the presence of
polycrystalline V2O5 (Mendialdua et al., 1995). As shown in the
Supplementary Materials (Fig. S1b), the increased intensity was
observed with increasing V2O5 contents.



Fig. 3. The comparison of high resolution (120,000�) SEM images of V2O5–ZnO composites (a) 1% V2O5–ZnO, (b) 3% V2O5–ZnO, (c) 5% V2O5–ZnO and (d) 10% V2O5–ZnO
composites.
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3.2.2. Photocatalytic degradation of nitrophenols

In the aqueous photocatalytic system, a sequence of reactions is
activated with the absorption of photons of appropriate energy
(Ep P Eg). Both charged and radical species are generated because
of water oxidation and dissolved oxygen reduction. Among the
species produced, superoxide anion (O2

��) and hydroxyl radicals
(HO�) are the major contenders in degradation/mineralization of
organic substrates. It has been proposed that the hydroxyl radicals
are produced as a result of water oxidation by the photogenerated
holes (h+) (Hoffmann et al., 1995) while the reduction of adsorbed/
dissolved oxygen by excited conduction band electrons generates
superoxide anions (Gaya and Abdullah, 2008; Pichat, 2013).

H2Oþ hþ ! H2Oþ ! HO� þHþ ð1Þ

ðO2Þadsorbed=dissolved þ e� ! O��2 ð2Þ

Recently, along with the limiting the role of hydroxyl radicals in
aqueous phase photocatalytic degradation process, the direct
formation of these radicals by holes (h+) oxidation (Eq. (1)) is also
contradicted and a complex route based on the pH of the system
has been postulated. The proposed mechanism is based on the
interaction of superoxide anions (O2

��) (Eq. (2)) with H+ ions at
low pH to form HO2

� radicals. The self-combination of HO2
� radicals

leads to the formation of hydroxyl (OH�) radicals (Pichat, 2013).
The proposed mechanism is outlined in the equations below.

O��2 þHþ ! HO�2 ð3Þ

HO�2 þHO�2 ! H2O2 þ
1
2

O2 ð4Þ

H2O2 þHþ þ e� ! OH� þH2O ð5Þ

Another alternative route, based on the oxidation of hydroxyl
ions (OH�) either produced in the system or absorbed at the sur-
face of the catalyst, has also been proposed (Pichat, 2013).

OH� þ hþ ! OH� ð6Þ

In comparison to pure ZnO, for 2-NP, the time-scale percentage
degradation profiles over synthesized V2O5–ZnO composites in the
sunlight exposure, are presented in Fig. 5a. The percentage
decrease in the concentration of 2-NP with the sunlight exposure
time was evaluated from the decrease in the peak heights in HPLC
profiles (Supplementary Materials, Fig. S2). In the initial 20 min of
exposure, for 1% V2O5 loaded ZnO composite, �70% decrease in
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2-NP was noticed which was �4.2 times higher than pure ZnO i.e.
�16%, in the same period. Compared to 1% V2O5 loaded ZnO a
relatively lower activity was observed in 3%, 5% and 10% V2O5

loaded catalysts, however, the observed degradation of 51%, 51%
and 44%, respectively, was significantly higher than pure ZnO. All
the catalysts completely removed 2-NP in 150 min of exposure
while in the same period, �85% degradation of the substrate was
observed over pure ZnO. The analysis of the HPLC chromatograms
collected at regular intervals, as presented in the Supplementary
Materials (Fig. S2), revealed that the degradation process proceeds
through the formation of intermediates. Noticeably, the substrate
(2-NP) and intermediates were removed simultaneously. The
graphical evaluation of the rate constant ‘‘k’’ for the degradation
of 2-NP over V2O5–ZnO composites, loaded with varying V2O5, is
presented in Fig. 5b. The values of 0.0115 min�1, 0.0507 min�1,
0.0406 min�1, 0.0346 min�1 and 0.0336 min�1 were evaluated for
rate constant ‘‘k’’ of the degradation of 2-NP over pure, 1%, 3%,
5% and 10% V2O5 loaded ZnO, respectively. The comparison of the
above mentioned values indicates a fivefold higher rate of degrada-
tion of 2-NP over 1% V2O5–ZnO composite than pure ZnO.

The degradation profile of 4-NP is presented in the Supplemen-
tary Material (Fig. S3). The degradation of 4-NP was significantly
sluggish than that of 2-NP. For 1% V2O5–ZnO, �60% of 4-NP sub-
strate were removed in the initial 20 min of sunlight exposure
compared to �16% for bare ZnO in the same period. For 2-NP,
�70% removal of the substrate was observed in the same period
under identical conditions. A significantly higher activity of 3%
and 5% composites for 4-NP removal i.e. �49% and �47%, respec-
tively, compared to pure ZnO, was also observed. However, for
10% V2O5 composite a distinctly lower activity was observed. The
observed activity of 10% V2O5–ZnO was comparable to that of bare
ZnO. The comparison of the HPLC profiles for the degradation of
4-NP over the composite catalysts is presented in Supplementary
Materials (Fig. S4). Similar to 2-NP, the degradation of 4-NP also
proceeds through the formation of intermediates, however unlike
2-NP the accumulation of the intermediates instead of simulta-
neous removal of intermediates and substrate was observed.
Among the synthesized catalysts, only 1% V2O5–ZnO showed the
ability to remove 4-NP completely in 150 min of sunlight exposure.
The calculated values of rate constant ‘‘k’’ for of the degradation of
4-NP in the aqueous suspension of pure 1%, 3%, 5% and 10% V2O5

loaded ZnO were 0.0095 min�1, 0.0312 min�1, 0.0244 min�1,
0.0212 min�1 and 0.0118 min�1, respectively. Compared to 2-NP
a marked decrease in the rate of degradation of 4-NP especially
with the increasing V2O5 loading was noticed.

An efficient removal of 2,4-DNP over synthesized V2O5–ZnO
composites was observable however, similar to 2-NP and 4-NP
removal, a decreasing trend in the activity, with the increasing
V2O5 loading, was perceived. The time scale percentage degrada-
tion of 2,4-DNP on the synthesized catalysts, in comparison to pure
ZnO and the comparison of HPLC profiles for the degradation of
2,4-DNP over the composite catalysts are presented in Supplemen-
tary Materials (Figs. S5 and S6), respectively. The degradation of
DNP substrate over 1% V2O5–ZnO i.e. �68% was comparable to that
of 2-NP but significantly higher than 4-NP and complete removal
was observed in 150 min of sunlight exposure. For the catalysts
bearing 3%, 5% and 10% V2O5, �99%, 98% and 93% removal of
2,4-DNP was observed in the same period. The observed rate con-
stants for pure ZnO and composites, with respect to the increasing
concentration of V2O5, were 0.0056 min�1, 0.0348 min�1,
0.0308 min�1, 0.0269 min�1 and 0.0182 min�1, respectively. The
rate constants were comparable to that observed for 2-NP and
much higher than that of 4-NP. Noticeably the rate constant for
the degradation of 2,4-DNP over pure ZnO was significantly lower
than 2NP- and 4-NP.

The comparison of the degradation of NP substrates over 1%
V2O5–ZnO, the most active among the synthesized composites, is
presented in Supplementary Materials (Fig. S7). The observed order
of degradation for the NP derivatives was: 2-NP > 2,4-DNP > 4-NP.

A trend similar to that of degradation was observed in the
mineralization (removal of total organic carbon) of 2-NP, 4-NP
and 2,4-DNP. The observed mineralization of 2-NP was much faster
than 4-NP and 2,4-DNP. Although the mineralization of 2,4-DNP
was lower than 2-NP but significantly higher than 4-NP. The com-
parison of the mineralization of NP substrates over 1% V2O5–ZnO is
presented in Fig. 6a. The observed percentage mineralization for
2-NP, 4-NP and 2,4-DNP was �95%, �61% and �83%, respectively.
The calculated rate constants for the mineralization process of
2-NP, 4-NP and 2,4-DNP (Fig. 6b) were 0.0184 min�1, 0.0119 min�1

and 0.0066 min�1, respectively.
The comparison of the Figs. 6 and S7 revealed a significantly

higher degradation of NP substrates compared to mineralization,
which depicts that the substrates are degraded initially and miner-
alized later. A faster rate of mineralization can also be observed
with decreasing concentration of NP substrates. The population
of oxidizing species generated with the absorption of equal num-
ber of photons remains the same under similar reaction condition.
Initially the majority of the oxidizing species interact with sub-
strates that either result in the loss of aromaticity (cleavage of ring
structure) or change in the chemical nature with the attachment of
additional substituents to form ‘‘intermediates’’. Both of these
situations lead to the ‘‘degradation’’ of the substrate. With the co-
existence of substrates in higher and intermediates in low concen-
tration the majority of oxidizing species interact with the substrate
giving rise to higher degradation as compared to mineralization.
The decreasing concentration of substrates results in the enhanced
interaction of intermediates and oxidizing species that result in
enhanced mineralization at later stage.
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The significantly high degradation and mineralization ability of
the synthesized V2O5–ZnO composites renders that a mutual
synergy exists between the two components of the composites
that suppresses the recombination of charge carriers, one of the
major drawbacks of ZnO, and results in the enhanced production
of oxidizing species. The enhanced lifetime of the excited states
is also evident in the PL analysis of the synthesized composites
(Fig. 2). As apparent from DRS spectra of the synthesized compos-
ites, the two components of the composite, i.e. V2O5 and ZnO retain
their individual identity, however, their individual bandgaps are
shifted towards lower values, which is in accordance with the
literature (Rehman et al., 2009). V2O5 is a p-type semiconductor
with the band edge potentials at +3.0 V and +0.2 V in aqueous
medium while ZnO is a n-type material with valance and conduc-
tion band potentials at +2.89 V and �0.31 V, respectively (Xu and
Schoonen, 2000). The band edge positions of ZnO are highly
suitable for the splitting of water and the reduction of dissolved
oxygen to form superoxide anion radicals. On the other hand,
V2O5 can split water but unable to reduce dissolved O2. As per
observation mentioned regarding the degradation of NP substrates,
the activity of the composites decreases with increasing V2O5 con-
tents. The optimum activity was observed for the composite having
only 1% V2O5 contents. As explained in Scheme 1, by considering
the positions of the band edges of the two semiconductors, it can
be revealed that the only energetically favored process that can
enhance the efficiency by suppressing the recombination of charge
carriers, when ZnO absorbs the photons, is the trapping of photo-
generated electrons by V2O5 surface states. It is predicted that
the low surface population of V2O5 (61.0%) induces the defects at
the surface of ZnO that serve as a trap and transfer centers for
the photo-excited electrons. The electron transfer ability of V2O5
states is affected with the increasing population that results in
low activity.

Another possible reason for the decreased activity of 3% and 5%
V2O5 loaded ZnO composites is the independent absorption of inci-
dent photons by V2O5 entities. For 10% V2O5 loading, probably the
density of V2O5 surface states is sufficient to behave as indepen-
dent catalyst. In case of photon absorption by V2O5 particles, the
transfer of photogenerated holes (h+) from the valence band of
V2O5 to that of ZnO serve as a tool to suppress the e�–h+ recombi-
nation process.

As presented in HPLC and TOC profiles, the significantly higher
rates of degradation as well as mineralization signifies superoxide
anion radicals (O2

��) as major contributors in both the processes.
The observations in the previous studies (Lathasree et al., 2001;
Bahnemann et al., 2007; Ahmed et al., 2010) also validate the
major involvement of superoxide anions. The mineralization by
hydroxyl radicals interaction proceeds through a number of inter-
mediates, the high mineralization as observed in the present case
is not achievable by the interaction of hydroxyl radicals (OH�) only.
The identification of the intermediates formed after 30 min of
sunlight exposure by GC–MS analysis further expounded the nat-
ure of oxidizing species involved in both degradation and mineral-
ization of NP substrates. In the degradation studies with 2-NP and
2,4-DNP, no aromatic compound with or without NO2 group,
except the substrate under study, was identified, whereas in the
degradation of 4-NP, along with the identification of 4-NP sub-
strate, hydroxy NPs were identified in the appreciable concentra-
tion. The presence of this compound was also witnessed in the
HPLC degradation profile of 4-NP. Therefore, it can be anticipated
that 4-NP is initially converted to hydroxylated intermediates
which are further attacked by the superoxide anions leading to
its complete mineralization while 2-NP and 2,4-DNP are directly
interacting by superoxide anions that results in the formation of
open chain oxygenates like esters and carboxylic acids. These oxy-
genates are further engaged by the superoxide anions for complete
mineralization. However, under similar experimental conditions,
the formation of hydroxyl intermediates by the interaction of
OH�, in the degradation of 2-NP and 2,4-DNP, cannot be completely
ignored. Perhaps the rate of mineralization by the superoxide
anion radicals is fast enough to identify the hydroxylated interme-
diates. Although a low rate of degradation as well as mineralization
of NP substrates was observed in the presence of pure ZnO, no
hydroxylated intermediate was observed in GC–MS or HPLC anal-
ysis that led to the conclusion that V2O5 promotes the generation
of hydroxyl radicals. To verify the increased generation of hydroxyl
radicals the pH changes of catalysts/NPs suspensions, in the dark
and during the course of photocatalytic degradation experiments,
were measured. With the increasing V2O5 contents, a significant
decrease in the pH was observed with the addition of V2O5–ZnO
composites to NP solutions in the dark. The decrease in pH was fur-
ther escalated in sunlight exposure. For pure ZnO, the pH of NP
solutions ranged between 7.4 and 7.8 in the dark and increased
to 8.2–8.5 in the sunlight exposure with different NP substrates.
During the photocatalytic degradation experiments with 10%
V2O5–ZnO composite, the pH of the solution was dropped to 5.
The decreasing trend in pH was also observed for 3% and 5%
V2O5 loaded composites. For 1% V2O5 loaded ZnO, although no
sharp decrease in the pH was observed, however the pH changed
between 7.0 and 7.5. These observations strengthen the view that
with the decrease in pH of the medium, the formation of hydroxyl
radicals by the route proposed in Eqs. (3)–(5) is probable, whereas
at higher pH values the hydroxyl radicals are generated by reaction
mentioned in Eq. (6).

The variation in the rate of degradation and mineralization of
2NP- and 4-NP was surprising. Both isomers have comparable
physical properties and the only difference between the two is



Scheme 1. The possible mechanism of carrier charge suppression in V2O5–ZnO composites (A) when the light is absorbed by ZnO, the photogenerated electrons (e�) are
transferred to the conduction band of V2O5 (B) when the light is absorbed by V2O5, the photogenerated holes (h+) are transferred to the valence band of ZnO.
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2,4-DNP.
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the position of attachment of the NO2 group to the aromatic ring.
The presence of NO2 and OH groups on the adjacent carbon atoms
and due to the possible existence of hydrogen bonding and induc-
tive (�I) effect in 2-NP, the electron cloud is largely concentrated
on the OH and NO2 group bearing carbon atoms and less distrib-
uted on the aromatic ring. Conversely, in 4-NP, due to the attach-
ment of OH and NO2 groups on C1 and C4 position, opposite to
each other, the electronic charge is distributed all over the ring
thus imparting additional negative charge on the ring. In NPs, the
electronegative oxygen atoms of NO2 group additionally distort
the electronic cloud that induces a partial positive charge on the
attached carbon atom thus generating a center for the attack of
negative species. This effect is more pronounced in 2-NP compared
to 4-NP where the excess negative charge on the ring reduces the
induced partial positive charge. Therefore, it can be estimated that
the rapid degradation of 2-NP and 2,4-DNP is due to the presence
of NO2 groups induced positive centers that serve as interacting
sites for the incoming negatively charged superoxide anion radi-
cals. The displacement of the NO2 groups as nitrite ion, the incor-
poration of O2

�� and simultaneous ring opening degrade the 2-NP
substrate with the loss of aromaticity. The incorporation of electro-
negative oxygen in the chain induces the polarity in the intermedi-
ate compound/s that creates additional centers for O2

�� interaction.
The O2

�� radicals interact with the polar intermediates that leads to
the complete mineralization. For 4-NP, the excessive negative
charge on the ring repels the incoming charged anions (O2

��) and
initially transformed to hydroxylated intermediates by the interac-
tion of uncharged hydroxyl radicals. With the substitution of OH�

on the aromatic ring, having electronegative oxygen, the electron
cloud is partially distorted. The hydroxylated intermediates are
successively attacked by superoxide anions for degradation ini-
tially and mineralization finally as presented in Scheme 2. The
hydroxyl radicals do interact with 2-NP and 2,4-DNP, however
the rapid mineralization by the superoxide anions restrict their
concentration to be detectable in solution.

The comparison of time dependent release of NO2
� ions during

the degradation/mineralization of 2-NP, 4-NP and 2,4-DNP, as
measured by ion chromatography, is presented in Fig. 7a. The
release of NO2

� ions in the solution verified the major involvement
of charged O2

�� anions rather than neutral radical species in the
degradation/mineralization process. The absence of any NO2 con-
taining intermediate either aromatic or aliphatic further supported
the view that NO2 groups are the first to be displaced by superox-
ide anions followed by the degradation of 2-NP and 2,4-DNP. A
similar mechanism was anticipated in the degradation of 4-NP,
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where the formation of hydroxylated intermediate facilitates the
displacement of NO2 groups by distorting the electron cloud. For
2-NP and 2,4-DNP the concentration of NO2

� ions increased initially
followed by a decrease. This trend led to the conclusion that NO2

�

ions after their release further interact with the oxidizing species
present in the system and transformed to other anions. For 4-NP,
an increasing trend with the exposure time was observed. Proba-
bly, due to the stability and the distribution of electronic cloud in
4-NP, the oxidizing species are mainly engaged in its degradation
rather than interaction with NO2

� ions. To verify this assumption
all the possible ions that included NO2

�, NO3
�, ONOO� and NH4

+ were
estimated in the degradation of 2-NP, 4-NP and 2,4-DNP and pre-
sented in Fig. 7b–d, respectively.

Owing to the fast degradation/mineralization of 2-NP, the
majority of NO2

� ions that are released into the solution are con-
verted to NO3

� ions after interacting with superoxide anion radicals.
The further interaction NO3

� leads to the formation of peroxynitrite
(ONOO�) ions. A mild reduction of NO2

� to NH4
+ was also observed.

All the above mentioned ions were also observed in the degrada-
tion/mineralization of 4-NP however the low yield of NO3

� ions
compared to that observed for 2-NP indicated the non-availability
of O2

�� radicals for oxidation. Accordingly a low yield of peroxyni-
trite (ONOO�) ions was also observed. Also, compared to 2-NP, a
low formation of NH4

+ ions was observed. The formation of all the
above mentioned anions was also observed in the degradation/min-
eralization of 2,4-DNP. Having two NO2 groups, the yield of NO2

�

ions was approximately twice than that of 2-NP. The comparison
of the IC profiles for the degradation of 2-NP, 4-NP and 2,4-DNP over
1% V2O5–ZnO is presented in Supplementary Materials (Fig. S8).

The composites showed excellent stability in sunlight exposure
and no release of either Zn or V was observed in the ICP analysis.
Additionally, no significant loss in the activity of the composites
was observed in the repeated exposures.

In summary, the absence of any aromatic intermediate formed
by the interaction of hydroxyl radicals, the identification of open
chain oxygenated intermediates and the release of NO2

� ions in
solution confirmed that the degradation of 2-NP and 2,4-DNP is
initiated by the displacement of NO2 groups, ring opening and
incorporation of oxygen in the chain. The presence of oxygen, being
electronegative, imparts polarity to the molecule, thus creating
sites for the superoxide anions interaction. The identification of
the products ranging from C1–C5 oxygenates also verifies that the
mineralization of the NP is not a single step process but after the
ring penning smaller fragments are formed. The smaller fragments
are further interacted until complete mineralization.

4. Conclusions

Composite formation has proved to be a viable tool for
suppressing the recombination of charge carriers. The study
proved that by applying suitable modification the photocatalytic
activity of the existing active photocatalysts such as ZnO can be
enhanced. In the degradation of NPs, the study confirmed the gen-
eration of hydroxyl radicals, however, their contribution is minor
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in degradation/mineralization process. Superoxide anion radicals
(O2
��) are the major contributors, both in the degradation and

mineralization process. The interaction of hydroxyl radicals facili-
tates the transformation of 4-NP molecules for superoxide anion
radical’s interaction. The degradation of NPs proceeds with the
removal of NO2 group, ring opening and incorporation of oxygen.
The mineralization is a multistep process and the larger molecules
are fragmented into smaller molecules till complete mineraliza-
tion. The nitrite ions released as a consequence of superoxide anion
interaction are further oxidized to NO3

� and ONOO� anions.
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