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Available online 16 May 2014 tocatalytic activity of the synthesized WO3; was examined for the degradation of phenol, resorcinol,

2-chlorophenol and 2-nitrophenol in complete spectrum and visible segment of sunlight. The highly
efficient degradation/mineralization of 2-chloro and 2-nitrophenol compared to that of phenol and resor-
cinol, under identical experimental conditions, suggested the regulatory role of substituents attached to
the aromatic ring in degradation/mineralization process. The time-scale HPLC degradation profiles, iden-
tification of intermediates by GC-MS and removal of organic carbon during the course of reaction were
utilized to approximate the possible route of degradation/mineralization of phenolic substrates. The mea-
surement of the anions released during the photocatalytic process was used to identify the nature of the
major oxidants (O,*~, OH*) and the possible interaction sites. A significant decrease in the photocatalytic
activity of synthesized W03, ~50%, was observed in visible portion of sunlight however, a sustained
activity was observed in the repeated exposures.
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studied photocatalyst for the decontamination of water, however
owing to its absorption cross section in the UV region; it is unable to
harvest the major portion of sunlight and can utilize only <5% of the
total incident light radiation [7-23]. As ~46% of the solar spectrum
falls in the visible region, the wide spread economical application of
this technology requires the development of photocatalysts capa-
ble of utilizing maximum portion of the sunlight with optimum
activity. Among the existing photocatalysts, ZnO, having activity
comparable to TiO,, is the second most studied photocatalyst for
water decontamination. Although better absorption cross-section
in the sunlight; the wide bandgap, anodic dissolution and instability
in highly acidic mediums, impose restriction on its use [24-27].

WO3, with a bandgap between 2.4 and 2.8 eV, is a visible light
responsive catalyst with stability in acidic conditions, which makes
it a suitable choice for the photocatalytic degradation of organic
pollutants under solar irradiation [28-30]. It has been reported
that the particle morphology, that includes the shape and size, of
a particular photocatalyst, significantly affects its photocatalytic
activity [31]. Flower-like WO3 assemblies, due to their specific
hierarchical pores that served as the transport paths for light
and reactants, exhibited higher visible-light photocatalytic activity
than the particles. No significant decrease in the activity of these
assemblies was observed after subsequent reuse confirming their
stability and resistance towards photocorrosion [32]. The forma-
tion of disc-shaped WOj5 in the form of thin film at FTO substrate,
using poly(ethylene glycol), is reported in the literature [33] how-
ever, no report regarding the bulk synthesis of disc-shaped WO3
powder and its photocatalytic activity is available.

Phenol and its derivatives, because of their extensive use in
chemical, petrochemical and pharmaceutical industries, is the
major are among the most potential pollutants in the discharge
from these industries. Owing to their chemical stability imparted by
resonance, phenolic compounds are difficult to degrade by conven-
tional water treatment technologies [34]. Another important aspect
is their conversion into more toxic chlorinated compounds during
the treatment for biological decontamination by chlorination.

Among the phenol derivatives, chloro and nitrophenols, being
toxic and carcinogenic, are the most important pollutants [35-38].
Owing to their high solubility and chemical stability, nitro and
chlorophenols derivatives are difficult to degrade [39,40]. The
majority of the studies available on the degradation of phenol and
its derivatives are carried out in the presence of TiO,. Among the
pure photocatalysts studied, WOs is the least studied for the degra-
dation of phenol and its derivatives.

The current study comprises of morphology-controlled bulk
synthesis, characterization and photocatalytic activity of the syn-
thesized disc-shaped WO3. The procedure adopted for the synthesis
of bulk disc-shaped WOs is user friendly and entirely different
from the one mentioned in the literature [33]. The photocatalytic
performance of the synthesized powder was evaluated for the
degradation of phenol, resorcinol, 2-chlorophenol (2-CP) and
2-nitrophenol (2-NP). In comparison to pure phenol, the possible
role of the substituent (electron donating or electron withdrawing)
attached to phenol derivatives on the degradation is discussed.
The results obtained by various analytical tools (HPLC, TOC, IC and
GCMS) are correlated to establish the mechanism of degradation.

2. Experimental details

The disc-shaped WO3 powder was synthesized by chemical pre-
cipitation method [33] using sodium meta-tungstate (Analytical
Grade, Sigma-Aldrich, USA) and Triton X-100 (Scintillation grade,
purity >99%, BDH Chemicals Ltd., UK) as precursor for W6* ions and
surface active mediator respectively. Prior to use in the synthesis,
the hydrated sodium meta tungstate was dried at a temperature

of 120°C in the vacuum oven (JSR, JSOF 100H) overnight. In a typi-
cal synthesis, 25 g of anhydrous sodium meta-tungstate (moisture
content <0.01%), containing ~18.6 g W6* ions, was dissolved in ion
free Milli-Q water under stirring. Triton X-100, 0.01% with respect
to the weight of W6* jons, was added to the precursor solution
under vigorous stirring for optimum mixing. The metal/surfactant
solution was acidified with the slow addition (7-10 drops/min) of
0.25 M HNO3 under stirring at 2000 rpm (IKA Eurostar 20, Germany)
until pH 2. The suspension was initially heated at 100°C for 2h
and at an elevated temperature (250°C) for 3 h. The suspension
was aged overnight. The clear and colorless supernatant solution
indicated the complete precipitation. The bulk of the precipitates
were removed by filtration while the remaining precipitates were
recovered by centrifugation. The precipitates were washed several
times with hot water till the neutral pH of the filtrate. The resid-
ual surfactant was removed by successive washings with ethanol
and acetone (50:50) mixture. The fine dry powder with shiny lus-
ter was initially dried in the oven at 120°C and finally calcined at
450°C.

A Perkin Elmer UV-vis diffuse reflectance spectrophotometer
(DRS) equipped with integrating sphere was used to record the
solid-state absorption and diffuse reflectance spectra of the synthe-
sized WOs3 discs in 200-900 nm wavelength range. After applying
Kubelka-Munk (K-M) transformation on %R values, the bandgap
of the synthesized WO3 was evaluated by plotting (F(R) x hv)!/2
versus hv (photon energy, eV). The powder XRD patterns of synthe-
sized disc-shaped WO3 discs were recorded by Xpert X-ray powder
diffractometer (Philips PW1398) with Cu K« radiation source from
20°to 80° (20) with a step time of 3 s and step size of 0.05°. Scherer’s
equation was applied on main reflections to evaluate the crystallite
size of various phases. The morphology of the synthesized WO3 was
examined by field emission scanning electron microscope (FESEM)
(JEOL JSM 6490-A).

The photocatalytic activity of disc-shaped WO3 was evalu-
ated by exposing the catalyst-phenolic solution suspension to
sunlight. The optimized concentration of the individual phenolic
substrate (phenol, resorcinol, 2-chlorophenol and 2-nitrophenol)
was 30 ppm. All the experiments were performed with the cata-
lyst loading of 300 mg by exposing 150 cm3 of respective phenolic
substrate (30 ppm). The optimization of catalyst loading was per-
formed by exposing the catalyst-phenol suspensions (150cm?3)
having different catalyst loadings ranging from 50 to 500 mg for
a fixed period of 30 min. Beyond 300 mg/150 cm3 catalysts load-
ing, the degradation curve lost linearity without significant change
in the degradation therefore; all the experiments were performed
with 300 mg catalyst loading. All the experiments were performed
in the sunlight illumination of 1000 + 100 x 102 Ix and fixed period
of the daylight. The progress of degradation process was moni-
tored by drawing the samples after every 30 min in the first 2h
and after 60 min in the next one hour. The catalyst was removed
by using 0.20 wm Whatman syringe filters. The collected samples
were analyzed by high performance liquid chromatography (HPLC),
(SPD-20A, Shimadzu Corporation, Japan) using 60:40 Methanol-
water mixture as solvent, c18 column and 284 nm wavelength.
Thermo scientific, USA, ion chromatograph, Dionex (ICS-5000 +EG
Eluent Generator), was used to measure the released ions during
photocatalytic process. TOC-VCPH total carbon analyzer supplied
by Shimadzu Corporation, Japan, measured total Organic Carbon
(TOC) of the samples. Selected samples were analyzed by GC-MS
(Shimadzu Corporation, Japan, Shimadzu-QP2010 Plus) equipped
with RtX1 capillary column, for the identification of unknown com-
pounds formed as intermediate during the mineralization process.
Helium (He) was used as carrier gas. The experiments were per-
formed in the dark to evaluate the interaction of catalyst and
substrate. The direct interaction of photons, photolysis, with the
phenolic substrates was also evaluated.
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Fig. 1. (a) The comparison of solid state absorption spectra of synthesized
disc-shaped stoichiometric WO3 and non-stoichiometric WOs: (b) the graphical
evaluation of the bandgap obtained by extrapolating the plot between (F(R) x hv)!/?
versus photon energy hv for disc-shaped and non-stoichiometric WOs.

3. Results and discussion
3.1. Characterization of disc-shaped W03

The solid-state absorption and diffuse reflectance spectra of the
disc shaped WOj3 in comparison with that of non-stoichiometric
WOs3 are presented in Fig. 1a, where a strong absorption in
300-500 nm region was observed. The major electronic transi-
tions in WO3 appear due the transfer of electrons from the valance
band (O 2p) to the conduction band (W, 4f). The sharp absorption
edge in the absorption spectra indicates the well defined crys-
talline structure with high crystallinity. Also the smooth pattern
of the absorption and DRS curves indicate the stochiometric WO3
with fewer defects. In non-stoichiometry W05 the presence of W>*
states along with W6* states, are the source of distortion and shif-
ting of absorption bands (Fig. 1). As presented in Fig. 1b, the band
edge of disc-shaped W03 was identified by plotting F(R) x hv)!/2
versus hv. F(R) was obtained by applying Kubelka—Munk transfor-
mation on reflectance data. The band edge of the disc shaped WO3
appeared at ~2.55 eV which was in accordance with the literature
values [28-30].

The FESEM images of disc shaped WO3 powder at 7500x and
15,000x resolutions are presented in Fig. 2a and b, respectively,
where the discs of various dimensions ranging from 200 to 800 nm
(L x W) can be observed. Interestingly the thickness of all the discs
was uniform and ranged between 35 and 40 nm. The measurements
of the disc dimension and thickness are presented in Fig. 2c and d.

The XRD patterns of disc-shaped WOs is presented in Fig. 3,
where it can be observed that all the major reflections appear in
the form of sharp peaks attributed to the high crystallinity of syn-
thesized WOs. The intense reflections at 26 values of 23.14, 23.66,
24.45,33.35,41.70 and 44.9 corresponding to (002),(020),(200),
(022),(202)and (12 3) hklindices were matched with monoclinic
WO3 (JCPDS-43-1035) that represent highly crystalline defect free
WOs. The full scale XRD pattern showing all the major and minor
reflections and their corresponding hkl indices are mentioned in
Fig. 3. The average crystal size evaluated by applying Scherrer’s
equation on the most intense reflections was ~45.2 nm.

3.2. Photocatalytic degradation of phenol and its derivatives

The initiation of the photocatalytic degradation process requires
the energy of incident photons equal to or higher than the bandgap
of the photocatalyst. The bandgap excitation with the absorption
of photons leads to the generation of highly oxidizing species in
the aqueous medium that results in the photocatalytic degrada-
tion of organic contaminants. The oxidation of H,O molecules by
photogenerated holes (h*) and reduction of dissolved oxygen by
the conduction band electrons (e~) results in the generation of
hydroxyl (OH*) and superoxide anion radicals (O,°*~). As presented
in the set of equations below, the aqueous phase photocatalytic
processes are not limited to the formation of the above mentioned
oxidizing species rather a chain of reactions is initiated generating
a variety of charged neutral and ionic species [40].

WO;3 + hv (E > Eg) — e” +h* (1)
H,0 + h* — Hp,0" — HO® + HY 2)
(02)ggs +€~ — 057 (3)
H,0 - HO™ +H* (4)
HO™ + h* — HO® (5)
05 +H*' - HOO" (6)
05 +H" — HO3 (7)
HO$ + HO3 — H,0, + 1/20, (8)
H,0, + HT + e~ — OH®* + H,0 (9)

For WO3, the E,; (+3.44V) supports the oxidation of water
(+1.23V) by the photogenerated h* entities and the formation
of hydroxyl radicals (HO®) (Eq. (2)), however, the E., (+0.74V)
completely negates the reduction of dissolved or adsorbed O,
to superoxide anions (O,*~) that requires the potential to be at
—0.28V (Eq. (3)). Regarding the role of photogenerated oxidiz-
ing species in the photocatalytic decontamination process, until
recently, the hydroxyl radicals were regarded as the principal oxi-
dants in photocatalytic degradation processes [ 18] however, lately
[41] a limited role of hydroxyl radicals (HO*) in degradation pro-
cesses has been reported and a pH dependent complex route for
their formation has been proposed. The suggested route, involving
H,0,, is as under.

HO$ + HOS — H, 0, + 1/20, (10)
H,0, + H* + e~ — OH* + H,0 (11)

It has also been reported that the formation and existence of
particular oxidizing species depends on various factors that include
the potential of conduction band edge, pHzpc of the photocatalyst
and pH of the medium itself. In general, the suitability of conduc-
tion band edge i.e. negative than —0.28 eV (the reduction potential
of 0,/02°~ couple) and neutral or basic pH (>7.0) supports the
formation of the superoxide anion radicals whereas at lower pH val-
ues facilitates the formation of hydroxyl radicals (HO*) and H,0,
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Fig. 2. The SEM profiles of synthesized WO; at various resolutions: (a) 7500x (b) 15,000x (c) measured dimensions of the discs at 30,000x and (d) measured thickness of

the discs at 30,000 x.

[41]. Based on the oxidation of adsorbed surface OH~ entities by
photogenerated holes (h*), at pH higher than the pHzpc of the pho-
tocatalyst, an alternative route for the formation of OH* radicals
is also suggested in the literature [42]. The proposed formation of
hydroxyl is scarcely possible in the acidic medium.

OH™ +h* — OH® (12)

The HPLC profiles for the degradation of phenol, resorcinol,
2-chlorophenol (2-CP) and 2-nitrophenol (2-NP) are shown in
Fig. 4a-d, where a significant variation in the time-scale degrada-
tion of each substrate accounting to a negligible decrease in the
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Fig. 3. The XRD profiles of synthesized WOj3 discs.

concentration of phenol and resorcinol and a rapid degradation of
2-CP and 2-NP was noticed. For phenol and resorcinol, owing to low
degradation, fewer intermediates were formed whereas the degra-
dation of 2-CP led to the accumulation of intermediates while for
2-NP, both the substrate and intermediates were removed simul-
taneously. Considering the peak heights as contemporary to the
concentration of the substrates, the percentage degradation of phe-
nol and its derivatives (resorcinol, 2-CP and 2-NP) was calculated
on the basis of the decrease in peak heights.

No significant decrease in the concentration of phenolic sub-
strates in the dark due to adsorption and in sunlight exposure
without catalyst because of direct photolysis was observed. Com-
pared to ~1.85% for phenol and ~2.79% for resorcinol (Fig. 5a), in
the initial 30 min of sun exposure, ~44% and ~62% degradation was
observed for 2-CP and 2-NP, respectively. Both 2-CP and 2-NP was
degraded almost completely (>98%) in 180 min of sunlight expo-
sure whereas a decrease of ~8.4% and ~11.3% in the concentration
of phenol and resorcinol was observed in the same period. The rates
of degradation of the phenol and its derivatives were evaluated by
using the kinetic model for pseudo first order reaction as detailed
below.

C=Coe

In (%) =kt

The values of rate constant (k), 0.0205 min—! and 0.0270 min—!,
for 2-CP and 2-NP respectively, were significantly higher than that
of 0.0007 min~!, for phenol and resorcinol. The comparison of
graphical evaluation of rate constants obtained by plotting In(C,/C)
versus the sunlight exposure time (t) is presented in Fig. 5b.

A trend similar to that of degradation process was observed in
the removal of total organic carbon i.e. mineralization (Fig. 6a).
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Fig. 4. The HPLC profiles for the degradation (a) phenol (b) resorcinol (c) 2-chlorophenol and (d) 2-nitrophenol in sunlight exposure at the catalyst loading of 300 mg

suspended in 150 ml of the respective phenol solution.

Nevertheless, compared to percentage degradation, a low TOC
removal was observed for all substrates. Compared to the percent-
age degradation of ~1.85%, ~2.79%, ~44% and ~62%, a TOC removal
of ~0.5%, ~1.58%, ~34% and ~47% were observed for phenol, resor-
cinol, 2-CP and 2-NP respectively. Similarly, alow TOC removal rate
(Fig. 6b), compared to that of degradation, was observed for all the
substrates.

Theoretically, owing to the electrochemical potential of band
edges especially the conduction band edge, WO3 is completely
unable to reduce the adsorbed/dissolved oxygen to superoxide
anion radicals. However, the observed high degradation and miner-
alization of 2-CP and 2-NP suggested the involvement of superoxide
anions in both the processes. Additionally, the sluggish degradation
and mineralization of phenol and resorcinol also depicts that the
majority oxidizing species that are produced under illumination
are charged in nature and unable to attack electron rich resonance
stabilized phenol and resorcinol. Also the rapid degradation of 2-CP

and 2-NP whereas, the low degradation of resorcinol proposed that
the presence of chloro and nitro groups facilitates while hydroxyl
group retard the degradation process.

The observations discussed above suggest that besides the
suitability of conduction band edge for the reduction of O,
(dissolved or adsorbed), some alternative mechanism for the
delivery of photogenerated ey~ to adsorbed/dissolved O, also
prevails. During the photocatalytic degradation experiments, it
was noticeable that the color of W03 powder changes from
yellow to greenish with the absorption of photons. The obser-
vation was similar to that observed in our previous studies
[43-46]. WO3 is well known for its photo-chromic properties
and mostly exists in slightly distorted monoclinic structure com-
posed of WOg octahedra arranged in edge sharing configuration
[47]. The stochiometric arrangement in which all the tungsten
atoms possess 6+ oxidation states imparts yellow color to WOs.
In the sunlight exposure, the electronic transitions initiated by
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the absorption of photons having energy higher than the bandgap
of WO3, weakens the tungsten-oxygen bond that results in the
creation of defect sites as presented in the equation below.

N
O-W —0Q2p)—W* —O+hv—>O0-W> O Q2p)-W* -0

WO, +hv —> W W0,

The formation of defects composed of W>* states not only
imparts the greenish appearance, but also serves as electron trap
centers. Among the oxidation states of tungsten, 4+ and 6+ oxida-
tion states are regarded as more stable. The 4+ and 6+ oxidation
states are stabilized by the unpaired electrons in 5d orbital and
the hybridization of 5d and 6s orbits. Therefore, It is proposed that
these photogenerated defects composed of W5 states are responsi-
ble for the generation of 0,°~ anions even in the absence of suitable
conduction band edge. The W>* states, being short lives due to elec-
tronic considerations, facilitate the disbursement of electrons to O,
to form superoxide anion radicals following a pathway similar to
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Fig. 6. The comparison of (a) time-scale percentage TOC removal of phenol and its
derivatives (s) (b) the graphical evaluation of rate constants for the TOC removal of
various phenolic substrates in sunlight exposure at the catalyst loading of 300 mg
suspended in 150 ml (30 ppm) of respective phenol solution.

that proposed for TiO, [48]. The plausible mechanism is detailed

below.
-

.Oz .02
! W)
—O-W* —0-+0, > O0-W* [3_ — OO -
¢ —O-W*-0-

This effect was more pronounced in the complete spectrum of
the sunlight as a significant decrease in the degradation and miner-
alization of 2-NP was observed in the visible portion of the sunlight.
This observation led to the conclusion that the population of W>*
based defects is strongly dependant on photon energy and pro-
nounced with the absorption of UV photons of sunlight.

As the mobility of superoxide anion radicals is well reported
[49], it can be speculated that O,*~ radicals, immediately after for-
mation, leave the surface of W03 and diffused into the bulk. To
verify the dependence of superoxide formation on the pH during
photocatalytic degradation processes, the changes in pH during
the course of the reaction were measured and presented in Fig. 7.
For all the substrates, the variation of pH from 5.5 to 7.5 sup-
ports the formation and existence of superoxide anion radicals.
The comparison of the degradation behavior of phenolic substrates
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(HPLC degradation and TOC removal profiles) also suggests the
involvement of charged reactive species like O,*~ in the degrada-
tion and removal process rather than hydroxyl radicals.

As evident from HPLC degradation profiles of all the substrates,
the interaction of superoxide anion radicals, being charged in
nature, is selective towards phenol and its derivatives. Possibly,
the nature of the substituent attached to the aromatic system play
a vital role in the degradation process. In the aqueous medium,
phenol and its derivatives dissociate to H* along and phenoxide
anions. The delocalization of excessive negative generated due to
the release of H* ions on the aromatic ring is the dominant source
of stabilization for phenoxide anions.

1 14 m v v

As demonstrated in the resonance structures above, the delocal-
ization imparts excessive electrons to the aromatic ring, generating
the negatively charged active sites that can facilitates the elec-
trophilic attack only [50] while, in aqueous phase photocatalytic
processes either negatively charged or neutral radical species are
generated. As per experimental evidences based on HPLC/TOC pro-
files and the identification of the intermediates by GC-MS, it can
be approximated that negatively charged O,*~ are the major con-
tributor both in degradation and mineralization process which
signifies the nucleophilic interactions rather than electrophilic. This
fact emphasizes the vital role of the substituents attached to the
phenolic structure initially in the degradation process (loss of aro-
maticity) and finally in the mineralization process. This is well
established that the presence of substituents on the ring either
enhances or reduces the magnitude of negative charge on the ring
by inductive effect. The extent of the inductive effect depends on
the nature and arrangement of the constituent atoms that imparts
“electron-withdrawing” and “electron-donating” property to the
substituents. Electron-donating groups enhance the magnitude of
negative charge on the aromatic ring by contributing the electrons
(+I) while electron-withdrawing groups reduce it by —I effect. How-
ever in both the cases an overall negative charge sustain on the ring.
Another interesting feature of the electron-withdrawing groups,
being composed of electronegative atoms, is the induction of local-
ized partial positive charge on the attached carbon atom. This effect
is observable due to the distortion of the electronic cloud from

NO = N W
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Fig. 8. The comparison of IC profiles for the release of Cl-, ClO,~ and ClOs;~ ions
in the solution, at regular intervals, during the degradation of 2-chlorophenol in
sunlight exposure at the catalyst loading of 300 mg of synthesized disc shaped WO3
suspended in 150 ml (30 ppm) of 2-chlorophenol solution.

the attaching carbon atom towards the electronegative atoms. The
presence of the partial positive charge on the electron-withdrawing
group bearing carbon atom provides the interaction point to the
attacking O,°~ radicals causing the displacement of the electron-
withdrawing groups that results in the loss of aromaticity thus
degrading the phenol substrate. Unlike SN2 mechanism, the inter-
action of 0,°~ radicals not only displace the electron-withdrawing
groups as negatively charged anions but also cleave the aromatic
system leading to oxygenated intermediates. On the other hand,
the electron donating groups being composed of less electronega-
tive groups fail to induce such type of charge separation that results
in the accumulation of excess negative charge on the ring. Phenol
and resorcinol lack the property of inducing charge separation thus
a low degradation was observed due the non-availability of active
sites for 0,°~ attack. On the other hand, the charge separation in
2-CP and 2-NP facilitates the degradation process. The high degra-
dation rate of 2-NP compared to 2-CP also confirms higher liability
of NO, than Cl group.

The time-scale release of Cl~ ions, as measured by ion chro-
matography, in the solution during the photocatalytic degradation
of 2-CP (Fig. 8) further strengthen the view that the degradation
of phenol derivatives, with electron-withdrawing ability, is ini-
tiated by the displacement of the respective group by the 0,°~
radicals. Because of O,°~ interaction the ring opening occurs with
the formation of aliphatic oxygenates. The formation of ClIO,~ and
ClO3~ was also observed which depicts the further interaction of
Cl~ with either dissolved oxygen O,*~ radicals or other reactive
species however, in the presence of a variety of charged and rad-
ical species generated it is hard to estimate the exact mechanism
for their formation. The comparison of the release of chloride and
chlorate with the increasing sunlight exposure time is presented in
Fig. 9. The degradation of 2-NP was interesting as a low concentra-
tion of both NO, and NO3 anions was observed (Fig. 10) while HPLC
and TOC confirmed the degradation and mineralization rate even
higher than 2-CP. This observation pointed towards the conversion
of NO,~ ions to NO3~ and NH,4* ions. The presence of NH4* ions in
IC analysis indicated the conversion of NO,~ to NH4* ions that can
be a possible cause for the low concentration of NO;~ ions in the
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Fig. 9. The comparison of time-scale changes in the concentration of CI- and ClO3~
during the degradation of 2-chlorophenol in sunlight exposure at the catalyst load-
ing of 300 mg of synthesized disc shaped WOj3 suspended in 150 ml (30 ppm) of
2-chlorophenol solution.

solution. Another possibility, as presented in Eq. (13), is the release
of NO,~ in the form of NO, gas after donating the excess negative
charge to photogenerated holes.

NO; + h* — NO; 1 (13)

It has also been reported that once formed, in the aqueous
medium, NO, gas can undergo a variety of reactions [51]. The pos-
sible reactions are detailed below.

NO; + NO; — N,04 (14)
NO, +NO; — NO3 +NO (15)
N;04 + H,0 — NO3 + H* + HNO> (16)

120 min i
1 1 1 1 1 1 1 1 1
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Fig. 10. The comparison of IC profiles for the release of NO,~ and NOs~ ions in
the solution, at regular intervals, during the degradation of 2-nitrophenol in sun-
light exposure at the catalyst loading of 300 mg of synthesized disc shaped WO3
suspended in 150 ml (30 ppm) of 2-nitrophenol solution.

The occurring of above mentioned reactions (Egs. (14)-(16)) val-
idates the formation of NO, gas through the oxidation of nitrite
ions by the photogenerated holes (Eq. (13)) that results in the low
concentration of nitrite ions in the solution. Although in very low
concentration, the identification of resorcinol and poly-hydroxy
phenols in the degradation of phenol and resorcinol respectively,
also confirmed by HPLC, indicated the involvement of hydroxyl
radicals in the degradation process. As presented in the reaction
below, the only possible route for the formation of resorcinol from
phenol and poly-hydroxy phenol is the interaction of hydroxyl radi-
cals with phenol and resorcinol.

A similar situation was observed for the degradation of resor-
cinol. Based on this observation, it can be assumed that the
hydroxylated intermediates are also formed in the degradation
of 2-CP and 2-NP, but degraded/mineralized instantaneously after
formation. Therefore, the formation of hydroxyl radicals in the
aqueous photocatalytic processes cannot be completely ignored.
Nonetheless, the low degradation of phenol and the formation of
resorcinol in significantly lower concentration, as intermediate,
clearly question their role as the major oxidizing species. Although
in very low concentration, the other products identified in the
degradation of phenol and resorcinol are listed below.

In the GC-MS identification of intermediates for the degradation
of 2-CP and 2-NP, no aromatic compound other than the sub-
strates was identified. Almost similar products, mostly aliphatic
oxygenates, were identified in the degradation of both 2-CP and
2-NP. However, a higher concentration of intermediates for 2-CP
compared to 2-NP was observed. The identified major intermedi-
ates for 2-CP and 2-NP degradation are detailed below.

The non-existence of any aromatic intermediate and the
identification of oxygenated intermediates postulate that the
degradation of 2-CP and 2NP is initiated by the displacement of
Cl and NO, groups and ring opening simultaneously. The oxygen
after displacing the respective anions is incorporated in the chain.
The presence of electronegative oxygen atoms induces charge sep-
aration, hence generating additional targets for O,°~ attack. The
interaction of O,*~ radicals with the oxygenated intermediates ini-
tiates both the mineralization and fragmentation simultaneously.
The identification of the variety of C1-C5 products supports that
the fragmentation and mineralization proceed simultaneously.

A marked decrease (~ 50%) in the activity of the W03 discs was
observed in the visible region (400-800 nm) of sunlight which led to
the conclusion that the increasing energy of the incident photons
facilitates the generation of W>* states that in turn enhances the
production of superoxide (O,°*~) anions. The WO3 discs showed
excellent activity in repeated use without significant decrease in
degradation ability.

4. Conclusions

The study proved that by controlling the morphology of
the photocatalysts the photocatalytic activity can be enhanced.
Although, based on the potential of conduction band edge, WO3
is unable to produce superoxide anions however, O,°~ radicals
are produced by alternative mechanism and contribute as major
oxidizing species in the oxidation of phenols and its derivatives.
The presence of electron withdrawing substituents facilitates the
degradation and mineralization of aromatic structure, whereas
electron donating groups retard the same. The generation of
hydroxyl groups in photocatalytic processes and their contribu-
tion in the degradation process cannot be negated completely
however the overall contribution is minor as compared to that
of superoxide anions. The degradation of phenol derivatives with
electron-withdrawing groups proceed through ring opening and



128 M. Aslam et al. / Journal of Hazardous Materials 276 (2014) 120-128

fragmentation. The fragments are further interacted by the oxidiz-
ing species to mineralization.
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