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Base metal (Cr, Mn, Fe, Ni, Cu) substituted CeVO4 compounds were synthesized by the solution com-
bustion technique. These compounds were characterized by X-ray diffraction, X-ray photoelectron
spectroscopy, UV-vis spectroscopy, transmission electron microscopy and BET surface area analyzer.
The characterization indicated that the base metals were substituted in the ionic state in all the com-
pounds. These compounds were used for the photocatalytic degradation of phenol and the degradation
rates obtained in the presence of these compounds were compared against that obtained with the com-
mercial Degussa P-25 TiO, catalyst. Fe and Cr substituted CeVO,4 showed photocatalytic activity that was
comparable with that of Degussa P-25 TiO,. The concentration of toxic intermediates was high when
the reaction was carried out in presence of Degussa P-25 TiO; but it was found to be insignificant when
the reaction was carried out in presence of base metal-substituted CeVO,. The effect of % Fe-substitution
(varied from 1 to 5 at%) in CeVO4 on the photocatalytic activity was also investigated and it was observed
that 1 at% Fe-substituted compound showed the highest activity. A mathematical model describing the
kinetics of the photocatalytic degradation of phenol was developed on the basis of the catalyst structure
and taking into account the formation of all the possible intermediates. The variation of the concentra-
tion of phenol and the intermediates was described by the model and the reaction rate constants were
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determined.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Acute exposure of human beings to phenol is lethal owing
to the rapid skin absorption and associated chronic effects. Its
effects on living tissues include alteration of the metabolism,
chromosomal changes, haemotoxicity, reproductive and develop-
mental toxicity, mutagenesis and carcinogenesis [1]. During the
degradation of phenol, toxic intermediates like catechol, hydro-
quinone and pyrogallol are formed, which are also known to have
genotoxic and carcinogenic effects [1]. Therefore, the removal of
these intermediates is also necessary for complete purification of
water.

A number of processes have been used for mineralization of
organics present in water. The major processes include cataly-
sis, photocatalysis, sonolysis, ozonolysis, microwave degradation
and biodegradation. Photocatalysis is often used for mineraliza-
tion of organic compounds. Extensive research has been carried
out exploring the use of photocatalysts for the degradation of dyes
and organics due to stringent environmental norms [2]. Among the
different semiconductor materials exhibiting photocatalytic prop-
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erties, TiO is the most widely used compound for the degradation
organics and dyes [2-4].

Changes in the activity of the photocatalyst by transition
metal doping have been reported previously by several inves-
tigators [2,5-7]. Both enhancement as well as depletion in
activity has been observed by metal doping in TiO,. We have
previously reported the detrimental effect of metal doping in
combustion synthesized TiO, [5,6]. However, enhancement in the
activity by doping Fe and Cu in TiO, has also been reported
[7,8]. Doping of Fe3* ion in TiO, has been reported to enhance
the photocatalytic degradation of dyes [9-11] and organics
[12].

Orthovanadates constitute another class of compounds that
may function as photocatalysts for the degradation of pollutants
in water. Several methods have been reported for the synthesis of
orthovanadates [13,14]. We have previously reported the photo-
catalytic activity of Li, Ca and Fe-substituted CeVO,4 synthesized
by solid state synthesis [15], lanthanide molybdovanadates syn-
thesized by solid state synthesis [16], lanthanide orthovanadates
synthesized by solid state [17] and microwave synthesis [18], and
Pd substituted CeVOQy,, synthesized by the solution combustion
technique [19]. Combustion synthesis, which is used in this study,
leads to the formation of nanocrystallites with high surface area and
therefore, the compounds are expected to show high photocatalytic
activity [20,21].
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This study aims at the synthesis of a series of base metal-
substituted nanocrystalline CeVO4 compounds and determines
their photocatalytic activity towards phenol degradation. Except
for Fe-substituted CeVO,4, which has been synthesized using solid
state techniques [17] and by the solution combustion synthesis
[15,22], there have been no reports of the synthesis of the other
base metal-substituted CeVO, compounds by any of the meth-
ods. The photocatalytic activity of vanadates is less explored but
the structural investigations suggest that the compounds exhibit
potential characteristics as photocatalysts. The compounds show
apparent and false band gaps due to the presence of oxygen ion
vacancies with states close to the conduction band [23]. The con-
tributions to electron-hole formation and recombination processes
have been attributed mainly due to O 2p orbitals. In such cases,
doping, which can further create vacancies, is expected to play a
vital role in governing the photocatalytic activity of the vanadates.
We report enhanced photocatalytic activity of CeVQy,, substituted
with Cr, Mn, Fe, Ni and Cu ions. We present a new kinetic model
for phenol degradation, present the kinetics of the photodegrada-
tion and compare the activity of the catalysts using the estimated
rate parameters. We also show that the activity of these catalysts
is comparable to that of commercial titania and that the formation
of toxic intermediates in presence of these catalysts is negligible.

2. Experimental
2.1. Catalyst synthesis

For the combustion synthesis of CeVO,4, ceric ammonium
nitrate ((NH4),Ce(NO3)g, Merck, India), ammonium metavanadate
(NH4VO3, Rolex, India) and oxalyldihydrazide (C;HgN40,, Alfa
Aesar, India) were taken in stoichiometric amounts. A small amount
of water and a few drops of HNO3 (Merck, India) were added to
obtain a clear solution. The solution was heated in a preheated
muffle furnace at 350 °C. The product of combustion was removed
and finely ground. The fine powder was used as the photocatalyst.
For substituting Cr, Mn, Fe, Ni and Cu ions, chromium (III) nitrate
nonahydrate (Cr(NOs3)3-9H,0), manganese(Il) nitrate hexahydrate
(Mn(NOs3),-6H,0), ferric (1) nitrate nonahydrate (Fe(NO3 )3-9H, 0),
nickel (II) nitrate hexahydrate (Ni(NO3),-6H,0) and copper (III)
nitrate trihydrate (Cu(NOs),-3H,0) (all from S. D. Fine Chem, India),
respectively, were added to the solution and the combustion proce-
dure was repeated. Compounds of different colors were obtained
showing the substitution of different ions in the crystal. Further
details on the solution combustion synthesis of CeVO,4 can be found
elsewhere [19].

2.2. Catalyst characterization

All the compounds were characterized by powder X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), UV-vis
spectroscopy, transmission electron microscopy (TEM) and BET
surface area analyzer. The XRD patterns of the compounds were
recorded on Phillips X’pert diffractometer using CuKa radiations.
The XPS were recorded on Thermo Fisher Scientific Multilab 2000
instrument with AlKa radiations (1486.6 eV). The spectra were cal-
ibrated using C1s binding energy at 284.5eV. The UV-vis spectra
were recorded on Lambda 32, PerkinElmer spectrophotometer. The
TEM analysis was carried out on JEOL 200CX TEM machine. The sur-
face areas of the compounds were determined using NOVA-1000,
Quantachrome apparatus with nitrogen as adsorbent.

2.3. Photocatalytic setup and experiments

The setup for photocatalytic experiments consisted of a quartz
tube and a jacketed glass vessel. The quartz tube was placed inside

the jacket and the solution of phenol in water was in the annu-
lus along with the catalyst. A high pressure mercury lamp (Philips,
India) was used as a source of UV radiation and was placed inside
the quartz tube. The lamp radiated predominantly 365 nm radia-
tions with a flux of 25 W/mZ2. Cold water was circulated by a pump
through the jacketed vessel to remove the heat generated by the
UV lamp and to maintain a constant temperature around 25°C.
The solution in the reactor was continuously stirred using a mag-
netic stirrer. A catalyst concentration of 1g/l was maintained in
all the experiments. Further details on the experimental setup are
provided elsewhere [24].

Samples were taken at regular intervals and centrifuged to sep-
arate the catalyst particles. The supernatant clear liquid was taken
and diluted with distilled water for the analysis of phenol. The con-
centration of phenol was determined using high pressure liquid
chromatography with a UV detector. Standard solutions of known
concentrations of phenol, catechol, hydroquinone, resorcinol and
pyrogallol were prepared and injected into the column. The peaks
corresponding to each of the compounds were obtained. The res-
idence time of each of the component was found to be different.
The separation of phenol [25] from its possible intermediates was
carried out in a C18 column (Waters, USA) with an eluent composi-
tion of acetic acid:acetonitrile:water = 2.4:15:87.6. The flow rate of
the eluent was maintained at 1 ml/min. The separated compounds
were detected using a UV detector (Waters, USA) at 270 nm. The
calibration plots of phenol and the intermediates in the concentra-
tion range of 1-50 ppm were found to be linear. The components of
the mixture were determined on the basis of their retention times
and were quantified using the calibration plots. To further verify the
intermediates, the samples were injected into LC-MS (Waters 3100
mass detector). It was confirmed (by matching the spectra) that
the intermediates observed in the samples were catechol, hydro-
quinone and pyrogallol. Further, TOC analysis of the solution was
conducted by a TOC analyzer (Shimadzu TOC-V CSN). All the experi-
ments were repeated three times and the standard deviation in the
concentration reported was less than 4%. Similar to our previous
studies [26], the catalytic activity of the compound was tested for
several cycles. For this purpose, after the reaction, the catalyst was
removed, washed with water and the catalyst was reused. This cycle
was repeated seven times and there was no appreciable decrease
in the rate of conversion of phenol.

3. Results and discussion
3.1. Structural analysis

3.1.1. Powder X-ray diffraction

The XRD patterns of all the compounds were recorded to deter-
mine the crystal structure of the compound and to find the lattice
position of the dopants in the crystals. XRD patterns of CeVO4 and
metal substituted CeVO,4 are shown in Fig. 1. The diffraction lines
in the XRD of the compounds were indexed to the tetragonal zircon
structure with a space group of 14 /amd. No lines corresponding to
the metal in zero state were observed for 2 at% compounds. This
showed the substitution of the metal in the lattice for Ce3* ions.
The patterns of all the compounds resembled and the parent zircon
structure of CeVO4 was retained after substitution. Fe-substitution
in CeVO4 was increased from 1 to 10 at%. Up to 5 at% Fe-substitution
in the lattice, the crystal structure remained unchanged and no
additional peaks corresponding to metal or metal oxides were
present. However, for 10at% substitution of Fe, small impurity
peaks could be observed corresponding to the oxide phases. This
indicated incomplete substitution of the metal in the lattice [22].
Therefore, experiments were not conducted with CeggFey1VO4.
Further details can be found elsewhere [19].
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Fig. 1. X-ray diffraction patterns of (a) CeVO4, (b) CeosCro02V0as, (c) Cepos
Mng02VO4, (d) CegosFe02VOa, (€) Ceo.sNi02VOa, and (f) Ceg.9sCuig.02VO4.

3.1.2. X-ray photoelectron spectroscopy

The core level XPS of all the compounds were recorded.
Fig. 2 shows the Ce3d spectra for unsubstituted and base metal-
substituted compounds. All the spectra showed the reduced Ce
state. Therefore, in all the compounds, Ce was present in +3 state
and the characteristic satellite peaks could be clearly observed.
Similarly, from the core level V2p spectra (Fig. 3), V was found to be
in +5 state. A small shift in the binding energies was observed for
metal-ion substituted compounds. The shift in the binding energies
was small indicating that a complete change in the oxidation state
of the element did not take place in compound. However, due to
the substitution of metal ion in the lattice, differential bond length
formation is possible and this may result in shifts in the binding
energy in the XPS.

The binding energy of Crin Cr,03 is 576.2 eV while it is 574.1 eV
for metallic Cr [27]. Therefore, the XPS of Cr2p in the compounds
(Fig. 4(a)) showed the presence of Cr3* ions. Similarly, for all the
other compounds, the metals were present in ionic form. Mn was
found to be in +4 state, Ni in +3 state, and Cu in +2 state (Fig. 4(b-d))
as confirmed from the reported values of the binding energies [28].
For the metal to be present in the lattice site substituting the atoms

®

(e)
_ )
3
LA
£ (©)
g (b)
=

(@)

8380 885 890 895 900 905 910 915 920
Binding Energy (eV)

Fig. 2. X-ray photoelectron spectra of Ce3d in (a) CeVOq, (b) CeoosCroo2VOs4,
() Ceo.98Mng,02VOs4, (d) Cep.95Fen.02 V04, (€) CeooNio.02VO4, and (f) CeposCuoo2VO4.
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Fig. 3. X-ray photoelectron spectra of V2p in (a) CeVOq4, (b) CeosCroo2VOs4,
(c) Ceo.98Mng 0204, (d) CegogFeo2VO0s4, (€) CegosNigo2VO4, and (f) CeggsCug o2VOa.

in the parent compound, the ionic nature has to be maintained
to satisfy the electrostatic neutrality of the compound. Therefore,
from the XPS of the metals in the compounds, it can be deduced
that the metals were substituted in the lattice in ionic form. Fe was
substituted in different atom percentage up to 10%. Complete sub-
stitution up to 5at% took place and in all the compounds, Fe was
present in ionic state. From the XPS, Fe was found to be in mixed
oxidation states of +2 and +3 states [22]. In 1% Fe-substituted com-
pound, Fe was present in +2 state. The amount of +3 state increased
with increasing substitution and the splitted peaks became clear at
higher substitutions. The Fe spectra were decomposed into the vari-
ous components corresponding to the different oxidation state such
that the resultant intensity of the individual spectra matched with
the combined intensity. The areas under the individual peaks were
calculated to determine the relative contribution of the different
states. The amount of Fe3* in 2% and 5% Fe-substituted compound
was 20% and 36%, respectively.

3.1.3. UV-vis spectroscopy

The diffuse reflectance spectra of all the compounds were
recorded to determine the band gap of the compounds. Fig. 5(a)
shows the spectra for unsubstituted and base- metal substituted
CeVO,4 and Fig. 5(b) shows the spectra for Fe-substituted CeVO,
with different amounts of Fe-substitution. The band gaps (Table 1)
were calculated using the Kubelka-Munk method and the band gap
for all the compounds was in the range 0f2.00-2.25 eV. These values
are not only lower than that for the commercial Degussa P-25 cat-
alyst, having a band gap of 3.2 eV, but also lower than those of the
other semiconductors like WO3 (2.8 eV), SrTiO3 (3.2eV), a-Fe;03
(3.1eV), Zn0 (3.2eV) and ZnS (3.6 eV) that are used as photocata-
lysts [2].

No correlation could be established between the identity of the
metal and the band gap. The band gaps were similar for the unsub-
stituted and for all 2 at% metal-substituted compounds. However,
Fe-substituted compounds showed a reduction in band gap from
2.11 to 2.08 eV as the Fe content in the catalyst increased from 2%
to 5% due to the increase in the electron density and mobility in the
conduction band.

3.1.4. Transmission electron microscopy

The TEM images and electron diffraction patterns of the com-
pounds were recorded. Fig. 6(a and b) shows the TEM images of
Ni and Fe-substituted CeVQy, respectively and the diffraction pat-
tern is shown in Fig. 6(c). It is clear from the images that the
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Fig. 4. X-ray photoelectron spectra of (a) Cr2p, (b) Mn2p, (¢) Ni2p, and (d) Cu2p in substituted CeVOy,.
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Fig. 5. Diffuse reflectance spectra of (la) CeVO4, (Ib) CeggsCro2VOs, (IC)
Ceo98Mng2VO4, (Id) CepogNig.02VO4, (Ie) CegosCug2VOs4, (11a) CegggFepn1VO04, (1Ib)
CeoosFeq.02V04, (Ilc) Ceg.osFeq o5VO0a.

compounds were nanocrystalline and particles were in the size
range of 10-15nm.

3.1.5. BET surface area

The surface area of the combustion synthesized CeVO4 was
found to be 22 m?2/g. The surface areas of all the compounds with
2% base metal substitution were similar to that of CeVO4 and were
in the range of 21-22m?/g. 1% and 5% Fe-substituted compound
had a surface area of 22 and 14 m?/g, respectively.

Table 1

Band gap of the different base metal substituted

compounds.
Compound Band gap (eV)
CeVOy 2.11
Ceo.98Cro.02V04 2.10
CEU_ggMn0_02VO4 213
Ceo.98Nio,02V04 2.24
CeposCup2VOy 2.13
CEg_gg FEU>01VO4 2.12
CEg_gg FEU,02VO4 2.11
Ceo.95Fe.05VO4 2.08

3.2. Model for phenol degradation

The degradation of phenol in an aqueous solution involves the
hydroxylation of phenol to give intermediate hydroxylated prod-
ucts and the subsequent conversion of these products to CO, and
H,0. Under the mild oxidizing conditions provided by H,O0, direct
conversion to CO, and H5O0 is not probable. But water can indeed
take part in the reaction along with the dissolved oxygen present
in the medium to yield hydroxylated and the final products. Fig. 7
gives a schematic of all the possible pathways that are possible
for the degradation of phenol. The intermediates obtained dur-
ing the degradation of phenol depend upon the method used for
degradation. In a recent study, Velasco et al. report the presence
of hydroquinone and p-benzoquinone during the photocatalytic
degradation of phenol using carbon/titania composite [29]. Inter-
mediates like catechol, hydroquinone, resorcinol, p-benzoquinone
and o-benzoquinone have been reported for the degradation of
phenol using Fenton’s reagent [30]. Hanna et al. have observed
only non-aromatic intermediates when the degradation was car-
ried out with Fe(Il)-Fe(Ill) green rust [31]. We have previously
reported the photocatalytic activity of Degussa P-25 and combus-
tion synthesized TiO, for the degradation of phenol [25]. Catechol
and hydroquinone were observed when the reaction was carried
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Fig. 6. TEM image of (a) Ce9gNig02VO4, (b) Cepg9Fep01V04, and (c) electron diffrac-
tion pattern of CepggNig02VOs.

out with commercial Degussa P-25 catalyst. In this study also,
we have mainly observed two intermediates over the commer-
cial Degussa P-25 catalyst viz. catechol and hydroquinone. Traces
of pyrogallol (<2 ppm) were also detected. However, no inter-
mediates were observed when the degradation of phenol was
carried out in presence of the combustion synthesized compound.
The absence of intermediates during the reaction in the presence
of combustion synthesized compounds is due to the faster rate

Fig. 7. A schematic of the reaction network for phenol degradation via the different
intermediates.

of secondary hydroxylation as compared to the rate of primary
hydroxylation.

On the basis of the above arguments, we propose the following
set of surface processes taking place during the photocatalysis

M/Cevo, " ke + e, (1)
Ph + S < Ph-S (2)
H,0 + “v/ — Hy*0” (3)
0y +V" — “0y" (4)
Hy"0” + hify — OH® + HY +*v” (5)
“0y" + ey — “0p7" (6)
“0,~" + H* — OH* + “0” (7)
Ph-S + OH* — I;(OH") (8)
I;(OH*) + OH* — I,(OH*) 9)
I,(OH*) — ORP + S (10)
Ph-S + “0” — ORP + “v" + S (11)

The above set of surface processes accounts for all the
experimental observations. Eq. (1) shows the formation of an
electron-hole pair in the catalyst by absorption of photons and
the recombination releasing heat. The reversible adsorption of
phenol over the catalyst surface is given by Eq. (2). The involve-
ment of oxide ion vacancies for both photocatalytic as well as
non-photocatalytic reactions have been established in our previ-
ous studies [32,33]. The adsorbed phenol is denoted as Ph-S. All
the reactions are assumed to take place only over the surface of
the catalyst and not in the bulk solution. Therefore, for the reac-
tion, the interaction of the energy source (ultraviolet radiation in
the present case), catalyst site and the substrate is necessary. This
takes place over the surface of the catalyst. H,O and O, from the
medium are adsorbed over the oxide ion vacancies to form the
intermediate adsorbed species, given by Eqs. (3) and (4). The holes
react with intermediate H, “O” species to give active hydroxyl rad-
icals. Similarly, electrons attack the intermediate “O,” to give the
intermediate “O, " species. The interaction of a proton with “O,
gives rise to more hydroxyl radicals and intermediate “O” species
adsorbed over the support. All these steps are shown by Egs. (5)-(7).

—»
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The involvement of hydroxyl radicals and oxygen has been
reported for photochemical organic reactions [2,34-37]. Egs. (5)
and (7) give the formation of hydroxyl radical in solution from H,O
and dissolved O,. Hoffmann et al. [2] give a detailed mechanism
of the hydroxyl radical formation in the aqueous medium involv-
ing electron-hole pair generation, electron abstraction by O, to give
0, interaction of H,O with O, ~, formation of OH™ and subsequent
formation of hydroxyl radicals. The reaction of hydroxyl radicals
results in the formation of single-hydroxy and double-hydroxy
products. These represent catechol, hydoquinone and pyrogallol in
the present study and are given by Egs. (8) and (9). I;(OH*) repre-
sents a single hydroxylated product whereas I;(OH*) represents a
double hydroxylated product. However, since the notations do not
represent any particular intermediate, Eq. (6) can also represent a
reaction yielding the double hydroxylated product. Therefore, Eqs.
(8) and (9) satisfy both the conditions of sequential as well as par-
allel formation of the hydroxylated products. ORP in Egs. (10) and
(11) refers to open ring products, mainly CO, and H;O. ORP des-
orb to give the catalytically active surface for further reaction. To
account for the direct mineralization of phenol to CO, and H-O,
Eq. (11) has been proposed. The adsorbed phenol can react with
the intermediate oxygen species to give the end products. It is to
be noted that the reaction sequence given by Egs. (1)-(11) form a
closed sequence in which all the intermediates are consumed in
the subsequent steps. Only Eqgs. (8) and (11) form a set of parallel
reactions involving adsorbed phenol. Depending upon the rela-
tive rates of the two reactions, the depletion of the intermediates
takes place and one observes different intermediates with different
concentrations.

The rate expression obtained from the set of Egs. (1)-(11) gives
the Langmuir-Hinshelwood type kinetics. The details of the deriva-
tion can be found in the Appendix A. It has been assumed that
throughout the course of reaction, the flux received by the solu-
tion remains constant and the charge recombination processes are
much faster than the electron-hole trapping [38,39]. This condition
can be represented as

k_tolhigl* > k140,07 (g1 + k156.0, »[ig ] (12)

where, hi, represents the concentration of holes, 6 represents the
fraction of the total sites covered by the respective species (given
as subscript) and k represents the reaction rate constant of the
corresponding step. The solution of the various balance equations
with the respective elementary rate expressions gives the rate of
consumption of phenol as

_ o[Ph]

"= T4 BPR] (13

where,

o = K1z +Kis)kao (14)
Ki3

and,

1+ (Kqi2/k14Kc) + (Kq3/k15Kc) + (K13 /k
B (K12/k14Kc) + (K13 /k15Kc) + (K13 /k20) (15)

(K13/k20)

Clearly, Eq. (19) is of the form described by the
Langmuir-Hinshelwood kinetics.

Hoffmann et al. [2] have discussed the relative order of the
time scales involved in the various elementary processes during
a photocatalytic reaction. The charge carrier generation is reported
to be the fastest with a time scale of the order of femtoseconds.
The other processes including charge-carrier trapping and recom-
bination require time of the order of nanoseconds. In the reaction
sequence proposed in this study, steps (4) and (11) are the key
rate determining steps. The rate parameters corresponding to these
steps appear prominently in the rate expression given by Eq. (13).

OH

Fig. 8. A schematic of the reduced reaction network for phenol degradation consid-
ering primary and secondary hydroxylation processes only.

Therefore, we analyze the effect of these two parameters on the
kinetics of the reaction. If K13 « kog, r becomes constant which is
not a possible case. However, when Kj3 > kag, B has a value of the
order of 1 and for very small initial concentrations, Eq. (13) can be
approximated as

r = k[Ph] (16)

where, o has been replaced by k and Eq. (16) gives the degradation
kinetics, which is first order in phenol concentration. The above
equation is applicable for the current study as the maximum initial
concentration of phenol was 1 mmol/l. The same has been estab-
lished by Rauf and Ashraf [40] and our previous studies [26,41] for
the photocatalytic degradation of dyes.

In case of degradation of phenol in presence of Degussa P-25,
intermediates are formed, which remain in the solution. Therefore,
the kinetics for the formation and consumption of these intermedi-
ates needs to be developed. On the basis of the previous arguments
regarding the detection of the intermediates, we propose a reduced
reaction scheme, given in Fig. 8, in accordance with the experimen-
tal observations. The scheme shows the consumption of phenol by
conversion to hydroxylated products. The conversion of catechol
and hydroquinone to pyrogallol is the process of secondary hydrox-
ylation. Direct conversion of all the hydroxylated products to open
ring products, CO, and H;O0 is also shown.

The rate of degradation of phenol is given as the total rate of its
conversion to catechol, hydroquinone and pyrogallol. k in Eq. (16)
is the effective reaction rate constant and is given as

k:k] —‘,—kz-‘,—k5 (]7)

where, k1, ky and ks represent the reaction rate constant for the
conversion of phenol to catechol, hydroquinone and pyrogallol,
respectively. The concentrations of phenol, catechol and hydro-
quinone can be written as

[Ph] = [Ph], exp(—kt) (18)
(Cat] = [Phly -1 fexp(—ke) — exp(—ksst)) (19)
[Ha] = [Phly 2 fexp(—kt) — exp(—ksr0) 20)

where [Ph], [Cat] and [Hq] represent the concentrations of phe-
nol, catechol and hydroquinone, respectively, [Ph]y represents the
initial concentration of phenol, k3g=k3 + kg and k47 =k4 + k7. The
detailed derivations of the above expressions can be found in the
Appendix A.
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3.3. Discussion on experimental results

The photocatalytic degradation of phenol was carried out over
commercial Degussa P-25 TiO, catalyst and combustion synthe-
sized compounds. The variation of phenol concentration with time
with an initial concentration of 50 ppm in presence of 1g/l of
Degussa P-25 for the first 30 min is shown in Fig. 9a. Nearly 50%
of phenol was degraded in the first 30 min. Catechol and hydro-
quinone were the only quantifiable organic compounds detected
in the solution apart from the traces of pyrogallol. During the ini-
tial reaction time, the concentrations of catechol and hydroquinone
were 6 and 10 ppm, respectively (Fig. 9a). Both the intermediates
were observed simultaneously over the reaction time and com-
plete degradation of the intermediates did not take place. This
showed the presence of a complex series-parallel reaction network
for mineralization of phenol through catechol, hydroquinone and
pyrogallol.

Fig. 9b shows the variation of phenol conversion with time over
unsubstituted and 2% base metal-substituted CeVO4 compounds. It
can be seen that the rate of reaction increased on substitution. With
CeVOy, nearly 18% degradation occurred in the first 30 min. How-
ever, 50-55% degradation of phenol was observed in presence of
Cr and Fe-substituted CeVOy4, which is comparable to 50% degrada-
tion observed over the commercial TiO, catalyst (Fig. 9a). Further,
the formation of catechol and hydroquinone observed during the
degradation of phenol in presence of the combustion synthesized
compounds was negligible. With Mn, Fe and Ni substitution, these
intermediates could not be detected indicating that the concentra-
tion of the intermediates was much lesser than 1 ppm. Traces of
catechol with concentration not exceeding 3 ppm were observed
with Cr and Cu ion substituted compounds. This was still lower
than catechol concentration observed when phenol was degraded
in presence of Degussa P-25. The concentration of hydroquinone
was lesser than 1 ppm when the experiments were conducted with
an initial phenol concentration of 100 ppm. This was also negligi-
ble as compared to that observed when the degradation was carried
out in the presence of Degussa P-25 (Fig. 9a).

To investigate the effectiveness of the catalyst at long times, the
reaction was carried out for 5 h. Nearly 80% phenol was degraded
in 5h (Fig. 10a) when the reaction was carried out in presence
of Degussa P-25. The conversion increased with time and no sat-
uration concentration was observed even at the end of 5h. The
intermediates continued to be present and 3 and 8 ppm of cate-
chol and hydroquinone, respectively, were observed in the solution
at the end of 5h of degradation (Fig. 10a). Only 55% degrada-
tion of phenol was observed over CeVO, (Fig. 10b). However,
nearly 95% of phenol degraded in presence of Fe-substituted com-
pound and 80% was degraded in presence of Cr and Ni substituted
compounds. Clearly, the substitution of a metal ion resulted in
enhancement of the activity of the catalyst. Although the surface
areas of unsubstituted and 2% base metal substituted compounds
were similar, a large difference in the activity of the compounds
was observed showing the necessity of the redox couple formation
and the metal-support interaction required for the high activity
of the catalyst. The mechanism proposed in this study shows the
utilization of lattice oxygen and formation of intermediates using
the dissolved oxygen and aqueous medium. The reducible nature of
cerium oxides results in the creation of oxide ion vacancies and the
transition of Ce between 3+ and 4+ states takes place. This further
results in the reduction of V>* to V4*. The electron-transfers during
Ce3* & Ce** and V°* « V4" aid the photochemical processes tak-
ing place during the reaction. Substitution of a metal in ionic form
results in enhancement of these redox couples and the activity is
increased.

The TOC analysis of the solution, exposed to UV radiation for
5h, was carried out to confirm the mineralization of phenol during
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Fig. 9. Variation of phenol concentration with time over (a) commercial Degussa
P-25 TiO, catalyst, (b) different base metal-substituted compounds, and (c) Fe-
substituted CeVO4. The symbols show the experimental data; the lines show the
model prediction.

the reaction. It was found that the amount of carbon in the solution
on long time exposure corresponded to the amount of unreacted
phenol in the solution. This confirmed the conversion of phenol to
CO, and H,O0 at longer times.

Having established the higher activity of Fe ion substituted com-
pounds as compared to other metal-ion substitutions, the effect of
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Fig. 10. (a) Variation of the concentration of phenol and the intermediates with
time over commercial Degussa P-25 TiO, catalyst on exposure to UV radiation
for 5h, (b) variation of phenol concentration with time over different base metal-
substituted CeVO, catalyst on exposure to UV radiation for 5 h, and (c) variation of
phenol concentration with time over Fe-substituted CeVO, catalyst on exposure to
UV radiation.

% Fe metal substitution in CeVO4 on the photocatalytic activity was
studied by substituting 1%, 2% and 5% Fe in CeVOg4. The decrease in
concentration of phenol as a function of time is shown in Fig. 10(c).
The initial rates and the conversions at the end of 5 h were found to
be higher for all the Fe-substituted CeVO4 compounds as compared

Table 2
The reaction rate constants for phenol degradation over com-
mercial Degussa P-25 TiO, catalyst.

Parameter Value x 10 (min~1)
k1 18.8

k35 99.8

[ 68.7

1(47 274

to the unsubstituted CeVO4. However, with an increase in % substi-
tution, the activity of the compounds decreased. At the end of 5h
of degradation, more than 95% degradation of phenol was observed
over 1% Fe-substituted CeVO,4 and 1% Fe-substitution showed the
higher activity as compared to the activity of unsubstituted and 5%
Fe-substituted CeVO4. We have previously observed a decrease in
the photocatalytic activity of Fe-substituted CeVO,4 for the degra-
dation of dyes [22]. The reason for this can be attributed to the
lowering of the surface area and the increase in the Fe3* content
in the compound at higher substitutions, thus reducing the redox
couples formed.

The variation of the concentrations of phenol, catechol and
hydroquinone are given by Eqs. (18)-(20). The rate parameters
in Egs. (18)-(20) were determined by a non-linear regression
method based on Levenberg-Marquardt technique. This technique
was used to minimize the absolute relative deviation between the
experimental data and the model prediction. The experimental data
for the variation of the concentrations of phenol and the inter-
mediates along with the model correlation is shown in Fig. 9(a).
The various rate constants determined by this technique for the
degradation of phenol in presence of Degussa P-25 are given in
Table 2. It can be seen that k3g > ki and k47 > ky. This shows that
the rate of primary hydroxylation of phenol to catechol or hydro-
quinone is rate limiting. On the same grounds, the rate of secondary
hydroxylation must be even higher as compared to the rate of pri-
mary hydroxylation. Therefore, only a small amount of pyrogallol in
the solution was detected and mainly catechol and hydroquinone
were observed due to relatively lesser consumption rate. Similar
trends were observed in our previous studies for the degrada-
tion of phenol over combustion synthesized TiO,, where catechol
and hydroquinone were observed as intermediates and secondary
hydroxylation was found to be faster than the primary hydroxyla-
tion [42].

Fig. 9(b) and (c) shows the variation of phenol concentration
with time for different catalysts. The variation of natural log of
normalized phenol concentration with time should be linear if the
kinetics of degradation of phenol is first order, as given by Eq. (18).
Therefore, the logarithm of phenol concentration with time was
plotted (Fig. 11(a) and (b)). It can be seen that linear trends were
observed for all the compounds indicating that the degradation was
firstorder in phenol concentration. The first order rate constants for
phenol degradation in presence of the various catalysts are given
in Table 3. The rate constant for phenol degradation in presence of

Table 3
First order reaction rate constants for phenol degradation over
the different compounds.

Compound k (min~1) x 103
Degussa P-25 25.0
CeVOy 6.4
Ceo.98Cro.02V04 27.7
Ceg.95Mng.2VO4 8.8
Cep.os Nig_02V04 7.5
Cep.98Cup2VO4 113
Ceg.g9Feq01VO4 27.2
Cep.osFep02VO4 243
Cep.g5Fep,05VOa 20.6
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Fig. 11. Variation of natural log of the normalized phenol concentration with time
over (a) different base metal-substituted compounds and (b) Fe-substituted CeVOj.
The symbols show the experimental data; the lines show the least square linear fit.

the CeVO,4 was much lesser than that over the commercial Degussa
P-25 TiO, catalyst. However, the rate constants for phenol degra-
dation were higher for the substituted compounds and the rate
constants observed in presence of Fe and Cr substituted compounds
were comparable to that observed with commercial Degussa P-25
TiO, catalyst. But the most important advantage of these com-
bustion synthesized compounds is the complete mineralization of
phenol with no intermediates remaining in the solution.

4. Conclusions

Photocatalytically active base metal-substituted orthovana-
dates were synthesized and used for the degradation of phenol. The
substitution of base metal ions enhanced the activity of the cata-
lysts. The unsubstituted CeVO4 was found to be inferior while the
activity of the base metal-substituted compounds was comparable
to the commercial Degussa P-25 TiO, catalyst. The toxic intermedi-
ates, catachol, hydroquinone and pyrogallol, were observed during
phenol degradation over Degussa P-25 TiO, whereas their con-
centrations were negligible when phenol was degraded over the
combustion synthesized compounds. Fe-substituted compounds
showed high catalytic activity but the activity decreased with an
increase in the amount of Fe and 1% Fe-substituted CeVO4 showed
the highest photocatalytic activity. A detailed kinetic model for the
degradation of phenol was proposed and used to determine the rate
constants for degradation.
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