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Palladium substituted and palladium impregnated nanocrystalline anatase titania were prepared by
solution combustion method. These catalysts were characterized by XRD, XPS, FT-IR, TGA, BET, UV-vis
absorption, TEM and photoluminescence (PL) measurements. The catalysts have been used for the first
time for liquid phase photocatalysis. The photocatalytic degradation of various dyes such as Alizarin Red
S, Methylene Blue, Orange G and Rhodamine B and phenol and 4-chlorophenol was investigated under
UV exposure. Though Pd-ion substituted titania has significantly higher photocatalytic activity compared
to unsubstituted titania for NO reduction and NO decomposition, the initial rate of degradation for all the
dyes, phenol and 4-chlorophenol was lesser in Pd substituted and impregnated titania compared to that
of unsubstituted titania. This reduced reaction rate was attributed to a decrease in the surface area and PL
intensity. This study shows that the photoluminescence is the key factor in determining the photocatalytic
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activity in liquid phase reactions.
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1. Introduction

Semiconductor photocatalysis is an emerging area for the effec-
tive detoxification of noxious organic water pollutants [1-3].
Photocatalytic degradation results in the demineralization of
organic matter into carbon dioxide, water and mineral acids.
Although many photocatalysts have been investigated [4] in the
past, anatase phase TiO, remains the photocatalyst of choice, due
to its high photoactivity, low cost and easy synthesis.

Previous studies [5,6] indicate that titania synthesized by solu-
tion combustion technique shows superior photocatalytic activity
compared to the commercial Degussa P-25 (DP-25) titania. The
effect of doping various transition metal ions such as Cu?*, Fe3*,
Ce**, Zr**, V°* and W6* into combustion synthesized titania has
been examined [6]. Though the metal ion doped titania showed
an increased photocatalytic activity than the commercial DP-25
TiO, catalyst, the catalytic activity was lower than that of the
unsubstituted TiO,. According to the proposed mechanism, the
recombination of photogenerated electrons and holes [1,4] is inhib-
ited as the metal scavenges the electrons. This also aids in the
generation of hydroxyl radical (*OH), capable of oxidizing organic
matter. Other than metal ion substitution, metal ions can also
be impregnated on the titania matrix. Metals can also partici-
pate with the titania photocatalyst by simply being present on
the surface of the TiO, matrix, thereby preventing the charge-
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carrier recombination. While some studies report that the metal
ion substituted/impregnated catalysts enhance the photocatalytic
degradation rate [7-12], others report a reduction in rate [5,6], thus
indicating an optimal metal concentration for high activity. Dyes are
an important class of organic water pollutants and, therefore, many
studies have been conducted on the photodegradation of dyes and
other organic pollutants like phenols, substituted phenols and their
mixtures [13-16].

Solution combustion technique has been extensively used
for the synthesis of nano-titania [5,6,17] and ZnO nanopowders
[18]. Recently, we have shown that Pd-ion substituted titania
(Tip99Pdo010,_5) has significantly higher photocatalytic activity
compared to unsubstituted titania for NO reduction and NO decom-
position [19]. In this work, we have explored the liquid phase
catalytic properties of this catalyst by examining the degradation
of anthraquinonic (Alizarin Red S), heteropolyaromatic (Methylene
Blue), xanthene (Rhodamine B) and azoic (Orange G) dyes, and
organic pollutants such as phenol and 4-chlorophenol.

2. Experimental
2.1. Catalyst preparation

Nanosize anatase titania was prepared by the solution combus-
tion synthesis methodology. This method involves the combustion
of aqueous solutions containing stoichiometric amounts of pre-
cursor compound, titanyl nitrate (TiO(NOs),) and fuel, glycine
(H2N-CH,-COOH). Titanyl nitrate was synthesized by the reac-
tion of titanyl hydroxide [TiO(OH),| obtained by the controlled
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hydrolysis of titanium isopropoxide [Ti(i-OPr)4] with nitric acid.
The details of the synthesis are reported elsewhere [5]. The combus-
tion mixture for the preparation of 1 at.% Pd/TiO, contained titanyl
nitrate, palladium chloride (PdCl,) and glycine in the molar ratio
0.99:0.01:1.14. 1 at.% Pd impregnated TiO, was prepared by adding
calculated amount of PdCl, drop wise to an aqueous suspension
(100 mL) of combustion synthesized TiO, in presence of reducing
agent, hydrazine hydrate, under magnetic stirring at room tem-
perature. The suspension was stirred for 30 min. The sample was
washed with distilled water till all the chloride ions were com-
pletely removed and dried at 120°C for 24 h.

2.2. Catalyst characterization

The catalysts Pd substituted TiO, (Pd/TiO,(sub)), Pd impreg-
nated TiO, (Pd/TiO,(imp)), unsubstituted combustion synthesized
TiO, (CS TiO,) and commercial DP-25 TiO, were characterized
by various techniques. The X-ray diffraction (XRD) patterns were
recorded on a Philips X'pert Pro Diffractometer with Cu Ko radi-
ation in the 26 range from 20° to 80° at a scanning rate of
1°/min. The X-ray photoelectron spectra (XPS) were recorded
with ESCA-3 Mark II spectrometer (VG Scientific Ltd., UK) using
Al Ko radiation (1486.6eV). Fourier transform-infra red (FT-IR)
studies were carried out with Perkin-Elmer (FT-IR-Spectrum-
1000) spectrometer in the transmission mode. Thermo-gravimetric
analysis (TGA) was carried out with a thermal analyzer (Perkin-
Elmer, Pyris Diamond) to determine the adsorbed water. UV-vis
absorption spectra were obtained using Perkin-Elmer UV-visible
spectrophotometer. Every sample was dry pressed into a 10 mm
diameter round disk containing about 150 mg of catalyst. Absorp-
tion spectra were referenced to BaSO4. Transmission electron
microscopy (TEM) of 1at.% Pd/TiO,(sub) and 1at.% Pd/TiO,(imp)
was carried out using JEOL JEM-200CX operated at 200kV. The
photoluminescence (PL) measurements were performed in a lumi-
nescence spectrophotometer (Perkin-Elmer 55) operated at room
temperature.

2.3. Photoreactor

The photocatalytic activity of 1at.% Pd/TiO,(sub) and 1at.%
Pd/TiO,(imp) was evaluated by measuring the degradation rates
under UV exposure. The activity of the catalyst was compared with
CS TiO; and DP-25 TiO,. The photochemical reactor employed in
the present study consisted of a jacketed quartz tube of 3.4cm
i.d., 4cm o.d.,, and 21 cm length. A high-pressure mercury vapor
lamp of 125W (Philips, India) that radiated predominantly at
365 nm (3.4 eV)was placed inside the reactor after carefully remov-
ing the outer shell. Water was circulated through the annulus to
avoid heating during the reaction. Further details are provided
elsewhere [5].

The catalyst concentration employed in the current study was
1gL-! for all the catalysts and all the experiments were performed
in the natural pH of the dye. The initial concentration employed for
the dye solutions range from 10mgL-! to 100mgL-1.

2.4. Sample analysis

Before analyzing the degraded samples of all the dyes and phe-
nols, the samples were filtered using Millipore membrane filters
and centrifuged to remove the catalyst particles prior to anal-
ysis. For the analysis of dyes, the centrifuged sample was used
to record the UV-vis spectra (Systronics, Spectrophotometer-166)
in the wavelength range 200-800 nm. The characteristic wave-
length, Amax values are 420nm, 664 nm, 475nm and 553.6 nm
for Alizarin Red S (ARS), Methylene Blue (MB), Orange G (OG)

and Rhodamine B (RB), respectively. For all the dyes, calibra-
tion based on Beer-Lambert law was used to quantify the
concentration.

Several intermediates are formed during the degradation of phe-
nols [14,15]. To quantify these intermediates, the samples were
analyzed in HPLC. The HPLC consisted of an isocratic pump (Waters
501), Rheodyne injector (model 7010, sample loop-50 L), C-18
column, UV detector (Waters 2487) and a data acquisition sys-
tem. The eluent stream consisted of 90:10 (v/v) water:methanol
pumped at 0.5 mL/min for analyzing phenol and 4-chlorophenol.
The UV absorbance detector was set at 270 nm and 280 nm for phe-
nol and 4-chlorophenol, respectively. The chromatographic areas
were converted to concentration values using the calibration curves
based on pure compounds. The compounds were identified and the
concentrations were further verified by LC-MS (Waters 3100 Mass
Detector).

Many of the experiments were repeated in triplicate and the
error in the determination of the concentration was +1mgL-1.
Experiments were conducted in aqueous solutions with pH vary-
ing from 2 to 11. The XRD pattern before and after the experiment
showed no change indicating that the material is stable and no
metal was leaching out from the catalyst into solution.

3. Results and discussion
3.1. Catalyst characterization

The XRD patterns of 1 at.% Pd/TiO,(sub) and 1 at.% Pd/TiO,(imp)
are shown in Fig. SI 1 (see supplementary data). The pattern can be
indexed to TiO, in the anatase phase only. The rutile and brookite
phases were not observed. The crystallite size is determined from
the (101) peak in the XRD pattern using the Scherrer formula, and
the average size of both Pd substituted and impregnated titania
crystallites were 8-10 nm. Rietveld refinements of the diffraction
patterns of TigggPdg010,_s, 1at.% Pd/TiO,(imp) were carried out
using the FullProf-98 program, and a good agreement between cal-
culated and observed pattern was obtained. The flat background
indicates that the Pd substituted titania is crystalline in nature.
The change in lattice parameters, Rynge and Ry with respect to
combustion synthesized TiO, are listed in Table S1 (see supple-
mentary data).

Pd metal peaks (111) were not found in the XRD patterns
of 1% Pd/TiO,(sub). However, for 3% Pd/TiO,, rutile phase goes
up to 30% and Pd (111) peaks appear [19]. The diffraction
lines due to PdO were also not present in 1% Pd/TiO,(sub).
However, 1% Pd/TiO,(imp) indeed shows Pd (111) peaks. The
absence of Pd (11 1) peak and diffraction lines due to PdO in the
combustion synthesized sample of 1% Pd/TiO, suggests the for-
mation of TigggPdg10199. Further, the Rietveld refinement of 1%
Pd/TiO,(sub) has been carried out and the difference plot does not
show detectable peaks due to Pd or PdO [19].

The Pd(3dsp,3/,) core level spectra of Pd metal powder, 1%
Pd/TiO,(imp), PdO and 1% Pd/TiO,(sub) are presented in Fig. SI 2.
Pd(3ds),3/2) peaks at 335 eV and 340.5 eV indicate that Pd metal is
in zero valent state. In the Pd impregnated TiO; also, binding energy
of Pd(3ds,,32) peaks are at 335 eV and 340.5 eV. Pd(3ds),,3/2) peaks
at 336.8eV and 342.2 eV in the PdO sample shows that Pd is in 2+
state. In the combustion synthesized Pd/TiO,(sub), Pd(3ds,) core
level binding energy is at 337.2 eV. Thus the binding energy of Pd
ions in TiO,, is higher than Pd%* in PdO. Thus, Pd in the combustion
synthesized TiO, is in 2+ state and PdO diffraction lines are absent
in the XRD. Further, based on XPS data and the peak intensities [19],
the surface concentration of Pd%* ion in 1 at.% Pd/TiO,(sub) is 2.3%
as against 9.4% in the Pd metal impregnated on TiO,. Thus, Pd ion
is indeed substituted in TiO, crystallites.
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The FT-IR spectrum of Pd/TiO,(sub) was compared with that
of CS TiO, and DP-25 TiO, (Fig. SI 3). The broad, strong peaks at
3340cm~! and 1625cm~! show the characteristic absorption of
§(-OH) stretching and bending mode of §(-O-H) functional group,
which is due to Ti-OH and hydrated species. There is a noticeable
difference between CS TiO, and Pd/TiO,(sub) with area reduction
for the very large band at 3400 cm~"! and for the 1640 cm~! in case
of Pd/TiO,(sub) compared to that of CS TiO,.

The TEM image of 1at.% Pd/TiO,(sub) is shown in Fig. SI 4(a).
The particle size range is 8-10 nm. Fig. SI 4(b) shows the ring type
diffraction pattern of 1at.% Pd/TiO,(sub) and 1 at.% Pd/TiO,(imp),
where the presence and absence of the diffraction lines of Pd
metal are clearly elucidated in 1at.% Pd/TiO(imp) and 1at.%
Pd/TiO,(sub), respectively.

Thus, based on XRD, XPS and TEM, one can conclude that Pd%*
ions are substituted in the TiO, matrix and 1% Pd/TiO,(sub) can be
represented as TigggPdg 0101.99. Because Pd is in 2+ state in the Ti
site, there has to be at least one oxide ion vacancy for Pd%* ion to
satisfy charge balance.

Fig. 1a shows the TGA plot of CS TiO,, 1 at.% Pd/TiO,(sub), 1 at.%
Pd/TiO,(imp) and DP-25 TiO, employed in the present study. The
analysis was carried out in an inert nitrogen atmosphere with a
flow rate of 150 cm® min~! and a heating rate of 5°Cmin~!. Three
regions of weight loss in the TGA curve are observed. The first stage
up to 150°C corresponds to the loss of physically adsorbed water;
the second stage from 150°C to 500°C is due to the removal of
strongly bound water or surface hydroxyl groups from the catalyst.
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In the third stage from 500 °C to 800 °C, the weight loss is less than
0.5%. The weight loss among the four catalysts is in the following
order: Pd/TiO,(sub)~ CS TiO, > Pd/TiO,(imp) > DP-25 TiO,. Among
the four catalysts, Pd/TiO,(sub) shows a maximum total weight loss
of 16.2%, while Degussa P-25 shows the least weight loss of 1.4%.
A weight loss of 10.4% and 15.6% is observed for Pd impregnated
and unsubstituted TiO,, respectively. Thus the amount of adsorbed
water or surface hydroxyl groups is comparable in Pd/TiO,(sub) and
CS TiOs.

The UV-vis absorption spectra of all the four catalysts are shown
in Fig. 1b. Pd doping has a significant effect on the absorption char-
acteristics of TiO,. CS TiO, shows two optical absorption thresholds
at 570nm and 467 nm that correspond to band gap energies of
2.18eV and 2.65 eV, respectively. The Pd substituted and impreg-
nated TiO, show absorption bands at 418 nm and 425 nm, which
correspond to band gap energies of 2.96eV and 2.92 eV, respec-
tively, which s still lesser than that of DP-25 of 3.1 eV. The electronic
transitions from the valence band to dopant level or from the
dopant level to the conduction band can effectively red shift the
band edge absorption threshold. Thus optical absorption of metal-
doped systems depends on the energy level of the dopants within
the TiO, lattice, their d electronic configuration, and the distribu-
tion of the dopant metal ions [6].

The PL technique has been widely used in the field of photocatal-
ysis over solid semiconductors as a useful probe for understanding
the surface processes in which photogenerated electrons and holes
take part, i.e., primary processes in photocatalysis. Fig. 1c shows
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Fig. 1. (a) TGA, (b) UV-vis absorption spectra of CS TiO, 1 at.% Pd/TiO,(sub), 1 at.% Pd/TiO,(imp) and DP-25 and (c¢) photoluminescence spectra of CS TiO;, 1 at.% Pd/TiO,(sub)

and 1at.% Pd/TiO,(imp).
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Fig. 2. Concentration profile of (a) ARS, (b) MB, (¢) OG and (d) RB [legend for all panels: (B) CS TiO,, (o) DP-25, (v) Pd/TiO(sub) and (v) Pd/TiO(imp)].

the PL emission spectra of CS TiO,, Pd/TiO,(sub) and Pd/TiO,(imp).
The spectrum of CS TiO, exhibits two emission peaks at 419 nm and
483 nm with excitation at 285 nm. The emission band at 419 nm is
due to free exciton emission of TiO,. The emission band at 483 nm
is due to the surface state Ti**-~OH. Though Pd/TiO,(sub) exhibits
emission spectrum at the same energy as that of CS TiO,, the PL
intensities are much lower than that of CS TiO, indicating that the
PLintensities are quite sensitive to doping. The quenching increases
with the increase in amount of doping. This is attributed to the
enhanced metal-metal interaction at higher concentrations. Since
excitation was carried out under the same absorption conditions
at 285nm, a decrease in the emission intensities must originate
from the differences in the electronic structure of the metal-doped
samples. The observed decrease in the intensity on Pd doping can
be attributed to oxide ion vacancy that can trap a photogenerated
conduction band electron, which subsequently recombines with
a valence band hole. It is interesting to note that Pd/TiO,(imp)
exhibits higher PL intensities corresponding to 419 nm and 483 nm
compared to Pd/TiO,(sub), but significantly lower than that of
undoped CS TiO,. This may be because the impregnation of Pd onto
the surface of CS TiO; acts as a support, which prevents the recom-
bination of holes and electrons. Thus, the degradation rate of dyes
and organics in presence of these catalysts follows the same order
as their PL intensity.

The BET surface area for 1at.% Pd/TiO,(sub) catalyst was
determined by nitrogen adsorption-desorption method at liquid
nitrogen temperature using a Quantachrome NOVA 1000 sur-
face area analyzer and the value was 50m?/g [19], which is
considerably lesser than 156 m?/g for unsubstituted titania [6].
The surface area of 1at.% Pd/TiO,(sub) catalyst was consider-
ably lower than CS TiO, due to larger size of the particle. While,
1% Pd substituted TiO, had a particle size range between 8 nm

and 10 nm, the unsubstituted titania has a particle size range of
4-6 nm.

3.2. Photocatalytic degradation studies

Degradation experiments for all the dyes ARS, MB, OG and
RB were carried out with CS TiO;, 1at.% Pd/TiO,(sub), 1at.% Pd
TiO,(imp) and commercial DP-25 TiO, catalysts. No detectable
degradation of the dyes was observed without catalyst or irradi-
ation with UV light alone.

The initial concentrations of ARS, MB, OG and RB were
100mgL-1, 40mgL-!, 50mgL-! and 10mgL-!, respectively.
Before degrading the dye solutions with UV light, they were allowed
to adsorb on the catalyst surface by stirring the mixture in the dark
for 30 min. The adsorbed dye concentration was then used as the
initial concentration for subsequent degradation under UV expo-
sure. Fig. 2(a)-(d) shows the degradation rate profile for all the dyes
with four catalysts. There is significant adsorption of ARS on CS TiO,
and Pd/TiO,(imp). This increased adsorption can be attributed to
the higher surface area as compared with the other catalysts. Ini-
tial rates were calculated for the degradation of all the dyes with
all the catalysts within 5-10 min of UV exposure and it was found
that for all the dyes, CS TiO, showed a better degradation rate
than all the other catalysts and DP-25 exhibited the slowest rate.
The initial rates for the degradation of ARS, MB, OG and RB with
Pd/TiO,(sub) and Pd/TiO,(imp) were 0.80 and 0.92mgL-! min~—1,
1.16and 1.38 mgL-! min~!, 1.2 and 1.04mgL~! min~! and 0.44 and
0.62mgL-1min~!, respectively. This shows that impregnation of
Pd onto CS TiO, is more beneficial than substitution for the degra-
dation of the dyes.

The concentration profiles of phenol and 4-chlorophenol are
showninFig.3(a)and (b).In the case of phenol, for aninitial concen-
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Fig. 3. Concentration profiles of (a) phenol and (b) 4-chlorophenol [legend: (®) CS
TiO2, (v) Pd/TiO;(sub) and (v) Pd/TiOz(imp)].

tration of 45 mgL-1, the initial rate of photocatalytic degradation
was 1.3, 0.96 and 0.73 mgL~! min~! for CS TiO,, Pd/TiO,(sub) and
Pd/TiO,(imp), respectively. In the case of 4-chlorophenol, for an
initial concentration of 187 mgL~!, the initial rate of photocat-
alytic degradation was 28, 22 and 18 mgL-!min~! for CS TiO,,
Pd/TiO,(imp) and Pd/TiO,(sub), respectively. The results show that
CS TiO, exhibits a higher rate of photocatalytic degradation for
both phenol and 4-chlorophenol, compared to the other two cat-
alysts. Among Pd/TiO,(sub) and Pd/TiO,(imp), the latter exhibits
a better initial rate of degradation of 4-chlorophenol compared
to Pd/TiO,(sub), while the initial rate of degradation of phenol is
comparable with both the catalysts. Thus, the above results are
consistent with the trend observed for the degradation of dyes,
which can be correlated with the high PL intensity for Pd/TiO,(imp)
compared to Pd/TiO,(sub).

No reaction intermediates were observed when phenol was
degraded with an initial concentration of 45 mgL-! in presence of
all the catalysts except for DP-25 TiO, (Fig. 4). This is because the
amount of intermediates formed could be below our detection limit
of 1 mgL~1. However, when we increased the initial concentration
of phenol to 200mgL-!, around 10mgL-! of the intermediates

Concentration (mg L’ )

T 1T T 1 7 T 1
0 20 40 60 80 100 120
Time of UV Exposure (min)

Fig. 4. Concentration profile of hydroquinone and catechol obtained during the
degradation of phenol with DP-25 [legend: (O) hydroquinone and (M) catechol; lines:
model fit].

were observed but they quickly disappeared. This is because of the
high rates of secondary hydroxylation compared to that of the pri-
mary hydroxylation. In the case of degradation of 4-chlorophenol in
presence of CS TiO;, an initial concentration of 50 mgL~! results in
no observable intermediates, consistent with our previous study
[14]. However, when the initial concentration was chosen to be
187 mgL-!, the intermediates could be clearly observed, as shown
in Fig. 5.

Direct holes and hydroxyl radicals are responsible for the degra-
dation of organic compounds. The holes generated due to the
excitation of electrons combine with the surface hydroxyl species
on TiO, to form the hydroxyl radical. These radicals degrade the
organics. The degradation of phenols proceeds through a step-
wise formation of the intermediates. The primary hydroxylation of
the organics results in intermediates like hydroquinone and cat-
echol. These aromatic intermediates undergo further secondary
hydroxylation and ring cleavage to yield carboxylic acids and
aldehydes. In this study, the above two primary intermediates
alone were detected, when analyzed by HPLC. These intermediates
undergo secondary hydroxylation and then, ring opening reaction
and forms aliphatic intermediates, which further degrade giving
rise to CO, and water vapor. The concentration of all the interme-
diates increases initially and then exhibits a decrease in trend. The
maximum in the concentration of the intermediates is observed
due to the competition between the primary hydroxylation and
the secondary hydroxylation step. The degradation pathway for the
pollutants can be described when the initial pollutant degrades
to primary hydroxylated intermediates, which further degrades
to secondary hydroxylated intermediates and ring opened frag-
ments [14]. Assuming all the reactions to be first order, for a
series reaction, the concentration of the intermediate is given
by, Cint/Cao = K¢/kc — ke(exp(—kgt) — exp(—kct), where Ci is the con-
centration of the intermediate at any time t, Cpg is the initial
concentration of the pollutant A, k; and k. denote the formation
and consumption rate constant of the intermediate, respectively.
The maximum concentration of the intermediate, Ciy¢max, and the
corresponding time, tmax can be obtained from the above equation
and are given by [14]:

Cintmax < ke ) 1/-ko)/ke))
CAO - kc

(1)
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In(ke/ke)
tmax = (ke /) — 1) (2)
The concentration profile of the intermediates obtained experi-
mentally is fitted with Eqgs. (1) and (2) to determine k¢ and k. for
hydroquinone and catechol. Figs. 4 and 5 show the concentration
profile of the intermediates for phenol in presence of DP-25 TiO,
and 4-chlorophenol in presence of all the catalysts, respectively.
The values of k¢ and k. for the primary hydroxylated intermediates
are listed in Table 1. The ratio k/k; for 4-chlorophenol is almost
similar for CS TiO,, Pd/TiO,(sub) and Pd/TiO,(imp). In all the cases,
the value of k. is higher than that of k, indicating that the sec-
ondary hydroxylation and subsequent reaction steps are faster than
the primary hydroxylation step and thus no detectable amount of
secondary hydroxylated species was observed. This is attributed to
the fact that hydroxylated organics undergo faster oxidation than
non-hydroxylated organics. Due to the presence of more surface
hydroxyl groups in combustion synthesized catalyst, the rate of
secondary hydroxylation is significantly higher than the rate of pri-
mary hydroxylation. Our future studies will involve determination
of the catalytic activity of other metal ion substituted catalysts and

Table 1

The formation and consumption rate constants of the intermediates formed by the
degradation of phenol in presence of DP-25 TiO; and 4-chlorophenol in presence of
CSTiOy, 1 at.% Pd/TiOy(sub), 1 at.% Pd/TiO,(imp) and DP-25 TiO,

Pollutant Catalyst Intermediates ke (min~') k; (min=1) kc/ks
Phenol DP-25 TiO, Hydroquinone 0.036 0.013 2.67
Catechol 0.036 0.009 3.91

4-Chlorophenol CS TiO, Hydroquinone 0.070 0.021 3.32
Catechol 0.130 0.025 5.20

1% Pd/TiO,(sub) Hydroquinone 0.075 0.021 3.51

Catechol 0.095 0.023 4.13

1% Pd/TiO,(imp) Hydroquinone 0.050 0.015 333

Catechol 0.071 0.012 5.82

DP-25 TiO, Hydroquinone 0.07 0.01 7.00

Catechol 0.051 0.018 2.83

explore methods to immobilize these catalysts using techniques
reported in the literature [20,21].

4. Conclusions

Two catalysts, palladium substituted and palladium impreg-
nated nanocrystalline anatase titania, were prepared and used for
liquid phase catalysis for the first time. Though Tigg9Pdg0105_s
had a lower surface area and higher band gap compared to that
of unsubstituted titania, it had shown higher photocatalytic activ-
ity compared to unsubstituted titania for gas-phase NO reduction
[19]. This was attributed due to the adsorption and subsequent dis-
sociation of NO on the oxide ion vacancy. However, for liquid phase
catalysis of dyes and phenols, this catalyst shows decreased pho-
tocatalytic activity compared to that of unsubstituted titania. The
reason for the decreased activity of Pd substituted titania is also
supported by the PL spectroscopy. The spectra show that the lumi-
nescence intensity of Pd substituted titania is lesser than that of
unsubstituted and Pd impregnated titania. This decreased lumi-
nescence is due to shunting of the electron density that can trap
a photogenerated conduction band electron, which subsequently
recombines with a valence band hole. The combination of a reduc-
tion of surface area, increase of band gap and decreased PL intensity
leads to the lowering of catalytic activity of Pd substituted titania
compared to that of unsubstituted titania in case of liquid phase
reactions.
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