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Abstract

Photocatalytic degradation of trichloroethylene (TCE) over Pt/Pd-doped TiO, was conducted to investigate the effect of Pt and Pd on the TCE
degradation and on the yields of dichloroacetyl chloride (DCAC) and phosgene. In the presence of Pt and Pd, the degradation of TCE was retarded;
especially Pd had a significantly negative effect on TCE degradation, which was ascribed to the intercalation of Pd into the lattice of TiO,. Moreover,
Pt had no influence on the selectivity toward DCAC and phosgene while the selectivity toward phosgene in the presence of Pd was enhanced. As
for the behavior of Pt and Pd in TCE degradation, Pt-doped TiO, exhibited the same photocatalytic behavior as P25 TiO, whereas Pd-doped TiO,

led to a different photocatalytic mechanism.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Photocatalysis has been a promising and significant prospect
for environmental purifications where it is confirmed that the
photocatalytic potential is subject to the recombination of
generated photoelectrons and photoholes. To improve the photo-
catalytic efficiency in this regard, many studies have conducted
a variety of modifications aimed at the crystal structure, spe-
cific surface area, doping species, surface hydroxyl group and
so on. Among these modifications, metal doping has been found
to enhance the photocatalytic performance efficiently and to
change the photocatalytic mechanism. Such enhancement is
ascribed to several origins. Firstly, the formation of Schottky
barrier at the interface of metals and TiO, improves the sepa-
ration of holes and electrons. Secondly, the holes act as a sink
for electrons to prevent the accumulation of excess electrons on
the surface of TiO,. Thirdly, the defect sites (Ti3+), which are
responsible for the potential of photocatalysis, can be enhanced
by some metal particles. However, the reported doped metals do
not always have a positive effect on the improvement of pho-
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tocatalytic efficiency and the role of doped species in reaction
mechanism is far more complex than being a simple electron
sink [1-4].

Trichloroethylene (TCE), a well-known volatile organic com-
pound, has been applied to various industrial uses such as
degreasing and dry cleaning. Such applications of TCE have
become one of the major concerns in environmental pollution.
Photocatalytic oxidation of TCE has been confirmed as an effi-
cient treatment, and Dibble and Raupp [5] first reported the
photocatalytic oxidation of TCE over TiO,. Subsequent studies
have revealed the degradation behavior of TCE in terms of reac-
tion conditions and the degradation mechanism has also been
well explained [6—17]. In general, photocatalytic degradation of
TCE over TiO; produces two major by-products, dichloroacetyl
chloride (DCAC) and phosgene, along with trace amounts of
pentachloroethane (CoHCls), oxalyl chloride (COCICOCI), and
monochloroacetic acid (CH,CICOOH, MCAA). However, lit-
tle attention has been paid to the effect of metal-doped TiO; on
photocatalytic degradation of TCE. Driessen and Grassian [2]
investigated the photocatalytic oxidation of TCE over Pt/TiO»,
and discovered that Pt species retards the degradation of TCE.
Park et al. [3] have also tested several types of doped metal, and
concluded that the high valence cations (Mo>*, Nb>*, and Wo+)
improved TCE degradation owing to the relatively high amount
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of adsorbed hydroxyl group. The effect of Cr, Fe, Ni, Cu, Pt
and Ca(OH); on the formation of DCAC, phosgene, and chloro-
form was also investigated by Tanimura et al. [4], showing that
the by-products from photocatalytic degradation of TCE could
be suppressed by the addition of Cu and Ca(OH);. Therefore,
the present study attempted to examine TCE degradation over
Pt/Pd-doped TiO. The yields of DCAC and phosgene were also
measured to investigate the effect of Pd and Pt on the selectivity
toward DCAC and phosgene. A plausible mechanism of TCE
degradation in the presence of Pt/Pd species was also proposed.

2. Experiment
2.1. Preparation of Pt-doped TiO; and Pd-doped TiO;

The modified TiO, were prepared by the impregnation
method. 600mg TiO, (Degussa P25) were stirred in a
series of concentrations of HyPtClg and PdCl, solutions at
373K for 60min. Afterward, the resulting Pt**/TiO, and
Pd**/TiO, slurries were dried in a vacuum freeze-dryer for
20h (100-200 mTorr at —57.5°C). Pt-doped TiO; and Pd-
doped TiO, samples were obtained in the tubular oven under
the atmosphere of 20% H»/80% N, at progressively elevated
temperatures for 3 h (30, 120, and 400 °C). The as-prepared Pt-
doped TiOy and Pd-doped TiO, were exposed to the air for 3
hr before further characterizations, an exposure period similar
to that during the kinetic experiments. In the following pas-
sages, Pt-doped TiO, and Pd-doped TiO» reduced at 400 °C is
abbreviated as Pt/TiO; and Pd/TiO,, respectively.

2.2. Characterization of Pt-doped TiO; and Pd-doped TiO»

BET specific surface areas (SggT) of the samples were mea-
sured by an automated gas adsorption analyzer (Micromeritics
ASAP 2010). X-ray diffraction (XRD) with the scan range of
20-80° was employed to determine the crystalline phase of
the modified TiO, powders. X-ray photoelectron spectroscopic
(XPS) analysis was carried out on a spectrometer equipped with
a Mg (Ka) X-ray source. All binding energies were referenced
to the C 1s peak at 284.6 eV, which is invariably present on the
film surface. The spectra were fitted by XPSPEAK with a linear
background and to 80% Gausssian/20% Lorentzian peak shape.
The standard procedure of temperature programmable reduc-
tion (TPR) measurements involved purging the reactor with He
gas for 30 min, and heating the powders at 150 °C for 60 min to
remove the impurities and water adsorbed on the surface of mod-
ified TiO;. The resulting powders were subsequently reduced
by a mixing gas of 90% Ar/10% H, at 40 mlmin~! and a tem-
perature ramping rate of 10 °C min~! from 25 to 600 °C. The
structure of anatase TiO, demonstrated in the manuscript was
constructed by the Ca.R.Ine version 3.1 crystallography program
package.

2.3. Photocatalytic tests

Batch experiments of photocatalytic degradation of TCE
were conducted in a flat-plate photoreactor (FPPR). This reac-

tor was made of stainless steel with a volume of 2 L (L =20cm,
W=10cm, and H=10cm), both ends to which silica wafer
was adhered to avoid emission. The detail was described in
our previous publication [17]. TiO,, Pt-doped TiO,, and Pd-
doped TiO, samples supported on silica board of 120cm?
were prepared by the dip-coating method with a normalized
concentration of 0.83 mgcm™2. For a typical run, the initial
concentration of TCE was 67.7 = 5 wM, and the relative humid-
ity and oxygen concentration were kept at 254+2.5% and
3.53 mM, respectively. The reactor was wrapped with a heat-
ing tape to maintain a temperature of 308 K. Illumination was
provided by three 8 W black-light fluorescent lamps, princi-
pally emitting a light 365 nm in wavelength with an intensity of
2.3440.23mW cm™2. TCE, DCAC, and phosgene were quan-
tified under a series of time sequence via manual injection into
a gas chromatograph (589011) equipped with a flame ionization
detector. The photocatalytic ability of doped TiO; was surveyed
by the observed rate constant (ko) of TCE degradation based
on the pseudo-first-order reaction.

3. Results and discussion
3.1. Specific surface area and XRD analysis

No significant change in Sggr was observed among the
modified TiO, samples and the values fell into the range
of 47-52m?g~!. Compared to the Sggr of P25 TiO;
(52.5m? g~ 1) aslight decrease with increasing loading amounts
of Pt and Pd was found. The phenomenon can be attributed
to the aggregation of TiO, after thermal treatment and the
blocking of fine capillaries of the parent TiO, surface by
metal islands. Moreover, neither Pt/TiO, nor Pd/TiO, pre-
sented obvious change in XRD spectra (Fig. 1). This result
can presumably be ascribed to the combinations of low con-
tents of doping Pt or Pd, small particle size, and homogeneous
distribution.
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Fig. 1. The XRD patterns of P25 TiO, 0.1 wt.% Pt/TiO; and 0.04 wt.% Pd/TiO5.
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Fig. 2. The TPR spectra of P25 TiO», 0.1 wt.% Pt TiO, and 0.04 wt.% Pd TiO,.

3.2. TPR

Fig. 2 demonstrates TPR spectra concerning the reduction
scenario of K;PtCly and PdCl,. No significant peak for pure
TiO, was observed in the temperature of interest ranging from
25 to 600 °C. In the case of the representative Pt-doped TiO»,
the TPR profile exhibited an obvious peak at room temperature
along with two other peaks at 93 and 357 °C. The phenomenon
suggests the presence of three stages during the reduction pro-
cess. The first peak exhibits the highest intensity, whereas the
second peak amounts to one-third of the hydrogen consumption.
This indicates the majority of Pt species is reduced to Pt® at room
temperature. The TPR spectrum of Pd-doped TiO; presented a
significant peak at 25 °C, with a vague peak at approximately
355 °C, also indicating that the Pd species can be reduced to Pd°
at room temperature in the presence of H,. Besides, the color of
the Pt-doped TiO, and Pd-doped TiO; samples changed from
bright yellow and reddish to gray, respectively, suggesting that
the surface species on TiO; have been changed.

3.3. XPS

XPS analysis was conducted to determine the chemical and
electronic structure of the as-prepared samples. The XPS spectra
of O 1s within TiO, can be principally assigned to the crystal lat-
tice oxygen (Ti**—0) and surface adsorbed OH (Ti—OH) with
the binding energies of 529.8 and 531.3 eV, respectively [18].
Fig. 3(a and b) show the deconvoluted O 1s bands of Pt/TiO; and
Pd/TiO», respectively, which indicate the presence of Ti**—O
and Ti—OH. As seen in Table 1, the concentration of Ti—OH
increases after the modification by Pt and Pd doping, suggesting
the doped TiO; enhance the formation of OH®. Regarding the Ti
species for Pt/TiO, and Pd/TiO,, curve fitting indicated the pres-
ence of Ti** in addition to the dominant Ti** peak (Fig. 3(c)).
This evidenced the existence of reduced states (Ti>*) with the
line position at 457.5 eV, while the bonding energy of Ti** is
located at 459 eV. The formation of Ti** implies that the interac-
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Fig. 3. The XPS spectra of (a) 0.1 wt.% Pt/TiO; for O 1s region, (b) 0.04 wt.%
Pd/TiO; for O 1s region and (c) P25 TiO, 0.1 wt.% Pt/TiO; and 0.0 wt.%
Pd/TiO; for Ti 2P region.

tion between Pt/Pd species and TiO; matrix occurred during the
reduction reaction [ 19]. Pt was the major species after reduction
at 25 and 120 °C, while Pt° was dominant in the case of samples
reduced at 400 °C (Fig. 4(a)). This indicates that the successive
reduction from Pt'Y to Pt” needs to be driven at 400 °C. As seen
in Fig. 4(b), oxidation species of Pd was also observed at 25 and
120 °C, even though the TPR result demonstrated that the major-
ity of Pd species can be reduced to Pd® at 25°C. In fact, there
is a discrepancy in the Pt/Pd amount between the XPS results
and theoretical introduction in fabrication. This indicates that
part of the introduced Pt/Pd is not on the surface of TiO;, and
suggests the intercalation of Pt and Pd into the lattice of TiO,.
In addition, the peak shift was observed in the cases of Pt/TiO»
and Pd/TiO,, which can be ascribed to either diameter change of
Pt/Pd particles or the charge transfer from the partially reduced
TiO, to Pt/Pd particles [20-22].
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Table 1

Results of curve-fitting of high resolution XPS spectra for the O1s region in Pt-doped TiO; and Pd-doped TiO,

Catalysts Crystal lattice oxygen (Ti**—0) Surface adsorbed OH (Ti—OH)
Peak area (%) Binding energy (eV) Peak area (%) Binding energy (eV)

Pure TiO, 91.75 529.81 8.25 531.64
0.03 wt.% Pt/TiOy 90.18 529.76 9.82 531.60
0.1 wt.% Pt/TiO, 86.90 529.43 13.10 531.25
0.15 wt.% Pt/TiOy 84.87 529.80 15.13 531.99
0.02 wt. Pd/iO, 92.95 529.91 7.05 531.59
0.04 wt.% Pd/TiO, 90.47 529.68 9.53 531.68
0.06 wt.% Pd/TiO, 88.81 529.77 11.19 532.15

3.4. Catalytic tests

3.4.1. The effect of Pt and Pd on TCE degradation

Compared with P25 TiO,, Pt/TiO; and Pd/TiO, show poor
performance in TCE degradation, as demonstrated in Fig. 5.
In the case of Pt/TiO,, the values of ko fell into the range
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Fig.4. The XPS spectra of (a) 0.1 wt.% Pt TiO, for Pt4f region and (b) 0.04 wt.%
Pd TiO; for Pd 3d region at reducing temperatures of 25, 120, and 400 °C.

of (1.02-1.62) x 1072 min~! while that of P25 TiO, was
(1.70£0.08) x 1072 min~'. Concerning the performance of
Pd/TiO;, the corresponding kops values fell into the range of
(0.40-0.79) x 10~2 min~!, which were remarkably inferior to
that of P25 TiO,. The diminished activity can be attributed to
many potential origins. The deposited Pt or Pd clusters would
reduce the opportunities for TCE to adsorb on TiO, and would
scatter the UV light to decrease the irradiation efficiency of TiO».
Another reasonable inference is that the deposited metal parti-
cles may act as the recombination center for photoinduced holes
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Fig. 5. The dependence of degradation rate constants of TCE, the yields of
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and electrons. The defect sites (Ti**) within catalysts were found
to arise from the modification of Pt and Pd doping (Fig. 3(c)).
However, the existence of Ti3* does not seem beneficial to TCE
degradation even though it is possible for the adsorption and
photoactivation of oxygen to produce O,° ™. Driessen and Gras-
sian [2] reported that the presence of Pt particles was detrimental
to the photocatalysis of TCE owing to the blocking of Ti** active
sites by Pt particles.

Regarding the major oxidant species in TCE degradation,
some reports claimed that OH® [3,14] were responsible for TCE
degradation while others preferred Cl1° [4,6,7]. Table 1 demon-
strates that the concentration of surface adsorbed OH increases
with increasing loading amounts of Pt and Pd. However, the
degradation rate of TCE was irrelevant to the concentration of
OH, indicating that the OH® may not account for the TCE degra-
dation. Based on O-atom isotope-label studies, Fan and Yates
[23] have also suggested that the surface adsorbed water was
not involved in the TCE degradation. Therefore, it is confirmed
that CI® instead of OH® are responsible for TCE degradation.

In addition, the kqps values of Pt/TiO, samples were higher
than that of Pd/TiO; by a factor of 1.5—4. The drastic decrease
in the presence of Pd can be attributed to the intercalation of Pd
into TiO; lattice. As shown in the XRD results (Fig. 1) no sepa-
rate dopant-related phase is present. This indicates the dopant (Pt
and Pd) is either dissolved within the substitution sites within the
TiO; lattice or intercalated into the octahedral sites [19]. Mean-
while, the effective ion sizes of Ti*t, Pt**, and Pd?* are 0.605,
0.625, and 0.86 A, respectively. This suggests that Pd%* ion is
energetically favorable to going into the larger octahedral inter-
stitial sites in the TiO; lattice [24], as illustrated in Scheme 1.
When Pd?* ion is doped into the TiO, lattice, the empty space
within the lattice is reduced. The mobility of oxygen vacan-
cies is then retarded and cannot reach the interior region of the
Pd/TiO;. Therefore, a far lower efficiency of electrons trapping
for the Pd/TiO, significantly inhibits the formation of CI* (Eq.
(2)), a principal oxidation species in TCE degradation.

3.4.2. The effect of reduction temperature of Pt/Pd species
on TCE degradation

The effect of reduction temperature of Pt/Pd species on
TCE degradation was also investigated with samples of
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Scheme 1. Pd/TiO; surface. Pd species were intercalated into the lattice of TiO;
and aided the cleavage of C—C bond within CHCl,COCl,°.
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Fig. 6. The dependence of degradation rate constants of TCE, the yields of
DCAC and phosgene on the reduction temperature of Pt/Pd species (a) 0.1 wt.%
Pt/TiO; and (b) 0.04 wt.% Pd/TiO.

0.1 wt.% Pt-doped TiO, and 0.04 wt.% Pd-doped TiO, cho-
sen for this measurement. Both Pt/Pd-doped TiO, samples
revealed the photocatalytic ability following the order of
25°C=400°C>120°C (Fig. 6). Pt/Pd-doped TiO, reduced at
120 °C presented the minimum kqps, Which can be attributed to
the existence of oxidation state of Pt/Pd (Fig. 4) because they
provide an additional recombination center of irradiated elec-
trons and holes [25]. Moreover, Pt/Pd-doped TiO; reduced at
120 and 400 °C were expected to possess lower Sggr than that
of samples reduced at 25 °C. That explains why samples reduced
at 25 °C demonstrated the best performance on TCE degrada-
tion even though the oxidation state of Pt/Pd was predominant
in Pt/Pd-doped TiO;. Regarding the effect of oxidation state
of Pt/Pd on byproducts, the yields of DCAC and phosgene in
the presence of Pt correspond to the degradation rate of TCE
(Fig. 6(a)) while Pd had no influence on it (Fig. 6(b)). The related
mechanism is discussed in the following section.

3.4.3. The effects of Pt and Pd on the formation of DCAC
and phosgene

The effects of Pt and Pd on the yields of DCAC and phos-
gene are demonstrated in Fig. 5(a and b), respectively, where
the yield is defined as the ratio of the peak production of DCAC
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and phosgene to the corresponding degraded TCE. As seen in
Fig. 5(a), the yields of DCAC and phosgene in the presence of
Pt/TiO; fell into the range of 10-30% and 4-12%, respectively.
The yields of DCAC and phosgene correspond to the kgps of
TCE. This indicates that the formation of DCAC and phosgene
is subjected to the TCE degradation. The degradation mecha-
nism of TCE over Pt/TiO; is likely to be the same as that of P25
TiO,. The phenomenon is consistent with the result provided by
Driessen and Grassian [2], who reported that Pt particles were
not involved in the photocatalytic oxidation of TCE on Pt/TiO;.
The overload of Pt just provides additional recombination cen-
ters or causes a shelter effect resulting in an inhibitory effect on
the TCE degradation.

With increasing loading amount of Pd species, Pd/TiO,
causes a significant decrease in the yield of DCAC to less than
6%, and an increase in the yield of phosgene in the range of
8-16% (Fig. 5(b)). The dependence of the yields of DCAC and
phosgene on Pd shows an interesting phenomenon. Although
the presence of Pd significantly retards the TCE degradation, it
appreciably enhances the selectivity toward phosgene.

Regarding the mechanism of TCE degradation, the process
involves chain reactions initiated by C1°* (Eq. (2)). C1°® is expected
to react with TCE to form CHCI,CCl,°®, which immediately
transforms to CHCI,CCl,00?¢, as indicated in Egs. (3) and (4),
respectively. Reaction (5) demonstrates the well-known Rus-
sel mechanism of CHCI,CCl,00¢, resulting in the formation
of oxygenated hydrocarbon radicals, CHCl,CCl,O° [12,13]. It
has been confirmed that the selectivity toward DCAC or toward
phosgene is dependent on the behavior of CHCl,CCl,O® (Egs.
(6) and (7)), an intermediate radical during TCE degradation.

TiO +hv— e~ +h™ @))
Cl~ +ht — CI*; O24+e” — 0™ 2)
CHCICCI, (TCE) + CI* — CHCI,CCl,* 3)
CHCI1;CCl; 4+ 02*~ — CHCI,CCI,00* “)
2CHCI,CCl1;,00°* — 2CHCI,CCLL0* + O, 5)
CHC1,CCl,0* — CHCIL,CCIO(DCAC) + CI* 6)
CHC1,CCI1,0* — CCl,O(Phosgene) + CHCl,* @)

As seen in reactions (6) and (7), the abstraction of the Cl atom
from CHCIl,CCl,0O° results in the formation of DCAC while
the cleavage of the C—C bond causes the formation of phosgene
[6,12,16]. Sanhueza et al. [6] discovered that 90% of degraded
TCE would transform to DCAC. Based on the aforementioned
results, it can be concluded that the participation of Pd is benefi-
cial to the cleavage of the C—C bond. Besides, the production of
H; and CO; from oxygenated hydrocarbons in aqueous media
involves the cleavage of C—C bonds, C—H bonds, and O—H
bonds. Mavrikakis and Barteau [26] have indicated that Pd par-
ticles are appropriate for these cleavages. This may be the reason
for the increase in the selectivity to phosgene in the presence of
Pd. In this regard, the intercalated Pd species make the cleav-
age of C—C bond within CHCI,CCl,0* easier, even though the

bond energy of C—C (83 kcal/mol) is somewhat higher than that
of C—Cl (81 kcal/mol), as demonstrated in Scheme 1.

4. Conclusion

Pt- and Pd-doped TiO, were fabricated to investigate the
effect of Pt and Pd species on the TCE degradation and on the
yields of DCAC and phosgene. Some conclusions obtained from
the experimental results are as follows:

1. Both Pt and Pd doped on TiO; deliver an inhibitory effect on
TCE degradation. Especially Pd doped on TiO; dramatically
retards photocatalytic efficiency owing to the intercalation of
Pd into the TiO; lattice.

2. The concentration of surface OH is irrelevant to TCE degra-
dation, suggesting that OH® is not responsible for TCE
degradation. Instead, C1° initiates the photocatalysis of TCE.

3. Pd particles enhance the cleavage of C—C bond rather than
C—Clbond within CHCI,CCl,0°, being favorable to forming
phosgene compared to Pt particles.

4. In terms of the photocatalytic degradation of TCE, the pho-
tocatalytic behavior of Pt-doped TiO; is the same as that of
P25 TiO,, whereas Pd-doped TiO, shows a different one.
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