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CeO2, La2O3, and CeO2eY2O3 oxides were coated on the surface of spherical granular Al2O3 (3e5 mm)
through impregnation method, and proved as better supports of Pd and Pt catalysts. The influences of
rare earth metal doping on the adsorption rates of Pd and Pt ions, as well as the catalytic performance,
were investigated. Results show that the H2PtCl6$6H2O adsorption rates of the Al2O3 carriers modified by
Ce, La, and CeY increase significantly. These rare earth coatings can adsorb almost all H2PtCl6$6H2O in the
solution. Compared with Pt/Al2O3 catalyst, Pt/CeeAl2O3 and Pt/CeYeAl2O3 catalysts have better degra-
dation performance for toluene, and the T90 temperatures are both about 147 �C. According to X-ray
photoelectron spectroscopy (XPS) characterization, Pt0 is an important active species for catalytic
oxidation reaction of toluene. After CeO2 modification to the conventional Pt/Al2O3 catalyst, the pro-
portion of Pt0 increases from 74.5% to 82.1%. When the Pt0 content in the metal state is improved, the
redox activity of the catalyst is promoted correspondingly.

© 2022 Chinese Society of Rare Earths. Published by Elsevier B.V. All rights reserved.
1. Introduction

Volatile organic compounds (VOCs) have great damage to hu-
man health and the environment. They may cause impairments of
the blood, skin, gastrointestinal tract, cardiovascular system and
central nervous system when entering the human body through
inhalation, ingestion and skin absorption.1e4 At present, low con-
centration is a typical characteristic of waste gas from industrial
emissions containing VOCs. Conventional methods to deal with
such industrial waste gases include adsorption, photocatalysis, and
plasma method.5e7 However, all of these methods have certain
disadvantages, such as the lowdegradation rate, high infrastructure
investment and severe safety concerns.8e10 In recent years, cata-
lytic oxidation has attracted increasing attention as an
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environmentally friendly and highly efficient technology to deal
with waste gas. Nevertheless, catalytic oxidation generally requires
a relatively high temperature, thereby resulting in high energy
consumption and safety issues.11e15 Therefore, VOCs degradation
under low-temperature or even room-temperature catalytic
oxidation is becoming the objective of scientific researchers.16e20

The core of low-temperature catalytic oxidation is the devel-
opment of catalysts. Currently, supported catalysts are frequently
applied in practice.21e24 Among them, Pd and Pt have excellent
catalytic performances as active components in eliminating VOCs
such as toluene.25e28 Besides, activated alumina balls (3e5mm) are
the most common support in industries because they have high
specific surface area, low price, and good compatibility of active
components and, in addition, ability of improving the dispersity of
precious metals.24 Modifying activated alumina balls by selecting
appropriate promoters to further lower the catalytic oxidation
temperature of conventional Pd/Al2O3 and Pt/Al2O3 catalysts is a
hotspot of research nowadays.29,30 Relevant studies have been
conducted continuously. For example, the synergistic effect be-
tween the Pd and Co phases in the PdeCo/g-Al2O3 catalyst was
investigated and the binary-metal catalyst shows excellent catalytic
oxidation activity toward toluene.31 Moreover, the doping of CeO2
reserved.

of toluene on Pt/Al2O3 and Pd/Al2O3 catalysts with CeO2, CeO2eY2O3
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is beneficial to the dispersion of Pd particles on Al2O3 support. For
instance, a relatively high oxygen storage capacity brings higher
catalytic activity to the propane oxidation steam reforming of Pd/
CeO2eAl2O3.32 Abbasi et al.33 prepared a Pt/Al2O3eCeO2 nano-
catalyst through impregnationmethod, which was used in catalytic
combustion of BTX with varied CeO2 contents. The researchers
found that CeO2 and Pt not only had a synergistic effect but also
promoted the redox activity of the supported catalyst. Temperature
of only 250 �C was needed for complete transformation of toluene
when Ce content was 30%, and high removal rate could be realized
under different BTX concentrations. Next to CeO2, CeO2eY2O3 and
La2O3 can also significantly strengthen metal-support interaction,
and change the dispersity, chemical valence and mechanical
strength of active species. However, few studies have focused on
the formation of bimetallic or polymetallic components of CeO2,
CeO2eY2O3, and La2O3 with Pd and Pt on Al2O3 support and sys-
tematically investigated the consequent impact on the reaction
activity.

In this study, influences of Ce, CeY and La modification on the
catalytic activity of conventional Pd/Al2O3 and Pt/Al2O3 catalysts as
well as adsorption rates of aqueous Pd and Pt ions were investi-
gated. Moreover, characterization analyses of catalysts were con-
ducted by using X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and X-
ray photoelectron spectroscopy (XPS). Influences of Pt loading on
the catalytic activity of toluene were investigated and the ther-
mostability of the catalyst was further studied.
2. Experimental

2.1. Preparation of catalysts

The blank active alumina balls were rinsedwith deionizedwater
and then processed by an ultrasonic cleaner for 30 min. Then, they
were cleaned and dried for later use.
2.1.1. Pd/Al2O3 catalyst
0.2 wt% Pd/Al2O3 was prepared. Specifically, 5 g Al2O3 was taken,

to which 20 mL of 0.5 g/L chloropalladium acid solutionwas added.
Pd ions were adsorbed in 75 �Cwater bath (shaking and stirring the
solution continuously to ensure that Pd ion concentration was
uniform). After a certain period, Pd ion concentrationwas tested by
UVevis until Pd ions were adsorbed basically. The catalysts were
roasted for 4 h at 400 and 800 �C.
2.1.2. Pd/LaeAl2O3 catalyst
In this section, 0.2 mol/L La(NO3)3 aqueous solution was pre-

pared and 10 g Al2O3 was immersed in the La(NO3)3 aqueous so-
lution for 5 h. The aqueous solution only had to immerse solids
completely. Next, the solution was filtered. Samples were dried at
100 �C and then roasted at 400 �C for 4 h, thus getting LaeAl2O3
carrier. The preparationmethods of Pd/LaeAl2O3 catalysts were the
same as the Pd/Al2O3 catalyst.
2.1.3. Pd/CeeAl2O3 catalyst
In this section, 1.0 mol/L Ce(NO3)2 aqueous solution was pre-

pared and 10 g Al2O3 was immersed in the Ce(NO3)2 aqueous so-
lution for 5 h. The aqueous solution only had to immerse solids
completely. Then, the solution was filtered. Samples were dried at
100 �C and then roasted at 400 �C for 4 h, thereby obtaining
CeeAl2O3 carrier. The preparation methods of Pd/CeeAl2O3 cata-
lysts were the same as the Pd/Al2O3 catalyst.
2

2.1.4. Pd/CeYeAl2O3 catalyst
In this section, 1.0 mol/L Ce(NO3)2 and Y(NO3)2 aqueous solu-

tions were prepared (Ce accounted for 0.75 mol/L and Y accounted
for 0.25 mol/L) and 10 g Al2O3 was immersed in the CeeY aqueous
solution for 5 h. The aqueous solution only had to immerse solids
completely. Then, the solution was filtered. Samples were dried at
100 �C and then roasted at 400 �C for 4 h, thereby obtaining a
CeYeAl2O3 carrier. The preparation methods of Pd/CeYeAl2O3
catalysts were the same as that of the Pd/Al2O3 catalyst.

The preparation methods of Pt catalysts were the same as the
preceding method.

2.2. Characterization of catalysts

The XRD characterizationwas implemented on an X'Pert PROX-
ray diffractometer (PANalytical Company, Netherlands). The
spherical particle catalysts were broken to form powder samples.
Ni filtering was tested and Ka ray (l ¼ 0.1541 nm), which was
generated by Cu target, was used to trigger samples to develop
diffraction. The tube voltage, current, scanning range, and scanning
speed were set at 40 kV, 40 mA, 10�e80�, and 0.02 (�)/s,
respectively.

Sample morphology was characterized by SEM (S-4700 (II),
Hitachi, Japan). The field emission voltage was 29.0 kV. Samples
should be cut and processed by metal spraying before the test.

TEM characterization of samples was performed on a Tecnai G2
F30 S-Twin high-resolution transmission electron microscope, and
the test voltage was 120 kV.

H2-temperature programmed reduction (H2-TPR) was tested on
an Autochem 3010E (Zhejiang Fine-Tech Instruments, China). A
desired amount of sample (100 mg) was placed in a quartz reactor,
pretreated in a flowof Ar gas at 200 �C for 2 h, and cooled to 50 �C. A
gas mixture of H2 (5%) and Ar (95%) then passed (30 mL/min)
through the reactor. The temperature was increased from 50 to
900 �C at a heating rate of 10 �C/min. A TCD detector was used at the
outlet of the reactor to measure the volume of hydrogen consumed
during reduction.

The metal binding energy of samples and surface metal con-
centration were analyzed by a VG Scientific ESCALab220i-XL elec-
tron spectroscope for chemical analysis. The spherical particle
catalysts were broken to form powder samples. The excitation
source used the Al Ka X-ray and power was approximately 300 W.
The basic vacuum at analysis was 3 � 10�7 Pa. The C 1s (284.6 eV)
was used as internal standard to correct the electronic binding
energy.

The texture properties of catalysts include specific surface area,
pore volume, pore diameter, and total porosity, which were
analyzed on a 3Flex surface property analyzer (Micromeritics).
Total porosity was measured by an �196 �C N2 absorption/
desorption isotherm. Before the experiment, samples were
degasified in vacuum at 150 �C for 8 h. Specific surface area of
samples was obtained by the BET model.

Quantitative analysis by a Shimadzu spectrophotometer was
used to measure loading capacities of Pt and Pd and external
standard method was applied. First, different concentrations of Pt
and Pd solutions (g/L) were used as standard samples. According to
their absorbance at WL ¼ 316 nm, the absorbance marking lines of
Pt and Pd were gained to test contents of Pt and Pd in residual
solution.

2.3. Catalytic activity measurement

The activity test of catalysts in toluene combustion was per-
formed on the fixed bed reactor. The air steel cylinder extended two
paths of air. One path was connected to a bubble bottle with



Table 1
The isoelectric point or pH of several substances.

Samples pHPZC pH

Active alumina balls 6.0 /
La2O3 10 /
CeO2 6.7e8.6 /
Y2O3 7.15e8.95 /
H2PtCl6$6H2O / 2.47
H2PdCl4 / 1.4
Deionized water / 7
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toluene through the mass flowmeter and bubbles under 0 �C
generate toluene steam, which was mixed and diluted with air in
another path to obtain the desired inlet concentration of toluene.
The diluted toluene concentration was 2000 ppm and the total air
flow rate was 191 mL/min. Then, the diluted toluene was further
supplied into a U-shaped reaction tube with catalyst. Specifically,
the inner diameter of the U-shaped reaction tube was 18 mm, the
catalyst dosage was approximately 2.0 g, and the airspeed was
3000 he1. The inlet and outlet concentrations of toluene were
tested by an Agilent 6890 gas chromatograph equipped with an FID
detector.

3. Results and discussion

3.1. Adsorption of Pt and Pb ions

The adsorption tests of Pt and Pd ions on different supports
(Al2O3 support and Al2O3 supports modified by Ce, La, and CeY)
were discussed through their adsorption capacities of
H2PtCl6$6H2O and H2PdCl4 (Fig. 1). Fig. 1(a) shows that the Al2O3
carrier has poor adsorption to H2PtCl6$6H2O and it could only
adsorb all H2PtCl6$6H2O onto the carrier surface after approxi-
mately 1800min. Some studies demonstrate that the H2PtCl6$6H2O
adsorption rate of the Al2O3 carrier is related to the isoelectric
point. The isoelectric points (pHPZC) and pH values of several sub-
stances are listed in Table 1. As the isoelectric point of the Al2O3
carrier is approximately 6, the Al2O3 surface has positive charges
when pH of the solution is lower than 6, which is beneficial to
PtCl62e producing electrostatic adsorption on the OHeeAl(s) surface.
H2PtCl6$6H2O is adsorbed according to the following formula34:

2OHeeAl(s) þ H2PtCl6(l) / AlePtCl62eeAl(s) þ 2H2O (1)

On the contrary, Al2O3 has negative charges when pH is higher
than 6, which strengthens repulsion to anions, thereby decreasing
the electrostatic adsorption capacity. H2PtCl6$6H2O is adsorbed
according to the following formula:

2OHe
(s) þ PtCl62e(l) / Pt(OH)4(s)Y þ 4Cle(l) (2)

The pH value of the impregnation liquid for the unmodified
Al2O3 carrier increases gradually with the increase of H2PtCl6$6H2O
adsorption time. When the pH value approaches the isoelectric
point of the Al2O3 carrier, the adsorption rate of Pt decreases
gradually. However, the H2PtCl6$6H2O adsorption rates of the Al2O3
carriers modified by Ce, La, and CeY increase significantly. At
100 min, it can adsorb almost all H2PtCl6$6H2O in the solution. The
enhanced adsorption capacity of the support for the H2PtCl6$6H2O,
Fig. 1. Pt and Pd ions adsorption performances on Al2O3 and Al2O3
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after modifications by Ce, La and CeY, can be attributed to changes
of isoelectric points on the Al2O3 carrier surface. In the adsorption
process, the initial pH value of H2PtCl6$6H2O is 2.47. When the
carrier reaches saturation of H2PtCl6$6H2O adsorption, the ultimate
pH value of the solution is approximately 5.8. As the isoelectric
points of CeO2, La2O3, and Y2O3 are higher than 5.8, the Al2O3
carriers modified by Ce, La, and CeY have good adsorption capac-
ities of H2PtCl6$6H2O. On the other hand, Fig. 1(b) shows that the
H2PdCl4 adsorption capacity of the unmodified Al2O3 carrier differs
slightly from those of the Al2O3 carrier modified by Ce, La, and CeY.
At 60 min, almost all carriers can adsorb Pd ions in the solution
completely because the pH value of the H2PdCl4 solution has
relatively strong acidity. Hþ in the solution can easily interact with
OHe on the Al2O3 surface, therebymaking the PdCl42e precipitate on
the carrier surface.
3.2. Evaluation for activity

The evaluation results of Pd- and Pt-based catalysts on the
catalytic combustion performance of toluene are shown in Fig. 2
and Table 2. Catalytic activity results were analyzed by T10, T50,
and T90 (the transformation rates of toluenewere 10%, 50%, and 90%
of the reaction temperatures). Results demonstrated that the
toluene catalytic activity of conventional Pd/Al2O3 catalysts
decreased after doping of Ce, La, and CeY. Especially, an obvious
activity reduction was witnessed in Pd/Al2O3 catalyst modified by
La and its T90 increased by 32 �C. Moreover, toluene catalytic ac-
tivity of conventional Pd/Al2O3 catalysts modified by La also de-
creases to a certain extent. On the contrary, when Pt was used as
the active species alternatively, modification by Ce and CeY is more
beneficial to the catalytic combustion of toluene of the Pt/Al2O3
catalyst. This study mainly investigated the catalytic degradation
performances of toluene on the catalysts with Ce and CeY coating
modifications.

Based on the preceding analysis, the Ce- and CeY-modified
carriers present similar catalytic degradation performances
modified by rare earth oxides. (a) H2PtCl6$6H2O; (b) H2PdCl4.



Fig. 2. Catalytic combustion of toluene over Pd and Pt catalysts after calcination at 400 �C.

Table 2
T10, T50 and T90 of Pd and Pt catalysts calcined at 400 �C.

Samples T10 (�C) T50 (�C) T90 (�C)

0.2 wt%Pd/Al2O3 175 189 196
0.2 wt%Pd/LaeAl2O3 210 217 228
0.2 wt%Pd/CeeAl2O3 190 201 206
0.2 wt%Pd/CeYeAl2O3 160 198 205
0.2 wt%Pt/Al2O3 142 147 153
0.2 wt%Pt/LaeAl2O3 143 155 159
0.2 wt%Pt/CeeAl2O3 141 143 147
0.2 wt%Pt/CeYeAl2O3 140 143 147
0.1 wt%Pt/CeYeAl2O3 150 166 178
0.3 wt%Pt/CeYeAl2O3 136 143 147
0.4 wt%Pt/CeYeAl2O3 140 143 147
0.5 wt%Pt/CeYeAl2O3 130 136 147
0.01 wt%Pt/CeeAl2O3 160 205 230
0.05 wt%Pt/CeeAl2O3 146 167 178
0.1 wt%Pt/CeeAl2O3 141 143 147
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toward toluene. Therefore, the 0.2 wt% Pt/CeYeAl2O3 catalyst was
first selected and the influence of Pt loadings on catalytic degra-
dation activity of toluene was examined. Results are shown in Fig. 3
and Table 2. Clearly, the catalyst activity of catalyst with 0.1 wt% Pt
loading is the lowest. Its T10, T50, and T90 increased by 10, 21, and
28 �C compared with those catalysts with 0.2 wt% Pt loading. The
reason might be that the active component content is extremely
low and the active sites are inadequate, and they cannot well
activate oxygen and VOCs. Based on the catalytic results on sample
with 0.2 wt% Pt loading, increasing the Pt loadings continuously
failed to improve the catalytic performance toward toluene because
Fig. 3. Catalytic combustion of toluene over Pt/CeYeA
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excessive Pt loadings may decrease the Pt dispersion on the carrier
surface.

According to the above analysis, excessive Pt loadings cannot
promote catalytic degradation activity of toluene to a certain
extent. Meanwhile, investigating the influences of Pt loadings on
the degradation activity of toluene is important, as this reflects the
industrilization potential of catalyst. Meanwhile, the catalytic ac-
tivity of Pt/CeYeAl2O3 catalyst decreases obviously when the mass
fraction of Pt is 0.1 wt%. Therefore, a low-loading experiment was
conducted by selecting the Pt/CeeAl2O3 catalyst, which proves to
have good catalytic performance. Results are shown in Fig. 3 and
Table 2. Clearly, in presence of low Pt loadings, the activity of the Pt/
CeeAl2O3 catalyst increases with the Pt loading increasing. The
catalytic activities of toluene are the same when the mass fraction
of Pt is 0.1 wt% and 0.2 wt%, indicating that further increasing Pt
loadings over 0.1 wt% cannot improve the catalytic performance of
toluene. To sum up, the activities of the Pt/CeYeAl2O3 and Pt/
CeeAl2O3 catalysts are not positively related to Pt loadings.
Through this experiment, the optimal Pt loading was chosen, which
can reduce cost and is significant for practical industrial application
of catalysts.

3.3. Thermal stability test

Evaluation of toluene catalytic combustion performances of Pd-
and Pt-based catalysts after calcination under 800 �C is shown in
Fig. 4 and Table 3. After high-temperature calcination, the catalytic
oxidation activity of the conventional Pd/Al2O3 catalyst to toluene is
improved. Combined with XPS data in Fig. 10(a), the proportion of
Pd2þ is speculated to increase after high-temperature calcination
l2O3 and Pt/CeeAl2O3 after calcination at 400 �C.



Fig. 4. Catalytic combustion of toluene over Pd and Pt catalysts after calcination at 800 �C.

Table 3
T10, T50 and T90 of Pd and Pt catalysts calcined at 800 �C.

Samples T10 (�C) T50 (�C) T90 (�C)

0.2 wt%Pd/Al2O3 141 147 156
0.2 wt%Pd/LaeAl2O3 200 208 217
0.2 wt%Pd/CeeAl2O3 200 208 217
0.2 wt%Pd/CeYeAl2O3 197 208 217
0.2 wt%Pt/Al2O3 181 188 197
0.2 wt%Pt/LaeAl2O3 140 147 155
0.2 wt%Pt/CeeAl2O3 154 165 175
0.2 wt%Pt/CeYeAl2O3 140 155 163

Fig. 5. The photos of monolithic catalysts. (a) Pt/Al2O3; (b) Pt/CeeAl2O3.

Fig. 6. XRD patterns of Al2O3 and Pt/CeeAl2O3.
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and the increased PdO content is the key factor. Meanwhile, T90 of
the Pd catalysts modified by Ce and CeY only increased by 11 and
12 �C after high-temperature calcination, which indicates that Ce
and CeY modifications are beneficial to maintaining high-
temperature catalysis activity of conventional Pd/Al2O3 catalysts
for toluene degradation. Compared with conventional Pd/Al2O3
catalysts, the catalytic activity of the conventional Pt/Al2O3 catalyst
to toluene after high-temperature calcination declines significantly.
By combining the XPS data of Fig. 10(b), one can speculate that the
proportion of Pt2þ increases after high-temperature calcination and
the decreased Pt0 content in metal state is the major reason. T90
values of Pt catalysts after Ce and CeY modifications and high-
temperature calcination only increase by 28 and 16 �C. This result
reveals that Ce and CeY modifications are also beneficial to main-
taining the high-temperature catalytic activity of conventional Pt/
Al2O3 catalysts. An important result is that T90 of conventional Pd/
Al2O3 and Pt/Al2O3 catalysts modified by La after high-temperature
calcination slightly decreases, which indicates that La modification
is significant in maintaining the high-temperature catalytic activity
of conventional Pd and Pt catalysts.
3.4. Catalyst characterization

When Pt was used as the active species alternatively, modifi-
cation by Ce is more beneficial to the catalytic combustion of
toluene of the Pt/Al2O3 catalyst. The photos of monolithic catalysts
of Pt/Al2O3 and Pt/CeeAl2O3 are shown in Fig. 5. Al2O3 and Pt/
CeeAl2O3 were chosen for XRD characterization. The XRD spectra
are shown in Fig. 6. Clearly, the pristine Al2O3 develops diffraction
peaks near 2q ¼ 13.933�, 28.332�, 38.477�, and 49.214�, indicating
that pristine Al2O3 is pseudo-boehmite (a-AlOOH). The calcined Pt/
CeeAl2O3 catalyst has diffraction peaks near 2q ¼ 37.59�, 39.47�,
45.84�, and 67.00�, showing the g-Al2O3 characteristic peaks. In
addition, the Pt/CeeAl2O3 catalyst has diffraction peaks of CeO2
5

near 2q ¼ 28.8�, 33.4�, 47.6�, and 56.6�. However, the characteristic
diffraction peak of Pt was not detected probably due to the low Pt
contents in samples.

To study surface morphological changes of carriers before and
after modification, this study conducted SEM characterization of
Al2O3 and Pt/CeeAl2O3 samples (Fig. 7). Fig. 7(a) and (b) show that
the unloaded activated aluminum oxide has relatively rough sur-
face and pore channels in different sizes. These pore channels can
effectively adsorb active components in the impregnation liquid.
The surface morphology of the Pt/CeeAl2O3 catalyst is shown in
Fig. 7(c) and (d). The study found that CeO2 exists on the Al2O3
carrier surface as a layer of thin film and the loads are uniform. Due
to the small content of the Ce coating, g-Al2O3 and CeO2 were
chosen as probe supports in this study for further characterization



Fig. 7. SEM images of Al2O3 and Pt/CeeAl2O3. (a, b) Al2O3; (c, d) Pt/CeeAl2O3.
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to investigate the interaction between precious metal particles and
real supports.

The distributions of Pd and Pt grain sizes can be observed from
TEM images. Pd/g-Al2O3, Pd/CeO2, Pt/g-Al2O3, and Pt/CeO2 were
selected for TEM characteristic analysis (Fig. 8). Fig. 8(a) and (b)
show that Pd particles are found on the g-Al2O3 and CeO2, with
grain size ranging between 10 and 18 nm. Fig. 8(c) and (d) show
that there are Pt particles on g-Al2O3 and CeO2, with grain size
ranging between 8 and 15 nm. The grain sizes of Pd and Pt on the
two supports are slightly different, indicating that the supports
have minor influences on the Pd and Pt grains. This result proves
that the grain sizes of Pd and Pt are not major influencing factors in
the activity of catalysts.
Fig. 8. TEM images of Pd/g-Al2O3, Pd/CeO2, Pt/g-Al2O3 and Pt/CeO2. (a) Pd/g-Al2O3; (b)
Pd/CeO2; (c) Pt/g-Al2O3; (d) Pt/CeO2.
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The H2-TPR profiles of the different catalysts were investigated
and are shown in Fig. 9. The Pt/Al2O3 catalyst shows one peak
centered at about 446 �C, which can be assigned to the reduction of
Pt. For the Pt/CeO2 catalyst, three peaks appear centered at about
88, 384, and 771 �C. The peak at 384 �C can be assigned to the
reduction of surface CeO2. The high temperature peak at 771 �C can
be attributed to the reduction of bulk CeO2 to Ce2O3.35,36 In com-
parison to the Pt/Al2O3 catalyst, the redox capacity of Pt/CeO2 is
significantly improved.

XPS spectra of Pd on Pd/g-Al2O3 and Pd/CeO2 are shown in
Fig. 10(a) and Table 4. The Pd 3d5/2 and Pd 3d3/2 peaks of the
electronic binding energy at 335.4 and 340.7 eV can be attributed to
Pd0 in metal state. The Pd 3d5/2 and Pd 3d3/2 peaks of the electronic
binding energy at 336.2 eV and 341.5 eVmight be attributed to Pd2þ

in the oxidation state.37 The XPS spectra of Pt on Pt/g-Al2O3 and Pt/
CeO2 are shown in Fig. 10(b) and Table 4. As the electronic binding
energy of Al 2p distributes in the similar rangewith that of Pt 4f, the
Pt 4f peak overlaps in a broad Al 2p background peak, making it
impossible to separate their peaks accurately. Thus, Pt 4d was used
as reference for XPS analysis. The Pt 4d5/2 and Pt 4d3/2 peaks of the
electronic binding energy at 314.3 and 330.9 eVmight be attributed
to Pt0 in the metal state, while the Pt 4d5/2 and Pt 4d3/2 peaks of the
electronic binding energy at 317.5 and 333.9 eV might be attributed
to Pt2þ in the oxidation state. Table 4 shows that after CeO2
modification of conventional Pd/Al2O3 catalyst, the proportion of
Pd2þ decreases from 57.16% to 51.23% and the PdO content de-
creases. At present, there is no consensus on the effects of metal
state and oxidation state of Pd on oxidation reaction.38e40 In this
study, the XPS results, together with the activity data in Fig. 2(a),
indicate that Pd2þ is at least an important species for catalytic
oxidation reaction of toluene. The catalytic activity of toluene de-
clines as the PdO content decreases after modification by Ce, La, and
CeY.41e43 Table 4 shows that after CeO2 modification to the con-
ventional Pt/Al2O3 catalyst, the proportion of Pt0 increases from
74.5% to 82.1% and the Pt0 content in the metal state increases.
Existing studies on the catalytic oxidation reaction of Pt fails to
obtain a consistent conclusion on whether the active species is Pt0

or Pt2þ. Combined with active data in Fig. 2(b), Pt0 is the important
active species for catalytic oxidation reaction of toluene. As the Pt0

content decreases after La modification, the catalytic activity of
toluene declines correspondingly. The Pt0 content increases after
modification by Ce and CeY, which is more beneficial to the cata-
lytic combustion of toluene.
Fig. 9. H2-TPR profiles of Pt/Al2O3 and Pt/CeO2 catalysts.



Fig. 10. XPS spectra of Pd 3d for Pd/g-Al2O3 and Pd/CeO2 (a) and Pt 4d for Pt/g-Al2O3 and Pt/CeO2 (b).

Table 4
XPS analysis of Pd/g-Al2O3, Pd/CeO2, Pt/g-Al2O3 and Pt/CeO2.

Samples Content of surface species

Pd2þ/(Pd0þPd2þ) (%) Pt0/(Pt0þPt2þ) (%)

Pd/g-Al2O3 57.16 /
Pd/CeO2 51.23 /
Pt/g-Al2O3 / 74.5
Pt/CeO2 / 82.1
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4. Conclusions

Active alumina balls were selected as the catalyst support and
rare earth elements including Ce, La, and CeY were doped for
modification. After modification, the Pt ion adsorption rate on the
activated alumina balls increases significantly. However, it has little
influences on the adsorption rate of the Pd ions. This result is
mainly related to isoelectric points. For the Pt/Al2O3 catalyst,
however, Ce and CeY modifications are more beneficial to catalytic
combustion for toluene, which is mainly related to the varied
proportion of Pt0/Pt2þ. Specifically, the Pt/CeeAl2O3 catalyst shows
the most excellent catalytic oxidation performance for toluene. Its
T90 temperature is around 147 �C, which is 6 �C lower than that of
the conventional Pt/Al2O3 catalyst.
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