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A B S T R A C T

Noble metal catalysts face high cost and limited resources challenge. Developing a high efficiency catalyst with
low noble metal loading is an important way to meet this challenge. In this study, Mg-, Ba- and Zr-doped Pd/
Al2O3 catalysts with Pd loading of 0.5 wt% were prepared by stepwise wet impregnation method and used for
complete oxidation of toluene. These catalysts were characterized by powder X-ray diffraction (XRD), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), CO chemisorption, hydrogen temperature-programmed
reduction (H2-TPR), temperature-programmed desorption of CO2 (CO2-TPD) and temperature-programmed
desorption of oxygen (O2-TPD). Catalytic reaction of toluene and isopropyl alcohol were carried out in a fixed
bed micro-reactor under the condition of GHSV=24,000ml h−1gcat−1 with 500 ppm toluene or isopropyl al-
cohol. The results of XRD, Raman and XPS revealed that PdO is the major species in all of the catalysts. The size
of PdO remarkably decreased on MgO-doped Al2O3 surface. The results of H2 temperature-programmed re-
duction and O2 temperature-programmed desorption indicated that the reducibility of PdO and the active
oxygen species were enhanced by doping basic element. In situ diffusion reflectance-infrared Fourier transform
spectroscopy proved that benzaldehyde and carboxylates were the intermediate products of toluene oxidation.
The results of X-ray photoelectron spectroscopy on used catalysts demonstrated that many more Pd2+ species
were detected in Pd/MgO-Al2O3 sample, suggesting that a Pd2+/Pd0 pairs was formed which is favored to the
combustion of toluene. The results show that the catalytic performance of Pd/Al2O3 was promoted by modifying
basic oxides in the order of Pd/MgO-Al2O3 > Pd/BaO-Al2O3 > Pd/ZrO2-Al2O3 > Pd/Al2O3. The catalytic
activity of 0.5 wt% Pd/MgO (2.0 wt%)-Al2O3 was similar with that of 1.0 wt% Pd/Al2O3.

1. Introduction

The removal of volatile organic compounds (VOCs) has received
many attentions due to its harmful to the human beings and environ-
ment. In the last decades, several technologies have been developed to
abate VOCs. Among these techniques, catalytic combustion is regarded
as the most efficient one because it saves energy and is friendly en-
vironment [1,2]. The key issue is designing of an efficient catalyst for
the catalytic combustion technology. Compared to the transition metal
oxide catalysts, noble metal catalysts display higher activity toward
oxidation of VOCs. Generally, the loading of noble metal is around
1.0–4.0 wt% [3–8]. However, noble metal catalysts have a serious
drawback, i.e. high cost, due to its limited resources. To overcome this

drawback, many efforts have been made which can be summarized two
strategies: (1) doping a proper promoter to enhance its activity at low
temperature; and (2) decreasing the dosage of noble metal and keeping
its catalytic activity.

The activity of noble metal catalyst depends on the properties of
support, which can be tailored by doping an additional element. The
presence of CeO2 favors the dispersion of Pd metal particles in Pd/
CeO2-Al2O3 compared to Pd/Al2O3, and results in a higher catalytic
activity toward oxidative steam reforming of propane due to its high
oxygen storage capacity [9]. For benzene oxidation, La, Ce, Ni, and Nd-
doping could increase the catalytic activity of Pd/SBA-15 catalyst
[10,11]. For toluene combustion, adding Co increased the activity of
Pd/Al2O3, because PdO was highly dispersed on Co3AlOx surface [12].
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Alkali or alkaline earth metal oxide could improve the catalytic activity
of Pd/Al2O3 for methane combustion since the basic support can sta-
bilize the active component PdO species [13].

Recently, many attentions have been focused on noble metal cata-
lysts with low metal loading. Guo et al. [14] prepared a Pd/kit-CeO2

catalyst with Pd loading 0.5 wt% by biogenic method, and it showed a
high catalytic activity for benzene oxidation (T90= 187 °C,
GHSV=20,000ml h−1 g−1) due to the synergetic effects of Pd nano-
particles and the kit-CeO2 support. Chen et al. [15] reported that 0.2 wt
% Pd-Pt loading on mesoporous CeO2-Al2O3 mixed oxides exhibited a
higher activity for benzene oxidation (benzene complete conversion at
200 °C, GHSV=20,000 h−1) due to the high dispersion of PdO and PtO
on CeO2-doped Al2O3 support. He et al. [16] synthesized a series of
Pt0.3Mnx/SiO2 catalyst (Pt loading was about 0.3 wt%), and found that
Pt0.3Mn5/SiO2 could completely oxidized methyl ethyl ketone at 163 °C
under GHSV of 42,600ml h−1 gcat−1. Its high catalytic performance
was attributed to the Mn2O3 exposed (222) facets which enhanced the
quantity of Brønsted acid sites and formed a strong interaction between
Pt nanoparticles and Mn2O3.

Based on the above literatures, the acid-base sites are crucial for
noble metal catalysts toward catalytic oxidation of VOCs. For Pd-based
catalysts, basic site of support is beneficial to its catalytic performance,
and the strength and amount of basic sites are important for its catalytic
performance. Li et al. [17] found that alkali metal-doped Pd/TiO2 (with
Pd loading of 1.0 wt%) showed a promotional effect for formaldehyde
oxidation at ambient temperature with the order of K > Cs > Na >
Li. Xie et al. [18] prepared a series Pd/Ba-CeO2 catalyst with different
Ba loadings and 0.5 wt% Pd. They found that 1.0 wt% Ba loading re-
sulted in high activity for CO oxidation because BaO can inhibit sin-
tering of CeO2 and aggregation of Pd. Shi et al. [19] reported that 7.0 wt
% MgO-doped Pd/Al2O3 (with Pd loading of 1.0 wt%) had the best
catalytic performance for carbon dioxide reforming methane. De-
creasing the dosage of noble metal is the future developing trend for
VOCs destruction.

In this study, several elements with different basic strength, such as
Mg, Ba and Zr, were selected to dope the Pd/Al2O3 catalyst with low Pd
loading. The aim was to investigate the influence of basic strength of
support on the catalytic performance for toluene and isopropyl alcohol
oxidation. To the best of our knowledge, it has not been reported in the
literature.

2. Experimental

2.1. Materials

Palladium (II) chloride was obtained from Macklin Biochemical
Technology Co., magnesium nitrate (Mg(NO3)2·6H2O, ≥99.0%) was
from Zhenxin Co., barium nitrate (≥99.5%) was from Silian Co., zir-
conium nitrate was from Nanjing Co., toluene (≥99.5%) was from
Lingfeng Co., isopropyl (≥99.7%) was from Nanjing Co., Al2O3 was
from Ludu Co. All chemical reagents were analytical grade and were
used without further purification.

2.2. Catalyst preparation

All the catalysts were prepared by wet impregnation method.
Firstly, commercial aluminum oxide was calcined in air at 450 °C for 4 h
to obtain γ-Al2O3. The MO-Al2O3 (MO=MgO, BaO and ZrO2) supports
were prepared by impregnating γ-Al2O3 with an aqueous solution of
A(NO3)X·yH2O (A=Ba, Mg, Zr). The mixture was stirred for 2 h and the
excess water was evaporated at 80 °C in a water bath. The samples were
dried at 100 °C for 12 h and calcined at 450 °C for 4 h. The alkaline
oxide loading in MO-Al2O3 was 2.0 wt%. Pd/MO-Al2O3 with 0.5 wt%
Pd loading was obtained by wet impregnation with PdCl2 aqueous so-
lution.

2.3. Catalyst characterization

X-ray diffraction (XRD) patterns were obtained on a Philips Xpert
Pro diffraction-meter (PANalytical, Netherlands) using Cu Kα radiation
(λ=1.5408 Å) at 40 kV and 40mA. The 2θ scans range was from 10° to

Table 1
The properties of Pd/MO-Al2O3 samples.

Catalyst Surface
area/(m2 g−1)

ICP
Pd/%

XPS
Pd/%

Particle size (nm) Pd dispersion

TEM COa

γ-Al2O3 191.6 – –
Pd/Al2O3 159.8 0.36 0.1 4.3 ± 3.0 3.62 27%
Pd/BaO-

Al2O3

133.1 0.33 – 3.1 ± 0.6 3.23 32%

Pd/MgO-
Al2O3

133.7 0.31 0.1 2.2 ± 0.5 2.02 50%

Pd/ZrO2-
Al2O3

135.3 0.33 – 3.4 ± 0.8 3.47 28%

a Calculated by the dispersion of Pd which was determined by CO chemi-
sorption.

Fig. 1. (a) XRD profiles and (b) Raman spectra of Pd/MO-Al2O3.
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80° with the scan rate of 5° min−1. X-ray photoelectron spectroscopy
(XPS) analysis was performed on an ESCALAB250Xi (Thermo Scientific,
USA) with a monochromatized Al Kα excitation source
(hv=1486.6 eV). The electron binding energy was calibrated by the
C1s peak at 284.6 eV. The Raman spectroscopy was recorded on a
LabRAM Aramis (Horiba, Japan) spectrometer with 2.0 cm−1 resolu-
tion and a laser excitation wavelength of 532 nm. The specific surface
area of the sample was measured on an ASAP 2020 instrument

(Micromeritics Instrument Co., Norcross, USA) and calculated by the
Brunauer-Emmett-Teller (BET) method.

Temperature-programmed desorption of CO2 (CO2-TPD) was con-
ducted on a Micromeritics ASAP 2920 instrument (Micromeritics
Instrument Co., Norcross, USA). Before the CO2-TPD experiment,
200mg of sample was reduced in situ in a 40ml min−1 H2 flow at 300 °C
for 1 h, and then purged with He (40ml min−1) for 30min. After
cooling to 30 °C, the sample was adsorbed with CO2 (40mlmin−1) for
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Fig. 2. (a), (c), (e) and (g) Images of Pd/Al2O3, Pd/MgO-Al2O3, Pd/ZrO2-Al2O3 and Pd/BaO-Al2O3 catalysts, (b), (d), (f) and (h) the distribution of PdO particles size
of corresponding catalysts.
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30min and subsequently flushed with He (40mlmin−1) for 1 h to re-
move physisorbed CO2. Finally, the CO2-TPD profiles were recorded by
heating the sample from 30 to 700 °C with a rate of 10 °Cmin−1.
Temperature-programmed desorption of O2 (O2-TPD) was carried out
on the same instrument as that for CO2-TPD. Prior to adsorption ex-
periments, 100mg sample was pretreated in a H2 stream (40mlmin−1)
at 300 °C for 1 h, then kept in a He flow (40mlmin−1) for another
30min. After cooling to 50 °C, the samples were purged in an O2 flow
(40mlmin−1) for 30min and then heated in He flow at a ramp rate of
10 °Cmin−1 from 50 °C to 800 °C.

Temperature-programmed reduction of H2 (H2-TPR) was performed
on a Finesorb-3010 instrument (Fantai, China). The sample was pre-
heated at 110 °C in a N2 flow (50mlmin−1) for 1 h. After the sample
cooling to the room temperature, 7.03% H2/Ar was introduced to the
sample cell with a flow rate of 50mlmin−1, then the sample was heated
linearly from room temperature to 600 °C with a rate of 10 °Cmin−1.

The amount of CO chemisorption of the sample was measured by a
3420A gas chromatogram (GC) equipped with a TCD detector (Ruili,
China) using dynamic pulse method. Prior to the measurement, 30mg
sample was reduced by 10% H2/Ar (30ml min−1) at 300 °C for 2 h and
then the gas was switched to Ar flow (30mlmin−1) at the same tem-
perature for 1 h. Pulses of 5% CO/N2 were introduced to the sample
until uptake saturation was obtained. The volume of CO adsorbed by
the catalyst was calculated using the following equation [20]:

∑= ⎛

⎝
⎜ − ⎞

⎠
⎟V V n S

SCOchem pulse
i

n
i

max (1)

where n is the number of pulses injected, Vpulse is the CO pulse volume,
Si is the peak area for each pulse, and Smax is the non-adsorbed pulses.

Pd dispersion was determined as follows:

=D AU
vW (2)

where A is the atomic weight of the metal (106.42 gmol−1 for Pd), U is
the amount of gas adsorbed, in mol (from VCOchem in Eq. (1)), v is the
adsorption stoichiometry (1mol CO per surface atom of Pd), and W is
the amount of Pd (in grams).

The metal surface area per gram of Pd was calculated as follows:

=S U
vW

N σAm (3)

where U, v and W have the same meaning as above, NA is Avodagro's
number, ϭ is the atomic surface area (7.87×10−20 m2/atom Pd).

The average particle diameter was calculated by the following
equation:

=
ρ

d
g

Sm (4)

where g is a factor dependent on particle shape (g= 6 for spherical
particles), Sm is metal surface area, ρ is specific mass (12 g cm−3 for Pd).

Pd composition of the sample was analyzed by an inductive coupled
plasma-optical emission spectrometer (ICP-OES) (Thermo Fisher
Scientific, USA). Transmission electron microscopic (TEM) was con-
ducted on a JEM-1011 instrument operating at 200 kV. In situ diffusion
reflectance infrared Fourier transform spectroscopy (in situ DRIFTS)
analyses were performed on a Nicolet iS50 FT-IR spectrometer with a
mercury cadmium telluride (MCT) detector (spectral resolution of
4 cm−1 and accumulation of 32 scans). Firstly, the sample was reduced
in a 7% H2/N2 stream (40mlmin−1) at 300 °C for 1 h and then kept in a
N2 flow (40mlmin−1) at 350 °C for 30min. Then, the background
patterns of the catalysts were collected per 25 °C when temperature
lowered from 350 °C to room temperature. Subsequently, the sample
was exposed to toluene in 19% O2/N2. Finally, the patterns of the
samples were collected per 25 °C from room temperature to 350 °C by
subtracting corresponding background.

2.4. Catalytic oxidation of toluene and isopropyl alcohol

The catalytic oxidation of toluene and isopropyl alcohol was con-
ducted in a continuous flow fixed-bed micro-reactor. The reaction
products were analyzed using an on-line gas chromatography equipped
with a Porapak Q packed column and a thermal conductivity detector
(TCD). Prior to the reaction run, the catalyst was pretreated with pure
H2 (40mlmin−1) at 300 °C for 2 h. After cooling to 110 °C, toluene or
isopropyl alcohol was introduced to a 30% O2/N2 flow through a mi-
croprocessor controlled infusion pump. The reaction products were

Fig. 3. XPS of Pd 3d (a), and O1s (b) of Pd/Al2O3 and Pd/MgO-Al2O3.

Table 2
XPS deconvolution of O 1s for the Pd/Al2O3 and Pd/MgO-Al2O3 catalysts.

Catalyst Binding energy (eV) Relative content of surface
oxygen

OI OII OIII OI (%) OII (%) OIII (%)

Pd/Al2O3 (fresh) 529.8 530.7 531.6 38.9 41.2 19.9
Pd/MgO-Al2O3

(fresh)
529.9 530.7 531.6 22.9 55.9 21.2

X. Weng, et al. Applied Surface Science 497 (2019) 143747
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analyzed after 30min reaction time on stream at least 3 times and the
average value was used as the activity at each temperature. The reac-
tion conditions were controlled as follows: 100mg catalyst (20–40
mesh), 12mlmin−1 O2, 28mlmin−1 N2, 500 ppm toluene or isopropyl
alcohol. To investigate the effect of water vapor on the catalytic ac-
tivity, 15 vol% H2O was introduced to the feed steam through a water
saturator.

The turnover frequency (TOF) of the catalysts for toluene combus-
tion was determined in separate experiments, in which the toluene
conversion was below 10%, with negligible heat and mass transfer ef-
fects. The TOF was calculated as following: [21].

=TOF C
n

x%in

0 (5)

where Cin is the mole of toluene passed through the catalyst per 1 h. The
feeding rate of toluene was 3.615× 10−4 mol h−1. x% is the conver-
sion of toluene, n0 is the mole of active sites of PdO in the catalyst.

3. Results and discussion

3.1. Dispersion of Pd on alumina support

The specific surface areas and Pd contents of Pd/MO-Al2O3 are
listed in Table 1. It shows that the surface area of the catalysts de-
creased from 191.6 to 133.1 m2 g−1 after loading Pd and MO, sug-
gesting that some pores of alumina were plugged by Pd and/or MO
deposition [22]. ICP results show that the contents of Pd were at
0.31–0.36 wt% of all catalysts, indicating that they have similar Pd
contents. The XRD patterns of γ-Al2O3 support and Pd/MO-Al2O3

samples are shown in Fig. 1a. The same diffraction peaks at 2θ=37.2,
45.7 and 67.0° were detected in all of the samples, which are the
characteristic peaks of γ-Al2O3 [PDF-ICDD] (card no. 47-1308). The
characteristic peaks of Pd and MO (MO=BaO, MgO, ZrO2) were not
detected, inferring that Pd and MO were highly dispersed on the alu-
mina support due to their low contents.

To confirm the state of palladium on the support, laser Raman
spectra of the samples were collected and compiled in Fig. 1b. For γ-
Al2O3, no bands were detected. For Pd/γ-Al2O3, two bands were ob-
served at around 547 and 632 cm−1. For Pd/MgO-Al2O3, only one band
at 624 cm−1 was detected. For Pd/BaO-Al2O3 and Pd/ZrO2-Al2O3, two
bands were observed as the same as Pd/Al2O3. The band at 630 cm−1

was assigned to the Pd-O vibration of PdO crystal [23–25]. Comparing
to Pd/Al2O3, this band shifted from 632 to 624 cm−1 on the samples
modified with BaO, ZrO2 and MgO. Xu et al. [23] observed the different
results, they assigned the blue shift to the growth of PdO particles. In
contrast, a red shift was observed in this study. One can conclude that
the size of PdO particle decreased when MO was introduced onto the
alumina support, and the smallest size of PdO was present on Pd/MgO-

Fig. 4. H2-TPR profiles of MO-Al2O3 (a) and Pd/MO-Al2O3 samples (b), O2-TPD (c) and CO2-TPD of Pd/MO-Al2O3 samples.

Table 3
The basic sites of Pd/MO-Al2O3 calculated from CO2-TPD.

Catalyst Basic sites (a.u.)

Weak sites Moderate sites Strong sites Total sites

Pd/Al2O3 3.53 0.18 0.44 4.15
Pd/BaO-Al2O3 3.67 0.17 0.42 4.52
Pd/MgO-Al2O3 3.47 0.50 0.35 4.32
Pd/ZrO2-Al2O3 3.29 0.12 0.47 3.88
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Al2O3 sample. The band at 547 cm−1 has not been reported in the lit-
erature. Wang et al. [25] observed a weak band at 551 cm−1 in the PdB
sample which was treated by laser irradiation for 180 s and assigned to
PdO. In this study, the intensity of the band at 547 cm−1 decreased on
BaO- and ZrO2-modified Pd/Al2O3. Therefore, the band at 547 cm−1

was assigned to the large PdO Particles. From the intensity of this band,
the order of the amount of large PdO particles should be Pd/
Al2O3 > Pd/BaO-Al2O3 > Pd/ZrO2-Al2O3, and there was no large
PdO particles in Pd/MgO-Al2O3.

CO chemisorption was used to identify the dispersion of PdO on
pure and MO-modified γ-Al2O3 support, and the results are tabulated in
Table 1. It shows that the dispersion of palladium was 27% in Pd-Al2O3

sample, while they were 32%, 50% and 28% in Pd/BaO-Al2O3, Pd/

Fig. 5. Light-off curves of toluene combustion (a) and isopropyl alcohol com-
bustion (b) over Pd/MO-Al2O3 catalysts.

Table 4
The T50, T90 and TOF of the Pd/MO-Al2O3 catalysts for oxidation of toluene.

Catalyst T50 (°C) T90 (°C) TOF (h−1)

Pd/Al2O3 220 252 4.8
Pd/BaO-Al2O3 197 223 10.8
Pd/MgO-Al2O3 185 209 17.9
Pd/ZrO2-Al2O3 193 228 6.7

Fig. 6. Stability test for toluene oxidation over 1.0 wt% Pd/Al2O3 and 0.5 wt%
Pd/MgO-Al2O3 catalysts (toluene experimental reacted at 230 °C and isopropyl
alcohol experimental reacted at 280 °C) and effect of water vapor on the ac-
tivities for toluene combustion (c) over different catalysts (15 vol% of water
vapor, reacted at 230 °C).

X. Weng, et al. Applied Surface Science 497 (2019) 143747
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MgO-Al2O3 and Pd/ZrO2-Al2O3 samples, respectively, indicating that
the dispersion of palladium was increased after doping of alkali metal
oxides. It has been demonstrated that the Pd dispersion increased with
the basic strength and the amount of additives [19,22]. One can cal-
culate the average particle size of palladium from the data of metal
dispersion, the results are presented in Table 1. The values were 3.62,
3.23, 2.02 and 3.47 nm for Pd/Al2O3, Pd/BaO-Al2O3, Pd/MgO-Al2O3,
and Pd/ZrO2-Al2O3, respectively. The particle size of the sample in-
creased in the order of Pd/MgO-Al2O3 < Pd/BaO-Al2O3 < Pd/ZrO2-
Al2O3≈ Pd/Al2O3, which is in agreement with the Raman results.

TEM was used to examine the PdO particles size on pure and MO-
modified Pd/Al2O3, and the images are presented in Fig. 2. For Pd/
Al2O3, black particles at about 10 nm were observed obviously, and
some small particles were also detected (see the red circle). For MO-
modified Pd/Al2O3, small black particles were observed without large
particles. In addition, ultrafine PdO particles were detected in Pd/MgO-
Al2O3. The average particles size and distribution were conducted based
on the measurements of at least 200 individual particles. Fig. 2b shows
that the particles size distributed from 1.2 to 15.6 nm with an average
particles size of 4.3 ± 3.0 nm, indicating that PdO was randomly dis-
persed on Al2O3 surface in Pd/Al2O3 sample. As can be seen in Fig. 2d,
f, h, the particle size distributed narrowly from 1.1 to 3.4 nm, 2.2 to
4.2 nm and 2.1 to 3.9 nm for MgO-, ZrO2- and BaO-doped Pd/Al2O3

catalysts, with an average particles size of 2.2 ± 0.5 nm, 3.4 ± 0.8 nm
and 3.1 ± 0.6 nm. It suggests that smaller PdO particles were formed
and homogeneously distributed on MO-modified alumina support. The
results of average particles size are consistent with the Raman and CO
chemisorption results. Notably, the PdO particle size in this study is
smaller than those in the literature [19,26], due to the lower Pd loading

and modification of alkali metal oxide.

3.2. Surface properties

To verify the electronic state of palladium, the as-prepared Pd/
Al2O3 and Pd/MgO-Al2O3 were examined by XPS. Fig. 3a shows the XPS
spectra of Pd 3d core level. Two peaks at 337.0 and 342.2 eV were
detected in both samples corresponding to Pd2+ 3d5/2 and 3d3/2, re-
spectively [18,27–29]. Fig. 3b shows the O1s XPS spectra and were
fitted with three peaks. The peaks marked as OI (529.9 eV), OII

(530.7 eV) and OIII (531.6 eV) are ascribed to O2−, O– and surface
hydroxyl group or the defect oxygen, respectively [30,31]. From
Table 2, it is also observed that the content of OII species increased in
the MgO-doped catalyst. The XPS result demonstrates that PdO is the
main species on the surface of pure and MgO-doped Al2O3, which is in
excellent agreement with the Raman results. Notably, the binding en-
ergies of Pd 3d and O 1s of the Pd/MgO-Al2O3 shifted about 0.2 eV to
lower binding energy, indicating that adding MgO, Pd size became
smaller, so the binding energy shift to electron deficient Pd2+.

The reducibility of Pd/MO-Al2O3 was studied by H2-TPR, and the
profiles are displayed in Fig. 4. For comparison, the TPR profiles of MO-
Al2O3 are shown in Fig. 4a. There is no reduction peak below 300 °C for
all of the MO-Al2O3, indicating that MO was not reduced below 300 °C.
For Pd/Al2O3, a broad peak centered at 120 °C was detected, assigning
to the reduction of PdO species [18,32]. This peak gradually shifted to
lower temperature on the catalysts doping with ZrO2, BaO and MgO. It
indicates that the reducibility of PdO was enhanced slightly on the basic
metal oxide-modified Al2O3, and the order was Pd/MgO-Al2O3 > Pd/
BaO-Al2O3 > Pd/ZrO2-Al2O3≈ Pd/Al2O3. Notably, a weak peak ap-
peared at about 194 °C in the Pd/MgO-Al2O3 sample, suggesting that a
difficult reduced palladium species was formed on the MgO-Al2O3

surface. This is because that a strong interaction was formed between
some small PdO particles and MgO-Al2O3 support. For Pd/MO-Al2O3, a
new peak was observed between 250 and 400 °C. Xie et al. [18] as-
signed the peak at 250–600 °C to the CeO2 in the Pd/CeO2-Al2O3

samples. In this study, it could be attributed to the reduction of MO
additive.

It is well known that the activation of O2 is very important for the
oxidation of toluene reaction, therefore the effect of basic metal oxide-
doping on the activation of O2 was investigated by O2-TPD in this study.
As shown in Fig. 4c, all samples exhibited three desorption peaks be-
tween 50 and 800 °C, which centered at 120–180 °C, 400–430 °C and
510–580 °C, respectively. According to the literatures [12,19], the
peaks at 100–200 °C, 200–450 °C and 450–800 °C were assigned to the
desorption of chemically adsorbed oxygen molecular O2

−(ad), chemi-
cally adsorbed oxygen atom O−(ad) and lattice oxygen O2– (lattice),
respectively. Compared to Pd/Al2O3, two differences were observed in
the Pd/MO-Al2O3 samples. One is the desorption peak shifted to lower
temperature, the other is that the ratio of chemically adsorbed oxygen
species to lattice oxygen species increased. These results imply that the
ability of activation of O2 was improved by doping MO on Pd/Al2O3.

CO2-TPD was carried out to investigate the effect of MO on surface
basicity, and the profiles were compared in Fig. 4d and Table 3. From
Fig. 4d, it can be found that three group of peaks were detected in all of
the samples centered around at 120 °C, 400 °C and 550 °C corre-
sponding to weak, moderate and strong basic sites, respectively. The
weak sites (< 300 °C), moderate sites (300–500 °C) and strong basic
sites (> 500 °C) could be related to the lattice bound -OH or surface
hydroxyl groups, metal-oxygen pairs (e.g., O groups) and low-co-
ordination surface O2– [33–35]. Compared to Pd/Al2O3, no evident
change was observed for the weak basic sites after doping with MO on
Al2O3, and the same result was observed for the strong basic sites.
However, a special phenomenon, two peaks at 378 °C and 452 °C, ap-
peared in the moderate basic sites over Pd/MgO-Al2O3 catalyst, and the
amount of this peak was larger than those of other catalysts. According
to the literatures, the moderate basic sites were assigned to the metal-

Pd/MgO-Al2O3(H2)

Pd/MgO-Al2O3(after)

Pd/MgO-Al2O3(fresh)

Pd/Al2O3(after)

Pd/Al2O3(H2)

Pd/Al2O3(fresh)

330     332     334     336    338   340     342    344     346

(
ytisnetnI

a.
u.

)

Binding Energy ( eV )

Fitting curve Experimental data

Pd0 3d3/2Pd0 3d5/2
Pd2+ 3d5/2 Pd2+ 3d3/2

Fig. 7. XPS of Pd 3d of Pd/Al2O3 and Pd/MgO-Al2O3 with different treatments.

Table 5
XPS analysis of the Pd 3d5/2 for the Pd/Al2O3 and Pd/MgO-Al2O3 catalysts.

Catalyst Binding energy (eV) Pd 3d5/2 Pd0/Pd2+

Pd0 Pd2+

Pd/Al2O3 (fresh) – 337 0
Pd/Al2O3 (H2) 335.2 336.7 2.65
Pd/Al2O3 (after) 335.2 336.7 1.60
Pd/MgO-Al2O3 (fresh) – 336.8 0
Pd/MgO-Al2O3 (H2) 335.2 336.7 1.21
Pd/MgO-Al2O3 (after) 335.2 336.7 0.69
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oxygen pairs, in this case, which were Al-O, Zr-O, Ba-O and Mg-O.
Among of them, Mg-O displayed a lower desorption temperature and
higher desorption amount at moderate basic sites, indicating that the
Mg-O species was moderate basic species.

3.3. Catalytic activities of Pd/MO-Al2O3

The light-off curves of Pd/MO-Al2O3 for toluene and isopropyl al-
cohol oxidation are presented in Fig. 5. The results show that doping
MO on Pd/Al2O3 significantly improved the activity of Pd/Al2O3 cata-
lyst in VOCs oxidation. The T50 and T90 are listed in Table 4, both of
them decreased in the MO-doped Pd/Al2O3 catalysts and the lowest one

Fig. 8. in-situ DRIFTS of toluene oxidation over Pd/Al2O3 (a), (c) and (e), and Pd/MgO-Al2O3 (b), (d) and (f) at different temperatures.

X. Weng, et al. Applied Surface Science 497 (2019) 143747

8



reached in the Pd/MgO-Al2O3 sample at 185 and 209 °C, respectively.
The TOF values were calculated based on the dispersion of PdO and the
conversion data of toluene which was lower than 10% at 130 °C. The
TOF results are listed in Table 4. The TOF values were 4.8, 10.8, 17.9
and 6.7 h−1 corresponding to Pd/Al2O3, Pd/BaO-Al2O3, Pd/MgO-Al2O3

and Pd/ZrO2-Al2O3, respectively. This order is as the same as the ones
from the Raman and H2-TPR results. The TOF results indicate that the
activity of PdO was enhanced by adding basic additives, which im-
proved PdO dispersion and reducibility, and activation of O2. Isopropyl
alcohol oxidation was also tested in this study. As shown in Fig. 5b,
similar results were obtained. The activity of 0.5 wt% Pd/MgO-Al2O3

was almost the same as 1 wt% Pd/Al2O3, indicating that adding MgO in
the catalyst could enhance activity of PdO significantly.

Fig. 6 shows the results of durability test of Pd/Al2O3 and Pd/MgO-
Al2O3 catalysts. For both of the two catalysts, toluene conversions re-
mained at about 99%, while isopropyl alcohol conversion was 99% for
Pd/MgO-Al2O3 and 95% for Pd/Al2O3 from 25 h to 30 h. It indicates
that Pd/MgO-Al2O3 is stable for toluene and isopropyl alcohol oxida-
tion. Additionally, the effect of water vapor on the catalytic

performance was tested and the results are shown in Fig. 6 c. It shows
that the catalytic activity decreased slightly in the presence of water
due to the competitive adsorption on the active sites. The catalytic
activity recovered to the initial level when water was cut off. The cat-
alytic activity of Pd/MgO-Al2O3 is higher than that of Pd/Al2O3 in the
presence of water vapor, indicating that the resistance to water was
enhanced by MgO modification.

3.4. Catalytic mechanism

To clarify the roles of MgO in the oxidation of toluene, XPS was
carried out over Pd/Al2O3 and Pd/MgO-Al2O3 samples with fresh, hy-
drogen pretreated, and after the reaction. The XPS spectra are displayed
in Fig. 7 and the deconvolution results are listed in Table 5. For Pd/
Al2O3, the peak of Pd 3d5/2 shifted from 337.0 to 335.5 and 335.7 eV
corresponding to the samples with hydrogen-pretreated and after re-
action. The binding energy of the 3d5/2 electrons in metallic Pd has
been reported to 335.2–336.2 eV for Pd0 [18,27,36]. For Pd/MgO-
Al2O3, the peak of Pd 3d5/2 shifted from 336.8 to 336.2 and 336.5 eV
corresponding to the sample with hydrogen pretreated and after reac-
tion. According to the fitting peaks, both of Pd0 and Pd2+ existed on
both of the Pd/Al2O3 and Pd/MgO-Al2O3 catalysts surface after hy-
drogen treatment and oxidation of toluene. From the value of Pd0/Pd2+

in Table 5, which are 0, 2.65 and 1.60 corresponding to Pd/Al2O3

(fresh), Pd/Al2O3 (H2) and Pd/Al2O3 (after), and are 0, 1.21 and 0.69
corresponding to Pd/MgO-Al2O3 (fresh), Pd/MgO-Al2O3 (H2) and Pd/
MgO, respectively. It can be concluded that, firstly, part of Pd2+ was
reduced to Pd0 during the hydrogen pretreatment and some of Pd0 re-
turned to Pd2+ during the toluene oxidation reaction. Secondly, during
the hydrogen pretreatment, more palladium maintained at Pd2+ in Pd/
MgO-Al2O3 catalyst compared to Pd/Al2O3 catalyst. Thirdly, after the
oxidation of toluene, more Pd0 species returned to Pd2+ species in
MgO-doped catalyst. These results suggest that the electron density of
Pd was affected by MgO, leading to form a redox cycle between Pd0 and
Pd2+, which is important for oxygen activation. Combining with the
result of O 1s, much more OII species were detected in Pd/MgO-Al2O3

sample. This result is in agreement with the H2-TPR results, a peak
corresponded to the PdO species was difficult to reduce.

The in situ DRIFTS was carried out as a function of temperature and
time for Pd/Al2O3 and Pd/MgO-Al2O3 to investigate the reaction me-
chanism for toluene oxidation. Fig. 8 shows the spectra recorded at
different temperatures under toluene/O2/N2 flow. At room tempera-
ture, a set of bands at 1495, 1604, 1640, 1975, 2114, 3000 and
3400 cm−1 were detected. According to the literatures [37–41], the
band at 1495 cm−1 and a shoulder at 1604 cm−1 were ascribed to the
skeleton stretching vibrations of aromatic ring. A broad band centered
at 3000 cm−1 was due to the overlap of CeH stretching of aromatic ring
(should at 3068 cm−1 and 3028 cm−1) and the symmetric CeH
stretching vibration of methyl (should at 2925 cm−1 and 2872 cm−1).
For the strong absorption band at 1638 cm−1 and a broad band cen-
tered 3400 cm−1, Li and Martra have attributed them to water adsorbed
on the catalyst [42,43]. However, Wang and Mendez-Roman have as-
cribed the band at 1640–1650 cm−1 to v(C=C) of aromatic ring cor-
responding to benzaldehyde adsorption on catalyst [38,44]. The band
at 1975 and 2114 cm−1 were assigned to CO adsorption on metallic Pd0

[9], suggesting that CO was formed at room temperature on the Pd/
Al2O3 and Pd/MgO-Al2O3 catalysts. Therefore, we assigned the bands at
1638 and 3400 cm−1 to the adsorption of benzaldehyde due to the
toluene was incomplete oxidation. With increasing of temperature, the
bands corresponding to benzaldehyde and CO adsorption decreased
gradually and disappeared at 220 °C. Simultaneously, a new set of
bands at 1428, 1450, 1497, 1507, 1545 and 1625 cm−1 were observed
at 140 °C and their intensities increased with temperature, these bands
were assigned to carboxylates adsorption on catalyst [37–41]. The
DRIFTS results demonstrate that toluene was oxide to benzaldehyde
and CO at temperature lower than 140 °C, then benzaldehyde was oxide

Fig. 9. In-situ DRIFTS of toluene oxidation over Pd/Al2O3 (a) and Pd/MgO-
Al2O3 (b) at different adsorption time.
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to carboxylates and further to carbon dioxide at temperature higher
than 140 °C. This result is as well as the light off curves of the catalyst.

Fig. 9 shows the DRIFTS spectras between 1300 and 1800 cm−1

recorded at 220 °C as a function of time. It can be seen that toluene,
carboxylates and carbon dioxide were detected, and the intensity was
increased with time extended. Notably, for the Pd/Al2O3, the band
corresponding to carboxylates is stronger than that of toluene. On the
contrary, the band corresponding to toluene is stronger than that of
carboxylates on the Pd/MgO-Al2O3 sample. It is likely due to MgO
doping increased the toluene adsorption on the catalyst.

4. Conclusions

In this study, Mg-, Ba- and Zr-doped Pd/Al2O3 catalysts with Pd
loading of 0.5 wt% were prepared by stepwise wet impregnation
method and used for complete oxidation of toluene. The results of XRD,
Raman and XPS revealed that PdO is the major species on all of the
support surface. The size of PdO remarkably decreased on MgO-doped
Al2O3 surface. The results of H2 temperature-programmed reduction
and O2 temperature-programmed desorption indicate that the re-
ducibility of PdO and the active oxygen species were enhanced by basic
element doping. The result of CO2 temperature-programmed desorption
indicates that the moderate basic sites was increased with MgO doping.
The catalytic activity of 0.5 wt% Pd/Al2O3 was promoted by modifying
basic oxides in the order of Pd/MgO-Al2O3 > Pd/BaO-Al2O3 > Pd/
ZrO2-Al2O3 > Pd/Al2O3. 0.5 wt% Pd/MgO-Al2O3 showed the highest
catalytic activity among all samples, its activity was in the same order
as 1 wt% Pd/Al2O3. The stability and resistance to water were enhanced
over MgO doped Pd/Al2O3 catalyst. Its high catalytic performance is
due to the dispersion of PdO, its particle size decreased from
4.3 ± 3.0 nm to 2.2 ± 0.5 nm on pure and MgO-doped Al2O3.
Additionally, after hydrogen treatment, much more Pd2+ species were
present in Pd/MgO-Al2O3 catalyst. It indicates that a pair of Pd2+/Pd0

is formed which is favored to activate oxygen. For oxidation of toluene
over Pd/MgO-Al2O3 catalyst, a strong adsorption peak corresponding to
toluene was shown in in situ FTIR spectra, suggesting that MgO is
beneficial for adsorption of toluene. In situ FTIR spectra proved that
benzaldehyde and carboxylates were the intermediate products of to-
luene oxidation.
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