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Abstract: Since actual industrial emissions contain a wide range of volatile organic compounds,
studies into the simultaneous catalytic degradation of multi-component VOCs are essential. This
work developed Pd-CeZrOx samples for the simultaneous elimination of benzene and toluene. Firstly,
CeZrOx supports were synthesized using several methods (co-precipitation, CTAB template co-
precipitation, and sol–gel method). Pd active species were then added into the 1.0Pd-CeZrOx samples
using the impregnation procedure. XRD, BET, NH3-TPD, Raman, EPR, XPS, and H2-TPR were
utilized to analyze the as-prepared Pd-CeZrOx samples. The catalytic performance tests reveal that
the performance of 1.0Pd-CeZrOx-CTAB outperforms that of 1.0Pd-CeZrOx-PM and 1.0Pd-CeZrOx-
CASG, and 1.0Pd-CeZrOx-CTAB displays superior catalytic activity for both benzene and toluene
oxidation. The improved redox properties, the abundant surface oxygen vacancies, and the surface
Pd2+ species of the 1.0Pd-CeZrOx-CTAB sample may be responsible for the simultaneous degradation
activity of benzene and toluene.

Keywords: VOCs; benzene and toluene; simultaneous catalytic oxidation; Pd-CeZrOx

1. Introduction

One of the primary contaminants in the atmosphere is volatile organic compounds
(VOCs), which make significant contributions to the generation of secondary organic
aerosols and ozone. Aromatic hydrocarbons, including benzene, toluene, xylene, and
polycyclic aromatic hydrocarbons, are typical VOCs that exist in the petrochemical industry
and coking coal production process [1]. Most aromatic hydrocarbons are harmful to
both human health and the environment, and long-term exposure may lead to cancer. In
addition, the composition of exhaust gases from industrial emission processes is complex
and generally not a single component [2]. Therefore, benzene and toluene, as pollutants
with high emissions, have received widespread attention from researchers.

The treatment technology of VOCs mainly includes two categories: recovery and
destruction. The former includes the absorption method, adsorption method, and con-
densation method, while the latter includes direct combustion, catalytic oxidation, photo-
catalysis, plasma treatment, etc. [3]. Catalytic oxidation has been recognized as the most
promising strategies to reduce VOCs because of its great effectiveness, energy efficiency,
and the absence of secondary pollutants [4]. Catalysts are critical components of catalytic
oxidation technology, which frequently includes both noble and non-noble metal samples.
Catalysts with noble metal (Pt, Pd, Ru, etc.) have been selected over various non-noble
metal oxides, considering the superior efficacy and selectivity [5].

The selection of the carrier plays an important role for noble metal catalysts. The
carrier affects the valence state of the active center, which influences catalytic performance,
particularly at low temperatures. Metal oxides, including Al2O3, ZrO2, TiO2, CeO2, and
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zeolite porous materials, as well as inorganic nonmetallic compounds such as SiO2 and
active carbon materials, are widely employed as carrier materials for dispersing noble
metal [6–8].

CeO2 possesses excellent oxygen storage and release capability, and the catalysts based
on CeO2 have rich oxygen vacancies, demonstrating significant activity and selectivity
for the oxidation of VOCs. CexMn1−xO2 catalysts exhibited higher catalytic activities
for toluene oxidation, corresponding to the ability of oxygen vacancies to drive the rate-
determining phase of toluene oxidation [9]. For the oxidation of toluene, a range of CeO2-
based catalysts loaded with PtxIr was prepared, and the exceptional catalytic properties
may be due to the synergy between Pt and Ir species, a higher concentration of surface
oxygen vacancies, and improved reducibility at low temperatures [10]. Wang et al. prepared
Pt-Pd/CeO2 samples, which exhibit superb catalytic performance for the degradation of
toluene, and surface Ce3+ and oxygen vacancies were activation sites [11]. Moreover, it has
been demonstrated that the addition of ZrO2 into CeO2 enhances its redox abilities and
oxygen storage capacity [12,13]. Additionally, CeZrO2 could enhance the distribution of
the metal species on the supports, which has a beneficial influence on enhancing catalytic
activity [14]. Ag/CeZrO2 catalysts were prepared to study the catalytic activity of toluene
oxidation, and the sample with a Ce/Zr ratio of 1:1 displayed the greatest catalytic activity
(T90 = 240 ◦C) [15]. Zheng et al. prepared sulfated CeZrOx-loaded platinum samples and
tested for toluene oxidation; the tolerance to SO2 poisoning was greatly improved, which
might be linked to the greater surface acidity [16].

Based on the foregoing, it is proposed to perform an extensive study on the simultane-
ous catalytic degradation of benzene and toluene utilizing highly active Pd catalysts. A
series of Pd-CeZrOx samples with high synergistic catalytic activity were synthesized by
the impregnation method. The catalytic conversion of multi components (benzene and
toluene) and CO2 selectivity were evaluated over these samples at 100–350 ◦C. The physical
properties were investigated by X-ray diffraction (XRD) and N2 adsorption–desorption.
X-ray photoelectron spectroscopy (XPS) was employed for studying the elements’ valence
state changes; Raman and electron paramagnetic resonance (EPR) were used for the charac-
terization of oxygen vacancies. The redox ability and acid sites were investigated by H2
temperature-programmed reduction (H2-TPR) and NH3 temperature-programmed des-
orption (NH3-TPD). By elucidating the structure-activity relationship for the simultaneous
catalytic degradation of benzene and toluene, this study could offer novel perspectives into
the design of VOCs simultaneous catalytic degradation materials.

2. Materials and Methods
2.1. Chemicals and Raw Materials

The cerium nitrate hexahydrate (Ce(NO3)3·6H2O, 99.99%) and zirconium nitrate pen-
tahydrate (Zr(NO3)4·5H2O, AR) were purchased from Macklin Technology (Shanghai,
China). Citric acid monohydrate (C6H8O7·H2O, 99.5%) was bought from Sinopharm Chem-
ical Reagent (Shanghai, China); cetyl trimethyl ammonium bromide (CTAB, C19H42BrN,
99.0%), ammonia (NH3·H2O, 25–28%), and anhydrous ethanol (CH3CH2OH, 99.7%) were
obtained from Tianjin Tianli Chemical Reagent (Tianjin, China). Without additional purifi-
cation, every chemical was used just as it was received. Deionized water was made inside
the laboratory.

2.2. Synthesis of Catalysts
2.2.1. Synthesis of CeZrOx

Synthesis of CeZrOx by the ordinary co-precipitation method: 4.34 g Ce(NO3)3·6H2O
and 4.29 g Zr(NO3)4·5H2O were dissolved in 100 mL deionized water and mixed well;
ammonia solution with a mass concentration of 25% was added dropwise to control the pH
of the solution to 10, and it was stirred for 2 h. The solution was filtered and washed with
deionized water to pH 7, dried at 120 ◦C for 12 h, and then calcined (600 ◦C, 10 ◦C/min
heating rate) for 4 h to obtain CeZrOx-PM.
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Synthesis of CeZrOx by the CTAB template co-precipitation method: 4.34 g Ce(NO3)3
·6H2O and 4.29 g Zr(NO3)4·5H2O were dissolved in 100 mL deionized water and mixed
well, and the mixture was added dropwise to 60 mL C19H42BrN solution with a mass
concentration of 151.8 mg/mL. The pH was controlled to 11 with ammonia, and the
mixture was stirred for 2 h, filtered, and washed with 500 mL deionized water and 500 mL
anhydrous ethanol, dried at 120 ◦C for 12 h, and then calcined (600 ◦C, 10 ◦C/min heating
rate) for 4 h to obtain CeZrOx-CTAB.

Synthesis of CeZrOx by citric acid sol–gel method: 4.34 g Ce(NO3)3·6H2O and 4.29 g
Zr(NO3)4·5H2O in a molar ratio of 1:1 were dissolved in 100 mL deionized water and mixed
into an equimolar amount of 60 mL C6H8O7·H2O solution with a mass concentration of
140.2 mg/mL; the obtained mixture was stirred and evaporated to a transparent gel at
95–100 ◦C; the gel solid was dried at 120 ◦C for 12 h and then calcined (600 ◦C, 10 ◦C/min
heating rate) for 4 h. Lastly, the CeZrOx-CASG was obtained.

2.2.2. Impregnation of CeZrOx

CeZrOx-PM was impregnated with 0.1%, 0.5%, 1.0%, and 2.0% Pd solutions. Then,
4 g CeZrOx-PM was weighted separately and placed in four beakers; 0.679, 3.397, 6.795,
and 13.59 mL of Pd solution (5.886 mg/mL) were added to the four beakers and stirred
well. After ultrasonic treating at room temperature for 15 min, the obtained impregnated
samples were dried at 100 ◦C for 12 h. Eventually, they were calcined (600 ◦C, 10 ◦C/min
heating rate) for 4 h to obtain samples with different impregnation amounts, denoted as
0.1Pd-CeZrOx-PM, 0.5Pd-CeZrOx-PM, 1.0Pd-CeZrOx-PM, and 2.0Pd-CeZrOx-PM.

Then, 4 g of CeZrOx-CTAB and 4 g of CeZrOx-CASG were placed in two beakers,
and 6.795 mL of Pd solution was added to the two beakers, respectively. The specific
impregnation method is the same as above. The impregnated samples obtained were
1.0Pd-CeZrOx-CTAB and 1.0Pd-CeZrOx-CASG.

2.3. Materials Characterization

The crystal structures of the catalysts were analyzed using an XRD with a Cu Kα

source (D8 Advance, Bruker, Germany). Scanning 2θ degrees ranged from 10◦ to 80◦ at a
rate of 5◦/min.

A Micromeritics ASAP 2020 gas adsorption analyzer was used to characterize N2
adsorption–desorption of the sample. The catalysts underwent a 6 h degassing process at
300 ◦C prior to the N2 adsorption measurement.

The Raman spectra were texted by a LabRam HR Evolution Raman spectrometer with
a 532 nm excitation wavelength. The frequency range tested was 100–1000 cm−1.

Using an X-band Bruker EMX spectrometer, EPR spectra were measured at 77 K; 20 mg
samples were inserted in a quartz probe cell equipped with greaseless stopcocks.

A chemisorption analyzer (Chemisorb 2920, Micromeritics, Norcross, GA, USA) with
a thermal conductivity detector (TCD) was used to perform the H2-TPR. Following a 1 h
pretreatment at 300 ◦C with a flow rate of 20 mL/min He, 50 mg of samples were reduced
at a flow rate of 50 mL/min with 2% H2/He. The temperature was set at 800 ◦C with a
heating rate of 10 ◦C/min.

NH3-TPD experiments were also completed by a Micromeritics Chemisorb 2920
chemisorption analyzer. The NH3-TPD testing process was as follows: 0.1 g of sample was
pretreated in He flow at 300 ◦C for 1 h with a heating rate of 10 ◦C/min before being cooled
down to room temperature. Subsequently, He was switched to NH3 for adsorption for
30 min at a flow rate of 50 mL/min. Then, He was purged to eliminate the remaining NH3
in the sample tube and prevent physical adsorption on the catalyst. The catalyst was heated
to 700 ◦C at a rate of 10 ◦C/min in a He atmosphere for desorption, and mass spectrometry
(MS) was used to identify the desorbed NH3 signal.

XPS was measured using a XPS spectrometer (ESCALAB 250XI, Thermo Fisher Sci-
entific, Waltham, MA, USA). The electron binding energy of the measured elements was
corrected by C 1 s binding energy (284.6 eV).
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2.4. Catalytic Activity Evaluation

A fixed bed quartz reactor running at atmospheric pressure was used to evaluate the
catalyst activity. The experiments utilized 0.5 mL of catalyst with a particle size ranging
from 40 to 60 mesh. The overall flow rate was 150 mL/min, and the gas hourly space
velocity (GHSV) was 18,000 h−1. The reaction gas contained 250 ppm of benzene, 250 ppm
of toluene, and 5 vol% of O2 and N2 for balance. The catalytic activity was tested at
a temperature ranging from 100 ◦C to 400 ◦C. The concentrations of feed and reaction
gases were measured with a portable gas chromatograph (GC 7960 plus, Allen analyzer,
Tengzhou, China). The gas chromatograph’s column box temperature was 100 ◦C, and the
CB-TVOC capillary column was used to separate benzene and toluene, and the detection
of CO and CO2 was carried out by an FID detector equipped with a reformer furnace. The
pertinent experimental data were computed using Equations (1)–(3):

Benzene conversion (%) =
benzene (in)− benzene (out)

benzene (in)
× 100 (1)

Toluene conversion (%) =
toluene (in)− toluene (out)

toluene (in)
× 100 (2)

CO2 selectivity (%) =
CO2 (ppm)

Total product C (ppm)
× 100 (3)

3. Results and Discussion
3.1. Structural Characterization

The XRD patterns of 1.0Pd-CeZrOx-PM, 1.0Pd-CeZrOx-CTAB, and 1.0Pd-CeZrOx-
CASG are shown in Figure 1. For all of the samples, the specific signals encountered at
29.25◦, 34.03◦, 48.90◦, and 58.02◦ correlated with the (101), (110), (200), and (211) planes
of Ce0.5Zr0.5O2 (JCPDS 38-1436) [17]. The XRD pattern shows the decrease in Ce0.5Zr0.5O2
lattice parameters caused by Zr4+ tiny ions (0.84 A) replacing Ce4+ species (0.97 A). This
indicates that Zr cations have been completely incorporated into the CeO2 lattice to produce
a homogenous solid solution [18]. There are no reflections found that correspond to the
phases of Pd or PdO species, which suggests the presence of tiny particles (<4 nm) [19].
In contrast, the diffraction peak intensity of the 1.0Pd-CeZrOx-CASG sample is stronger,
indicating that the CeZrOx prepared by the citric sol–gel method has a larger grain size
and stronger crystallinity. The weaker diffraction peaks of the traditional co-precipitation
method and the CTAB template co-precipitation method suggest that the CeZrOx formed
using these two methods has a smaller grain size and lower crystallinity [20].

Atmosphere 2024, 15, x FOR PEER REVIEW  5  of  14 

capillary coalescence in the porous sorbent [23,24]. The foregoing characterization implies 

the series of CeZrOx substrates contains certain structural differences. 

10 20 30 40 50 60 70 80

In
te

n
s

it
y

 (
a

.u
.)

2 Theta (degree)

 1.0Pd-CeZrOx-PM

1.0Pd-CeZrOx-CTAB

1.0Pd-CeZrOx-CASG

Ce0.5Zr0.5O2  JCPDS 38-1436

Figure 1. XRD patterns for 1.0Pd-CeZrOx catalysts. 

0.0 0.2 0.4 0.6 0.8 1.0

V
o

lu
m

e 
a

d
s

o
rb

e
d

 (
a.

u
.)

Relative Pressure (P/P0)

 1.0Pd-CeZrOx-CASG

1.0Pd-CeZrOx-CTAB

1.0Pd-CeZrOx-PM

(a)

0 30 60 90 120 150 180

d
V

/d
D

 (
c

m
3

g
-1

n
m

-1
)

Pore diameter (nm)

 1.0Pd-CeZrOx-CASG

1.0Pd-CeZrOx-CTAB

1.0Pd-CeZrOx-PM

(b)

Figure 2. (a) N2 adsorption-desorption curves of 1.0Pd-CeZrOx catalysts; (b) the pore size distribu-

tion curve of 1.0Pd-CeZrOx catalysts. 

Table 1. Textual properties data of 1.0Pd-CeZrOx catalysts. 

Sample  SSA (m2/g)  Pore Volume (cm3/g)  Pore Size (nm) 

1.0Pd-CeZrOx-CASG  13.08  0.04  10.53 

1.0Pd-CeZrOx-CTAB  72.08  0.06  3.41 

1.0Pd-CeZrOx-PM  78.24  0.07  3.39 

3.2. Evaluation of Catalytic Activity 

3.2.1. Effect of Different Impregnation Amounts on Catalytic Activity 

Firstly, the influence of Pd loading on catalytic activity was investigated. CeZrOx as 

the carrier was synthetized by the precipitation method, and varied amounts of Pd were 

impregnated to produce a series of Pd-CeZrOx-PM samples, and the simultaneous cata-

lytic degradation performance of benzene and toluene were carried out over Pd-CeZrOx-

PM samples. Figure 3a shows the temperature-dependent benzene conversion during the 

benzene and toluene catalytic elimination using Pd-CeZrOx-PM samples with different Pd 

impregnation amounts. It can be seen that all samples exhibit a uniform trend, and the 

Figure 1. XRD patterns for 1.0Pd-CeZrOx catalysts.



Atmosphere 2024, 15, 1301 5 of 14

The specific surface area (SSA) and pore structure parameters of series 1.0Pd-CeZrOx
samples were analyzed by N2 adsorption–desorption (Table 1). The SSA decreased with a
drop in this order: 1.0Pd-CeZrOx-PM (78.24 m2/g) > 1.0Pd-CeZrOx-CTAB (72.08 m2/g)
> 1.0Pd-CeZrOx-CASG (13.08 m2/g), and there is also a similar trend of the pore volume:
1.0Pd-CeZrOx-PM (0.07 cm3/g) > 1.0Pd-CeZrOx-CTAB (0.06 m3/g) > 1.0Pd-CeZrOx-CASG
(0.04 m3/g). Compared with 1.0Pd-CeZrOx-PM and 1.0Pd-CeZrOx-CTAB, 1.0Pd-CeZrOx-
CASG possesses the highest pore size, whereas other samples have pore sizes about
3 nm, belonging to the mesoporous structure. Figure 2 clearly shows that all the samples
demonstrated a type IV isotherm with the distinctive hysteresis loops, confirming the
existence of a mesoporous structure [21]. Differently, 1.0Pd-CeZrOx-CTAB and 1.0Pd-
CeZrOx-CASG samples show type H2 hysteresis loops with ink-bottle pores [22], while the
1.0Pd-CeZrOx-PM sample exhibits an H3 hysteresis loop, which corresponds to a system
with capillary coalescence in the porous sorbent [23,24]. The foregoing characterization
implies the series of CeZrOx substrates contains certain structural differences.

Table 1. Textual properties data of 1.0Pd-CeZrOx catalysts.

Sample SSA (m2/g) Pore Volume (cm3/g) Pore Size (nm)

1.0Pd-CeZrOx-CASG 13.08 0.04 10.53
1.0Pd-CeZrOx-CTAB 72.08 0.06 3.41

1.0Pd-CeZrOx-PM 78.24 0.07 3.39
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3.2. Evaluation of Catalytic Activity
3.2.1. Effect of Different Impregnation Amounts on Catalytic Activity

Firstly, the influence of Pd loading on catalytic activity was investigated. CeZrOx as
the carrier was synthetized by the precipitation method, and varied amounts of Pd were
impregnated to produce a series of Pd-CeZrOx-PM samples, and the simultaneous catalytic
degradation performance of benzene and toluene were carried out over Pd-CeZrOx-PM
samples. Figure 3a shows the temperature-dependent benzene conversion during the
benzene and toluene catalytic elimination using Pd-CeZrOx-PM samples with different Pd
impregnation amounts. It can be seen that all samples exhibit a uniform trend, and the
benzene conversion rate increases continuously with increasing temperature. In addition,
the benzene conversion shows significant changes with various loading amounts of Pd.
At a temperature of 350 ◦C, 0.5Pd-CeZrOx-PM, 1.0Pd-CeZrOx-PM, and 2.0Pd-CeZrOx-PM
catalysts could achieve complete oxidation of benzene, while for the 0.1Pd-CeZrOx sample,
complete oxidation of benzene was achieved at 500 ◦C. Among these catalysts, the 0.1Pd-
CeZrOx-PM showed the worst catalytic activity, which indicated that the loading amount
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of Pd is crucial for the catalytic oxidation activity of the samples, and the higher the loading
amount, the better the catalytic conversion of the catalyst.
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samples with Pd loading of 0.1%, 0.5%, and 1.0% increased with the temperature increas-
ing until achieving the complete conversion of toluene. The primary temperature of tolu-
ene oxidation over the 2.0Pd-CeZrOx-PM sample was 200 °C, which is higher than that of
other samples. The complete conversion of toluene over 2.0Pd-CeZrOx-PM was achieved 
at 250 °C; it was lower than other samples, suggesting the superior catalytic performance 
of 2.0Pd-CeZrOx-PM samples. The temperature for achieving 100% toluene conversion 
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PM (250 °C) < 1.0Pd-CeZrOx-PM (300 °C) < 0.5Pd-CeZrOx-PM (350 °C) < 0.1Pd-CeZrOx-
PM (500 °C). It is worth noting that before 250 °C, 1.0Pd-CeZrOx-PM exhibited superior 
catalytic performance. For the catalytic oxidation of toluene, 2.0Pd-CeZrOx-PM with high 
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Figure 3b shows the toluene conversion of Pd-CeZrOx-PM samples in the multi-
component VOCs (benzene and toluene). The toluene conversion rate over Pd-CeZrOx-PM
samples with Pd loading of 0.1%, 0.5%, and 1.0% increased with the temperature increasing
until achieving the complete conversion of toluene. The primary temperature of toluene
oxidation over the 2.0Pd-CeZrOx-PM sample was 200 ◦C, which is higher than that of
other samples. The complete conversion of toluene over 2.0Pd-CeZrOx-PM was achieved
at 250 ◦C; it was lower than other samples, suggesting the superior catalytic performance
of 2.0Pd-CeZrOx-PM samples. The temperature for achieving 100% toluene conversion
from low to high over a series of Pd-CeZrOx-PM materials is as follows: 2.0Pd-CeZrOx-PM
(250 ◦C) < 1.0Pd-CeZrOx-PM (300 ◦C) < 0.5Pd-CeZrOx-PM (350 ◦C) < 0.1Pd-CeZrOx-PM
(500 ◦C). It is worth noting that before 250 ◦C, 1.0Pd-CeZrOx-PM exhibited superior catalytic
performance. For the catalytic oxidation of toluene, 2.0Pd-CeZrOx-PM with high Pd loading
failed to exhibit strong low-temperature activity.

There are several intermediate compounds produced during the simultaneous catalytic
elimination of benzene and toluene. Considering no CO was observed during the process,
Figure 3c depicts the variation curve of CO2 selectivity in the simultaneous catalytic
elimination of benzene and toluene. As the temperature increases, the selectivity of CO2
also shows an increasing trend. When the reaction temperature is raised to 300 ◦C, 0.5Pd-
CeZrOx-PM, 1.0Pd-CeZrOx-PM, and 2.0Pd-CeZrOx-PM samples all achieve 100% selectivity
for CO2. However, for the 1.0Pd-CeZrOx-PM sample, a temperature of 350 ◦C is required
to achieve 100% CO2 selectivity.
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In summary, the loading amount of Pd has a significant impact on the simultaneous
catalytic elimination of benzene and toluene. For the catalytic degradation of benzene, the
benzene conversion rate continuously increases with an increase in the loading amount;
1.0Pd-CeZrOx-PM and 2.0Pd-CeZrOx-PM catalysts could achieve complete oxidation of
benzene at 350 ◦C. For the catalytic oxidation of toluene, the 1.0Pd-CeZrOx-PM sample
exhibits better catalytic performance at low temperatures; 1.0Pd-CeZrOx-PM and 2.0Pd-
CeZrOx-PM catalysts could achieve complete oxidation of toluene at 300 ◦C. Additionally,
considering the high cost of precious metal catalysts, while meeting the conversion rate of
benzene catalytic degradation, a relatively moderate loading amount should be selected
to achieve the target conversion rate while keeping the catalyst cost as low as feasible.
As a result, a 1.0% impregnation of precious metal was chosen, and the effect of vari-
ous carrier synthesis methods on the catalytic degradation performance of the materials
were investigated.

3.2.2. Effect of Different Preparation Methods on Catalytic Activity

The carrier is critical for dispersing the catalyst’s active phase. As a result, a number
of CeZrOx carrier materials were synthesized employing various preparation methods.
Benzene and toluene were employed to test the catalytic performance of 1.0Pd-CeZrOx
samples, and the characteristic temperatures for the simultaneous catalytic elimination of
benzene and toluene are shown in Table 2. The benzene and toluene conversion of the series
samples rapidly increases with temperature in the range of 150–250 ◦C. The order of T80 and
T100 from low to high is 1.0Pd-CeZrOx-CTAB > 1.0Pd-CeZrOx-PM > 1.0Pd-CeZrOx-CASG.
The characteristic temperature (T80) corresponding to a toluene oxidation is lower than that
corresponding to benzene oxidation, indicating that toluene molecules are relatively active
and easily break bonds and rings during the catalytic oxidation process, further catalyzing
degradation to produce CO2 and H2O.

Table 2. Catalytic activity of 1.0Pd-CeZrOx catalysts.

Sample
Catalytic Benzene Activity (◦C) Catalytic Toluene Activity (◦C)

T80 T100 T80 T100

1.0Pd-CeZrOx-CASG 207 250 137 250
1.0Pd-CeZrOx-CTAB 249 350 242 300

1.0Pd-CeZrOx-PM 237 300 230 300

Figure 4a shows that the benzene conversion of 1.0Pd-CeZrOx-CTAB was 80% at
around 200 ◦C and complete at 250 ◦C. The complete conversion temperature of the
1.0Pd-CeZrOx-PM catalyst was at 300 ◦C, while the complete conversion temperature of
1.0Pd-CeZrOx-CASG was at 350 ◦C. As a result, the 1.0Pd-CeZrOx sample synthesized by
the CTAB template approach outperforms the other two ways in terms of benzene catalytic
degradation. Figure 4b shows the curve of the conversion rate of toluene catalyzed by
1.0Pd-CeZrOx samples over time, and the toluene conversion increases with increasing
temperature. As shown in the figure, the toluene conversion rate reached 80% at around
140 ◦C for 1.0Pd-CeZrOx-CTAB, and toluene was completely converted at 250 ◦C; the 1.0Pd-
CeZrOx-PM and 1.0Pd-CeZrOx-CASG samples achieved complete conversion of toluene at
300 ◦C; similar to the catalytic oxidation process of benzene, the CeZrOx support prepared
by the co-precipitation method using the CTAB template showed superior performance in
degrading toluene compared to those of other samples. Figure 4c depicts the temperature-
dependent selectivity of CO2 during the catalytic elimination of benzene and toluene using
a series of 1.0Pd-CeZrOx materials. With an increase in temperature, the CO2 selectivity
gradually increases, reaching 100% CO2 selectivity at 250–300 ◦C. The CO2 selectivity
curves of the 1.0Pd-CeZrOx-CTAB, 1.0Pd-CeZrOx-PM, and 1.0Pd-CeZrOx-CASG samples
show similar trends. Among them, the CO2 selectivity of the 1.0Pd-CeZrOx-CASG sample
is poor, which can be attributed to the generation of other organic by-products. It is worth
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noting that there is no generation of CO throughout the entire reaction process. In addition,
when the full conversion temperature is reached, carbon balance can be basically achieved
(98 ± 2%).
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Figure 4. The simultaneous catalytic oxidation performance of benzene and toluene over 1.0Pd-
CeZrOx samples; (a) benzene conversion; (b) toluene conversion; (c) CO2 selectivity.

In brief, the 1.0Pd-CeZrOx-CTAB sample has the greatest catalytic performance, out-
performing the 1.0Pd-CeZrOx-CASG and 1.0Pd-CeZrOx-PM samples. The 1.0Pd-CeZrOx-
CTAB catalyst could achieve benzene and toluene simultaneous catalytic degradation at
250 ◦C, while CO2 selectivity reaches 100%. The catalytic performance of the 1.0Pd-CeZrOx
catalyst prepared by the CTAB template is better than that of the common co-precipitation
method and the citric acid sol–gel method.

3.3. Acidity of Catalysts

The adsorption of pollutants is influenced by the acidity of the catalysts’ surface.
Consequently, NH3-TPD was utilized to describe the acid sites of as-prepared samples (see
Figure 5). Three samples showed two types of desorption peaks at 50–700 ◦C, attributed to
weak and moderate acid sites with desorption temperatures ranging from 90 ◦C to 200 ◦C
and 200 ◦C to 300 ◦C [16]. The NH3-TPD peak area of the 1.0Pd-CeZrOx catalyst decreased
in the following order: 1.0Pd-CeZrOx-CTAB > 1.0Pd-CeZrOx-PM > 1.0Pd-CeZrOx-CASG.
Noteworthily, 1.0Pd-CeZrOx-CTAB exhibited the largest desorption peak area, suggesting
that the abundant weak acid sites were existent over the 1.0Pd-CeZrOx-CTAB sample. The
peak area ratio was used to determine the quantity of various acid sites (Table 3). The
weak acid sites proportion over 1.0Pd-CeZrOx-CTAB (88.33%) was higher than that of other
samples. The 1.0Pd-CeZrOx-CTAB sample had higher low-temperature catalytic activity
in benzene and toluene catalytic oxidation, which might be assigned to the abundance of
weak acid sites existent over 1.0Pd-CeZrOx-CTAB.
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Figure 5. NH3-TPD results of 1.0Pd-CeZrOx samples.

Table 3. The proportions of acid sites of 1.0Pd-CeZrOx samples.

Sample
NH3 Desorption Temperature (◦C) Proportion of Acid Sites (%)

Weak Moderate Weak Moderate

1.0Pd-CeZrOx-CASG 95 277 88% 12%
1.0Pd-CeZrOx-CTAB 100 274 80% 20%

1.0Pd-CeZrOx-PM 95 273 82% 18%

3.4. Characterization of Oxygen Vacancies

Figure 6 shows the results of Raman, EPR, and XPS of 1.0Pd-CeZrOx samples, which
were further evaluated for the presence of oxygen vacancies. Figure 6a depicts the Raman
spectra of 1.0Pd-CeZrOx catalysts; the peak at 600 cm−1 is attributed to oxygen vacancies,
whereas the peak at 460 cm−1 corresponds to the first-order F2g peak in CeZrOx samples,
which indicates the integration of Zr4+ into the CeO2 lattice [25,26]. And the characteristic
peaks of tetragonal ZrO2 occurred at 308 cm−1 [25,27]. The peak situated at around
638 cm−1 related to the B1 mode of PdO, which indicated the existence of Pd2+ species [28].
Subsequently, the oxygen vacancy concentration was then determined using the ratio of
I600/I455. A higher I600/I455 ratio indicates an increase in the concentration of oxygen
defect sites [29]. The I600/I455 ratio decreased in the order of 1.0Pd-CeZrOx-CTAB > 1.0Pd-
CeZrOx-PM > 1.0Pd-CeZrOx-CASG, suggesting the higher oxygen vacancies concentration
of the 1.0Pd-CeZrOx-CTAB catalyst (Figure 6b). The existence of oxygen vacancies in the
oxidation–reduction process improves the fluidity of O2 and promotes materials’ redox
ability. The result is consistent with H2-TPR results; the 1.0Pd-CeZrOx-CTAB sample
exhibited the largest H2 consumption and better redox performance.

EPR experiments could be additionally employed for identifying oxygen vacancies in
1.0Pd-CeZrOx samples since the existence of oxygen vacancies induces the generation of
paramagnetic species with unpaired electrons, which are especially highly responsive to
EPR. For 1.0Pd-CeZrOx samples (see Figure 6c), an obvious paramagnetic response signal
at g = 2.003 was observed, corresponding to the oxygen vacancies species [30]. The three
samples’ EPR signal intensities varied from one to another; 1.0Pd-CeZrOx-CTAB samples
showed a strong signal of g = 2.003, demonstrating the highest amount of oxygen vacancies
in this sample.
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O 1 s spectra are frequently utilized for identifying the oxygen species. Figure 6d
depicts the XPS spectrum of O 1 s, and the proportion of different oxygen species could
be estimated using the peak area ratio [31], as given in Table 4. Three distinct peaks that
correspond to different kinds of oxygen species are apparent in the XPS O 1 s spectra of
1.0Pd-CeZrOx samples; lattice oxygen (Olatt) is represented by the peak at 529.4 eV, the
band at 531 eV is assigned to the existence of oxygen vacancies (Ov), and chemisorbed
oxygen species (Oads) are denoted by the distinctive peak at higher binding energies
(532.5 eV) [32,33]. Based on the peak area, the proportion of Ov of oxygen species
(Ov + Olatt + Oads) was calculated, and it was discovered that the sequence of oxygen
vacancies proportion from high to low is 1.0Pd-CeZrOx-CTAB > 1.0Pd-CeZrOx-PM >
1.0Pd-CeZrOx-CASG, suggesting that the 1.0Pd-CeZrOx-CTAB sample had higher oxygen
vacancies. The Raman, XPS, and O-XPS results show consistency. The maximum oxygen
vacancy concentration is found in the 1.0Pd-CeZrOx-CTAB sample, indicating that the
catalytic activity of this material in catalytic degradation is higher than other samples [21].

Table 4. Surface atom concentrations of 1.0Pd-CeZrOx catalysts.

Sample Pd (at.%) Ce (at.%) Zr (at.%) O (at.%) Pd2+/Pdtotal Ce3+/Cetotal Ov/(Ov + Oads + Olatt)

1.0Pd-CeZrOx-CTAB 5.56 5.98 13.38 75.07 69.04% 30.15% 23.61%
1.0Pd-CeZrOx-CASG 5.51 5.93 12.64 75.92 58.45% 22.37% 14.52%

1.0Pd-CeZrOx-PM 6.61 6.45 14.51 72.43 70.00% 25.64% 21.24%

3.5. Analysis of Valence States

In order to better explore the redox ability of these samples, Figure 7a shows the H2-
TPR profiles of the 1.0Pd-CeZrOx catalysts. The 1.0Pd-CeZrOx-PM, 1.0Pd-CeZrOx-CTAB,
and 1.0Pd-CeZrOx-CASG show reduction peaks at 97–100 ◦C, and the peaks are attributed
to the stable PdO species, which has strong interaction between and support, as well as
the reduction in Ce4+ species [28]. As for the 1.0Pd-CeZrOx-PM sample, the reduction in
PdO species to Pd0 is shown at 85 ◦C, but the 1.0Pd-CeZrOx-CTAB catalyst shows a lower
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reduction temperature (80 ◦C) than the 1.0Pd-CeZrOx-PM catalyst, indicating that the 1.0Pd-
CeZrOx-CTAB sample is easily reduced [34]. In addition, the reduction temperatures of
PdO on 1.0Pd-CeZrOx-CTAB and 1.0Pd-CeZrOx-CASG have a lower reduction temperature
(49–50 ◦C), indicating that partial Pd species supported on 1.0Pd-CeZrOx-CTAB and 1.0Pd-
CeZrOx-CASG are reduced more easily [21]. The H2-TPR peak area of the 1.0Pd-CeZrOx
samples decreases in the following order: 1.0Pd-CeZrOx-CTAB >1.0Pd-CeZrOx-PM > 1.0Pd-
CeZrOx-CASG. The 1.0Pd-CeZrOx-CTAB catalyst has the best reducibility, and the higher
redox properties imply the higher mobility of the oxygen species, which may result in
the high catalytic oxidation activity in the benzene and toluene simultaneous oxidation.
Furthermore, the H2-TPR characterization results correspond with the activity results of
the benzene and toluene conversion.
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Figure 7c depicts the Pd 3d spectra of 1.0Pd-CeZrOx catalysts; due to the overlap
between the peaks of Zr 3p and Pd 3d, the separation of Pd 3d spectra were carried out,
and it could be divided into four peaks [35,36]. The peaks situated at 343.1 and 337.4 eV,
corresponding to 3d3/2 and 3d5/2 orbitals of Pd2+ species, and the peaks at 336.5 and
341.6 eV are ascribed to 3d5/2 and 3d3/2 orbitals of Pd0 species [37]. The proportions
of Pd2+ and Pdtotal were calculated corresponding to the peak area (see Table 4). The
proportion of Pd2+ over 1.0Pd-CeZrOx catalysts was ranked as 1.0Pd-CeZrOx-PM (70.00%)
> 1.0Pd-CeZrOx-CTAB (69.04%) > 1.0Pd-CeZrOx-CASG (58.45%). The activity assessment
findings of the catalysts show that the synergistic catalytic oxidation performance of the
1.0Pd-CeZrOx-PM and 1.0Pd-CeZrOx-CTAB samples were better than that of 1.0Pd-CeZrOx-
CASG. As a result, it is hypothesized that the high valence Pd2+ species is the active center
influencing the simultaneous catalytic elimination of benzene and toluene [38].

The Ce 3d spectra is shown in Figure 7d, which could be deconvoluted into eight peaks,
corresponding to Ce3+ and Ce4+ species, respectively. The peaks at 884.2 eV and 904.3 eV
are denoted as v′ and u′, which are ascribed to Ce3+ species. Other bands represented by v
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(882.1 eV), v′′ (888.1 eV), v′′′ (898.0 eV), u (900.3 eV), u′′ (907.1 eV), and u′′′ (916.4 eV) are
related to Ce4+ species [27,28]. The ratio of Ce3+/Cetotal was calculated and is displayed
in Table 4. The 1.0Pd-CeZrOx-CTAB sample had the highest Ce3+/Cetotal ratio (30.15%),
which indicated more generation of oxygen vacancies in this sample. The results obtained
from Ce 3d XPS are consistent with those obtained from Raman and EPR results. The
development of each oxygen vacancy signifies the conversion of two Ce4+ to Ce3+, and
the free electrons created may increase the adsorption and activation of molecular oxygen,
eventually increasing the catalyst’s oxidation activity [39].

Based on the activity data, the performance of the 1.0Pd-CeZrOx materials in the
simultaneous oxidation of benzene and toluene is ranked from high to low as 1.0Pd-
CeZrOx-CTAB > 1.0Pd-CeZrOx-PM > 1.0Pd-CeZrOx-CASG, which corresponds to the pro-
portion of oxygen vacancies. Therefore, it is speculated that oxygen vacancies influence the
catalytic activity of the 1.0Pd-CeZrOx samples. The oxygen vacancy concentration of 1.0Pd-
CeZrOx-CTAB materials is relatively high, and there are also highly active Pd2+ species
that promote the adsorption activation and subsequent reaction of reactant molecules on
the sample surface.

4. Conclusions

In conclusion, CeZrOx samples were synthesized by different methods, with Pd as an
active component loaded onto CeZrOx by the impregnation method. The 1.0Pd-CeZrOx
samples were successfully produced and used to simultaneously eliminate benzene and
toluene. It is demonstrated that the preparation procedure of CeZrOx has a considerable
impact on the catalytic activity. The benzene and toluene conversion of the 1.0Pd-CeZrOx
samples increase in the following order: 1.0Pd-CeZrOx-CASG < 1.0Pd-CeZrOx-PM < 1.0Pd-
CeZrOx-CTAB. The 1.0Pd-CeZrOx-CTAB catalyst could achieve synergistic oxidation of
benzene and toluene at 250 ◦C, while CO2 selectivity reaches 100%. The superior catalytic
activity of the 1.0Pd-CeZrOx-CTAB sample related to the higher redox properties of this
sample, as confirmed in H2-TPR. O-XPS, Raman, and EPR results indicate that the high
amount of oxygen vacancies in 1.0Pd-CeZrOx-CTAB are responsible for catalytic activity.
And the large amount of surface Pd2+ species may operate as active centers, impacting
the simultaneous catalytic oxidation of benzene and toluene. Additionally, NH3-TPD
results reveal that the 1.0Pd-CeZrOx-CTAB sample has weak acid sites existent, which
might be beneficial for the adsorption and reaction of pollutants. This study provides high-
performance materials for the simultaneous elimination of benzene and toluene, expanding
catalyst preparation sights for the removal of benzene and toluene.
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