
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=gcst20

Combustion Science and Technology

ISSN: 0010-2202 (Print) 1563-521X (Online) Journal homepage: http://www.tandfonline.com/loi/gcst20

Sol-gel enhanced mesoporous Cu-Ce-Zr catalyst for
toluene oxidation

Running Kang, Xiaolin Wei, Huixin Li, Feng Bin, Ruozhu Zhao, Qinglan Hao &
Baojuan Dou

To cite this article: Running Kang, Xiaolin Wei, Huixin Li, Feng Bin, Ruozhu Zhao, Qinglan Hao
& Baojuan Dou (2017): Sol-gel enhanced mesoporous Cu-Ce-Zr catalyst for toluene oxidation,
Combustion Science and Technology, DOI: 10.1080/00102202.2017.1416360

To link to this article:  https://doi.org/10.1080/00102202.2017.1416360

Accepted author version posted online: 13
Dec 2017.
Published online: 26 Feb 2018.

Submit your article to this journal 

Article views: 13

View related articles 

View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=gcst20
http://www.tandfonline.com/loi/gcst20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00102202.2017.1416360
https://doi.org/10.1080/00102202.2017.1416360
http://www.tandfonline.com/action/authorSubmission?journalCode=gcst20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=gcst20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/00102202.2017.1416360
http://www.tandfonline.com/doi/mlt/10.1080/00102202.2017.1416360
http://crossmark.crossref.org/dialog/?doi=10.1080/00102202.2017.1416360&domain=pdf&date_stamp=2017-12-13
http://crossmark.crossref.org/dialog/?doi=10.1080/00102202.2017.1416360&domain=pdf&date_stamp=2017-12-13


Sol-gel enhanced mesoporous Cu-Ce-Zr catalyst for toluene
oxidation
Running Kanga,b, Xiaolin Weia,c, Huixin Lia,c, Feng Bina, Ruozhu Zhaod, Qinglan Haod,
and Baojuan Doud

aState Key Laboratory of High-Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences,
Beijing, PR China; bCollege of Metallurgy and Energy, North China University of Science and Technology, Tangshan,
PR China; cSchool of Engineering Science, University of Chinese Academy of Sciences, Beijing, PR China; dCollege of
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ABSTRACT
The bulk-phase Cu-Ce-Zr catalyst BP-gel was prepared by the sol-
gel method and investigated for the oxidation of toluene in a
fixed-bed reactor. For comparison, other bulk-phase catalysts (ther-
mal decomposition (BP-td), solid-state reaction (BP-sr)) and sup-
ported catalysts (incipient wetness impregnation (S-iwi), saturated
impregnation (S-si)) were tested. The results showed that the
catalytic activities were in the following order: BP-gel>S-si>S-
iwi>BP-td>BP-sr. The BP-gel catalyst, which has a mesoporous
structure, is beneficial for the mass transfer of reactant molecules.
The thermal stability of the BP-gel catalyst was improved by the
introduction of ZrO2. Bulk CuO in the catalysts reduced their
activity because the synergetic effect between CuO and CeO2

decreased. The low-temperature reducibility, large pore sizes, rich
oxygen vacancies, and active oxygen species contributed to the
highest activity of the BP-gel, with a T90 as low as 219°C, and no
deactivation was observed during the 72 h stability test at the set
temperature.
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Introduction

Currently, volatile organic compounds (VOCs) from natural and industrial sources are
considered a main cause of current serious environmental problems. Their toxic nature
leads to serious air pollution, such as photochemical smog, haze, and the production of
ground-level ozone (He et al., 2015a; He et al., 2014; Kuo et al., 2014). Hence, environ-
mental air quality standards have been greatly increased and strictly enforced, which has
led to much attention to the development of efficient methods for VOC abatement
(Gutiérrez-Ortiz et al., 2006).

Catalytic oxidation is emerging as an environmentally friendly technique for the
degradation of VOCs (Tang et al., 2015a, Wang et al., 2015a). Typical catalysts
employed for VOC oxidation are multi-component metal oxides, since they have a
lower cost than noble metal catalysts, although the former exhibit activity at moderate
temperature (Li et al., 2016, Lu et al., 2015). It is well known that the structure–activity
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relationship of metal oxides is determined by traditional preparation methods, such as
co-precipitation, impregnation, and hydrothermal synthesis, but unfortunately, such
bulk-phase catalysts, which are obtained with small pore size, always limit the
enhancement of their activity (Hu et al., 2009). By contrast, the sol-gel method can
be successfully employed to synthesize metal oxides with relatively broad pore size
distributions and large pore volumes. In this case, the unique mesoporous structure is
highly beneficial for the migration and diffusion of reactant molecules during reaction.
Previously, a Mn-Ce composite oxide with a mesoporous structure, prepared by the
sol-gel method, was successfully applied to benzene oxidation. Although the low-
temperature reducibility, broad pore size distribution and rich adsorbed surface oxy-
gen species greatly contribute to the activity toward benzene oxidation, the stability is
still unsatisfactory, as the activity decreases from 100% to 92% after 12 h at 275°C
(Tang et al., 2015b).

Mixed metal oxide catalysts containing copper, cerium and zirconium have attracted
great interest in low-temperature VOC oxidation (Bin et al., 2014). In these catalysts, CuO
is considered to be the active component due to their excellent reducibility (Zhang et al.,
2015a). CeO2 not only promotes the dispersion of active copper species but provides a
large oxygen storage-release capacity owing to the Ce4+-Ce3+ redox couple in the cubic
fluorite structure (Zhou et al., 2014). Although ZrO2 cannot contribute to the catalytic
activity directly, zirconium entering the CeO2 lattice has a strong effect on its thermal
stability and thus provides the possibility to improve the catalytic performance through
the formation of a Ce-Zr solid solution (Moretti et al., 2017; Riva et al., 2009).

In this study, a bulk-phase CuCe0.75Zr0.25Oy catalyst with a mesoporous structure
and highly dispersed CuO was synthesized using the sol-gel method. Here, the ratio
of Cu:Ce:Zr was set at 1:0.75:0.25 based on our previous study, where
CuCe0.75Zr0.25Oy mixed oxides formed on ZSM-5 substrates showed higher activities
for the catalytic removal of ethyl acetate than other ratios because the copper–ceria
synergism improves the excellent redox capability and the ceria–zirconium solid
solution has a good oxygen storage capacity under these conditions (Dou et al.,
2011). However, the adsorption, desorption and diffusion of VOCs were restricted by
the microporous ZSM-5, increasing the possibility of secondary reactions and coke
formation. For comparison, bulk-phase CuCe0.75Zr0.25Oy catalysts were synthesized
by typical methods, e.g., thermal decomposition and solid-state reaction methods,
and supported CuCe0.75Zr0.25Oy/H-ZSM-5 catalysts with the same composition of
CuCe0.75Zr0.25Oy were also prepared by incipient wetness impregnation and saturated
impregnation.

The aim of this study is to determine the influence of the pore size of the bulk-phase CuO-
CeO2-ZrO2 catalysts on the oxygen vacancies in the catalysts, the migration and diffusion of
VOCs, the catalytic activity, and the stability. The catalytic activity was evaluated toward the
oxidation of toluene, which is a typical aromatic hydrocarbon extensively applied in industrial
processes. Combined with characterization techniques such as Brunauer-Emmett-Teller
(BET) analysis, X-ray diffraction (XRD), temperature-programmed desorption of oxygen
(O2-TPD), temperature-programmed desorption of ammonia (NH3-TPD), and tempera-
ture-programmed hydrogen reduction (H2-TPR), the relationship between the physico-che-
mical properties, the reaction mechanism and the activity for toluene oxidation over the
catalysts was investigated in detail.
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Experimental

Catalyst preparation

Cu(NO3)2 · 3H2O, Ce(NO3)3 · 6H2O and Zr(NO3)4 · 5H2O (A.R.) were purchased from
Jiangtian Co., Ltd., Tianjin, P. R. China. Deionized water was used in all experimental
processes. H-ZSM-5 with an atomic Si/Al ratio of 25 was supplied by Nankai University,
Tianjin, P. R. China.

Bulk-phase cuce0.75zr0.25oy catalyst preparation
Bulk-phase CuCe0.75Zr0.25Oy catalysts were prepared by three methods, namely, sol-gel,
thermal decomposition and solid-state reaction. The molar ratio of Cu/(Ce+Zr) in the
CuCe0.75Zr0.25Oy catalysts was controlled at 1:1. The molar content of the CuO, CeO2 and
ZrO2 in prepared catalysts was also detected by XRF.

(1) Sol-gel method (BP-gel)

Cu(NO3)2 · 3H2O, Ce(NO3)3 · 6H2O and Zr(NO3)4 · 5H2O in a 4:3:1 molar ratio were
dissolved in 70 mL of ethanol at 80°C. Then, 0.24 mol/L of oxalic acid solution was added
quickly to the above nitrate solution with stirring until a gel was formed. The gel was
continuously stirred and kept at 80°C for 12 h. After aging at room temperature for
approximately 48 h, the gel was dried at 80°C for 12 h and calcined at 550°C for
another 2 h.

(2) Thermal decomposition method (BP-td)

Appropriate amounts of Cu(NO3)2 · 3H2O, Ce(NO3)3 · 6H2O and Zr(NO3)4 · 5H2O
were dissolved in 350 mL of deionized water at room temperature. The mixed solution
was first evaporated to dryness at 80°C, and then, the mixture was further kept at 105°C
for 24 h and calcined at 550°C for 2 h.

(3) Solid-state reaction (BP-sr)

Cu(NO3)2 · 3H2O, Ce(NO3)3 · 6H2O and Zr(NO3)4 · 5H2O in the desired molar ratio
were first milled using mechanical mixing for 10 min, and then, the mixed sample was
calcined in air at 550°C for 2 h before use.

Supported Cuce0.75Zr0.25Oy/H-ZSM-5 catalyst preparation
Supported CuCe0.75Zr0.25Oy/H-ZSM-5 catalysts were prepared by saturated impregnation
and incipient impregnation. The copper contents of the CuCe0.75Zr0.25Oy/H-ZSM-5 cat-
alysts were fixed at 4 wt%, and the molar ratio of Cu/(Ce+Zr) was 1:1.

(1) Saturated impregnation (S-si)

The synthesis of the supported catalyst prepared by saturated impregnation has been
provided previously (Dou et al., 2011). In brief, appropriate amounts of copper acetate,
zirconium, and cerium nitrate were dissolved in deionized water and mixed with 20 g
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H-ZSM-5 powder at the temperature of 70 °C until the water evaporated. Then, the
resulting precursor was dried at 105°C for 24 h in air and calcined at 550°C for 4 h.

(2) Incipient impregnation (S-iwi)

Desired amounts of copper acetate, zirconium, and cerium nitrate were dissolved in
25 mL of deionized water. Then, 20 g of H-ZSM-5 was added to the solution and stirred.
The resulting mixture was kept at 30°C for 12 h. Finally, the precursor was dried at 105°C
for 12 h and calcined at 550°C for 4 h under ambient atmosphere.

Catalyst characterization

N2 adsorption-desorption isotherms were collected at −196°C using an Autosorb-Iq-MP
instrument (Quantachrome). The sample was degassed at 300°C for more than 4 h before
measurement. The specific surface area of the samples was calculated following the
Brunauer–Emmett–Teller (BET) method. The average pore size was obtained by the
Barrett–Joyner–Halenda (BJH) method and non-local density functional theory
(NLDFT) modeling. The X-ray diffraction (XRD) analysis was performed on an XD-3-
automatic (PERSEE) with Cu Kα radiation. The patterns were collected over a 2θ range of
5° to 80° with a step size of 0.02° at a scanning rate of 4°/min. Temperature-programmed
reduction (TPR) experiments were carried out using a PCA-140 instrument (Bolider)
equipped with a thermal conductivity detector (TCD). First, 200 mg of sample was
pretreated in an Ar stream at 500°C for 1 h at a rate of 20°C/min and then cooled to
room temperature. After that, a reduction gas of 5% H2/Ar was introduced at a flow rate
of 50 mL/min. The sample was heated from room temperature to 800°C at a heating rate
of 10 °C/min. The temperature-programmed desorption of oxygen (O2-TPD) was
recorded on the same PCA-140 instrument. For this, 200 mg of fresh catalyst was used,
and then, O2 was adsorbed at 550°C for 30 min, cooled to 30°C, and then exposed to Ar
(50 mL/min); the reactor was heated at a rate of 10°C/min until reaching 950°C.
Temperature-programmed desorption of ammonia (NH3-TPD) experiments were used
to measure the surface acidity of the catalysts. First, 200 mg of sample was pretreated in an
Ar stream (50 mL/min) at 500°C for 1 h at a rate of 20°C/min and then cooled to room
temperature. Second, the catalyst was exposed to a flow of 5% NH3/Ar (50 mL/min) at
100°C for 30 min to reach saturation. Finally, the NH3 desorption profile was recorded
from 100°C to 800°C under Ar stream flow (50 mL/min, at a heating rate of 10°C/min).

Catalytic activity measurement

Toluene was selected as a probe pollutant to examine the removal effectiveness of the
catalysts, and the toluene oxidation reaction was performed in a fixed-bed reactor, in
which approximately 0.8 g of catalyst (20–40 mesh) was loaded. The reaction temperature
was monitored by a thermocouple located inside the catalyst bed. The reaction feed is
1500 ppm of toluene in dry air with a total gas flow of 400 mL/min and space velocity
(SV) of 24,000 h−1. The reactor was heated from room temperature to 110°C at a heating
rate of 1°C/min in flowing air and held at this temperature for 30 min before catalytic
activity testing. The compositions at the inlet and outlet of the reactor were analyzed using
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a gas chromatograph (GC-7900, Shanghai Tianmei Co., China) with a flame ionization
detector (FID, HP-5) for the quantitative analysis of toluene, and a TCD (TDX-01) was
used for the quantitative analysis of CO2. The conversion of toluene was calculated based
on the concentration differences between the inlet and outlet gases. The selectivity toward
CO2 was calculated as a percentage of the outlet concentration of CO2 to the total content
of toluene converted to CO2.

Results and discussion

Catalyst textural properties

The N2 adsorption-desorption isotherms and corresponding pore size distribution curves of
the bulk-phase CuCe0.75Zr0.25Oy catalysts and supported CuCe0.75Zr0.25Oy/H-ZSM-5 cata-
lysts are shown in Figure 1. It is clearly seen from Figure 1 (a) that the supported S-iwi and
S-si catalysts exhibit a representative type I isotherm according to the IUPAC classification.
There are two curves with the same color and markers for each catalyst, which correspond
to the N2 adsorption-desorption isotherm. The pore size distributions can be calculated
according to the hysteresis loop formed by the two curves for each catalyst. When the
relative pressure is less than 0.02, the increase in the adsorbed amount indicates that the
volume is filled with micropores belonging to the H-ZSM-5 structure (Ge et al., 2015). By
contrast, BP-td and BP-sr show type IV isotherms with a H3-type hysteresis loop, suggesting
the presence of mesopores. The amount of adsorbed N2 increases significantly when the
relative pressure is close to 1, which is due to volume filling of the interparticle spaces (He
et al., 2015a). With respect to BP-gel, typical type IV adsorption isotherms and a steep
capillary condensation step with H2-type hysteresis loop are clearly observed in Figure 1 (a),
indicating the formation of worm-like mesopores in the catalyst. It is further demonstrated
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Figure 1. N2 adsorption and desorption isotherms (a) and pore size distributions (b) of CuCe0.75Zr0.25Oy

and CuCe0.75Zr0.25Oy/H-ZSM-5catalysts.

COMBUSTION SCIENCE AND TECHNOLOGY 5



that mesopores are dominant in the BP-gel by comparing the pore size distributions in
Figure 1 (b), while the pore size distribution curves of S-iwi and S-si present one single
narrow peak in the microporous range at ca. 0.4–0.65 nm.

Table 1 displays the BET surface area, pore volume, and mean pore diameter of the
catalysts. The pore sizes of S-iwi (0.37 nm) and S-si (0.53 nm) are much lower than those
of BP-gel (6.52 nm), BP-td (3.54 nm), and BP-sr (3.78 nm). Furthermore, the SBET of the
supported catalysts (295–339 m2/g) are observed to be much higher than those of the
bulk-phase catalysts (44–62 m2/g) owing to the high surface area of the H-ZSM-5 support.
The pore volumes are determined to follow the sequence S-si>S-iwi>BP-td>BP-gel>BP-sr.
The BET surface area and total pore volume of the supported S-si and S-iwi catalysts are
observed to be lower than those of H-ZSM-5 due to the presence of Cu-Ce-Zr ternary
oxides in the pores of H-ZSM-5 (Chen et al., 2014).

Crystal structure of the catalysts

Figure 2 presents the XRD patterns of the catalysts, and the lattice parameters of the BP-
td, BP-gel and BP-sr catalysts are summarized in Table 1. It is clearly seen that the
characteristic diffraction peaks are quite different between the bulk-phase catalysts and
the supported catalysts. For the supported catalysts S-si and S-iwi, only the characteristic
diffraction peaks of H-ZSM-5 are observed, which is indicative of copper, cerium, and
zirconium oxides existing in the nanometer range and their uniform distribution on the
H-ZSM-5 surface (Bin et al., 2014), while the supported catalysts maintain their micro-
structures. For the bulk-phase catalysts of BP-td, BP-gel and BP-sr, the characteristic
diffraction peaks of CeO2 are observed to be weaker and broader than those of pure CeO2.
The peak of CeO2 at 2θ = 28.2° is clearly seen to shift to a higher 2θ value, while the peaks
of CeO2 at 2θ>60° in all the bulk-phase catalysts disappear. In Table 1, the lattice
parameters of the BP-td, BP-gel and BP-sr catalysts decrease slightly compared with
those of pure CeO2, suggesting the formation of lattice defects and oxygen vacancies
due to Cu2+ ion (0.072 nm) and Zr4+ ion (0.084 nm) incorporation into the CeO2 lattice.
The results are also consistent with previously reported work (Jia et al., 2012; Luo et al.,
2007). The presence of lattice defects and oxygen vacancies in the catalyst can greatly
contribute to the formation of absorbed oxygen. The active oxygen species resulting from
the adsorbed oxygen can subsequently promote the activity of the catalytic oxidation of
VOCs (Hu et al., 2009). Furthermore, two weak diffraction peaks corresponding to bulk
CuO in the BP-gel and BP-td catalysts are clearly observed, suggesting the presence of
CuO species in the aggregation state.

Table 1. Textural properties of CuCe0.75Zr0.25Oy and CuCe0.75Zr0.25Oy/H-ZSM-5 catalysts.
Samples Surface area (m2·g−1) Mean pore size (nm) Pore volume (cm3·g−1) Lattice parameters (Å)

BP-gel 59 6.52 0.17 5.368
BP-td 44 3.54 0.19 5.389
BP-sr 62 3.78 0.13 5.407
S-si 339 0.53 0.29 –
S-iwi 295 0.37 0.23 –
H-ZSM-5
CeO2

501
–

0.54
–

0.35
–

–
5.417
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Temperature-programmed hydrogen reduction

The reducibility of different Cu-Ce-Zr catalysts was investigated by H2-TPR, and the curves
and corresponding H2 consumption are given in Figure 3 and Table 2, respectively. The
content of active components in the bulk-phase catalysts is higher than that in the supported
catalysts, which is responsible for the high H2 consumption. In Figure 3, the broad peak of
H2 consumption can be split into approximately four peaks (α, β, γ, and δ). The α peak at
approximately 150–200°C is assigned to the well-dispersed copper oxide species strongly
interacting with CeO2 (He et al., 2015b), while the reduction of Cu2+ ions in the CeO2 lattice
is responsible for the β peak at approximately 200–250°C (Dou et al., 2011). The γ peak at
approximately 250–300°C is due to the reduction of bulk-like CuO (Tang et al., 2015b). The
δ peak at above 300°C is probably attributed to the reduction of CeO2 (He et al., 2014). The
broad peak of H2 consumption for the BP-td catalyst can be split into four peaks (α, β, γ,
and δ). In addition, the H2-TPR profile of the BP-gel catalyst is consistent with that of the
BP-td catalyst, but all the peaks are shifted to lower temperatures. Such a phenomenon can
be explained by the fact that a strong synergetic interaction between CuO and CeO2 can
improve the mobility of the active oxygen species on the BP-gel catalyst surface, which is
favorable for the redox cycle between Cu2+/Cu+ and Ce3+/Ce4+ (Luo et al., 2007). Unlike the
BP-gel and BP-td catalysts, three H2 consumption peaks (α, β, and γ) are examined for the
BP-sr catalyst, and the lack of a δ peak results in reduced H2 consumption (1128 μmol/g).
The H2 consumption of the supported catalysts is lower than that of the bulk-phase catalysts
(Table 2) due to a low amount of active component in the supported catalysts. The
reduction peaks of the bulk-phase CuCe0.75Zr0.25Oy catalysts and supported
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Figure 2. XRD patterns of CuCe0.75Zr0.25Oy and CuCe0.75Zr0.25Oy/H-ZSM-5 catalysts.
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CuCe0.75Zr0.25Oy/H-ZSM-5 catalysts shift to lower temperatures compared with the reduc-
tion of CuO and CeO2 (Zhang et al., 2014). The shift toward lower temperatures may be
partially caused by Zr4+ and Cu2+ ions inserting into the CeO2 lattice, which improves the
mobility of the lattice oxygen and successively increases the lattice defects and oxygen
vacancies (Zhou et al., 2014). The shift was probably also attributed to strong interactions
between CuO and CeO2 in the Cu-Ce-Zr-O solid solution that weaken the Cu-O and Ce-O
chemical bonds (Bin et al., 2014).

Temperature-programmed desorption of ammonia

The NH3-TPD profiles of H-ZSM-5 and the synthesized catalysts are shown in Figure 4.
Obvious differences in the acidity between the bulk-phase catalyst and the supported catalyst
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Figure 3. H2-TPR profiles of CuCe0.75Zr0.25Oy catalysts and CuCe0.75Zr0.25Oy/H-ZSM-5 catalysts.

Table 2. H2 consumption of CuCe0.75Zr0.25Oy and CuCe0.75Zr0.25Oy/H-ZSM-5 catalysts.
H2 consumption (μmol·g−1)

Samples α peak β peak γ peak δ peak Total

BP-gel 197 1128 1331 439 3096
BP-td 98 584 1469 741 2892
BP-sr 13 282 833 – 1128
S-si 125 39 – – 164
S-iwi 33 – 39 72 144
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are clearly observed, suggesting that the catalyst acidity primarily derives from H-ZSM-5. The
NH3-TPD desorption peak of H-ZSM-5 exhibits a low-temperature peak caused by the
physical adsorption of ammonia bound to Si-OH, and a high-temperature peak is also clearly
seen due to NH3 adsorption on the strong acid sites of Si-OH-Al (Dou et al., 2011). As such,
the NH3-TPD profiles of the supported catalysts exhibit two peaks corresponding to deso-
rption at the weak acid sites and at the strong acid sites, but their intensities lower are than
those of H-ZSM-5. Compared to the NH3-TPD desorption peak of H-ZSM-5, however, the
high-temperature peak of the strong acid sites is observed to shift from 450°C to 700°C due to
the generation of metal oxide nanoclusters after the introduction of copper, cerium and
zirconium in the supported catalysts (Bin et al., 2014). Only one desorption peak located at
approximately 200°C is clearly seen in the bulk-phase catalysts, as shown in Figure 4, which
can be assigned to the physical adsorption of NH3 (Wang et al., 2015).

Temperature-programmed desorption of oxygen

It was previously reported that the change in oxygen species over a catalyst follows
O2 → O2

− → O− → O2− [4]. O2, O2
−/O− and O2− represent physically adsorbed

oxygen, chemically adsorbed oxygen and lattice oxygen, respectively. The O2-TPD
profiles of the synthesized catalyst are displayed in Figure 5, and the corresponding
O2 adsorption content is provided in Table 3. Both adsorbed oxygen (α peak) and
lattice oxygen (β peak) are detected in all catalyst samples. However, it is clearly
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Figure 4. NH3-TPD profiles of CuCe0.75Zr0.25Oy and CuCe0.75Zr0.25Oy/H-ZSM-5 catalysts.
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observed that the preparation method can greatly influence the amount of adsorbed
oxygen and lattice oxygen.

Deconvolution of the broad α peak in Figure 5 produces three peaks (α1, α2 and
α3), where the α1 peak is the O2 desorption peak and the α2 and α3 peaks are the O2

−

and O− desorption peaks, respectively (Luo et al., 2015, 2012). The β peak located at
600°C is attributed to the desorption of O2− (Zhang et al., 2015b). The β1 peak can
be ascribed to the release of surface lattice oxygen, while the β2 peak is attributed to
the desorption of bulk lattice oxygen due to the decomposition of copper oxide into
metallic copper (Moretti et al., 2013). However, obvious differences between the
locations of the α and β peaks are clearly observed between the bulk-phase and the
supported catalysts, especially the location of the β peak. The intense synergistic
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Figure 5. O2-TPD profiles of CuCe0.75Zr0.25Oy catalysts and CuCe0.75Zr0.25Oy/H-ZSM-5 catalysts.

Table 3. O2-TPD data from CuCe0.75Zr0.25Oy and CuCe0.75Zr0.25Oy/H-ZSM-5 catalysts.
O2 adsorption (μmol·g−1)

Samples α1-O2 α2-O2
− α3-O

− β1-O
2− β2-O

2− Total

BP-gel 6 12 9 17 10 54
BP-td 5 17 8 10 10 50
BP-sr 6 9 4 6 9 34
S-si 11 10 6 5* 32
S-iwi 11 12 4 3* 30

*Represents lattice oxygen.
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effect between the active metal and support in the supported catalyst probably
accounts for the shift in the β peaks.

It is accepted from Table 3 that the BP-gel catalyst possesses the largest amount of
lattice oxygen species among all the catalysts tested, which suggests the production of
more oxygen vacancies (Zhang et al., 2015b). The presence of the oxygen vacancies in the
catalyst could greatly enhance the catalytic activity as verified by the following catalyst test
(see 3.6 section).

Catalytic performance

The toluene conversion and CO2 selectivity of the synthesized catalysts are shown in
Figure 6, and the corresponding T10, T50, and T90 (temperature at which the VOC
conversion is 10%, 50%, and 90%, respectively) values are listed in Table 4. It is clearly
seen in Figure 6 that the catalytic activity is closely related to the preparation method, and
the activities are in following order: BP-gel>S-si>S-iwi>BP-td>BP-sr. The degraded
toluene can be completely converted into CO2 and H2O, while the CO2 selectivity
synchronously increases with an increase in the toluene conversion.

With respect to the bulk-phase catalyst, BP-gel exhibits the highest activity com-
pared with the other two catalysts, and T10, T50 and T90 are 137°C, 183°C and 219°C,
respectively. At 260°C, toluene was almost completely degraded, which is 80°C lower
than the temperature for the BP-td catalyst. For the BP-sr catalyst, the toluene
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Figure 6. Toluene conversion (a) and CO2 selectivity (b) over CuCe0.75Zr0.25Oy and CuCe0.75Zr0.25Oy/H-
ZSM-5 catalysts.

Table 4. T10, T50 and T90 of CuCe0.75Zr0.25Oy and CuCe0.75Zr0.25Oy/H-ZSM-5
catalysts for toluene catalytic oxidation.
Samples T10 (°C) T50 (°C) T90 (°C)

BP-gel 137 183 219
BP-td 219 246 285
BP-sr 209 264 –
S-si 213 232 255
S-iwi 202 245 262
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conversion was only 87.2%, although the temperature rose to 370°C. A close relation-
ship between the activity and the properties of the bulk-phase catalysts was obtained.
Both the reducibility and oxygen vacancies of the catalysts are crucial favorable factors
for the catalytic degradation of VOCs, and in this case, the effect of the surface area on
the bulk-phase catalytic activity could be ignored. The highest activity of the BP-gel
catalyst can be explained as follows. First, the BP-gel catalyst possesses excellent
reducibility and more active oxygen species. Second, according to the XRD and O2-
TPD results, the larger amount of oxygen vacancies presented in the BP-gel catalyst
can promote the adsorption capacity of the Cu-Ce-Zr composite oxide catalysts for
oxygen molecules (Delimaris & Ioannides, 2009), which improves the formation of
reactive oxygen species. Therefore, the catalytic activities are highly consistent with the
oxygen content (intensity of the β peaks) of the bulk-phase catalysts.

For the supported catalysts, the activity of S-si is slightly higher than that of the S-iwi
catalyst. This should be ascribed to the fact that the S-si catalyst possesses larger amounts
of finely dispersed CuO and lattice oxygen than the S-iwi sample. In addition, the larger
surface area is also responsible for the higher activity of the S-si sample. The T50 and T90

of S-si are ca. 232°C and 255°C, respectively, which are 13°C and 7°C lower than those of
S-iwi sample.

BP-gel exhibits a better catalytic performance than that of the S-si catalyst during the
catalytic oxidation of toluene, not only owning to the excellent reducibility and oxygen
vacancies but also to the larger pore structure properties. The pore size of the BP-gel
sample, which has a mesoporous structure, is 6.52 nm, which is convenient for the
migration and diffusion of toluene molecules (6.0 Å) (Bin et al., 2014). The prepared
bulk-phase BP-gel only possesses fine mesopores, and the bulk-phase catalyst, with its
porous structure, is more beneficial to the migration and diffusion of reactant molecules
and further improves VOC degradation. In contrast, the microporous structure of S-si
(0.53 nm) and S-iwi (0.37 nm) restricts the migration and diffusion of toluene and thus
reduces the activity. The activity of the supported catalysts is higher than that of the BP-td
catalyst. This may be attributed to the larger amount of bulk CuO in the BP-td sample,
which decreases the synergetic effect between CuO and CeO2 (Zou et al., 2009). For all the
catalysts, no obvious relationships between the catalyst performances and the surface
acidity were detected.

It is worth noting that the activity of the BP-gel catalyst toward toluene oxidation is
superior to the reported catalysts. Moreover, the concentration of toluene in the present
study is much higher than that reported in the literature (Deng et al., 2014), as displayed in
Table 5. The T90 of the BP-gel catalyst is the lowest among the listed catalysts, which is only as
low as 219°C. Researchers have explored other supports to improve the activity of catalysts.
Tang et al. (Tang et al., 2004) used different morphologies of nano-CeO2 as supports to
prepare La0.8Ce0.2MnO3/CeO2 catalysts, and Lin et al. (Lin & Bai, 2016) synthesized hollow

Table 5. Comparison of catalytic performance for toluene destruction over various catalysts.
Samples SV Concentration (ppm) T90 (°C) Reference

CuCe0.75Zr0.25Oy 24,000 (h−1) 1500 219 This work
Cu0.15Ce0.85Ox 36,000 (h−1) 1000 231 He et al. (2014)
Mn0.5Ce0.5-HL 60,000 (ml·g/h) 1000 245 Tang et al., 2015
NiO-CTAB 20,000 (h−1) 1000 278 Bai et al. (2013)
0.3%Pd/ZSM-5 26,000 (h−1) 650 270 He et al. (2010)
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and mesoporous CoOx/SiO2 spheres as a supported catalyst. Although the activities of the
La0.8Ce0.2MnO3/CeO2 and CoOx/SiO2 catalysts are higher than that of the S-si catalyst, the
activities are lower than that of the BP-gel catalyst in this study, and T90 for La0.8Ce0.2MnO3/
CeO2 was 240°C, which is higher than that of the BP-gel catalyst (219°C).

To evaluate the stability of the BP-gel catalyst, the reaction temperature for toluene oxidation
was set at 300°C, since toluene was almost completely degraded over the bulk-phase BP-gel
catalyst at 260°C (Figure 6). In Figure 7, the toluene conversion was almost maintained above
99% during testing for 72 h, and no deactivation was observed. The obtained result demon-
strates that the stability of the BP-gel catalyst is excellent. The introduction of ZrO2 in the bulk-
phase catalyst should be responsible for such stability (Riva et al., 2009).

Conclusions

Different bulk-phase catalysts, CuCe0.75Zr0.25Oy, and supported catalysts,
CuCe0.75Zr0.25Oy/H-ZSM-5, were successfully prepared, and the catalytic activities
toward toluene oxidation were investigated in a fixed-bed reactor. The catalysts were
comprehensively studied by BET, XRD, O2-TPD, NH3-TPD and H2-TPR to elucidate
their structural properties, reducibility and oxygen vacancies. The characterizations
were also correlated to the catalytic performances to investigate the structure-property
relationships. The results showed that the performance and structure of the Cu-Ce-Zr
catalysts were closely associated with the preparation method. The bulk-phase BP-gel
catalyst prepared by the sol-gel method exhibited the highest activity because its
mesoporous structure with large mean pore sizes was beneficial for the mass transfer
of reactant molecules and the convenient migration and diffusion of VOCs. In addi-
tion, the good low-temperature reducibility and rich oxygen vacancies of the BP-gel
catalyst also enhanced the catalytic performances for toluene oxidation. Furthermore,
the temperature of complete conversion was 260°C, and no deactivation phenomenon
was observed during stability testing at 300°C for 72 h.
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Figure 7. Stability of the bulk phase BP-gel catalyst as a function of time on stream.
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