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f reaction conditions on the
catalytic activity of Cu–Mn composite oxide
catalysts for toluene

Yungang Wang, a Xu Liang,a Yanjun Dai,*a Li Zou,a Dou Suna and Feixiang Li*b

Volatile organic compounds (VOCs) are one of themajor components of air pollution. Catalytic combustion

is a promising technology for the treatment of VOCs and at its center is the preparation of efficient and

cheap catalysts. In this study, by loading copper (Cu) and manganese (Mn) on Santa Barbara Amorphous-

15 (SBA-15) molecular sieve, the Cux–Mny/SBA-15 (x = 1, 2; y = 1, 2) composite metal oxide catalyst was

prepared using the equal volume impregnation method. Their performance in the toluene catalytic

combustion reaction was investigated by adjusting the molar ratio (x : y), and the loading of Cu and Mn.

The results of the Brunner–Emmett–Teller (BET), X-ray diffraction (XRD), scanning electron microscopy

(SEM), and X-ray photoelectron spectroscopy (XPS) analyses show that the CuMnO spinel phase can be

detected in the Cu–Mn composite metal oxide catalyst doped with a low concentration of Cu. The

overall rod-like structure of the fibrous network structure provides a large specific surface area, and the

particle crystallinity is low and the dispersion is good. Due to the synergistic effect of Cu and Mn, the

greater the amount of Mn3+ and adsorbed oxygen species (Oads) that are available, and the higher the

turnover frequency (TOF) value, the better and more superior catalytic performance and excellent

stability is obtained, when compared with the single-component oxides used in toluene catalytic

combustion. After a continuous catalytic reaction for 12 h, the toluene conversion rate remained above

95%. The coupling effect of the catalytic reaction temperature and concentration of oxygen on the

catalytic combustion of toluene was also studied. At a low reaction temperature (<250 °C), the increase

of the concentration of oxygen played a superior role in promoting the conversion of toluene. The

kinetic analysis of the toluene catalytic combustion process showed that the catalytic combustion of

toluene by Cu–Mn/SBA-15 followed both the Mars–Van Krevelen (MVK) and Langmuir–Hinshelwood (L–

H) reaction mechanisms. With the increase of the Oads amount caused by the decrease of the Cu ratio,

the proportion of the L–H reaction mechanism increases.
1. Introduction

Organic compounds involved in atmospheric photochemical
reactions are known as volatile organic compounds (VOCs).1

As important precursors of photochemical smog and ne
particulate matter (PM2.5),2 VOCs not only induce haze and
pollute the atmosphere, but also damage human health and
biological growth.3 The VOCs treatment technologies include
adsorption, condensation, catalytic combustion, photo-
catalysis, non-thermal plasma methods, and so on.4–8 For
catalytic combustion technology, the nal major products are
harmless carbon dioxide (CO2) and water. It has become one
nd Engineering (Ministry of Education),
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5988
of the most promising treatment technologies due to its low
energy consumption and high efficiency.9,10

Catalysts consist of an active component and a carrier, and
depending on the active component, they can be classied as
noble metal catalysts (Au, Pd, Pt, and so on)11–13 and transition
metal catalysts (Co, Cu, Mn, and so on).7,14 Although the noble
metal catalysts have a high catalytic activity at low temperatures,
the properties of unsustainability, high cost, and susceptibility
to sintering and carbon deposition, restrict their wide applica-
tion in industry.15 The development of non-noble metal cata-
lysts with a high catalytic activity has become the focus of
research. Among them, the Cu and Mn oxides became the focus
of current research because of their high catalytic activity and
high stability.16,17 The Mn-based catalysts have an excellent
catalytic performance due to the double exchange behaviour
between the Mn3+ and Mn4+ that can promote electron trans-
fer.18 Adding other metals to the Mn oxide catalyst to form
a composite catalyst can improve its performance, but it does
not mean the higher the ratio, the better the performance. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Abbreviations and experimental conditions of for obtaining
Cu–Mn/SBA-15 samples

Abbreviation
Loading of active components
(wt%)

Metal content
(wt%)

Cu Mn

Cu/SBA-15 40 40 0
Mn/SBA-15 40 0 40
Cu1Mn2/SBA-15 40 14.7 25.3
Cu1Mn1/SBA-15 10 5.4 4.6
Cu1Mn1/SBA-15 20 10.7 9.3
Cu1Mn1/SBA-15 30 16.1 13.9
Cu1Mn1/SBA-15 40 21.5 18.5
Cu1Mn1/SBA-15 50 26.8 23.2
Cu2Mn1/SBA-15 40 27.9 12.1
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main drawback of metal oxide catalysts is their tendency to
deactivate due to aggregation. Therefore, they can be supported
on a carrier to improve their dispersion. The carriers primarily
include Al2O3, SiO2, activated carbon, and molecular sieves.19–22

Among them, mesoporous molecular sieves have the potential
to generate well-dispersed and stable metal particles, thereby
offering further enhancement of the catalytic activity of the
metal oxide catalysts. The molecular sieve, SBA-15 has gained
extensive attention due to its regular hexagonal pore arrange-
ment, uniform pore size, extremely high surface area, and large
pore volume. It also exhibits inertness and stability at high
temperatures, as well as good mechanical stability.9,10 Appro-
priate loading is also an important factor affecting catalyst
activity.

Various reaction conditions, such as reaction temperature,
space velocity, toluene concentration, and so on, remarkably
effect the efficiency of the VOCs catalytic combustion.23–25

However, there are few studies on the impacts of concentration
of oxygen in the reaction gas and the coupling with other
reaction conditions, on the VOCs catalytic combustion. Hu
et al.24 examined the toluene catalytic combustion over a Cu/
MnO catalyst with toluene gas switched with oxygen and
nitrogen (O2 : N2 = 1 : 4). In the same method that other
researchers used to explore the catalytic combustion of toluene,
the reaction gas was also a mixture of nitrogen and oxygen with
a xed proportion.26,27 In addition, the reaction of toluene gas in
catalytic combustion with nitrogen was investigated by Wang
et al.25 In related studies, the effect of the concentration of
oxygen on the catalytic combustion of toluene was not studied.
Oxygen plays a vital role in the catalytic combustion of toluene,
and a low concentration of oxygen will lead to insufficient
combustion of toluene gas and reduce the removal rate. An
excessive content will increase the treatment cost. In actual
industrial production, the appropriate concentration of oxygen
can be selected, according to different reaction conditions, to
achieve the highest toluene removal rate at the minimum
energy consumption. Based on the previous analysis, the
impacts of the concentration of oxygen in the reaction gas and
coupling with other reaction conditions on VOC catalytic
oxidation is investigated extensively in the research discussed in
this paper, especially when non-precious metal catalysts are
selected to catalyze oxidation. The results can provide a refer-
ence for the design and optimization of catalysts, reaction
systems, and reaction parameters in industrial processes. This
is signicant for the development of more efficient and
sustainable processes for the combustion of VOCs.

As a consequence, the present paper is focused on exploring
the catalytic combustion characteristics and reaction mecha-
nism of VOCs under different reaction temperatures and
concentrations of oxygen. The Cu–Mn/SBA-15 catalysts with
various loadings and different relative contents of Cu/Mn were
synthesized using the equal volume impregnation method. The
effects of the catalyst active components and reaction condi-
tions on the catalytic combustion of the VOCs were explored in
a xed bed reactor with toluene as a molecular probe, and
a stability test was carried out. The catalysts were characterized
using BET, XRD, SEM and XPS. Combined with kinetic analysis,
© 2023 The Author(s). Published by the Royal Society of Chemistry
the catalytic combustion mechanism of toluene on the Cu–Mn/
SBA-15 was proposed. This study aimed to provide a low-cost
and efficient non-precious metal composite oxide catalyst, and
to explore its coupling effect under different reaction condi-
tions, to promote the development of the VOC's removal
technology.
2. Experimental
2.1 Materials

Manganese nitrate solution (50% Mn(NO3)2), copper nitrate
trihydrate (Cu(NO3)2$3H2O), quartz sand, toluene and ethanol
were purchased as AR from Sinopharm Chemical Reagent
Company. Nitrogen (99.99%) and oxygen (99.99%) were
procured from the Xi'an Tenglong Chemical Company.

The Cu–Mn/SBA-15 samples were prepared using the
impregnation method. Firstly, a specic amount of SBA-15 was
soaked in an aqueous mixture of Cu(NO3)2 and Mn(NO3)2 with
constant stirring. Aer keeping the mixture at room tempera-
ture (ca. 25 °C) for 12 h, the products were then dried at 110 °C
for 12 h. Then these products were calcined in air for 4 h at 400 °
C. Using the previous steps, the Cu and Mn were loaded onto
the SBA-15 carrier Cu1Mn1/SBA-15 with loadings of 10%, 20%,
30%, 40% and 50%. For Cu1Mn2/SBA-15 and Cu2Mn1/SBA-15,
only samples with a 40% loading were prepared. Abbreviation
and detailed experimental conditions of the Cu–Mn/SBA-15
samples are shown in Table 1. In Table 1, ‘Cu1Mn2’ indicates
that the molar ratio of Cu to Mn is 1 : 2, and so on.
2.2 Instrumental measurements

The textural characteristics of the samples were determined
from the adsorption isotherm of N2 at −196 °C which was ob-
tained using an ASAP 2020 Plus HD88 (Micromeritics) auto-
matic physical adsorption instrument. All the samples were
heat-treated at 150 °C under vacuum overnight before the
analysis.

The XRD patterns were obtained by using an XRD-6100
(Shimadzu, Japan) instrument, with Cu-Ka radiation (l =

1.5418 Å), focusing geometry q–2q in the scanning mode within
a range of angles of 2q from 10° to 80° with a step of 0.02°.
RSC Adv., 2023, 13, 25978–25988 | 25979
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Fig. 1 (a) The N2 adsorption–desorption isotherms, and (b) pore-size distribution.
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The surface morphology was observed using eld-emission
scanning electron microscopy (FE-SEM) with a Gemini 500
instrument (Zeiss, Germany).

The XPS using an Axis Ultra DLD (Kratos, UK) was adopted
for determining the elemental composition and chemical
states.
Table 2 Specific surface areas, pore volumes and pore diameters of
different catalysts

Sample
BET surface area
(m2 g−1)

Pore volume
(cm3 g−1)

Pore diameter
(nm)

SBA-15 309 1.13 8.03
Cu/SBA-15 260 0.64 8.12
Mn/SBA-15 240 0.55 8.36
Cu1Mn2/SBA-15 268 0.52 7.64
Cu1Mn1/SBA-15 250 0.53 8.26
Cu2Mn1/SBA-15 209 0.48 8.39
2.3 Catalytic combustion experiments

A xed-bed reactor (inner diameter = 20 mm) was utilized to
conduct the toluene catalytic combustion experiments. For each
experiment, 0.1 g of catalyst and 0.9 g of quartz sand were
weighed and evenly mixed before being placed into the reactor.
With a toluene concentration of 1500 mg m−3, the total rate of
the gas mixture (N2 and O2) was 200 mL min−1 with a weight
hourly space velocity (WHSV) of 12 000 mL g−1 h−1. The volume
concentration of the oxygen was changed by changing the
oxygen ow rate. Each set of experiments was performed for
30 min under various reaction conditions. The toluene
concentration wasmonitored using a toluene gas detector. Each
set of experiments was performed for 30 min under various
reaction conditions and repeated three times to determine the
average toluene concentration. The toluene conversion was
calculated using eqn (1):

h ¼ Cin � Cout

Cin

� 100% (1)

where Cin and Cout are the toluene concentrations at the inlet
gas and at the outlet gas, respectively.
Fig. 2 The XRD patterns of different catalysts.
3. Results and discussion
3.1 Catalyst characterization

3.1.1. Specic surface area and pore structure. The N2

adsorption–desorption isotherms and pore size distributions of
the catalysts are shown in Fig. 1. All the catalysts exhibited type
IV adsorption isotherms and type H1 hysteresis loops, demon-
strating that capillary condensation occurred in the pores. The
range and uniformity of the pore size distribution can be
observed from the position and shape of the hysteresis loops.28

The pore sizes of all catalysts were concentrated in range of 5–
25980 | RSC Adv., 2023, 13, 25978–25988
10 nm, which suggested that the materials exhibited a meso-
porous structure. As shown in Table 2, the loading of active
components did not change the mesoporous structure of SBA-
15, and the pore diameter of the catalysts was approximately
8 nm. However, the specic surface area and pore volume of the
catalysts were affected in a remarkable manner by the loading of
the active components. Among the catalysts obtained, the
Cu1Mn2/SBA-15 displayed the maximum specic surface area
(268 m2 g−1) with a pore volume of 0.52 cm3 g−1. Large specic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a–f) SEM images of different catalysts.

Fig. 4 The energy dispersive X-ray spectroscopy (EDS) distribution of
Cu1Mn2/SBA-15.
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surface areas can improve the availability of active sites in the
catalytic reaction, as well as improving the catalytic efficiency.29

3.1.2. Crystal structure. Fig. 2 shows the XRD patterns of
various catalysts. A broad diffraction peak assigned to amor-
phous silica is observed in the 2q range from 20° to 25°, for the
pristine SBA-15 sample.30 The Cu/SBA-15 consists mainly of
CuO, whereas the Mn/SBA-15 consisted mainly of MnO2.
Compared with single-component catalysts, the Cu–Mn/SBA-15
also has a CuMnO spinel phase, which contributes to the
increase of the activity and stability.27,31 Furthermore, the XRD
patterns of the Cu–Mn/SBA-15 with various Cu/Mn molar ratios
demonstrated that there was an extremely low diffraction peak
intensity of the metal oxides in Cu1Mn2/SBA-15. This nding
suggested that the grains of the active components in Cu1Mn2/
SBA-15 were tiny and consistently distributed on the support,
which was conducive for toluene catalytic combustion.32

3.1.3. Micromorphology. The SEM was adopted to charac-
terize the morphology and structure of different catalysts, and
the images obtained are shown in Fig. 3a–f. The catalyst has an
integral rod shape with a brous network structure. The overall
structure of SBA-15 was unaffected by the loading of active
components (Fig. 3a). However, the surface microstructure and
morphology of the catalysts showed great differences because of
the different loadings of the active components. The Mn
nanoparticles of different sizes and shapes spread over the
surface of SBA-15 with a ber network structure in Mn/SBA-15
(Fig. 3b), whereas the active components of Cu/SBA-15 and
Cu–Mn/SBA-15 (Fig. 3c) were greatly dispersed in the meso-
porous channels of SBA-15. Compared with Cu1Mn2/SBA-15
(Fig. 3d), both Cu1Mn1/SBA-15 (Fig. 3e) and Cu2Mn1/SBA-15
(Fig. 3f) displayed different degrees of particle agglomeration,
resulting in an increase in crystallinity and a reduction in
specic surface area, as was also conrmed by the XRD and BET
results. In addition, the elemental distribution of the Cu1Mn2/
SBA-15 catalyst suggested that Cu, Mn and O were evenly
separated on the catalyst surface as shown in Fig. 4.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.1.4. Surface chemical status. Fig. 5a shows the XPS full
spectra of different catalysts, and it was concluded that the
catalysts were composed of Cu, Mn, O, and Si. The Cu 2p XPS
spectra of various catalysts are shown in Fig. 5b. The binding
energy of 953 eV was attributed to Cu+. The peaks with
binding energies of 942 and 934 eV were assigned to CuA

2+

(tetrahedral site) and CuB
2+ (octahedral site).33 The Cu2+ was

the main valence state and Cu+ was derived from the partial
reduction of Cu2+ in the reaction of Cu2+ + Mn3+ = Cu+ +
Mn4+.34 The XPS spectra of Mn 2p are shown in Fig. 5c. The
binding energies within the range of 635–660 eV were
assigned to the main peaks of Mn 2p1/2 and Mn 2p3/2. The
peaks of Mn 2p1/2 corresponded to Mn3+ and Mn2+ at 653 and
650 eV, respectively, whereas the Mn 2p3/2 had a peak at
642 eV, which corresponded to Mn4+. Fig. 5d shows the XPS
spectra of O 1s. The adsorbed oxygen species (Oads) and lattice
RSC Adv., 2023, 13, 25978–25988 | 25981
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Fig. 5 (a) The XPS spectra, (b) Cu 2p, (c) Mn 2p, and (d) the O 1s XPS spectra of different catalysts.
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oxygen species (Olatt) had the binding energies of 533 and
531 eV, respectively.

Table 3 shows the XPS results of the different catalysts. The
Cu1Mn2/SBA-15 sample had more Mn3+ and a larger Oads than
Cu1Mn1/SBA-15 and Cu2Mn1/SBA-15. The greater the Oads in the
catalysts, the more oxygen vacancies and active species on the
25982 | RSC Adv., 2023, 13, 25978–25988
surface of catalysts there were, which made it more favorable for
toluene catalytic combustion.26,34 A higher Mn3+ concentration
was favorable for generating more oxygen vacancies, which could
improve the catalytic activity and redox performance.35 The crys-
tallinity of the catalysts continuously increased with the increase
in Olatt concentration. The variation in the Olatt concentration of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The XPS results for different catalysts

Sample Cu+ (%) Cu2+ (%) Mn3+ (%) Mn4+ (%) Mn2+ (%) Olatt (%) Oads (%)

Cu1Mn2/SBA-15 20.88 79.12 25.99 56.50 17.51 24.81 75.19
Cu1Mn1/SBA-15 24.04 75.96 22.76 68.97 8.28 36.31 63.69
Cu2Mn1/SBA-15 29.63 70.37 16.34 65.36 18.30 39.02 60.98

Fig. 6 The effect of catalyst loading on toluene conversion (Cu1Mn1/
SBA-15, T = 300 °C).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 1
:4

4:
12

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
different catalysts indicated that the Cu2Mn1/SBA-15 had the
highest crystallinity amongst the samples, which was compatible
with the XRD characterization results.
Fig. 8 The effect of single-component and multi-component cata-
lysts on toluene removal efficiency.
3.2 Catalytic activity

3.2.1. Effect of catalyst loading. The toluene conversion
plots of Cu1Mn1/SBA-15 under various loadings and
Fig. 7 The SEM images of Cu1Mn1/SBA-15 catalysts with different loadin

© 2023 The Author(s). Published by the Royal Society of Chemistry
concentrations of oxygen at a reaction temperature (T) of 300 °C
are shown in Fig. 6. The toluene removal efficiency of different
catalysts constantly increased as the concentration of oxygen
increased at the same loading. The toluene conversion of the
catalyst reached the maximum when the catalyst loading was
40% under the same concentration of oxygen. Moreover, the
gs.

RSC Adv., 2023, 13, 25978–25988 | 25983
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Fig. 9 The effects of temperature and concentration of oxygen on
toluene removal efficiency: (a) Cu1Mn2/SBA-15, (b) Cu1Mn1/SBA-15, (c)
Cu2Mn1/SBA-15.

Fig. 10 Effect of the Cu/Mn mole ratio on toluene removal efficiency.

Fig. 11 Stability of the Cu1Mn2/SBA-15 catalyst.
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toluene conversion was as high as 92.16% when the concen-
tration of oxygen was 25 vol%. The lesser catalyst loading
resulted in fewer active sites and a low catalyst efficiency. Fig. 7
25984 | RSC Adv., 2023, 13, 25978–25988
shows the SEM images of the Cu1Mn1/SBA-15 catalysts with
different loadings. Compared to the catalyst with a loading of
10%, the catalyst with a loading of 50% showed particle
agglomeration of the active component. Although the number
of active sites increased with the increase of the loading
amount, when the loading amount reached a certain level,
continuing to increase the loading amount would not improve
the catalytic activity. The reason for this is that excessive loading
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Reaction rates of catalysts at different temperatures (25 vol%
O2 in gas mixture).
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will cause the aggregation of active sites, thereby reducing the
catalytic activity. Therefore, the optimal loading of catalyst was
determined to be 40%, and this loading was adopted in
subsequent experiments.

3.2.2. Effect of single-component and multi-component
catalysts. Fig. 8 shows the toluene conversion curves of the
single-component and multi-component catalysts at 200 °C. It
can be seen that the two-component catalysts showed a better
toluene conversion when compared with the single-component
catalysts under the same reaction conditions. In particular,
there was maximum toluene conversion and excellent low
temperature catalytic combustion activity with Cu1Mn2/SBA-15.
The XRD and SEM results indicated that the active component
of Cu/SAB-15 had large crystal grains and uneven distribution,
which resulted in particle agglomeration, thus the catalytic
activity was also poor. The Cu–Mn/SBA-15 had more ionic
species with different valences and higher oxygen concentra-
tions than Cu/SBA-15 and Mn/SBA-15 because of the synergy
between the different active components. Therefore, the Cu–
Mn/SBA-15 demonstrated better catalytic activity.26,36,37

3.2.3. Effects of temperature and concentration of oxygen.
Fig. 9 shows the toluene conversion plots of Cu–Mn/SBA-15 with
different Cu/Mn molar ratios under different reaction
Fig. 13 Arrhenius plots of toluene combustion: (a) Arrhenius plots for
Arrhenius plots of Cu1Mn2/SBA-15 at different concentrations of oxygen

© 2023 The Author(s). Published by the Royal Society of Chemistry
temperatures and concentrations of oxygen. The toluene
removal efficiency constantly increased with the increase of
reaction temperature and concentration of oxygen. In particular
under the lower reaction temperature (<250 °C), the increase of
concentration of oxygen signicantly improved the toluene
conversion. The toluene conversion of the Cu1Mn2/SBA-15 was
increased by 18.4% when the concentration of oxygen was
increased from 0 to 25 vol% at 200 °C. Notably, the toluene
conversion of each sample exceeded 95% when the reaction
temperature was 300 °C except in a pure nitrogen atmosphere.
However, the increase in concentration of oxygen at 300 °C had
a small inuence on the toluene conversion. The effects of an
increased concentration of oxygen on toluene conversion were
signicant under low reaction temperatures. Therefore, an
appropriate concentration of oxygen can be selected according
to different reaction temperatures to improve toluene conver-
sion. When the reaction temperature was relatively low,
increasing the concentration of oxygen was a primary means to
upgrade the toluene removal efficiency.

When the temperature was lower than 250 °C, the toluene
conversion of the Cu2Mn1/SBA-15 increased slightly with the
increasing reaction temperature unlike those of the Cu1Mn1/
SBA-15 and Cu1Mn2/SBA-15. When the reaction temperature
was raised from 100 to 250 °C, the toluene removal efficiency
only increased by 7.7% at 100 vol% N2. However, the toluene
removal efficiency increased by 46.9% when the reaction
temperature was increased from 250 to 300 °C, which was
attributed to the high content of Olatt in the Cu2Mn1/SBA-15.
The reaction temperature of Olatt was higher in the absence of
oxygen.36

3.2.4. Effect of the Cu/Mn mole ratio. Fig. 10 shows the
effects of the Cu/Mn mole ratio of the catalysts on toluene
conversion at different reaction temperatures, where the rate of
the gas mixture was 200 mL min−1. The order of the catalytic
performance was Cu1Mn2/SBA-15 > Cu1Mn1/SBA-15 > Cu2Mn1/
SBA-15. At reaction temperatures of 100 °C or 300 °C, catalysts
with different Cu/Mn molar ratios showed little difference in
removal efficiencies of toluene under the same oxygen ow
rates. This was because temperature is the dominant factor
affecting the reaction under these experimental conditions.
different Cu/Mn molar ratio catalysts (25 vol% O2 in gas mixture), (b)
(rate of gas mixture was 200 mL min−1).
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Table 4 Calculation of activation energy, reaction rate and TOF for different Cu/Mn molar ratio catalysts

Sample Ea
a (kJ mol−1) R2b kc (10−7 mol gcat

−1 s−1) TOFCu
b (10−5 s−1) TOFMn

b (10−5 s−1)

Cu2Mn1/SBA-15 13.0 0.988 0.37 0.83 1.68
Cu1Mn1/SBA-15 11.7 0.964 0.34 1.00 1.00
Cu1Mn2/SBA-15 10.2 0.995 0.96 4.15 2.08

a The apparent activation energy (Ea) was calculated at 25 vol%O2.
b R2 is an indicator to evaluate the quality of the regressionmodel, i.e., the degree

of t between the regression line and the experimental data points. c The reaction rates (k) and TOF calculations were at the experimental conditions
of 100 °C and 100 vol% N2 for catalytic combustion.

Fig. 14 Reaction mechanism of toluene on the Cu–Mn/SBA-15
catalyst.
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However, under the reaction temperature of 250 °C and
100 vol% N2, the toluene conversion of Cu1Mn2/SBA-15 was
64.8%, whereas the toluene conversion of Cu2Mn1/SBA-15 was
only 14.5%, differing by 50.3%. It was concluded that the Cu/
Mn molar ratio was the main factor inuencing the toluene
conversion in this case.

The Mn3+ and Oads concentrations decreased as the Cu/Mn
mole ratio increased, and the toluene conversion increased
with the increasing Mn3+ and Oads concentration. Amongst the
catalysts studied, the Cu1Mn2/SBA-15 had the largest specic
surface area and the active components were evenly distributed,
which was conducive to improving the catalytic performance.38

The Cu1Mn2/SBA-15 catalyst in this study had a toluene
conversion of 68.5% at 250 °C, and this catalytic performance
was comparable to that of precious metals (such as Ag),39 while
saving costs.

3.2.5. Stability of the catalyst. The effects of Cu1Mn2/SBA-
15 on the stability of toluene conversion under 300 °C and an
oxygen concentration of 25 vol% are shown in Fig. 11. The
toluene conversion of Cu1Mn2/SBA-15 remained above 95%
aer a continuous reaction for 12 h, suggesting that the stability
of Cu1Mn2/SBA-15 was excellent.
3.3 Catalytic combustion mechanism of toluene

3.3.1. Kinetic analysis. The kinetic analysis of Cu–Mn/SBA-
15 for the toluene catalytic combustion consisted mainly of the
calculation and analysis of the reaction rate, apparent activation
25986 | RSC Adv., 2023, 13, 25978–25988
energy (Ea) and turnover frequency (TOF). The apparent Ea re-
ected the ease with which the reaction can proceed. The lower
the apparent Ea, the easier the reaction will be. The TOF
calculation gives an idea of the number of active sites on the
catalyst surface and the intrinsic activity of the catalyst. The
calculation method and formula of reaction rate, apparent Ea
and TOF are as follows.

The reaction rate k (mol gcat
−1 s−1) can be calculated as

follows:

k ¼ hV

W

where h is the toluene removal efficiency (%), V is the toluene
gas ow rate (mol s−1), and W is the mass of catalyst (g).

The apparent Ea (kJ mol−1) is calculated according to the
Arrhenius formula:

ln k ¼ � Ea

RT
þ C

where R is the gas constant (8.314 J mol−1 K−1), and T is the
thermodynamic temperature (K).

The turnover frequency (TOFCu or TOFMn) (s
−1) is given by:40

TOF ¼ hV

m=M

wherem is the mass of Cu or Mn (g), andM is the molar mass of
Cu or Mn (g mol−1).

Fig. 12 displays the reaction rates of the catalysts at different
temperatures. It can be seen that the reaction rates of Cu–Mn/
SBA-15 with different Cu/Mn molar ratios show a trend of
continuous increase as the temperature increased. Among
them, the reaction rate of toluene combustion catalyzed by
Cu1Mn2/SBA-15 showed a positive correlation with the reaction
temperature. In addition, for the toluene catalytic combustion
by other Cu/Mn molar ratio catalysts, the relationship between
the reaction rate and reaction temperature can be analyzed in
two bands according to temperature. In the temperature range
of 100–250 °C, the reaction rate increased slowly with increasing
temperature. However, the reaction rate increased signicantly
as the temperature increased from 250 to 300 °C, which was
consistent with the experimental results on the effect of
temperature on toluene conversion.

Fig. 13 displays the Arrhenius plots of toluene combustion,
and Table 4 lists the results of apparent Ea, reaction rate and
TOF for different Cu/Mn molar ratio catalysts. The coefficients
of determination (R2) were all greater than 0.95, indicating that
the model had a good t. The apparent Ea of Cu1Mn2/SBA-15
© 2023 The Author(s). Published by the Royal Society of Chemistry
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(10.2 kJ mol−1) was the minimum, which suggested that the
toluene was more prone to combustion by Cu1Mn2/SBA-15.
Meanwhile, the reaction rate of Cu1Mn2/SBA-15 (0.96 ×

10−7 mol gcat
−1 s−1) was more than twice that of those of

Cu2Mn1/SBA-15 and Cu1Mn1/SBA-15 under the same reaction
conditions. The Cu1Mn2/SBA-15 also had the highest values of
TOFCu and TOFMn, indicating that it had an outstanding cata-
lytic performance.

3.3.2. Catalytic combustion mechanism of toluene. It was
of great signicance to study the catalytic combustion mecha-
nism of the VOCs on the catalysts to improve their catalytic
combustion efficiency. The L–H mechanism model indicated
that the reaction occurs between the adsorbed oxygen and the
adsorbed VOCs molecules. The MVK mechanism model reac-
tion step is manifested as the reaction of the VOC molecules
with the Olatt in the catalyst. According to the experimental
results of the effect of Cu–Mn/SBA-15 on the toluene removal
efficiency at various reaction temperatures and concentrations
of oxygen, it can be seen that increasing the concentration of
oxygen revealed a remarkable effect on the improvement of
toluene conversion for different catalysts in general. The XPS
characterization results indicated that the main reason for the
difference derived from the different contents of Oads and Olatt

in the catalysts. The effect of increasing the concentration of
oxygen on toluene conversion for Cu1Mn2/SBA-15 was less than
those of the other both catalysts. The higher Oads content in
Cu1Mn2/SBA-15 led to the L–H reaction mechanism that it
mainly followed, and the oxygen species involved in the reaction
weremainly Oads species in the catalyst. For Cu1Mn1/SBA-15 and
Cu2Mn1/SBA-15, the part of the reaction that follows the MVK
mechanism increased due to their relatively high Olatt content.
The increase of concentration of oxygen can accelerate the MVK
mechanism reaction and improves the toluene conversion to
some extent. In summary, the toluene catalytic combustion on
Cu–Mn/SBA-15 followed both the MVK and L–H mechanisms,
however, the proportion of both reaction mechanisms was
different because of different the oxygen species content in the
catalysts.

Fig. 14 shows the toluene reaction mechanism of Cu–Mn/
SBA-15. Firstly, the toluene molecules are adsorbed on the
surface of the catalyst, and then these adsorbed toluene mole-
cules react with the Olatt in the catalyst to generate CO2 and
H2O. Finally, the oxygen vacancy formed by the reaction is
supplemented by gas phase oxygen. The reaction process
described previously is the MVK mechanism. While the MVK
mechanism reaction is taking place, the L–H mechanism reac-
tion also takes place. This demonstrates that the gas phase
oxygen can be adsorbed by the catalyst surface to form adsorbed
oxygen, and then reacts with the toluene molecules adsorbed on
the catalyst surface to generate CO2 and H2O.

4. Conclusions

The Cu–Mn/SBA-15 catalysts with various loadings and the Cu/
Mn mole ratios were produced using an impregnation method
for exploring the effects of different reaction conditions on
toluene conversion. The Cu1Mn2/SBA-15 showed the maximum
© 2023 The Author(s). Published by the Royal Society of Chemistry
catalytic performance for the toluene combustion at 300 °C
because of the synergy between both the Cu and Mn and higher
content of the Mn3+ and Oads. Furthermore, the Cu1Mn2/SBA-15
also has the lowest apparent Ea, the highest reaction rate and
the highest TOF content, all of which were conducive for the
improvement of the toluene catalytic combustion. The toluene
removal efficiency increased with the increase in reaction
temperature, and the concentration of oxygen, and the increase
of the concentration of oxygen showed a remarkable effect on
the improvement of toluene removal efficiency, especially under
a low reaction temperature (<250 °C). The toluene conversion
could be improved by increasing the concentration of oxygen
when the reaction temperature was relatively low. The toluene
catalytic combustion for the Cu–Mn/SBA-15 followed both the
MVK and L–H mechanism, but the proportion of both reaction
mechanisms varied according to the content of Oads and Olatt in
the catalysts.
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