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Abstract: Pt nanoparticles and a CeMnOx composite were loaded on the surface of the natural
diatomite material to generate the Pt/CeMnOx/diatomite using the redox precipitation and impreg-
nation methods. The physicochemical properties of the catalysts were characterized by means of
various techniques. The catalytic properties and resistance to H2O and SO2 of the catalysts were
measured for the oxidation of typical volatile organic compounds (i.e., toluene and ethyl acetate).
Among all of the as-prepared samples, Pt/CeMnOx/diatomite exhibited the highest catalytic activity:
the temperatures (T90%) at a toluene or ethyl acetate conversion of 90% were 230 and 210 ◦C at a space
velocity (SV) of 20,000 mL g−1 h−1, respectively, and the turnover frequency (TOFPt) at 220 ◦C was
1.04 µmol/(gcat s) for ethyl acetate oxidation and 1.56 µmol/(gcat s) for toluene oxidation. In particu-
lar, this sample showed a superior catalytic activity for ethyl acetate oxidation at low temperatures,
with its T50% being 185 ◦C at SV = 20,000 mL g−1 h−1. In addition, the Pt/CeMnOx/diatomite sample
possessed good sulfur dioxide resistance during the toluene oxidation process. In the presence of
SO2, some of the SO2 molecules were adsorbed on diatomite, which protected the active sites from
being poisoned by SO2 to a certain extent. The pathways of ethyl acetate and toluene oxidation over
Pt/CeMnOx/diatomite or Pt/CeMnOx were as follows: The C–C and C–O bonds in ethyl acetate are
first broken to form the CH3CH2O* and CH3CO* species or toluene is first oxidized to benzaldehyde
and benzoic acid, and all of these intermediates are then converted to CO2 and H2O. This work can
provide a strategy to develop efficient catalysts with high catalytic activity, durability, low cost, and
easy availability under actual working conditions.

Keywords: Ce–Mn composite oxide; supported platinum catalyst; volatile organic compound;
ethyl acetate oxidation; toluene oxidation; sulfur dioxide resistance

1. Introduction

Volatile organic compounds (VOCs) include a wide range of compounds, such as
oxygenates, light hydrocarbons, aromatic hydrocarbons, and halogenated hydrocarbons.
Most of the VOCs emitted from industries are harmful to public health and the atmosphere
environment [1]. Among all the elimination methods, catalytic oxidation has been regarded
as one of the most promising technologies to eliminate VOC emissions because of its high
efficiency, low cost, and lower secondary pollution [2].

Transition-metal oxides or supported noble metal catalysts are active for the abatement
of VOCs, among which supported noble metal catalysts have attracted much attention
due to their excellent low-temperature catalytic activities and good resistance to poisoning.
For instance, Zhang et al. [3] reported that the atomically dispersed Pt/MnO2 catalyst
showed a complete conversion of toluene to CO2 at a temperature of 220 ◦C and a space
velocity of 48,000 mL g−1 h−1. Although this type of catalyst exhibits excellent performance,

Catalysts 2023, 13, 676. https://doi.org/10.3390/catal13040676 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal13040676
https://doi.org/10.3390/catal13040676
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0001-9857-0260
https://doi.org/10.3390/catal13040676
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal13040676?type=check_update&version=1


Catalysts 2023, 13, 676 2 of 22

its industrial application is greatly restricted due to its high cost. Usually, introducing
the transition-metal oxides as the promoter can construct dual or even multiple active
sites, thus enhancing the performance of the catalyst [4]. Recently, many researchers have
focused on the development of metal oxide catalysts (e.g., MnOx, Co3O4, and CeO2) owing
to their low cost, high thermal stability, and good oxygen storage capacity. Because of
these outstanding characteristics, these types of catalysts have been widely used in VOC
removal, especially for the elimination of oxygenated compounds. Lu et al. [5] prepared the
ZrO2-supported Cu-Mn-Ce mixed oxide catalysts by an impregnation method and found
that this catalyst possessed a good thermal stability even after calcination at 900 ◦C, and
the formation of a Zr0.88Ce0.12O2 phase could improve the activity and thermal stability of
the catalyst.

The choice of a support is another important factor affecting the catalytic perfor-
mance of the supported catalyst. Diatomite is an amorphous silica material that consists
of silicon dioxide (SiO2) along with small quantities of impurities, such as Al, Fe, Ca,
Mg, etc. Diatomite has a porous structure, low density, and large specific surface area,
and it is usually used as a support to disperse the active species [6–9]. For example,
Wang et al. [10] used V-doped TiO2/diatomite as a photocatalyst for the degradation of
rhodamine B. Nevertheless, there have been few reports on the use of diatomite as a catalyst
for thermocatalysis. The surface of diatomite is negatively charged after hydrolysis, which
inhibits the electrostatic adsorption and chemisorption of reactant molecules. Therefore,
it is essential to modify the surface of diatomite to improve its adsorption activity. If
diatomite is used as support to load the mixed transition-metal oxides and noble metals,
one can expect to obtain efficient catalysts for the catalytic oxidation of VOCs. For instance,
Zhou et al. [11] pointed out that the CeO2-modified diatomite with the anchoring of single
Pt atoms showed a remarkable catalytic performance in the selective hydrogenation of
phenylacetylene. Liu et al. [12] reported on TiO2@diatomite catalysts with various TiO2
loadings using a facile solvothermal method with anhydrous ethanol as solvent for the
removal of VOCs. The results indicated that, after introducing diatomite, TiO2 nanoparti-
cles were mostly square-like in morphology and uniformly immobilized on the diatomite
surface. The TiO2@diatomite catalysts could effectively catalyze the removal of acetone
and benzene, demonstrating their potential market applications and practical significance.

In the past few years, most of the research works have mainly focused on the catalytic
removal of single components of VOCs. Under the actual operating conditions, however,
most of the VOCs are present in the emissions as a mixture, and there have so far been
no sufficient efforts to concurrently eliminate multicomponent VOCs. It is known that
the oxidation of a VOC in a mixture differs from its single-component oxidation due
to interactions of the different species with the catalyst. The mixture effect is tough to
predict as either an inhibitive effect or a promotional effect and can be observed when
the components of the VOC mixture are oxidized. Hence, it is necessary to assess the
performance of catalysts for the removal of a multicomponent VOC mixture. For example,
Lee et al. [13] prepared a 1 wt% Pt/TiO2 catalyst after a reduction pretreatment and
observed that the tricomponent VOC mixture (formaldehyde, acetaldehyde, and toluene)
was completely converted over this catalyst at a temperature of 200 ◦C and a space velocity
of 24,000 mL g−1 h−1. Santos et al. [14] reported the effects of a VOC mixture on the activity
and selectivity of the catalysts. It was observed that toluene inhibited both ethyl acetate
and ethanol oxidation, which was more evident in ethyl acetate oxidation. The temperature
for the complete conversion of ethyl acetate was about 210 ◦C when ethyl acetate was
oxidized alone, but it was 250 ◦C or higher when ethyl acetate was oxidized in its mixture
with toluene.

Considering the catalytic efficiency, anti-toxicity, and cost of the catalysts in actual
industrial production, the CeMnOx composite was selected as the second active compo-
nent to be dispersed on the surface of diatomite, together with the Pt nanoparticles also
being dispersed on the surface of CeMnOx/diatomite. Hence, it was expected that the
Pt/CeMnOx/diatomite catalyst would exhibit excellent activity and good sulfur dioxide
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resistance in the oxidation of toluene and ethyl acetate. The physical and chemical prop-
erties of Pt/CeMnOx/diatomite were determined by means of various characterization
techniques. Furthermore, the catalytic oxidation of toluene and ethyl acetate as model
reactions was employed to evaluate the catalytic activities of these materials. Industrial
flue gas often contains certain concentrations of SO2 and H2O, which requires the catalysts
to show a good tolerance to sulfur dioxide and moisture. Thus, we need to investigate the
performance of the typical catalyst for the oxidation of VOCs in the presence of SO2 or
H2O. Furthermore, Mn, Ce, and diatomite are cheap, easy to obtain, and environmentally
friendly, and such formulated catalysts are of significance for industrial applications.

2. Results and Discussion
2.1. Crystal Phase Analysis

In order to clarify the crystal phase compositions of the samples, XRD and Raman
characterization was made. The XRD results obtained by Figure 1A revealed that the
composite oxides displayed obvious diffraction peaks of CeO2 at 2θ = 29.0◦, 33.6◦, 48.2◦,
and 57.0◦, indicating that the CeO2 in the samples was of a fluorite-type cubic structure.
The crystal phase of the Pt/CeMnOx/diatomite sample can be more clearly seen from
Figure 1B. Two peaks at 2θ = 21.8◦and 31.9◦ belonged to the amorphous SiO2 in diatomite
(JCPDS PDF# 39-1425). Compared with the peak positions of the published XRD pattern
of CeO2 (2 = 28.549◦, 33.077◦, 47.483◦, and 56.342◦) (JCPDS PDF# 34-0394), those of the
as-obtained samples were slightly shifted to larger diffraction angles. Combined with
no detection of the characteristic peaks of MnO2, it can be concluded that manganese
ions enter the lattice of ceria to form a Ce–Mn-based solid solution or the MnOx is highly
dispersed on the surface of CeO2. The possible reason for the slight shift in peak position
was the incorporation of Mn ions to the lattice of CeO2, which made the lattice of ceria
shrink (rMn4+ = 0.53 Å, rMn3+ = 0.64 Å, and rCe4+ = 0.97 Å) [15]. In addition, the formation
of a Ce–Mn solid solution was also proven by the changes in peak intensity and shape. The
wide diffraction peaks, the decreased intensity, and the disappeared characteristic peaks
were also evidence for the formation of a Ce–Mn solid solution. The formation of such
a Ce–Mn solid solution increased oxygen vacancies [16,17], which was beneficial for the
improvement in catalytic performance.

The Raman spectra of the samples were further recorded to examine their structural
information. Figure 1C shows Raman spectra of the MnO2, CeO2, CeMnOx/diatomite,
and Pt/CeMnOx/diatomite samples. As observed for the pure MnO2 sample, there were
three bands at 180, 330, and 636 cm−1 [18]. For the pure CeO2 sample, there was an
intense band at 462 cm−1. With the formation of the CeMnOx solid solution, the band
in the pure CeO2 sample was shifted from 462 to 448 cm−1, implying the occurrence of
lattice defects formed due to the incorporation of Mn ions into the CeO2 lattice and partial
replacement of Ce ions by Mn ions. Compared with the pure CeO2 or MnO2 sample, the
broadening and weakening of Raman bands indicate the formation of lattice defects. These
results were consistent with the XRD results, further confirming the formation of a Ce–Mn
solid solution.

2.2. Morphology

The surface morphologies of the as-prepared samples were characterized by the
SEM technique. As can be seen from Figure 2, the raw diatomite possessed a disk-like
morphology with a smooth surface, uniform ordered pore structures, and well-aligned
channels. The diameters of the pores and disk were 20–40 nm and 8–10 µm, respectively.
As shown in Figure 2c,d, the CeMnOx composite contained spherical and rod-like particles.
After the CeMnOx was loaded on the surface of diatomite, the as-obtained sample was
composed of disc-shaped diatomite and irregular CeMnOx particles, and the CeMnOx
composite became more scattered on the diatomite surface (Figure 2e). The elemental
mappings reveal that the Ce and Mn in CeMnOx were uniformly dispersed on the surface
of diatomite (Figure 2f–i).
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Figure 1. (A,B) XRD patterns and (C) Raman spectra of the samples.

2.3. Textural and Surface Properties

Surface areas, pore volumes, and pore-size distributions of the samples were analyzed
using the BET technique, and their results are presented in Figure 3 and Table 1. The surface
areas of the pure diatomite, CeMnOx, CeMnOx/diatomite, and Pt/CeMnOx/diatomite
samples were 24.3, 128.2, 113.7, and 51.7 m2/g, respectively. From the pore diameter
distributions and SEM images, it can be seen that the diatomite is a porous material with a
disc-like morphology. The diatomite, CeMnOx, and CeMnOx/diatomite samples showed
a type-IV isotherm. After the loading of CeMnOx, the surface areas and pore volumes of
the as-obtained samples increased. However, there was no change in the pore size of the
samples after the loading of CeMnOx. The surface area of Pt/CeMnOx/diatomite decreased
with the loading of Pt nanoparticles, which was due to the deposition of Pt nanoparticles
on the pores of diatomite.
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Figure 2. SEM images of (a,b) diatomite, (c,d) CeMnOx, (e) CeMnOx/diatomite, and (f–i) elemental
mappings of CeMnOx/diatomite.

Table 1. BET surface areas (SBET), pore volumes (Vpore), and pore diameters (dpore) of the samples.

Sample SBET
(m2/g)

Vpore
(cm3/g)

dpore
(nm)

diatomite 24.3 0.17 11.7
CeMnOx 128.2 0.35 10.9

CeMnOx/diatomite 113.7 0.33 11.8
Pt/CeMnOx/diatomite 51.7 0.31 24.1
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Figure 3. (A) Nitrogen adsorption–desorption isotherms and (B) pore-size distributions of
the samples.

XPS experiments were carried out to analyze the surface element compositions, metal
oxidation states, and oxygen species of the as-prepared samples. The obtained XPS spectra
of O 1s, Ce 3d, Mn 2p, and Pt 4f are shown in Figure 4.

The corresponding surface element compositions are listed in Table 2.

Table 2. Surface element compositions and hydrogen consumption of the CeMnOx,
CeMnOx/diatomite, Pt/CeMnOx, and Pt/CeMnOx/diatomite samples.

Sample
Surface Element Composition (mol/mol)

H2 Consumption
(mmol/gcat)Ptδ+/Pt0 a

Molar Ratio
(Mn2+ + Mn3+)/Mn4+

Molar Ratio
Ce3+/Ceδ+ b

Molar Ratio
Oads/Olatt

Molar Ratio

CeMnOx – – – – 2.63
CeMnOx/diatomite – – – – 2.78

Pt/CeMnOx 2.91 2.27 0.09 0.21 2.67
Pt/CeMnOx/diatomite 4.23 3.83 0.1 0.29 2.97

a Ptδ+ = Pt0 + Pt2+ + Pt4+; b Ceδ+ = Ce4+ + Ce3+.

As can be seen from Figure 4A, the O 1s spectrum with binding energy (BE), lo-
cated at 529.1−531.9 eV, contained three components that could be ascribed to the surface
lattice oxygen (Olatt), adsorbed oxygen (Oads), and adsorbed molecular water (OH2O)
or carbonate species [19], respectively. The Oads/Olatt molar ratios on Pt/CeMnOx and
Pt/CeMnOx/diatomite were 0.21 and 0.29 (Table 2), respectively, which were obtained by
quantitative analysis of the O 1s peaks. The asymmetrical Mn 2p3/2 signal of each sample
was composed of three components at BE = 640.1, 641.7, and 644.1 eV (Figure 4B), which
could be attributed to the surface Mn2+, Mn3+, and Mn4+ species [20–22], respectively. It can
be seen from Figure 4C that the Ce 3d orbits were divided into two groups of multi-peaks
denoted as U and V. The V′ and U′ with BE = 895.6 and 904.34 eV were attributed to the
Ce3+ species on the sample surface. As shown in Figure 4D, the Pt 4f XPS spectrum of
each sample consisted of six components at BE = 71.6 and 74.7, 72.8 and 76.1, and 74.1 and
77.7 eV, which were assigned to the Pt0 [23], Pt2+ [24], and Pt4+ [25] on the surface of
the sample.

The XPS results indicate that the molar ratio of Oads/Olatt increased due to the addition
of diatomite, i.e., enhancing the ability to activate the oxygen molecules of the sample. In
addition, the molar ratio of (Mn2+ + Mn3+)/Mn4+ and Ptδ+/Pt0 also increased from 2.27
and 2.91 to 3.83 and 4.23, respectively. The content of the Ce3+ species on the sample surface
increased from 9.5 to 10.9%. That is to say, the concentration of Mn4+ species decreased
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while the Ce3+ species concentration increased. The above results demonstrate that there
is an electron transfer (Mn4+ + Pt0 →Mn3+ + Ptδ+) [26,27] on the Pt/CeMnOx/diatomite
sample, which made the Mn species with lower oxidation states be formed. In other
words, there was a formation of oxygen vacancies in CeMnOx. Hence, the ability of the
sample to adsorb and activate oxygen molecules was improved. A higher amount of
the Oads species on the sample surface favored the oxidation of VOCs [28]. Hence, the
Pt/CeMnOx/diatomite sample with a higher amount of the Oads species showed a much
better performance than the Pt/CeMnOx sample with a lower amount of the Oads species
for the oxidation of toluene and ethyl acetate.

Figure 4. (A) O 1s, (B) Mn 2p, (C) Ce 3d, and (D) Pt 4f XPS spectra of (a) Pt/CeMnOx and
(b) Pt/CeMnOx/diatomite.
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2.4. Reducibility

The redox properties of the as-prepared samples were investigated by the H2-TPR
technique. The H2-TPR profiles of the samples and their H2 consumption are shown in
Figure 5 and Table 2, respectively. For the CeMnOx (Figure 5a) and CeMnOx/diatomite
(Figure 5b) samples, the reduction peaks above 600 ◦C were assigned to the reduction of
the bulk Ce species, while those in the range of 200–600 ◦C were related to the reduction
of the surface Mn and Ce species [29,30]. The peaks in the range of 200–600 ◦C were
decomposed into four peaks (denoted as peaks α, β, γ, and δ), as shown in Figure S4. For
the CeMnOx sample, there were peak α at 269 ◦C, peak β at 301 ◦C, and peak γ at 369 ◦C,
which were related to the reduction processes of MnO2 →Mn2O3, Mn2O3 →Mn3O4, and
Mn3O4 → MnO [31,32], respectively. Peak δ at 437 ◦C was assigned to the reduction of
Ce4+ → Ce3+ [33]. The reduction peak heights of CeMnOx/diatomite were slightly higher
than those of CeMnOx; furthermore, the reduction temperatures of the former were lower
than those of the latter. Such a result might be due to the high dispersion of CeMnOx
on the surface of diatomite, which was favorable for the reduction of CeMnOx in the
CeMnOx/diatomite sample. The reduction peaks of the samples were changed significantly
after the loading of Pt. According to the previous literature, the reduction peaks in the
low temperature are attributed to the reduction of PtOx. Combined with the obtained XPS
results, we can realize that the Pt on the sample surface mainly exists in the form of metallic
Pt0 species. Two reduction peaks of the Pt/CeMnOx/diatomite sample were observed in
the range of 150–500 ◦C, while only one reduction peak was detected in the Pt/CeMnOx
sample. The peaks in the range of 285–314 ◦C corresponded to the reduction of the adsorbed
oxygen species, resulting from the interaction between the Pt species and the diatomite
support. It is well known that the area of the reduction peak reflects the reducibility of a
catalyst to some extent. According to the previous study [33], reducibility was an important
factor affecting the catalytic performance of a catalyst. The H2 consumption can reflect the
reducibility of the catalyst, and the reducibility is related to the adsorbed oxygen species
on the sample surface. Good reducibility is beneficial for the redox cycle of the catalysts,
thus rendering them to show high oxidation activities. We have conducted quantitative
analysis on the reduction peaks in the H2-TPR profiles of the samples (the quantitative
analysis method can be seen in the Supplementary Materials) and the reduction peaks
were calibrated against that of the complete reduction of a known standard powered
CuO (Aldrich, Saint Louis, American, 99.995%) sample. It can be seen from Table 2 that,
although the H2 consumption of the samples was close, Pt/CeMnOx/diatomite exhibits
the lowest reduction temperature. Hence, the Pt/CeMnOx/diatomite sample with the best
low-temperature reducibility showed the best catalytic activity for the oxidation of VOCs.

2.5. Oxygen, Sulfur Dioxide, and VOC Desorption Behaviors

The adsorption behaviors of the oxygen in the samples were measured by the O2-TPD
technique, and their O2-TPD profiles are shown in Figure 6A. The peaks below 300 ◦C were
assigned to the desorption of the surface adsorbed oxygen species, and the ones in the
range of 300–600 ◦C and above 600 ◦C were attributed to the removal of the surface lattice
oxygen species and the bulk lattice oxygen species [34], respectively. It is seen that there is
a higher amount of oxygen desorption from the Pt/CeMnOx/diatomite sample than from
the Pt/CeMnOx sample. Such a result was in good consistency with the result obtained by
the previous XPS characterization.



Catalysts 2023, 13, 676 9 of 22

Figure 5. H2-TPR profiles of (a) CeMnOx, (b) CeMnOx/diatomite, (c) Pt/CeMnOx, and
(d) Pt/CeMnOx/diatomite.

Figure 6B–D shows the results of the VOC (ethyl acetate + toluene)-TPD of the
Pt/CeMnOx/diatomite and Pt/CeMnOx samples. It is observed that ethyl acetate and
toluene are adsorbed on both samples after the oxygen pretreatment. As shown in
Figure 6B, the adsorption of ethyl acetate on the Pt/CeMnOx/diatomite sample was
detected with two desorption peaks at 183 and 381 ◦C, respectively. In contrast, for the
Pt/CeMnOx sample, only one desorption peak was recorded at 440 ◦C. The desorption
peak in the low temperature was assigned to the surface adsorption of ethyl acetate, while
the ones at 381 and 440 ◦C were attributed to the chemical adsorption of ethyl acetate.
Therefore, the Pt/CeMnOx/diatomite sample possessed better ethyl acetate adsorption
behavior than the Pt/CeMnOx sample; thus, the former outperformed the latter for ethyl
acetate oxidation. For the toluene adsorption (Figure 6C), the toluene adsorption capacities
of the two samples were similar, and a prominent desorption peak was observed at 423 and
445 ◦C, respectively. Additionally, CO2 (m/z = 44) production signals were also detected, as
shown in Figure 6D. It can be inferred that the formation of CO2 in the ranges of 200–400 and
400–600 ◦C is attributed to the reaction of adsorbed toluene and ethyl acetate with the
surface adsorbed oxygen and surface lattice oxygen species, respectively. The locations
of the CO2 desorption peaks from the two samples were similar, indicating that the paths
of toluene and ethyl acetate oxidation over the two samples were also the same. That
is to say, toluene and ethyl acetate were oxidized over the Pt/CeMnOx/diatomite and
Pt/CeMnOx samples according to the same reaction mechanism. The TGA technique was
used to analyze weight losses of the diatomite, Pt/CeMnOx, and Pt/CeMnOx/diatomite
samples, and their TGA profiles are shown in Figure S5. From the TGA profiles (Figure S5),
one can observe that there are gradual and small weight losses of about 1.0, 3.2, and
1.5 wt% in the RT–300 ◦C range of the diatomite, Pt/CeMnOx, and Pt/CeMnOx/diatomite
samples, respectively, which are due to the removal of the adsorbed H2O and CO2 as
well as the adsorbed oxygen species on the Pt/CeMnOx and Pt/CeMnOx/diatomite sam-
ples. Such a small weight loss means that no structural destruction takes place in the
Pt/CeMnOx/diatomite. In other words, the Pt/CeMnOx/diatomite possessed good struc-
tural stability.
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Figure 6. (A) O2-TPD, (B–D) (EA + toluene)-TPD, and (E) SO2-TPD profiles of the diatomite,
Pt/CeMnOx/diatomite, and Pt/CeMnOx samples.
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The SO2 desorption behaviors of the samples were measured using the SO2-TPD
technique, and their results are shown in Figure 6E. For the diatomite support, there
was one broad desorption peak in the range of 300−700 ◦C, which was assigned to the
desorption of SO2 adsorbed on the surface of diatomite. One SO2 desorption peak at a
similar temperature was also observed for the Pt/CeMnOx/diatomite sample, but no SO2
desorption peaks were detected for the diatomite-free Pt/CeMnOx sample. That is to say, a
certain amount of SO2 was adsorbed on the diatomite support and no SO2 was adsorbed
on the Pt/CeMnOx surface. This result reveals that the use of diatomite as a support
was beneficial for protecting the active Pt and CeMnOx sites from being poisoned by SO2,
thus enhancing the SO2 resistance of the Pt/CeMnOx/diatomite sample. In addition,
the Pt/CeMnOx or Pt/CeMnOx/diatomite sample displayed a distinct high-temperature
desorption peak at approximately 898 ◦C, which was due to the decomposition of the
manganese sulfate species [35]. The stable manganese sulfate species could cover part of
the active sites, thus leading to a partial deactivation of the catalysts.

2.6. In Situ DRIFTS Spectra of Toluene and Ethyl Acetate Oxidation

In situ DRIFTS characterization was performed to further analyze the detailed in-
termediates and products of catalytic toluene and ethyl acetate oxidation. The reactant
mixture used in the in situ DRIFTS experiments was the same as that used in activity
evaluation. After activation in an oxygen atmosphere for 1 h, in situ DRIFTS spectra of
Pt/CeMnOx and Pt/CeMnOx/diatomite at different temperatures were recorded, respec-
tively, and the results are shown in Figure 7. The characteristic band at 3033 cm−1 was
attributed to the C–H bond stretching vibration of aromatic ring in toluene, and the one
at 2927 cm−1 was assigned to the asymmetric stretching vibration of C–H bond in methyl
group of toluene [36]. The characteristic band at 1512 cm−1 corresponded to the out-plane
deformation vibration of the benzene ring in toluene [37]. The recording of the OH group
interacting with the methyl group at 3680 and 3741 cm−1 confirms the adsorption of toluene
on the surface of the sample [38]. The characteristic band at 1051 cm−1 was ascribed to
the O–O stretching vibration of the chemically adsorbed oxygen species [39]. With the rise
in temperature, the area of the band gradually increased. As can be seen from Figure 7,
the intensity of the band for the Pt/CeMnOx/diatomite sample was stronger than that for
the Pt/CeMnOx sample. This result shows that the adsorbed oxygen concentration on the
former is higher than that on the latter, which is more conducive to the catalytic oxidation
of toluene or ethyl acetate. The band at 1734 cm−1 was attributed to the C–O stretching
vibration of ethyl acetate, the one at 1244 cm−1 was ascribed to the C–O stretching vibration
of surface alcoholates, and the one at 1547 cm−1 was attributed to the COO– anti-symmetric
stretching vibration of surface acetates [40,41]. The characteristic absorption band at
1685 cm−1 was due to the C=O stretching vibration of the aldehyde, and the one at
1762 cm−1 was owing to the C=O stretching vibration of the carboxylic acid. The re-
sult demonstrates that ethanol and acetaldehyde are produced in the oxidation of ethyl
acetate. The band at 3568 cm−1 was due to the hydroxyl group on the sample surface [42],
and the one at 3844 cm−1 was assigned to the bridged water [43]. H2O (with the bands
at 3568, 3680, 3741, and 3844 cm−1) increased with the rise in temperature. Hence, the
approximate pathways of ethyl acetate or toluene oxidation could be obtained. The C–C
and C–O in ethyl acetate are first broken to form the CH3CH2O* and CH3CO* species. Then,
the intermediates, such as ethanol and acetaldehyde, are produced, and these intermediates
are finally converted to CO2 and H2O [44,45]. In the oxidation process of toluene, the
intermediate products, such as benzaldehyde and benzoic acid, may be formed, which are
finally oxidized to CO2 and H2O. It should be noted that the mechanisms of ethyl acetate or
toluene oxidation were similar over the Pt/CeMnOx/diatomite and Pt/CeMnOx samples.
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Figure 7. In situ DRIFTS spectra of 1000 ppm toluene and 1000 ppm ethyl acetate oxidation over the
Pt/CeMnOx/diatomite and Pt/CeMnOx samples (after activation treatment in an O2 flow at 300 ◦C)
at different temperatures.

2.7. Catalytic Performance for Toluene and Ethyl Acetate Oxidation

Toluene and ethyl acetate are the typical VOCs in aromatics and esters, respectively,
which are widely used in petroleum processing, coating, pharmaceutical, and automobile
manufacturing industries. Such components usually exist in the mixture of VOCs emitted
in the actual industrial production activities. Hence, taking toluene and ethyl acetate as
the model VOCs for their oxidative removal is of significance for industrial applications.
Catalytic activities of the samples were evaluated for the oxidation of a VOC mixture
(i.e., 1000 ppm ethyl acetate and 1000 ppm toluene), and their results are shown in
Figure 8A.

In order to examine the effects of the Ce/Mn molar ratio or noble metal (Pt or Pd) on
catalytic performance, we measured the catalytic activities of the samples with Ce/Mn
molar ratios of 1:2, 1:1, and 2:1 or the supported Pt or Pd samples under the same re-
action conditions, and their results are summarized in Table 3. We used the reaction
temperatures (T50% and T90%) required for achieving toluene or ethyl acetate conversions
of 50 and 90% to evaluate catalytic activities of the samples, respectively. the T90% over
0.32Pt/CeMnOx/diatomite was lower than that over 0.27Pd/CeMnOx/diatomite by 19 ◦C
for ethyl acetate oxidation or 26 ◦C for toluene oxidation, indicating that the supported Pt
sample outperformed the supported Pd sample for the two reactions. Over the samples
with different Ce/Mn molar ratios, ethyl acetate conversion first increased and then de-
creased with the rise in Mn content. For toluene oxidation, the performance of the samples
with Ce/Mn molar ratios of 0.5 and 1 was similar but better than the sample with a Ce/Mn
molar ratio of 2. Therefore, the Pt/CeMnOx/diatomite sample with Ce/Mn molar ratio = 1
was used in the subsequent investigations.
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Figure 8. (A) Ethyl acetate or toluene conversion, (B) acetaldehyde yield, and (C) ethanol yield as a
function of reaction temperature over the Pt/CeMnOx and Pt/CeMnOx/diatomite samples.

Table 3. Catalytic activities of the samples for ethyl acetate and toluene oxidation at
SV = 20,000 mL g−1 h−1.

Sample

Toluene Oxidation Activity Toluene Oxidation at 220 ◦C Ethyl Acetate Oxidation Activity Ethyl Acetate Oxidation at 200 ◦C

T50%
(◦C)

T90%
(◦C)

Ea
(kJ mol−1)

TOFPt or Pd
(×10−3 s−1)

Specific Reaction
Rate

(µmol gcat−1 s−1)
T50%
(◦C)

T90%
(◦C)

Ea
(kJ mol−1)

TOFPt or Pd
(×10−3 s−1)

Specific Reaction
Rate

(µmol gcat−1 s−1)

0.27Pd/CeMnOx/
diatomite 236 259 76 22.4 0.61 211 229 55 8.9 0.27

0.32Pt/CeMnOx/
diatomite 218 233 69 30.2 1.56 182 210 38 22.8 1.04

0.33Pt/CeMn2Ox/
diatomite 220 230 67 21.1 1.06 196 212 50 13.5 0.68

0.30Pt/CeMn0.5Ox/
diatomite 228 245 72 15.4 0.59 205 221 54 8.3 0.31

0.33Pt/CeMnOx 216 230 61 25.7 1.29 200 210 42 7.3 0.42

Figure 8A shows the catalytic activities of the Pt/CeMnOx/diatomite and Pt/CeMnOx
samples for toluene and ethyl acetate oxidation. The reaction sequence of the mixed
VOCs over the samples was reflected by the trend in the conversion of ethyl acetate
and toluene. Ethyl acetate was first converted and toluene was then oxidized. Over the
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Pt/CeMnOx/diatomite sample, the catalytic activity of converting ethyl acetate in the VOC
mixture at low temperatures was better than that over the Pt/CeMnOx sample. The T50%
values over the Pt/CeMnOx/diatomite and Pt/CeMnOx samples were 185 and 200 ◦C,
respectively, but the T90% values over the two samples were the same (210 ◦C) for the
conversion of ethyl acetate. The above result indicates that the Pt/CeMnOx/diatomite
sample exhibits better activity than the Pt/CeMnOx sample at low temperatures, which
is related to the enhanced ethyl acetate adsorption capacity of the former sample. The
oxidation of ethyl acetate over the samples obeyed a Mars–van Krevelen mechanism [46].
The Pt nanoparticles and oxygen vacancies on the surface of CeMnOx were the key active
centers for the VOC oxidation. According to the XPS characterization results, one can
realize that the Pt/CeMnOx/diatomite sample exhibits the strongest ability to adsorb and
activate oxygen molecules, thus making this sample show the best catalytic performance for
the VOC oxidation. However, there were no significant differences in toluene conversion
over the Pt/CeMnOx and Pt/CeMnOx/diatomite samples, which displayed the close T50%
(216 and 218 ◦C) and T90% (233 and 230 ◦C) values, respectively. Such a result was caused
by the similar active sites with rather close Pt loadings (0.32–0.33 wt%). Figure 8B,C show
the acetaldehyde and ethanol yields produced during the oxidation of ethyl acetate. The
ethanol yields over the Pt/CeMnOx and Pt/CeMnOx/diatomite samples were close, but
there was a significant difference in acetaldehyde yield over the two samples. The amount
of acetaldehyde over the Pt/CeMnOx/diatomite sample was much lower than that over
the Pt/CeMnOx sample. The diatomite has a surface with abundant hydroxyl groups and
strong adsorption ability [12]. Some of the reactants and intermediates produced in ethyl
acetate oxidation could be adsorbed on diatomite. Hence, the use of diatomite as a support
would play an important role in improving the activity and selectivity of ethyl acetate
oxidation over the diatomite-supported noble metal catalysts.

The turnover frequencies (TOFsPt or Pd) and specific reaction rates of the samples for
the oxidation of ethyl acetate and toluene were calculated according to their activity data,
as summarized in Table 3. Obviously, the 0.32Pt/CeMnOx/diatomite sample exhibited the
highest TOFPt value and the highest specific reaction rate for the oxidation at 220 ◦C of
ethyl acetate (1.04 µmol gcat

−1 s−1) or toluene (1.56 µmol gcat
−1 s−1). Table S1 summarizes

the VOC oxidation activities of the catalysts presented in this work and reported in the
literature. It can be found that the 0.32Pt/CeMnOx/diatomite catalyst prepared in the
present work performed better than the previously reported catalysts in the oxidation of
VOC mixtures.

In the past few years, there have been a lot of research works related to the kinetics of
catalytic VOC oxidation. For example, Behar et al. [47] claimed that toluene combustion
over Cu1.5Mn1.5O4 was first- and zero-order with respect to toluene and oxygen concen-
trations, respectively. Chen et al. [48] found that CH2Cl2 oxidation over Au/Co3O4 was
first- and zero-order toward CH2Cl2 and O2 concentrations, respectively. In one of our
previous works, a similar reaction mechanism over the Pd/meso-CoO and Pd/meso-Co3O4
catalysts was also confirmed [49]. Hence, it can be reasonably assumed that the oxidation
of toluene and ethyl acetate in an excessive-oxygen (VOC/O2 molar ratio = 1/400) atmo-
sphere obeys a first-order reaction mechanism with respect to VOC concentration (c):
r = −kc = (−Aexp(−Ea/RT))c, where r, k, A, and Ea are the reaction rate (mol s−1),
rate constant (s−1), pre-exponential factor, and apparent activation energy (kJ mol−1),
respectively. The Arrhenius plots for the oxidation of toluene and ethyl acetate over
the samples and the Ea values with standard deviations are shown in Figure S3. It
should be noted that the standard deviations of the Ea values were 1.1–3.9 kJ mol−1

for toluene oxidation, while they were 2.9–5.2 kJ mol−1 for ethyl acetate oxidation over the
Pt/CeMnOx, Pt/CeMn2Ox/diatomite, Pt/CeMnOx/diatomite, Pt/CeMn0.5Ox/diatomite,
and Pd/CeMnOx/diatomite samples. The Ea value of toluene oxidation decreased in
the order of 0.27Pd/CeMnOx/diatomite (76 kJ mol−1) > 0.30Pt/CeMn0.5Ox/diatomite
(72 kJ mol−1) > 0.32Pt/CeMnOx/diatomite (69 kJ mol−1) > 0.33Pt/CeMn2Ox/diatomite
(67 kJ mol−1) > 0.33Pt/CeMnOx (61 kJ mol−1). For ethyl acetate oxidation, it decreased in
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the sequence of 0.27Pd/CeMnOx/diatomite (55 kJ mol−1) > 0.30Pt/CeMn0.5Ox/diatomite
(54 kJ mol−1) > 0.33Pt/CeMn2Ox/diatomite (50 kJ mol−1) > 0.33Pt/CeMnOx (42 kJ mol−1)
> 0.32Pt/CeMnOx/diatomite (38 kJ mol−1), which was in good consistency with their
activity changing trend.

2.8. Surface Element Compositions of the Samples after SO2 Treatment

The adsorbed oxygen species, surface element compositions, and metal oxidation state
distributions of the samples before and after SO2 treatment were determined by the XPS
technique, and their results are shown in Figure 9A–E and Table 4. After SO2 treatment,
the Oads/Olatt molar ratio decreased, but the Mn2+/Mnδ+ (Mnδ+ = Mn2+ + Mn3+ + Mn4+)
molar ratios on the Pt/CeMnOx and Pt/CeMnOx/diatomite samples increased. For the
Pt/CeMnOx sample, the Mn2+/Mnδ+ molar ratio increased from 0.12 to 0.39, much higher
than that (from 0.18 to 0.34) on the Pt/CeMnOx/diatomite sample. In addition, the
Pt2+/Ptδ+ (Ptδ+ = Pt0 + Pt2+ + Pt4+) and S6+/S4+ molar ratios on the Pt/CeMnOx sam-
ple were also higher than those on the Pt/CeMnOx/diatomite sample. The results reveal
that SO2 molecules attached to the Pt and Mn active sites tended to form a higher amount
of sulfate on the surface of Pt/CeMnOx, as compared with the Pt/CeMnOx/diatomite
sample surface. This also indicates that a certain amount of SO2 can be adsorbed by the
diatomite. Hence, the use of diatomite as a support could protect the active sites in the
sample to a certain extent.

Table 4. Surface element compositions of the fresh and SO2-treated samples.

Sample Surface Element Molar Ratio (mol/mol)

Pt2+/Ptδ+ Mn2+/Mnδ+ Ce3+/(Ce4+ + Ce3+) Oads/Olatt S6+/S4+

Pt/CeMnOx 0.20 0.12 0.09 0.21 –
Pt/CeMnOx/diatomite 0.26 0.18 0.10 0.29 –

Pt/CeMnOx (SO2-treated) 0.30 0.39 0.12 0.16 3.21
Pt/CeMnOx/diatomite

(SO2-treated) 0.22 0.34 0.10 0.25 2.44

2.9. Sulfur Dioxide and Water Resistance

Sulfur oxide is a common component in industrial waste gas. Usually, SO2 can be
strongly adsorbed on the surface of a catalyst by forming the sulfate species, occupying
the active sites and hence resulting in catalyst deactivation. Such a deactivation is usually
irreversible. Therefore, the existence of SO2 will significantly affect the lifetime of a catalyst.
There was a competitive adsorption between reactants and sulfur dioxide during the VOC
oxidation process in the presence of SO2. In the meanwhile, SO2 could also lead to the
deactivation of the catalysts, thus influencing the oxidation of toluene or ethyl acetate.
However, the catalysts with good SO2 resistance could still show high catalytic activities
and stability in toluene and ethyl acetate oxidation in the presence of SO2.

In order to explore the SO2 resistance of the typical samples, we measured the catalytic
performance of Pt/CeMnOx and Pt/CeMnOx/diatomite for the oxidation of ethyl acetate
and toluene in the presence of 25 ppm SO2. As shown in Figure 10A,B, 25 ppm SO2 was
introduced to the mixed VOC feedstock at T90% (210 ◦C and 230 ◦C of ethyl acetate and
toluene oxidation at SV = 20,000 mL g−1 h−1, respectively). Before the introduction of
SO2, the conversions of VOCs over Pt/CeMnOx or Pt/CeMnOx/diatomite were stable at
about 90%. When 25 ppm SO2 was added, ethyl acetate conversion over Pt/CeMnOx or
Pt/CeMnOx/diatomite continued to decrease. After 8 h of on-stream reaction, ethyl acetate
conversion was stabilized at 25 and 41%, respectively. After cutting off the SO2, ethyl acetate
conversion over Pt/CeMnOx rose slightly to 37%, while that over Pt/CeMnOx/diatomite
remained at about 41%.
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Figure 9. (A) O 1s, (B) Mn 2p, (C) Ce 3d, (D) Pt 4f, and (E) S 2p XPS spectra of (a) fresh Pt/CeMnOx,
(b) Pt/CeMnOx after SO2 treatment, (c) fresh Pt/CeMnOx/diatomite, and (d) Pt/CeMnOx/diatomite
after SO2 treatment.
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The SO2 resistance during the oxidation of toluene over the samples was tested at
230 ◦C with other conditions being the same as in activity evaluation, and the results are
shown in Figure 9B. Ethyl acetate has already completely converted at this temperature,
so SO2 exerted little effect on ethyl acetate conversion. However, the Pt/CeMnOx and
Pt/CeMnOx/diatomite samples showed different sulfur dioxide resistance in toluene
oxidation. Over the Pt/CeMnOx sample, catalytic activity decreased rapidly from 91 to 13%
in 4 h after the introduction of SO2. When SO2 was cut off, toluene conversion was recovered
to 29%, much lower than its initial conversion level. Over the Pt/CeMnOx/diatomite
sample, however, toluene conversion decreased from 90 to 77% but was still stabilized
at this level (about 77%) and not recovered when the SO2 was cut off. Combined with
the XPS results, we can realize that SO2 is adsorbed on the surface of both samples by
forming a large amount of sulfate species. Over the Pt/CeMnOx sample, the decrease in
the conversion of ethyl acetate or toluene was owing to the generation of the stable sulfate
species at different active sites. Over the Pt/CeMnOx/diatomite sample, except for forming
manganese sulfate on the surface, some SO2 molecules were adsorbed on diatomite because
of its good adsorption property. Therefore, the use of diatomite as a support could protect
the active sites from being poisoned to a certain extent. In addition, the active component
also existed on the inner surface of the pores due to the unique disc-shaped porous structure
of diatomite. Such an active component could still play a catalytic role after adding SO2.
Because of the pore size, the active component on the inner surface was mostly Pt. Pt is
the preferential active site for toluene oxidation over the sample. Hence, this part of Pt in
Pt/CeMnOx/diatomite might have governed the oxidation of toluene after the sample was
treated with SO2.

Figure 10. Effect of 25 ppm SO2 on catalytic activity of Pt/CeMnOx/diatomite and Pt/CeMnOx for
(A) ethyl acetate oxidation at 210 ◦C or (B) toluene oxidation at 230 ◦C.

Except for the SO2 effect, the influence of water vapor on catalytic performance
cannot also be ignored. In order to examine the effect of H2O on the activity of the
Pt/CeMnOx/diatomite and Pt/CeMnOx samples, we carried out toluene and ethyl acetate
oxidation in the presence of 5.0 vol% H2O, and the results are shown in Figure 11A,B, re-
spectively. Obviously, toluene or ethyl acetate conversions over the two samples decreased
with the addition of water vapor. When water vapor was cut off, toluene or ethyl acetate
conversions were gradually restored to the initial levels in the absence of water vapor. This
phenomenon was attributable to the competitive adsorption between water vapor and the
reactants’ molecules [50].
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Figure 11. Effect of 5.0 vol% H2O on catalytic activity of Pt/CeMnOx/diatomite and Pt/CeMnOx for
(A) ethyl acetate oxidation at 210 ◦C or (B) toluene oxidation at 230 ◦C.

3. Materials and Methods
3.1. Chemical Reagents

Diatomite and H2PtCl6·6H2O were purchased from Macklin (Shanghai, China). Potas-
sium permanganate (KMnO4), cerium chloride hexahydrate (CeCl3·7H2O), manganese
chloride tetrahydrate (MnCl2·4H2O), and sodium hydroxide (NaOH) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. All of the reagents were analytical-
grade and used without further purification.

3.2. Preparation of CeMnOx/Diatomite

The CeMnOx/diatomite catalyst was prepared by the redox precipitation method [51].
Amounts of 1.00 g of diatomite, 0.63 g of KMnO4, 3.70 g of CeCl3·7H2O, and 1.20 g of
MnCl2·4H2O were dissolved in 50 mL of deionized water and stirred for 1 h to be dispersed
uniformly. Then, 0.2 mol L−1 of NaOH aqueous solution was added dropwise into the
above mixed solution to adjust the pH value to 11.0 under stirring for 4 h. After the solution
was centrifugated, the as-obtained solid was repeatedly washed with deionized water until
the chloride was completely removed. Finally, the catalyst was dried at 80 ◦C for 12 h and
further calcined in air at 500 ◦C for 4 h, thus obtaining the CeMnOx/diatomite catalyst.
In order to compare the effect of Ce/Mn proportion in the CeMnOx composites on the
catalytic activity of the catalysts, we selected Ce/Mn theoretical stoichiometric ratios of 0.5,
1, and 2, respectively. For comparison purposes, the CeMnOx, CeMn2Ox/diatomite, and
CeMn0.5Ox/diatomite were also prepared by the same method.

3.3. Preparation of Pt/CeMnOx/Diatomite, Pt/CeMnOx, Pt/CeMn2Ox/Diatomite,
Pt/CeMn0.5Ox/Diatomite, and Pd/CeMnOx/Diatomite

The Pt/CeMnOx/diatomite catalyst was prepared using a simple incipient wetness
impregnation approach. An amount of 500 mg of the CeMnOx/diatomite support was
impregnated with a certain amount of 0.01 mol L−1 H2PtCl6·6H2O aqueous solution
(theoretical Pt loading = 0.5 wt%) at room temperature for 7 h. The as-obtained wet
solid was first dried at 80 ◦C for 12 h and then calcined in air at 500 ◦C for 4 h, thus
obtaining the Pt/CeMnOx/diatomite catalyst. For comparison purposes, the Pt/CeMnOx,
Pt/CeMn2Ox/diatomite, Pt/CeMn0.5Ox/diatomite, and Pd/CeMnOx/diatomite catalysts
were also prepared using the above same method. The concentration of the PdCl2 precur-
sor solution was 0.01 mol L−1. The actual Pt and Pd loadings in Pt/CeMnOx/diatomite,
Pt/CeMnOx, Pt/CeMn2Ox/diatomite, Pt/CeMn0.5Ox/diatomite, and Pd/CeMnOx/
diatomite were 0.32, 0.33, 0.33, 0.30, and 0.27 wt%, respectively, as revealed by the induc-
tively coupled plasma–atomic emission spectroscopic (ICP–AES) characterization results.



Catalysts 2023, 13, 676 19 of 22

3.4. Catalyst Characterization

The physicochemical properties of the catalysts were characterized by ICP–AES
(Thermo Electron IRIS Intrepid ER/S spectrometer, Waltham, MA, USA), powdered X-ray
diffraction XRD, Bruker/AXS D8 Advance diffractometer, with Cu Kα radiation and nickel
filter (λ = 0.15406 nm), Berlin, Germany), scanning electron microscopy (SEM, Gemini Zeiss
Supra 55 apparatus, Oberkochen, Germany), N2 adsorption–desorption (BET, Micromeritics
ASAP 2020 analyzer, Norcross, GA, USA), X-ray photoelectron spectroscopy (XPS, Thermo
Fisher Scientific ESCALAB 250 Xi spectrometer, Waltham, MA, USA), H2 temperature-
programmed reduction (H2-TPR, AutoChem II 2920, Micromeritics, Norcross, GA, USA),
O2 temperature-programmed desorption (O2-TPD), and SO2 temperature-programmed
desorption (SO2-TPD)(Autochem II 2920, Micromeritics, Norcross, GA, USA, respectively),
thermogravimetric analysis (TGA, Setaram Labsys evo, Caluire, France), ethyl acetate
or toluene temperature-programmed desorption (EA-TPD or toluene-TPD)(Autochem II
2920, Micromeritics, Norcross, GA, USA), and in situ diffuse reflectance infrared Fourier
transform spectroscopy (in situ DRIFTS, Nicolet 6700 FT-IR spectrometer with a liquid-
nitrogen-cooled MCT detector, Bruker, Berlin, Germany). The detailed characterization
procedures can be seen in the Supplementary Materials.

3.5. Catalytic Performance Evaluation

Toluene and ethyl acetate oxidation performance was determined in a fixed-bed
quartz tubular microreactor (i.d. = 6 mm). Amounts of 50 mg of the catalyst (40–60 mesh)
and 0.25 g of quartz sand (40–60 mesh) were well mixed to minimize the effect of hot
spots. Before the test, each sample was pretreated in O2 (20 mL min−1) at 250 ◦C for 1 h.
The measurement conditions were as follows: the gas mixture was 1000 ppm toluene
+1000 ppm ethyl acetate +40 vol% O2 + N2 (balance), the total flow rate was 16.7 mL min−1,
and the space velocity (SV) was 20,000 mL g−1 h−1. When the SO2 or H2O was added,
25 ppm SO2 and 5.0 vol% H2O were introduced to the reaction system by a mass controller.
The 25 ppm SO2 came from a gas cylinder, and the 5.0 vol% H2O was provided by a water
saturator at 34 ◦C. Reactants and products were analyzed online by gas chromatography
(GC-2014C, Shimadzu, Kyoto, Japan), equipped with a flame ionization detector (FID) and
a thermal conductivity detector (TCD), using a stabilwax@-DA column (30 m in length)
for VOC separation and a 1/8 in Carboxen 1000 column (3 m in length) for permanent
gas separation. Two parameters (T50% and T90%) were used to measure activities of the
samples, which refer to the temperatures achieving 50 and 90% conversions of toluene or
ethyl acetate, respectively. Toluene or ethyl acetate conversion was calculated according to
the formula: (cinlet − coutlet)/cinlet × 100%, where cinlet and coutlet are the inlet and outlet
toluene or ethyl acetate concentrations, respectively.

4. Conclusions

The Pt/CeMnOx and Pt/CeMnOx/diatomite samples were prepared using the redox
precipitation and incipient wetness impregnation methods. Among the as-prepared sam-
ples, Pt/CeMnOx/diatomite exhibited the best catalytic activity (T90% = 210 ◦C and 230 ◦C
for ethyl acetate and toluene oxidation at SV = 20,000 mL g−1 h−1, respectively, and TOFPt
at 220 ◦C = 1.04 µmol gcat

−1 s−1 for ethyl acetate oxidation and 1.56 µmol gcat
−1 s−1 toluene

oxidation), as well as an excellent performance especially for ethyl acetate oxidation at low
temperatures, with its T50% being 20 ◦C lower than that over the Pt/CeMnOx sample at
SV = 20,000 mL g−1 h−1. Catalytic activity at low temperatures was improved since di-
atomite increased the ethyl acetate adsorption capacity of the sample. The Pt/CeMnOx/
diatomite sample showed a better sulfur dioxide resistance than the Pt/CeMnOx sample
during the toluene oxidation process due to the fact that the former possesses the unique
disc-shaped porous structure and good adsorption property of diatomite. Some of the SO2
molecules were adsorbed on diatomite due to its excellent adsorption behavior, thus pro-
tecting the active sites on the sample surface from being poisoned by SO2. The mechanisms
of ethyl acetate and toluene oxidation over the Pt/CeMnOx/diatomite and Pt/CeMnOx
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samples were as follows: (i) The C–C and C–O bonds in ethyl acetate are first broken to
form the CH3CH2O* and CH3CO* species, and these intermediates are then converted to
CO2 and H2O; (ii) toluene is first oxidized to benzaldehyde and benzoic acid, which are
then converted to CO2 and H2O. This work combined the advantages of an active CeMnOx
composite and natural diatomite. In addition, the preparation method adopted in this
study was simple. The as-prepared Pt/CeMnOx/diatomite catalyst exhibited good activity
for the oxidation of toluene and ethyl acetate. In particular, this catalyst showed good SO2
resistance in toluene oxidation. Therefore, the present study is of practical significance. We
are sure that such a catalytic material is promising in the practical industrial applications of
VOC removal.

Supplementary Materials: The following catalyst preparation procedures and catalytic evalua-
tion procedures are available online at https://www.mdpi.com/article/10.3390/catal13040676/
s1: Table S1, Comparison of catalytic activities for ethyl acetate and toluene oxidation of the
Pt/CeMnOx/diatomite sample prepared in the present work and various catalysts reported in
the literature; Figure S1, Ethyl acetate or toluene conversion as a function of reaction temperature
over the Pd/CeMnOx/diatomite and Pt/CeMnOx/diatomite samples at SV = 20,000 mL g−1 h−1;
Figure S2, Ethyl acetate or toluene conversion as a function of reaction temperature over the
Pt/CeMnOx/diatomite samples with different Ce/Mn ratios at SV = 20,000 mL g−1 h−1; Figure S3,
Ln k versus inverse temperature over (a) Pt/CeMnOx, (b) Pt/CeMn2Ox/diatomite, (c) Pt/CeMnOx/
diatomite, (d) Pt/CeMn0.5Ox/diatomite, and (e) Pd/CeMnOx/diatomite for the oxidation of (A)
toluene and (B) ethyl acetate at SV = 20,000 mL g−1 h−1; Figure S4, Deconvoluted reduction peaks
in H2-TPR profiles of the CeMnOx and CeMnOx/diatomite samples; Figure S5, TGA curves of the
Pt/CeMnOx/diatomite, Pt/CeMnOx, and diatomite samples and references [13,52–59].
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