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ABSTRACT

Amorphous transition metal oxides exhibit considerable potential in the catalytic oxidation of volatile organic
compounds (VOCs) owing to their distinctive surface properties. In this study, we achieved the modulation of the
crystalline structure of manganese oxides by employing various C3 alcohols (alcohols with three carbons) with
distinct hydroxyl types during the reduction process with potassium permanganate. Subsequently, a series of
characterization techniques were employed to assess the catalytic performance of the prepared MnO; in the
oxidation of toluene. Notably, the MnO»-G obtained from glycerol presented excellent catalytic activity (Tgg =
219 °Q), stability, and water resistance. The unique amorphous/microcrystalline state of MnO»-G exposed more
phase boundaries, and the unsaturated coordination structure facilitated the generation of additional defective
sites, favoring the adsorption and activation of oxygen. Furthermore, the mixed-crystalline state induced the
elevated Mn®" content on the surface of MnO,-G, leading to elongation of the Mn-O bond due to the pronounced
Jahn-Teller effect of Mn>". Consequently, the synergistic effects of the mixed crystalline state contributed to the
efficient catalytic oxidation of toluene at relatively low temperatures. Additionally, the conversion pathway of
toluene on MnO,-G was further revealed by in situ DRIFTS.

1. Introduction

VOCs are another air pollutant that has been increasingly empha-
sized after PMj s, sulfur dioxide, and nitrogen oxides, including alkanes,
olefins, and aromatic hydrocarbons [1]. Among them, hydrocarbons
with benzene rings are often highly toxic, irritating, and strongly
carcinogenic, and can pose a serious risk to the human respiratory and
immune systems [2-5]. Moreover, VOCs are now the critical precursors
for the formation of O3 and photochemical smog, posing a serious threat
to the environment [6,7]. There is a great deal of urgency in the man-
agement of VOCs. Among many VOCs treatment methods (e.g. adsorp-
tion, plasma, photocatalysis, catalytic oxidation et al), catalytic
oxidation technology is currently one of the most mainstream technol-
ogies owing to low cost, great efficiency, and without secondary pollu-
tion [1,8,9]. Catalyst is the key to determining the efficiency of catalytic
oxidation treatment, usually involving precious metal and transition
metal catalysts [10,11]. Although noble metal catalysts have naturally
high catalytic activity, their scarcity, high price, ease of sintering, and

poor resistance to toxicity limit their widespread application [12-14].
On the other hand, transition metal oxide catalysts have been increas-
ingly investigated due to their relatively high activity, low price, and
high resistance to toxicity [15-17].

Currently, researchers have conducted thorough investigations into
the structure-effect relationship encompassing the crystal type, exposed
crystal surface, and morphology of crystalline transition metal oxides in
relation to catalytic activity [18,19]. Compared with crystalline cata-
lysts, amorphous or partially crystalline catalysts are prone to generate a
large number of unsaturated coordination sites and oxygen vacancies
due to the disordered arrangement and the loose bonding between the
internal atoms. This characteristic endows amorphous or mixed-
crystalline transition metal oxides with abundant active sites and a
wealth of reactive oxygen species, thereby significantly enhancing their
catalytic activity. Dong et al. employed an impregnation-pyrolysis
method to anchor amorphous Co3O4 particles onto biochar. The
defect-rich Co304 facilitated the activation of PMS, significantly
enhancing the performance of the removal of sulfamethoxazole from
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water. [20]. Lee et al. prepared amorphous CeO»-TiO using the HyO»-
modified sol-gel method, and its redox properties were significantly
improved compared to crystalline CeO»-TiOy [21]. In another study,
Huang et al. synthesized amorphous FeOx-Mng 10y through Mn doping,
which exhibited significant NO and O, adsorption enhancement and
promoted selective reduction of ammonia at low temperatures [22].
Although an increasing number of materials with hybrid amorphous
structures have been applied in various catalytic reactions in recent
years, there is still relatively limited research in the catalytic removal of
VOCs.

MnO; is one of the most researched materials for the catalytic
oxidation of VOCs owing to its wide range of sources, low price, variable
valence, and high oxygen storage capacity [23-26]. Among the various
crystalline forms of MnOs, including a-, f-, y-, and 8-MnOsy, it is note-
worthy that 8-MnO; and a-MnO, usually possess the most outstanding
catalytic oxidation performance [27,28]. However, recent studies sug-
gest that amorphous MnO, may exhibit superior catalytic performance
compared to crystalline MnO,. Zhuang’s group demonstrated that the
amorphous MnO; nanostructure can carry highly reactive lattice oxy-
gen, facilitating the catalytic oxidation of 5-hydroxymethylfurfural to
2,5-furan dicarboxylic acid (FDCA). The observed rate of FDCA forma-
tion for the amorphous MnO; is 8.2 times greater than that of crystalline
MnO,, [29]. For soot oxidation, Liu et al. provided evidence that amor-
phous MnO;, prepared using the colloidal solution combustion method
had more surface oxygen species and improved low-temperature
reducibility than crystalline MnOy [30]. Furthermore, Liu et al. syn-
thesized partially crystalline MnO, using a gradient crystallization
method. The specific procedure was to reduce KMnO4 with glucose to
obtain amorphous MnOs, followed by a secondary hydrothermal heating
process to enhance crystallinity. The obtained mixed-crystalline MnO»
exhibited superior catalytic combustion performance for VOCs. This is
attributed to the coexistence of amorphous and crystalline structures
that could synergize to provide the catalysts with stronger oxygen sup-
ply capacity and more Mn** [31]. Despite the attractiveness of the
amorphous strategy, reports on the facile preparation of MnO, with
crystalline/amorphous states are still relatively limited. Moreover, it is
necessary to deeply investigate the mechanism of catalytic combustion
of VOCs by partially crystalline MnO,.

Herein, MnO; catalysts with different crystal types and surface
properties were prepared by reducing KMnO4 with Cs-alcohols con-
taining different numbers of hydroxyl groups. Among them, MnO,-G
obtained from glycerol presented the optimal catalytic performance.
XRD and HRTEM analyses showed that MnO,-G consists of abundant
mixed amorphous and microcrystalline structures. Raman and XPS
illustrated that the hybrid crystal structure facilitates the weakening of
the Mn-O bond and generates more oxygen vacancies. Furthermore, the
significant enhancement of the MnO,-G ’s redox capacity and surface
lattice oxygen activation was demonstrated by Ho-TPR and O2-TPD. And
the isotope labeling test proved that both chemisorbed and lattice oxy-
gen are involved in the toluene oxidation process. Meanwhile, the
conversion pathway of toluene on the MnO»-G surface was examined by
in situ DRIFTS. Moreover, MnO»-G exhibited excellent stability, water
tolerance, and operational flexibility.

2. Experimental
2.1. Preparation of catalyst

The redox-precipitation method was used to synthesize different
MnO; samples. Specifically, 35 mL deionized water was used to dissolve
0.3 mol of Cg alcohol (1-propanol, isopropanol, 1,2-propylene glycol,
1,3-propylene glycol, and glycerol). Then, 30 mL deionized water was
used to dissolve 0.01 mol KMnOy4, and the mixture was ultrasound for
15 min. Thereafter, the KMnO4 solution was added dropwise into the Cs
alcohol solution at 60 °C with vigorous stirring and kept for 6 h. Sub-
sequently, the precipitated product was centrifuged and washed three
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times alternately with deionized water and ethanol. Finally, the as-
synthesized samples were dried in an oven at 80 °C overnight, fol-
lowed by calcination in a tubular furnace at 400 °C under an air atmo-
sphere for 4 h to obtain powder catalysts. The catalysts prepared using 1-
propanol, isopropanol, 1,2-propylene glycol, 1,3-propylene glycol, and
glycerol as reducing agents were sequentially named MnOs-P, MnO»-I,
MnO»-1,2P, MnO»-1,3P, and MnO»-G.

2.2. Characterizations of catalyst

The samples were comprehensively characterized through a wide
range of analytical techniques. X-ray diffraction (XRD) analysis was
conducted utilizing a Rigaku Smart Lab power diffractometer equipped
with Cu Ka radiation, and the scan rate was set at 5°/min. X-ray
photoelectron spectroscopy (XPS) was employed to analyze the valence
state and electron transfer of the catalysts. Nitrogen adsorption and
desorption isotherms were documented employing a Quantachrome
Nova 4000e instrument. The specific surface area (Sggr) and pore vol-
ume (V;,) were determined via the Brunauer-Emmett-Teller (BET) and
Barret-Joyner-Halenda (BJH) methods. A HOBIBA spectrometer with an
excitation wavelength of 532 nm was used to investigate the Raman
vibrational characteristics of the catalysts. Morphology and structure
examination involved scanning electron microscopy (SEM, TESCAN
MIRA4) and transmission electron microscopy (TEM, FEI Tecnai G2
F20). Hy temperature-programmed reduction (Hy-TPR) experiments
were performed on a Micromeritics AutoChem II 2920 instrument. The
catalysts were pretreated in a helium stream (50 mL/min) at 300 °C for
60 min, followed by temperature ramping to 800 °C in a 5 % Ha/Ar flow
(50 mL/min), while recording the thermal conductivity detector (TCD)
signal. The hydrogen consumption of a series of CuO standard samples
and their reduction peak area were used as benchmarks to calculate the
hydrogen consumption corresponding to the reduction peak area of the
test sample [32]. Similarly, O, temperature-programmed desorption
(0,-TPD) experiments were performed with pretreated catalysts using a
helium gas stream (50 mL/min) from 50 to 800 °C at a rate of 10 °C
/min. In situ diffuse reflectance infrared Fourier transform spectroscopy
(in situ DRIFTS) analyses were performed using a Thermo Fisher Nicolet
6700 FTIR spectrometer. The samples underwent pretreatment in a
helium flow at 230 °C for 1 h to eliminate surface water and physically
adsorbed oxygen. Subsequently, 600 ppm toluene was injected into the
in situ cell balanced with synthetic air. The %0, temperature-
programmed surface reaction (*¥0,-TPSR) was conducted for isotopic
labeling tests. The samples were first pretreated at 300 °C for 30 min
under He atmosphere to remove adsorbed oxygen on the catalyst sur-
face. The samples were then cooled to 60 °C, followed by the intro-
duction of CyHg/He gas and maintained for 30 min. After purging with
He and stabilizing the baseline for mass spectrometry, the atmosphere
was switched to 3 %'80, and the temperature was heated to 400 °C at a
ramp rate of 10 °C/min. The exit gas was analyzed online using a mass
spectrometer (AutoChem 2950 HP).

2.3. Catalytic activity measurement

All experiments assessing the catalytic oxidation performance of
MnO, catalysts for toluene oxidation were conducted within a
continuous-flow fixed-bed reactor. A total of 100 mg of catalyst (40-80
mesh) was loaded into the system. The inlet gas flow rate was set at 50
mL-min~! with a composition of 600 ppm toluene or 500 ppm chloro-
benzene, 20 vol% oxygen, and nitrogen as the balance gas. This corre-
sponds to a weight hourly space velocity (WHSV) of 30,000 mL-h~!.g~ 1.
To investigate the influence of WHSV on the catalytic oxidation of
toluene, the amount of catalyst was adjusted to WHSV = 60,000 and
120,000 mL-h~'.g~!. Moreover, the impact of water vapor on the
toluene oxidation performance of the catalyst was investigated by
introducing varying concentrations, specifically 2.5, 5, 10, 15, and 20
vol%, of water vapor to the reaction process. Toluene and COg
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concentration were continuously measured employing an online gas
chromatograph featuring a flame ionization detector (GC-2017C, Shi-
madazu) and a CO, detector (PGA 650, Phymetrix).

Toluene conversion (X, %) and CO; yield were calculated using the
following equations:

[C7Hsli, — [GHs]o

X =
[C7H8]in

x 100% (@]

[Coz]oul

Yield = ————2
CO, Yield 7% [CoHy,

x 100% 2

where [C7Hg;, and [C;7Hg],,, denote the toluene concentration in the
feed gas and at the reactor outlet, respectively; [CO-],,, represents the
observed CO, concentration at the reactor outlet.

The reaction rate (r, mol-s~'-g 1) of the samples was computed using
the following formula:

X x600x107° xV
" 224 %60 x 1000 x m

3

where V represents the total gas flow rate (mL~min’1) and m is the mass
(g) of the tested catalyst.

To assess the catalytic activity more effectively, the apparent acti-
vation energy (Ea, kJ-mol ') was determined using the Arrhenius
formula.

r=ko x e /KT “4)
3. Results and discussion
3.1. Structures and morphology

To determine the crystal structure of these synthesized MnO,, the
samples were subjected to XRD tests, and the analytical results are
shown in Fig. 1a. In the case of the MnO,-P catalyst, diffraction peaks at
12.78° and 37.52° were identified, associated with the crystal planes
(110) and (211) of a-MnOy (PDF#44-0141). The MnO,-I exhibited a
mixed crystalline phase, its diffraction peak of 37.52° corresponds to the
(211) crystallographic plane of a-MnOy, while the diffraction peaks at
12.55° and 25.25° are in agreement with the crystallographic planes
(001) and (002) of 8-MnO5 (PDF#80-1098). The XRD spectra of MnO»-
1,2P, MnO,-1,3P, and MnO,-G also displayed characteristic diffraction
peaks of a-MnOs. It is notable that MnO,-G exhibits a single diffraction
peak at 37.52° with low intensity, indicating a lower overall crystallinity
compared to other MnO; samples, suggesting the possible presence of an
amorphous structure [29]. Additionally, the broader XRD diffraction
peak of MnO,-G was likely attributed to its smaller grain size [31]. The
amorphous characteristics and diminutive grain size contributed to the
formation of dangling bonds or increased exposure of grain boundaries,
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consequently leading to the generation of more defects and facilitating
catalytic oxidation reactions [33].

Fig. 1(b-c) shows the adsorption and desorption isotherm curves as
well as the BJH pore size distribution of MnO; catalysts prepared by the
reduction of KMnO4 with various Cg alcohols. All the samples exhibit
type IV isotherms. MnO5-P and MnO»-1,2P feature H3-type hysteresis
loops, MnO,-1,3P displays H1 hysteresis, and the MnOs-I and MnO2-G
are characterized by H4-type hysteresis loops, suggesting that different
types of particle stacking exist for these catalysts [24,34]. Combining the
pore size distributions in Table 1 reveals evident mesoporous structures
in these MnO, samples. In comparison to other MnOy, MnO»-G dem-
onstrates a notably narrower pore size distribution, featuring an average
pore size of 6.65 nm. Furthermore, its pore volume (0.38 cm®. g™1) is the
second smallest of all manganese dioxide catalysts, higher only than that
of MnO,-I. Additionally, MnO,-G exhibits a specific surface area of
194.10 m2.g ™, surpassing only that of MnO,-I (49.34 m2.g™1) but fall-
ing below those of MnOy-P (206.25 m2g™1), MnO»-1,2P (205.38
m?g 1), and MnO,-1,3P (218.57 m?-g~1). Despite not having a superior
surface area and pore volume, MnO,-G exhibits significantly better
toluene and chlorobenzene oxidation performance compared to other
MnO; catalysts (Fig. 5a and Fig. S3). This indicates that the variations in
catalytic performance are not primarily attributable to differences in
specific surface area and pore volume. The micromorphology of these
MnO;, catalysts was investigated using SEM and TEM, as depicted in
Fig. 2. MnOy-P exhibits a characteristic rod-like structure of a-MnOs
with an average diameter of around 26.20 nm. The lattice fringe spacing
of 0.339 nm corresponds to the MnO;y (220) crystal face. MnOy-I is
particle-shaped with an average particle size of 70.23 nm. According to
XRD results, MnO»-I is of a mixed crystal type, and HRTEM reveals
lattice fringes with distances of 0.306 nm and 0.253 nm, corresponding
to the a-MnO3 (310) and §-MnO; (200) crystal faces, respectively
(Fig. 2bg). MnO»-1,2P and MnO»-1,3P exhibit dense particle and layered
structures, with average particle sizes of 35.81 and 82.68 nm, respec-
tively. Similar to the structure of MnO,-1,2P, MnO,-G is composed of

Table 1
The textural properties of MnO, catalysts prepared by different C3 alcohols.

Catalyst Sper (M Vp D, Average particle size
g (ccg™)’ (nm)” (nm)®
MnO,-P 206.25 1.34 33.23 26.20
MnO,-1 49.34 0.10 3.40 70.23
MnO,- 205.38 0.95 17.79 35.81
1,2P
MnO,- 218.57 0.88 17.55 82.68
1,3P
MnO,-G 194.10 0.38 6.65 20.71

@ Measured by the BET method.
b Measured by the BJH method.
¢ Statistically obtained from SEM images.

Fig. 1. (a) XRD patterns, (b) N, isotherms and (c) corresponding pore size distributions of MnO; catalysts prepared by different C3 alcohols.
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Fig. 2. SEM and TEM images of MnO»-P (a;-asz), MnO»-I (b;-bs), MnO,-1,2P (c;-c3), MnO,-1,3P (d;-d3), MnO»-G (e;-€3).

dense small particles, but its average particle size is as small as 20.71
nm. Additionally, numerous extremely small particles are observed in
MnO,-G from Fig. 2e,. Furthermore, HRTEM reveals the presence of
amorphous structures within MnO5-1,3P and MnO»-G. However, unlike
the amorphous structure present at the edge of MnO»-1,3P, the amor-
phous structure of MnO»-G is surrounded by many microcrystals with
different crystal facets, including the (400) and (31 0) crystal planes of
a-MnO3 (0.245, 0.309 nm), the (003) crystal plane of §-MnO; (0.233
nm), and the (200) crystal plane of Mn3O4 (0.293 nm). The mixed
structure rich in microcrystals and amorphous forms of MnO>-G may
contains a large number of grain boundaries, facilitating exposure of
more active sites and generation of additional structural defects, thereby
enhancing the catalytic activity of MnO; [31,35].

3.2. Surface state analysis

The XPS was employed to probe the surface chemical properties and
valence states of the synthesized MnOs, catalysts. In Fig. 3a, the convo-
lution peak of Mn 2ps,, can be resolved into two peaks, with the peak at

641.9 eV assigned to Mn>", and the peak at 642.8 eV corresponding to
Mn** [36]. The relative proportions of Mn3" and Mn*" on the surface
can be determined based on their respective peak areas, as presented in
Table 2. As illustrated in Fig. 3a, the surface Mn>*/(Mn>*+Mn*") ratios
of different catalysts followed this order: MnO,-1,3P< MnO2-P< MnO»-
I< MnOy-1,2P< MnO,-G. Additionally, the average valence states of
these MnO, catalysts were calculated based on the difference in binding
energies (AEs) corresponding to the double peaks in the Mn 3 s spectra
(Fig. 3b) [29]. As presented in Table 2, the average oxidation state
(AOS) of the synthesized MnOy, catalysts is 3.35, 3.38, 3.33, 3.60, and
3.10, respectively. The results reveal that the Mn oxidation state is the
lowest in the MnO,-G sample, which can be attributed to the substantial
presence of Mn®' on its surface. Moreover, the ICP results in Table 2
showed that the K/Mn of MnO»-G is notably lower than that of the other
MnO; samples, which may be attributed to the tunnel collapse caused by
the transformation process of a-MnO; to an amorphous structure [37].
The overflow of K™ led to the decrease of the K™ content in the mixed-
crystalline/amorphous MnO»-G. Since MnO»-G has the lowest average
valence state of Mn and the least amount of K*, MnO,-G requires a

Fig. 3. (a) Mn 2p spectra, (b) Mn 3 s spectra and (c) O 1 s spectra of MnO, catalysts prepared by different C3 alcohols (Oiota1 = Oon + Oads + Olatt)-
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Table 2
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Surface chemical state information and catalytic activities of toluene oxidation over MnO, catalysts prepared by different C3 alcohols.

Catalyst Mn®*/(Mn®*+Mn**)? AEs AOS" 0,45/ Orotal” K/Mn® H, consumption amount (mmol-g~1)¢ 0, desorption amount (mmol-g~1)°
MnO,-P 0.408 4.98 3.35 0.103 0.302 9.17 1.97
MnO,-1 0.431 4.95 3.38 0.141 0.415 8.92 1.01
MnO,-1,2P 0.453 4.99 3.33 0.222 0.176 8.99 2.44
MnO,-1,3P 0.403 4.76 3.60 0.162 0.151 8.72 2.57
MnO,-G 0.484 5.20 3.10 0.237 0.022 9.38 2.70

# Calculated basing on the relative peak area according to XPS spectra.

b Average oxidation state (AOS) was calculated following: AOS = 8.956-1.126AEs, where AEs represented the difference of binding energies between two Mn 3 s

peaks;
¢ Calculated from the ICP results.
4 The data were estimated by quantitatively analyzing the curves of Hy-TPR.
¢ The data were estimated by quantitatively analyzing the curves of Oo-TPD.

higher concentration of oxygen vacancies to maintain electroneutrality.
This was verified by the O 1 s XPS analysis in Fig. 3c. Specifically, the
O1s asymmetry XPS peak can be divided into three peaks with binding
energies positioned at 529.6 eV, 531.15 eV, and 532.6 eV, which
correspond to lattice oxygen (Oiart), surface adsorbed oxygen (Oags), and
surface hydroxyl oxygen (Opp), respectively [24]. In general, an
increased quantity of surface oxygen vacancies tends to facilitate the
adsorption and activation of gas-phase oxygen, leading to a rise in the
content of surface-adsorbed oxygen. [24,38]. According to the quanti-
tative analysis results in Fig. 3¢ and Table 2, MnOy-G presents the
highest O,4s/Ototal cOmpared to other MnO,, catalysts, indicating that it
has the highest oxygen vacancy concentration.

3.3. Redox properties

To gain more profound insight into the catalytic oxidation behavior
of various MnO,, catalysts on toluene, the reduction activity and oxygen
activity of the samples were evaluated with Hp-TPR and O,-TPD,
respectively. In Fig. 4a, the Hy-TPR profile reveals hydrogen uptake
occurring below 400 °C for all MnO, catalysts. Specifically, weaker
peaks below 200 °C are associated with the reduction of surface-
adsorbed oxygen [34]. As can be seen in the inset of Fig. 4a, MnO»-G
has the largest adsorbed oxygen reduction peak area, which directly
indicated the existence of the most chemisorbed oxygen on this Mn-
based sample and was consistent with the XPS results. Moreover, the
reduction region at 200-400 °C corresponds to the gradual reduction
from Mn** ->Mn3t>Mn?* [34,39]. Similar overlapping reduction peaks
of multivalent Mn species can be observed on different Mn-based oxides

Fig. 4. (a) H,-TPR, (b) Raman spectra, (c) Mn-O force constant and (d) O,-TPD of MnO,, catalysts prepared by different C3 alcohols.
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except MnO»-G in the range of 200-400 °C, while the main difference
lies in the temperature region and intensity of their reduction peaks. In
contrast, MnO,-G displays distinctly separated Mn reduction peaks (234
and 352 °C), and its first reduction peak temperature exhibits a
noticeable shift toward lower temperatures compared to other MnO,. It
may be ascribed to the presence of numerous amorphous and micro-
crystalline complex structures in MnO»-G, causing a significant weak-
ening of the strength of the six-coordinated Mn-O bonds and rendering
them more susceptible to reduction [35]. The structures of these MnO,
were further examined through Raman spectroscopy, and the corre-
sponding patterns are presented in Fig. 4b. The Raman absorption peaks
detected at 575 and 625 cm ™! corresponded to Mn-O chain stretching
vibrations (A1g) and symmetric stretching vibrations of the [MnOg]
group (Azg), respectively [33]. Obviously, the symmetric telescopic
vibrational absorption peaks of the [MnOg] group in MnO,, prepared
from various Cs alcohols, displayed distinct shifts. Among them, MnOa-
G exhibited a significant blue shift compared to other Mn-based cata-
lysts. The force constant (k) of the Mn-O bond on the material surface
can be computed using Hooke’s law, represented as follows [38]:

PR ©)

T 2xc
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where o represents the Raman shift (cm™1), ¢ denotes the speed of light
(m/s), and  is the effective mass (g).

The calculated results revealed a ranking of Mn-O bonding constants
for these MnO5 samples from small to large: MnO2-G < MnO»-I < MnO»-
1,2P < MnOy-P < MnO,-1,3P, where MnO,-G exhibited the smallest
bonding constant at 294.9 N/m (Fig. 4c). This is attributed to the
elevated Mn®" content in MnO,-G, where the strong Jahn-Teller (J-T)
effect associated with Mn®" induced elongation of the Mn-O bond in
[MnOg]. [38,40]. Combined with the largest hydrogen consumption of
MnO,-G in Table 2, it can be clearly revealed that this catalyst has su-
perior reduction properties compared to MnOs synthesized by other C3
alcohols.

0,-TPD serves as an effective method for investigating the desorp-
tion behavior and activation capacity of diverse oxygen species on the
material surface. Generally, the desorption temperature can disclose the
presence of different oxygen species on the catalyst surface. As depicted
in Fig. 4d, three primary oxygen desorption intervals are observed,
encompassing desorption peaks below 300 °C (corresponding to surface
adsorbed oxygen, both physically and chemically adsorbed oxygen),
300-600 °C (representing surface lattice oxygen), and above 600 °C
(indicating bulk phase lattice oxygen) [35]. Between 200 and 300 °C,
the oxygen desorption from MnO-G is notably higher than that of the

Fig. 5. (a) Toluene conversion, (b) CO, yield, (c) Arrhenius plot of MnO, catalysts prepared by different C3 alcohols, (d) cyclic stability of MnO,-G (Reaction

conditions: 600 ppm toluene, 20 % O,/N5).
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other MnO, samples, verifying the conclusion drawn from XPS analysis
that MnO»-G exhibits the highest adsorbed oxygen content. Normally,
toluene oxidation obeys the Mars-van Krevelen (MvK) mechanism,
where the lattice oxygen activity on the catalyst surface is a key factor
influencing catalytic performance [41,42]. The intensity of desorption
peaks on MnO»-G is markedly higher than that on other MnO; in the
range of 300-600 °C, indicating that the lattice oxygen mobility of
MnOs-G is the highest [33]. According to the TEM characterization re-
sults and Raman analysis, it was speculated that the amorphous struc-
ture of MnO5-G weakened the coordination strength between Mn-O, and
the microcrystals of MnO2-G exposed more edge grain boundaries,
facilitating the easier activation and desorption of lattice oxygen from
the catalyst surface to participate in the oxidation of VOCs [31,43].

3.4. Catalytic performance of toluene oxidation

The results of performance tests for these MnO in the catalytic
oxidation of toluene within the temperature range of 160-280 °C are
depicted in Fig. 5 (a-b). Under the reaction conditions involving 600
ppm toluene, 20 % oxygen and WHSV = 30,000 mL-g~*-h™!, MnO,-G
demonstrated significantly superior catalytic activity in comparison to
other MnO; catalysts, achieving 96.1 % toluene conversion and 85.6 %
CO, yield at 220 °C. In contrast, MnO,-1,2P achieved similar conversion
at a higher temperature of 240 °C, and the Tqq values for MnO5-P, MnO»-
I, and MnO»-1,3P are close to 260 °C. The specific catalytic activity and
kinetic data are listed in Table 3. The toluene oxidation reaction rate of
MnO,-G was 25.81 pumol-g~1-s! at 220 °C, which was higher than that
of other MnO;, catalysts. Moreover, utilizing the data of the catalysts
within intervals of less than 20 % toluene conversion at a high weight
hourly space velocity of 120,000 mL-g~*-h~!, apparent activation en-
ergies for toluene oxidation over these prepared MnO, catalysts were
computed using Arrhenius curves (Fig. 5c). The sequential trend of
apparent activation energies was as follows: MnO,-G (27.35 kJ-mol 1)
< MnO2-1,2P (30.18 kJ-mol }) < MnO,-P (38.74 kJ-mol 1) < MnO,-
1,3P (41.15kJ-mol 1) < MnO,-1(43.56 kJ-mol 1), indicating MnO»-G is
more favorable for toluene oxidation [27]. Moreover, as depicted in
Fig. 5d, the toluene conversion displayed excellent reproducibility
during all four cycling tests, affirming the superior cycling stability of
MnO,-G. The integration of the above results with SEM, XRD, and TEM
analyses revealed that during the redox process, despite the Cs alcohol
acting as the reducing agent having an identical carbon number, dis-
tinctions in the position and number of hydroxyl groups induce alter-
ations in the morphology and surface properties of manganese oxides,
thus leading to the difference of catalytic properties. Additionally, re-
ports on the catalytic oxidation of toluene by manganese oxides are
summarized in Table S1. In comparison, the catalytic performance of
MnOs-G (Fig. 5a and Fig. S2) prepared through the reduction of KMnO4
with glycerol is still competitive.

To validate the applicability of MnO»-G for the removal of other
types of VOCs, chlorobenzene was chosen as a model pollutant to further

Table 3
Catalytic performance of toluene oxidation over MnO, catalysts prepared by
different C3 alcohols.

Catalyst Tso" Too" Reaction rate” Ea“
[§9) C) (pmol-g s7h) (kJ-mol 1)
MnO,-P 220 257 13.39 38.74
MnO,-1 209 256 16.33 43.56
MnO,- 198 237 21.17 30.18
1,2P
MnO,- 225 254 9.49 41.15
1,3P
MnO,-G 205 219 25.81 27.35

@ Reaction temperatures correspond conversion of toluene at 50 % and 90%.
b Reaction rates at 220 °C.
¢ The data were obtained by Arrhenius equation estimation.
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evaluate the catalytic performance of MnOyprepared from different Cg
alcohols. Chlorobenzene, as a typical representative of halogenated
VOCs, exhibits stronger toxicity and stability compared to toluene and is
more prone to causing catalyst poisoning. As depicted in Fig. S3, the
conversion of chlorobenzene (CB) over MnO»-P, MnO»-I, and MnO,-1,3P
did not exceed 40 % even at 400 °C. In contrast, MnO»-G and MnO,-1,2P
exhibited better CB removal performance. Particularly, MnOy-G ach-
ieved a CB conversion of 87.7 % at 350 °C, surpassing MnO»-1,2P with a
conversion of 60.8 %, consistent with the catalytic activity trend
observed for toluene removal. These results demonstrated that MnO»-G
possesses excellent catalytic removal performance for various types of
VOCs.

3.5. Stability, water resistance, effect of operating conditions, and
analysis of application prospects

To evaluate the stability and water resistance of MnO»-G, the sample
was tested for toluene oxidation at a reaction temperature of 225 °C and
WHSV of 30,000 mL-h~1-g!. Fig. 6a illustrates the results of long-term
stability testing for the catalytic oxidation of toluene over MnOs-G.
Within the initial 48 h, the conversion rate of toluene remained essen-
tially unchanged at 100 %, followed by a gradual decline thereafter.
Even after 72 h of testing, the toluene conversion was still 91 %, indi-
cating the favorable stability of MnO,-G. To investigate the reasons
behind the decline in catalyst activity, the morphology, crystallinity,
and surface chemical state changes of the catalyst before and after use
were analyzed using SEM, XRD, and XPS (Fig. S4-S6). It can be noticed
from Fig. S4 that the MnO,-G catalyst retains a microspherical shape
after the reaction. However, there was an agglomeration of the grains,
which may be due to the sintering of the catalyst. The surface carbon
content (Table S2) also increased from the original 9.09 % to 13.00 %
due to the decrease in catalytic activity leading to the deposition of
toluene intermediate products on the catalyst surface. XRD analysis in
Fig. S5 revealed an augmented crystallinity in the reacted MnO»-G
catalyst, with more pronounced crystalline features of a-MnOs. It may
be attributed to the continuous consumption and dynamic replenish-
ment of surface lattice oxygen on MnO»-G during the oxidation of
toluene, leading to a transition from disorder to order in lattice oxygen
migration in the amorphous/microcrystalline mixed-phase catalyst.
Furthermore, XPS was employed to compare the changes in the chemical
states of Mn and O before and after the reaction. As depicted in Fig. S6,
Mn®*/ (Mn®*+Mn*") decreased from 0.484 to 0.385. The reduction
may be attributed to the intensified activation of adsorbed oxygen by
Mn3* during the interaction with O,g4s and toluene, as represented by the
following equation: Mn®* + Oz (ads) —» Mn**4+ 20~ (ads) [31].
Meanwhile, the proportion of adsorbed oxygen and lattice oxygen
decreased from 0.277 and 0.643 before the reaction to 0.212 and 0.579.
It indicates that a certain level of depletion in the content of adsorbed
oxygen and surface lattice oxygen occurred during the prolonged reac-
tion process, which may be the main reason for the decrease in catalytic
activity [38].

Subsequently, the reaction temperature and WHSV were kept con-
stant, and different contents of water vapor (2.5-20 vol%) were intro-
duced into the reaction system to investigate the impact of water
concentration on the catalytic performance of MnO,-G (Fig. 6b).
Initially, toluene conversion remained essentially unchanged at water
contents below 5 vol%. However, as water content increased, toluene
conversion gradually declined, with the degree of decrease positively
correlating with water content. Notably, even at a higher water content
of 20 vol%, toluene conversion remained close to 70 %, which showed
that the MnO»-G had strong resistance to water. Moreover, once stop-
ping the introduction of water vapor, toluene conversion recovered
rapidly, indicating the reversible impact of water vapor on toluene.

In general, the operating conditions also affect the catalyst removal
performance. Among them, WHSV and initial pollutant concentration
are the most important parameters for assessing the usefulness of the
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Fig. 6. (a) long-term stability, (b) water resistance, (c-d) the effects of WHSV and initial toluene concentration on the catalytic performance of MnO»-G.

catalyst. Consequently, the oxidation behavior of toluene over MnO5-G
at different WHSV was further investigated. As depicted in Fig. 6¢, the
toluene conversion gradually decreased with increasing velocity, and
the Tgq for toluene was measured at 219 °C, 228 °C and 247 °C under
varying WHSV conditions of 30,000, 60,000, and 120,000 mL-h~t.g ™%,
respectively. The most pronounced decrease in toluene conversion was
noted at a WHSV of 120,000 mL~h’1-g’1, attributable to the limited
contact time between toluene molecules and the finite number of active
sites on the MnO»-G surface. Therefore, in practical application sce-
narios, the reasonable WHSV is a crucial prerequisite to balance the
catalyst performance and economic benefits. Mover, it can be seen from
Fig. 6d that the toluene removal performance curve of MnO»-G shifted
toward higher temperatures as the pollutant concentration increased.
This is because the number of pollutant molecules exceeds the number of
active sites on the catalyst surface. At a toluene concentration of 1500
ppm, the Tgy of MnO5-G was 247 °C, which was slightly higher than the
Tgp at 1000 ppm (237 °C). Overall MnO»-G has good operational flexi-
bility and has potential for practical applications.

From the perspective of raw material availability, cost, and potential
environmental hazards, the use of glycerol to reduce KMnOy4 for the
preparation of MnO; for VOCs treatment demonstrates promising
application potential. Firstly, the crustal abundance of Mn is relatively
high and its relative amount of COy produced during mining and puri-
fication is quite low [44]. The development of manganese-based

catalysts brings significantly smaller environmental impacts than
precious metal catalysts. And glycerol is a common chemical raw ma-
terial with high yield, low price, and easy transportation. Secondly,
MnO,-G is prepared by liquid-phase redox reaction, which is mild and
simple and can be used for scale-up with conventional stirred tanks.
Thirdly, no toxic gases are generated during the preparation of MnO»-G,
and only CO; is generated during the calcination of the precursor.
Moreover, the manganese in the production wastewater can be recov-
ered by chemical precipitation and flocculation. Additionally, the
deactivated MnO, catalysts are recycled as hazardous waste by
specialized treatment agencies, with no environmental risk of spillage.
Overall, the large-scale preparation of MnO3-G has low production costs
and controllable environmental risks.

3.6. Catalytic oxidation mechanisms of toluene by in situ DRIFTS

To investigate the conversion pathways during toluene oxidation, in
situ DRIFTS analysis was conducted to monitor the alterations in in-
termediates on the catalyst surface. In Fig. 7a, the IR spectra of MnO,-G
exposed to a toluene/air atmosphere at 50 °C ambient over time
revealed gradually enhanced spectral peaks at 1463, 1498, and 1604
em™!, corresponding to the stretching vibration of C = C bonds in the
aromatic ring and the in-plane skeleton vibration [45-48]. The band at
3027 cm ™! is the C-H vibration of the benzene ring [49]. Additionally,
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Fig. 7. (a) In situ DRIFTS spectra of toluene absorption on MnO,-G at 50 °C and (b) the variation of infrared absorption intensity of toluene oxidation intermediates
with adsorption time, (c) In situ DRIFTS spectra of toluene oxidation on MnO»-G at 50-230 °C and (d) the variation of infrared absorption intensity of toluene
oxidation intermediates with reaction temperature (600 ppm toluene, air as balanced gas).

two distinct absorption bands at 3545 cm™! and 1639 cm™! represent
the stretching vibration of the hydroxyl [O-H] group, while the
hydrogen bonding [O---H] stretching vibration is indicated by the band
at 3705 cm ! [50-52]. Combined with the typical vibrational peak of C-
O at 1279 cm™! and the symmetric and asymmetric C-H stretching vi-
brations of the [-CHy-] group at 2878 and 2938 cm™}, it could be hy-
pothesized that toluene adsorbed on the surface of MnO»-G undergoes
rapid conversion to benzyl alcohol [34,49]. It is noteworthy that the
intensity of the characteristic peak at 1643 cm™!, representing the
benzyl alcohol species, gradually decreases with time until the spectrum
disappears at 20 min. Meanwhile, new peaks assigned to the C = O vi-
bration of aldehyde group emerged at 1682 and 1337 em™! [53,54].
This suggests the gradual conversion of benzyl alcohol to benzaldehyde.
Furthermore, the intensity of the two absorption peaks at 1381 and
1551 em ™! gradually increased over time, which were attributed to the
symmetric and antisymmetric C = O stretching vibrations of carboxyl-
ates, while the characteristic peak at 1421 em ! is also associated with
benzoic acid [45,53]. Therefore, it can be speculated that benzoic acid
was also gradually produced during the adsorption of toluene. The
changes in the accumulation of toluene oxidation intermediate species
(1643 cm ™, benzyl alcohol; 1337 em Y, benzaldehyde; 1551 em ™,

benzoic acid,) on the catalyst surface with adsorption time were pre-
sented in Fig. 7b. It is clear that the decrease in benzyl alcohol is
accompanied by an increase in benzaldehyde and benzoate. While the
intensity of benzaldehyde and benzoate remains relatively stable after
25 min, reaching the adsorption-reaction dynamic equilibrium. It in-
dicates that MnO»-G can partially oxidize toluene even at low temper-
atures, possibly due to the high activity of chemisorbed oxygen on the
vacancies. Figures S7(a-b) showed the infrared spectra of the toluene
adsorption process and the accumulation of intermediate products over
time for MnO,-P under 50 °C air atmosphere. During the adsorption
process, the characteristic peaks of benzaldehyde and benzoic acid were
relatively weak, and their intensities remained essentially unchanged
over time, while the accumulation of benzyl alcohol increased signifi-
cantly over time. It indicated that compared to MnO,-G, the catalytic
oxidation ability of MnO,-P towards toluene was limited, and insuffi-
cient to oxidize benzyl alcohol to benzaldehyde and benzoic acid at low
temperatures. This may be related to the fact that MnO5-P has fewer
adsorbed oxygen species.

Moreover, the transformation of toluene oxidation on the MnO,-G
and MnO,-P surfaces at different temperatures was further investigated
by heating the in situ cell while maintaining a continuous passage of
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toluene/air. As depicted in Fig. 7c, the intensity of benzaldehyde and
benzoic acid progressively increased with rising temperature, accom-
panied by the appearance of characteristic signals associated with ma-
leic anhydride (1305 ecm™!, 1180 em™!, 1141 em™!) [55,56]. The
observation implied that elevated temperature facilitated the conversion
of toluene into benzaldehyde and benzoic acid as well as the formation
of maleic anhydride through deep oxidative ring-opening reactions.
Similarly, the accumulation of benzaldehyde, benzoic acid, and maleic
anhydride as a function of temperature was exhibited in Fig. 7d.
Notably, benzoic acid predominates among these substances, indicating
that the ring-opening reaction of benzoic acid is the most thermody-
namically challenging and thus represents the rate-limiting step in
toluene oxidation. The conclusion is consistent with numerous reports in
the existing literature [45,57]. Additionally, the infrared signals corre-
sponding to these three intermediate species exhibited an initial increase
and subsequent decrease with increasing temperature, experiencing a
sharp decline beyond 220 °C. At 230 °C, the accumulated amount of
these species on the catalyst surface was lower than the initial value
observed at 50 °C, suggesting the complete transformation of in-
termediates. This phenomenon can be attributed to the activation of
surface lattice oxygen at elevated temperatures, facilitating its partici-
pation in toluene oxidation. The depletion of lattice oxygen is swiftly
replenished by substantial gaseous oxygen, thus establishing an efficient
oxygen cycle that ensures the sustained and thorough oxidation of
toluene. However, it could be seen from Fig. S7(c-d) that the signal
intensity of toluene oxidation intermediates on the surface of MnO,-P is
continuously increasing with temperature. It indicated that the accu-
mulation rate of intermediate products exceeded the decomposition rate
in the range of 50-250 °C, which proved that the activity of lattice ox-
ygen in crystalline MnO»-P was weaker than that of MnO,-G under the
same conditions.

Isotopic labeling experiments (120,-TPSR) were employed to further
investigate the changes in oxygen species involved in the toluene
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oxidation reaction, as depicted in Fig. S8. The signal of C'®0 was
observed even at 100 °C, indicating the involvement of gaseous 20, in
the reaction. Since surface-adsorbed oxygen was removed during sample
pretreatment, the oxygen species in Cc®0 can only originate from
gaseous 180,. It suggests that the oxygen vacancies of MnO,-G can
adsorb and activate %0, to generate the reactive adsorbed oxygen
species to partially oxidize toluene. As the temperature increased, a
distinct peak corresponding to C'®0, emerged, in which %0 came from
surface lattice oxygen. This indicates that at elevated temperatures,
surface lattice oxygen can desorb from the catalyst surface to participate
in the toluene oxidation process. Furthermore, the generation of
C'801%0 can be observed at higher temperatures, which may be because
the original surface lattice oxygen '°0 of MnO,-G was partially
consumed and then replenished by 80, resulting in the simultaneous
presence of 1°0 and 80 on the catalyst surface.

Based on the preceding analysis and insights from existing literature,
a possible reaction mechanism occurring on the surface of MnO,-G was
proposed, as depicted in Fig. 8. Specifically, the presence of numerous
grain boundaries and unsaturated coordinating bonds in MnO»-G facil-
itates oxygen adsorption and activation, resulting in the formation of
highly active adsorbed state oxygen. Simultaneously, the Jahn-Teller
effect induced by Mn®' weakens the strength of Mn-O bonds,
enhancing the reactivity of surface lattice oxygen. Consequently, the
adsorbed oxygen and the surface-active lattice oxygen of MnO2-G syn-
ergistically engage in the catalytic oxidation of toluene molecules at
lower temperatures. This oxidation process follows the sequential
transformation of toluene — benzyl alcohol — benzaldehyde — benzoic
acid — maleic anhydride, ultimately mineralizing into CO3 and water.
Furthermore, the rapid replenishment of gaseous oxygen effectively
restores depleted lattice oxygen at the amorphous/crystalline interface,
ensuring the continuation of the reaction cycle.

Fig. 8. Schematic of the possible reaction mechanism of toluene oxidation over MnO,-G catalysts.
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4. Conclusion

In summary, this study successfully synthesized a series of novel
manganese oxide catalysts through the reduction of C3 alcohols
employing potassium permanganate. Comparative assessments of these
catalysts indicated that the MnO,-G derived from glycerol exhibited a
substantially heightened catalytic performance in the toluene and
chlorobenzene oxidation compared to MnO; obtained from mono- and
diols of Cg alcohols. The superior catalytic performance of MnO»-G can
be ascribed to various factors. Firstly, the MnO,-G surface features a
combination of amorphous and microcrystalline crystalline phases,
leading to an increase in phase interfaces. Moreover, the presence of
asymmetric coordination structures in the amorphous phase makes the
catalyst more susceptible to the formation of surface defects, thus pro-
moting oxygen adsorption and activation. Furthermore, the superior
reducibility of glycerol, compared to other C3 alcohols, results in an
increased Mn®" content on the MnO,-G surface, elongating Mn-O bonds
and enhancing the mobility of surface lattice oxygen. Overall, the
collaborative effects of these factors enable the effective oxidation of
toluene and intermediate molecules by the electrophilic oxygen adsor-
bed on the surface and the surface-active lattice oxygen on the MnO,-G
catalyst. Additionally, in situ infrared characterization revealed the in-
termediates’ transfer pathway during toluene oxidation on MnOs-G.
This study offers valuable insights into the low-cost development of
highly efficient manganese-based oxide catalysts for the oxidation of
VOGCs.
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