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KEYWORDS Abstract The reduction ability of NO to N, and the oxidation performance of 1,2-dichloroethane
4-MnO.; (DCE) over a-MnO, catalysts were investigated. The results show that o-MnO,-3 exhibited the
NO, reduction; highest catalytic activity in 63.5 % conversion of NO, reduction by C;Hg at 250 °C, and 80 % con-
Dcﬁ oxidation; version of DCE combustion by O, at 338 °C. It is revealed the active phase of a-MnQO,-3 is tetrag-
Properties-reactivity onal a-MnO, with the selectively exposed plane of (211). It was proposed the high DCE
relationship decomposition of a-MnO,-3 was ascribed to the redox properties. The overall characterization

results revealed that a-MnO,-3 catalyst preserves more active sites of low valence Mn and higher
surface adsorbed oxygen (O,qs) /lattice oxygen (Oy,y) at the outermost layers, and lower reduction
temperature in H,-TPR profiles than that of other catalysts. Meanwhile, NH;-TPD profile of o-
MnO,-3 also shows a large number of acid sites promote NO, reduction.
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1. Introduction

Waste incineration is developing rapidly in China, since this process
can reduce waste volume as well as generate heat energy (Zhu et al.,
2018). However, it cannot be avoidable to have pollutants, such as
NO, and chlorine-containing volatile organic compounds (CVOCs)
from flue gas of municipal solid waste incinerators, and the emissions
are increasing in recent years in China (Kulkarni et al., 2008; Wu et al.,
2016; Li et al., 2017; Shao et al., 2021). Meanwhile, NO, and CVOCs
are the critical precursors of PM, s and Oz (Ni et al., 2009; Wu et al.,
2016; Ye et al., 2022), which can cause severe environmental problems
(Alzaky and Li, 2021). Therefore, how to effectively control emissions
of NO, and CVOCs has been a focus of air pollution control.

Selective catalytic reduction of NO, by hydrocarbons (HC-SCR)
has attracted much attention over the past two decades (More et al.,
2018; Xu et al., 2020). The transition metal oxides display the good
reactivity with inexpensive costs, which are becoming potential cata-
lysts in HC-SCR, especially Mn-based catalysts. For example, Liu
et.al. (Liu et al., 2019a) obtained up to 100 % NO conversion at
130°C with MnOy/AC in C,H4-SCR.

In the last few decades, it has been emerging various strategies for
VOC:s elimination, such as adsorption (Zhao et al., 2022), plasma (Yu
et al., 2020), biodegradation (Khan et al., 2018), catalysis (Chen et al.,
2022), photocatalysis (Chen et al., 2022), Photothermal Catalysis
(Yang et al., 2022b). Catalytic oxidation is recognized as one of the
most efficient technologies for low concentration CVOCs removal
due to high removal efficiency and mineralization rate (Fang et al.,
2019; He et al., 2019; Liu et al., 2019c). Interestingly, transition metal
oxides-based (MnOy) catalysts with variable valance states also exhibit
the potential of high reactivity in CVOCs decomposition (Kim and
Shim, 2010; Santos et al., 2010; Piumetti et al., 2015; Ye et al.,
2021). Sphere-Shaped Mn;0O, exhibited a complete conversion of
methyl — ethyl — ketone to CO, at 200 °C (Pan et al., 2017). Cheng
et. al. (Cheng et al., 2017) also obtained 90 % dimethyl ether conver-
sion at 238 °C on a-MnO,.

Hence, MnO, catalysts shows the bifunctional ability to reduce
NO, and oxidize CVOCs. However, to the best of our knowledge,
the promising catalyst of a-MnQO; in these two different reaction mech-
anisms was seldom reported when applying for NO, reduction in HC-
SCR and CVOCs oxidation separately. It is worthy investigating the
relationship between structure properties and reactivity of a-MnO,,
and to discuss the physicochemical characterizations. In this present
work, a series of a-MnO, catalysts with the different physical-chemical
characteristics were prepared and applied for the catalytic removal of
both NO, and DCE (as the typical pollutant of CVOCs). Catalyst
characterization and reactivity were investigated to illustrate the rela-
tion between properties and reactivity of a-MnO, catalysts.

2. Materials and methods

2.1. Catalyst preparation

All o-MnO, samples were synthesized by hydrothermal
method using Potassium permanganate (KMnO,) and Manga-
nous acetate ((CH;COO),Mn) as precursors. For a-MnO,-1,
1.5 g (CH;COO),Mn and 2.5 g KMnO, were added into
160 mL distilled water with magnetic stirring for 30 min at
room temperature. Next, the mixed solution was poured into
two Teflon-lined stainless-steel autoclave (100 mL), and then
heated at 160 °C for 12 h. The obtained colloids were washed
with deionized water and ethanol, then dried in vacuum at
80 °C for 12 h. The dried samples were calcined at 450 °C
for 4 h. Finally, the catalyst was pelleted, crushed, and sieved
to 40 ~ 60 mesh granules before use.

To modify the physical-chemical characteristics of a-MnO,
catalysts, the mass ratio of (CH;COO),Mn and KMnO,4 was
4.9:3.2, and the temperature of hydrothermal treatment was
140 °C. The obtained product was donated as a-MnO,-2. Also,
according to the synthesis plan of «-MnO»-1, the mass ratio of
(CH5COO),Mn and KMnOy,4 was 9.7:6.3, and the temperature
of hydrothermal treatment was 90 °C. The obtained product
was donated as a-MnO,-3. To obtain a-MnO,-4, the mass
ratio of (CH;COO),Mn and KMnO, was 0.8:3.0, and the
hydrothermal treatment was carried out at 240 °C.

2.2. Catalytic activity test

2.2.1. HC-SCR

The catalytic activity test of HC-SCR was carried out in a
stainless-steel tubular (i.d.10 mm). 600 mg catalyst was evalu-
ated under a typical feed gas included 800 ppm NO, 600 ppm
C3Hg, 6.5 vol% O,, and N, as balance. The reaction tempera-
ture was conducted from 150 to 550 °C at a total flow rate of
450 mL/min, corresponding to a weigh hourly space velocity of
19 000 mL-g~"-h~!. The NO, concentration of the inlet and
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Fig.1 NO, (a) and DCE (b) conversion efficiencies as a function
of temperature over a series of a-MnO, samples.
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Fig. 2 The (a) carbon balance and (b) chlorine balance of
different a-MnO, samples at 350 °C.

outlet were continuously measured by an infrared gas analyzer
(Xi’an Juneng Corporation, China). NO, conversion was eval-
uated by Eq. (1):

[NOX]in_[NOX]am 0
o 100% (1)

NOy conversion (%) =
where [NO,];, and [NO,]oy are the inlet and outlet concen-
tration of NO,, respectively.

2.2.2. Catalytic oxidation of DCE

The catalytic activity of DCE combustion was measured using
a stainless-steel tubular (i.d.10 nm). 500 mg catalyst was
selected for activity test. The reaction was conducted from
100 to 450 °C at a flow rate of 400 mL/min of feeding gases
with 500 ppm DCE and 21 vol% O, corresponding to a gas
hourly space velocity (GHSV) of 48 000 mL-g "-h~!. DCE
and products (CO and CO,) were measured by an on-line
gas chromatograph (GC9890) with ECD and FID. An on-
line Cl, and HCI detectors (PN—2000, China) was used to anal-
yse the concentrations of Cl, and HCl. DCE conversion, CO,
(CO; and CO) yield, HCl yield and Cl, yield were evaluated by
the following Egs. (2) to (6), respectively.
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Fig.3 (a) FT-IR spectra and (b) XRD patterns of (1) a-MnO»-1,

(2) 9-MnO>-2, (3) -MnO,-3 and (4) a-MnO,-4.
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Fig. 4 N, adsorption/desorption curves (a) and BJH isotherms
(b) of a series of a-MnO, samples.

where [DCE];, is the DCE inlet concentration of DCE.
[DCE]UMU [Co]outa [COZ]outa [HCl]out and [Clz]our are the outlet
concentration of DCE, CO, CO,, HCI and Cl,, respectively.

2.3. Catalyst characterization

Fourier infrared spectrum (FT-IR) spectra was recorded in the

range 400 ~ 2000 cm~' with a resolution of 4 cm™' on a

thermo scientific nicolet iS20 using the KBr pellet technique.
X-ray powder diffraction patterns (XRD) were obtained by

Panalytical X’Pert’3 Powder diffractometer, equipped with Cu

Table 1 Textural and surface property of catalysts.

Ko X-ray radiation (A = 0.15406 nm). All the catalysts were
scanned at 20 range between 10° to 80° (rate of 2°/min).

The surface areas of the synthesized materials were deter-
mined by the Brunauer — Emmett — Teller (BET) method
using ASAP 2460 3.01 instrument. Nitrogen physisorption
experiments were carried out at 77 K after initial pretreatment
of the samples by degassing at 300 °C for 2 h.

Scanning electron microscopy (SEM) images have been
studied using Schottky (ZEISS Gemini 300) equipment with
a resolution of 10 kV and 50 kV.

Transmission electron microscopy (TEM) images were
obtained from JEM-F200 electron field emission transmission
electron microscope (JEOL, Japan) under 200 kV acceleration
voltage.

X-ray photoelectron spectra (XPS) were carried out on
thermo scientific system with Al Ko radiation. The binding
energy scale was corrected for surface charging by use of the
C 1 s peak of contaminant carbon as reference at 284.8 eV.

Hydrogen temperature programmed reduction (H,-TPR)
experiment was conducted on an AutoCheml II 2920 instru-
ment equipped with a thermal conductivity detector (TCD)
to measure the consumption of H,. Before detection by the
TCD, a 50 mg sample was pretreated under N, stream
(40 mL-min~") at 300°C for 1 h, and then cooled to 50 °C. A
mixed stream with a 10 vol% H/Ar mixture (50 mL-min~")
was introduced into the sample, and the sample was heated
from room temperature to 800 °C.

The NHj3 temperature-programmed desorption (NH;-TPD)
was performed on an AutoChem1 II 2920 instrument. The cat-
alyst was (100 mg) was pretreated in a N, (50 mL-min~"') of at
300°C for 1 h, and then cooled to 50°C. Sample was treated with
10 % NH; diluted in N5 (30-50 mL+min~"') for 1 h to achieve
adsorption saturation. The gas was switched back to He
(30 mL-min~") for 1 h to purge the physically adsorbed spe-
cies. Finally, the catalyst was heated from 50°C to 800C at a
rate of 10 °C-min~" in high purified N, (30 mL-min ).

3. Results and discussion

3.1. Catalytic performance

Fig. 1 showed the different catalytic performance of a-MnO,
samples for NO, reduction and DCE oxidation at the range
of 100 ~ 450 °C. For NO, reduction, activity performance
decreased as follows: a-MnO,-3 (63.5 %) > a-MnO,-4 (53.8
%) > o-MnO»-1 (45.2 %) =~ o-MnO,-2 (42.1 %) at 250 °C.
For DCE oxidation, Tso was chosen to compare the activity
of these samples. Tsy of DCE oxidation follows the order of

Catalyst Sger (m?/g) Viotal Dp (nm) (Mn?>" +Mn*")/ Oads/Otatt Acid Acidr (mmol/g)
(cm?/g) Mnr amount
(mmol/g)
I II
o-MnO»-1 72.6 0.2 10.1 0.5 0.4 0.8 0.6 1.4
o-MnO,-2 34.6 0.1 10.0 0.5 0.4 0.5 0.4 0.9
o-MnO»-3 44.1 0.1 12.6 0.7 0.6 1.1 1.2 2.3
o-MnO,-4 104.6 0.6 30.1 0.6 0.5 0.8 0.8 1.6
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o-MnO,-3 (276.4 °C) < o-MnO,-4 (310.9 °C) < o-MnO,-2
(337.3 °C) = a-MnO,-1 (348.6 °C). Thus, a-MnO,-3 exhibited
the highest catalytic activity for both NO, reduction and DCE
oxidation.

As exhibited in Fig. 2, in yield of CO, and CO, for a-MnO»-
3, it is remarkable to reveal 84.4 % of C3;Hg was decomposed
into CO,. While for a-MnO»,-1, «-MnO»,-2 and a-MnO»-4, C
element in C3Hg was about 36.8 %, 41.6 % and 51.6 % con-
verted to CO,, and about 12.8 %, 14.6 % and 15.9 % con-
verted to CO, respectively. In yield of HCl and Cl,, for o-

MnO»-3, 53.8 % of HCI and 22.7 % of Cl, were observed.
That is, 76.5 % of DCE was total oxidized into inorganic chlo-
rine products using a-MnO,-3. However, for a-MnO»-1, o-
MnO,-2 and a-MnO»-4, Cl element in DCE were about
10.0 %, 8.6 % and 17.7 % converted to Cl,, and about
29.9 %, 34.2 % and 34.9 % converted to HCI, respectively.
There are about 60.0 %, 57.1 % and 47.4 % of chlorine
remained as organic chlorine. Above all, a-MnO,-3 displayed
the best products selectivity.

Fig. 5 SEM and TEM images of a series of a-MnO, samples under different magnifications. (a, a’) a-MnO,-1; (b, b’) a-MnO,-2; (c, ¢’)

o-MnO,-3; (d, d’) a-MnO,-4.
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3.2. Properties-reactivity relationship

3.2.1. Physical properties

FT-IR spectra of the synthesized materials are shown in
Fig. 3a. The peaks in low wavenumbers between 800 cm ™'
and 400 cm™' are assigned to Mn-O lattice vibration (Yuan
et al., 2009; Wang et al., 2019). Our samples showed the
well-defined absorption peaks of MnO, at 469 cm™!,
526 cm ™', and 720 cm ™' as well as the weak defined shoulder
at 597 cm™! (King’ondu et al., 2011; Chen et al., 2015; Liu
et al., 2019b). Fig. 3b shows the XRD patterns of the as-

prepared manganese oxide samples. Comparing to the XRD

patterns of the standard o-MnO, (JCPDS 44-0141) (Cheng
et al., 2017; Gao et al., 2017), it can deduce that all of the four
samples could be well corresponding to the tetragonal o-MnO,
phase. The diffraction peaks at 20 = 12.9°, 18.2°, 25.8°, 28.9°,
37.6-°, 42.0°, 49.9°, 56.4°, 60.3°, 65.1°, and 69.7 °could be
attributed to the (110), (200), (220), (310), (211), (301),
(411), (600), (521), (002) and (541) plane, respectively. o-
MnO, presented three main peaks at 12.9°, 28.9° and 37.6°,
which were assigned to the (110), (310) and (211) planes of
a-MnO, (JCPDS 44-0141). The peak intensity of (110) plane
order decreased as follows: o-MnO>-3 > o-MnO,-2 > o-
MnO,-4 > o-MnO,-1. The intensity order of (310) plane is

Intensity (a.u.)

648
Binding Energy (eV)
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3
£
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£
e
=
L
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Fig. 6 XPS spectra of (a) Mn 2p and (b) O 1 s regions for a series of a-MnQO, samples.
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Fig. 8 NH;-TPD profiles of (1) a-MnO;-1, (2) a-MnO»-2, (3) a-
MnO,-3 and (4) a-MnO,-4.

as follows: a-MnQO5-2 > a-MnO»,-3 > a-MnO,-1 > o-MnO»-
4. Interestingly, the peak intensity of (211) plane follows the
order as o-MnQO»,-3 > o-MnO,-4 > o-MnO,-2 > a-MnO,-
1, which is similar with the activity order of four samples. It
indicates that (110) plane, (310) plane and (211) plane may
be exposed active planes, in agreement with the findings of
TEM. Besides, no diffraction peaks of other phases, such as
B-MnQO, and y-MnO,, are detected, implying that each catalyst
is composed of a-MnO, phase. This result is consistent with
the result of FT-IR.

The average pore size, pore volume and specific surface
area of catalysts were measured by N, adsorption—desorption,
and the results are presented in Fig. 4 and Table 1. N, adsorp-
tion—desorption isotherms of the samples type II characteris-
tics with well-developed H; type hysteresis loops, confirming
that the samples have mesoporous characteristics (Fig. 4a)
(Sing, 1982). The samples possessed a mesopore distribution
in the range of 2 ~ 35 nm in Fig. 4b. a-MnO,-1 and o-
MnO,-4 presented a wide peak centered at from 5 nm to
35 nm, while a-MnO,-2 and a-MnQO,-3 presented the peak cen-
tered at ca. 2.5 nm. In Table 1, the surface area order decreased
as follows: 0-MnOy-4 (104.6 m*g™!) > a-MnO,-1 (72.6 m*-
g7 > a-Mn0,-3 (44.1 m*g~') > a-MnO,-2 (34.6 m>g ).
The pore volume of order was as follows: a-MnO-4 (0.6 cm®-
271 > 0-MnO,-1 (0.2cm?* g™ ") > 0-Mn0O»-3 (0.1 cm>.g 1) =-
o-MnO,-2 (0.1 cm’g~!). The difference in preparation
condition leads to a big difference in surface area of the o-
MnO, samples.

To further analyze the morphologies and surface structures
of the catalysts, the SEM and TEM images of four samples are
shown in Fig. 5. It should be noted that the wire-like morphol-

ogy can be differentiated from the rod-like morphology in
terms of the bending or straight shape (Wang et al., 2012).
Fig. 5 (a) and (d) showed that both «-MnO,-1 and a-MnQO»-
4 are presented as stacking-nanowires, while Fig. 5 (b) and
(c) exhibited nanorod-like appearance of a-MnO,-2 and o-
MnO,-3 with uniform distribution. It should be noted that
the surface area of wire-like morphology can be much larger
than the rod-like morphology. The well-identified periodic lat-
tice fringes of 2.40 A, 3.10 A and 6.94 A are corresponding to
the interplanar distance of (211), (310) and (110) facets of a-
MnO,, respectively. Whereas, severe blurring of the lattice
fringes were also detected (highlighted by red rectangles) in
o-MnQO,-3. It is worth noting that large amount of point
defects on a-MnQO, could obscure the distorted lattice fringes,
which may result from the existence of oxygen vacancies on
catalyst surfaces(Huang et al., 2018).The morphologies of
samples are consistent with the findings of XRD.

3.2.2. Chemical properties

XPS measurements were carried out to identify the surface
species of a-MnO, samples. Fig. 6a illustrated Mn 2p spectra
of four samples. Peaks at 642.7, 641.7 and 640.4 eV can be
attributed to Mn**, Mn®* and Mn?", respectively (Si et al.,
2015; Ma et al., 2017; Zhang et al., 2022). In Table 1, the pro-
portion of low valence Mn (Mn*" and Mn>") followed the
order (Table 1): 0-MnO»-3 (0.7) > o-MnO»-4 (0.6) > a-Mn
0,-2 (0.5) = a-MnO»-1 (0.5). Low valence Mn content is an
indicator of surface oxygen vacancies (Yang et al., 2020).
Additionally, Mn?>"-O and Mn®*-O bonds are weaker than
Mn**-O (Zhang, 1982). Large proportion of low valence
Mn results in longer and weaker Mn-O bonds on the surface
of a-MnQO,-3 (Yang et al., 2020). It suggests that oxygen atoms
on its surface are more likely to be released to participate in
oxidation. In addition, the existence of surface low valence
Mn would promote dissociation and activation of circumambi-
ent oxygen atoms (Yang et al., 2020).

The XPS spectra of O 1 s of the samples are shown in
Fig. 6b. As reported previously, the peak around 529.0 ~ 530.
0 eV is typical for Oy, in a coordinatively saturated environ-
ment, while the peak around 531.0 ~ 532.0 eV can be attribu-
ted to the O,4, in a low-coordinated environment (Tang et al.,
2010; Wang et al., 2011; Yang et al., 2022a). As shown in
Table 1, the O,qs/O)ay molar ratio for all a-MnO, catalysts fol-
lows the order of «-MnO,-3 (0.6) > o-MnO,-4 (0.5) > o-M
n0,-2 (0.4) = a-MnO,-1 (0.4), which is consistent with the cat-
alytic activity results. As we known that O,y performs high
activities and makes an important impact in SCR reaction
because of its higher mobility than Oy, (Zhang et al., 2020).
On the basis of the Mars-van Krevelen mechanism, the emer-
gence and annihilation of oxygen vacancies is the key step of
VOC oxidation. Adsorbed oxygen species participate in the
redox cycle of the vacancies from gaseous-adsorbed oxygen
transformation (Huang et al., 2015). Surface adsorbed oxygen
are relevant to the formation of Mn** and Mn?" and are
more active than lattice oxygen at low temperatures (Wang
et al., 2012). Thus, a-MnO»-3 might be highly active in DCE
oxidation owing to large numbers of low valence Mn cations
and adsorbed oxygen species.

H,-TPR measurement is carried out to analyze the
reducibility of different o-MnO, samples and the results are
presented in Fig. 7. As shown in Fig. 7a, Two reduction peaks
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(@ II) could be due to the reduction of Mn** to Mn** and
Mn®* to Mn®", respectively (Yang et al., 2020). The initial
H, consumption rate was calculated to better evaluate the
reducibility of these samples, as depicted in Fig. 7b. It was
clearly seen that the initial H, consumption rates of the sam-
ples decreased in the order of a-MnO,-3 > a-MnO,-4 > o-
MnO,-1 > a-MnQO,-2. The lower reduction temperature and
the larger initial H, consumption rate indicate a better low-

a a-MnO2-1|
-MnQO2-2
a-MnO2-3
oi-MnQO2-4

120

100

80

60

40

temperature redox ability (Chen et al., 2017; Gong et al.,
2017).

NH;-TPD experiments are taken to analyze the acidities of
the four types of a-MnO, and the results are shown in Fig. 8
and Table 1. As shown in Fig. 8, NH3-TPD curves of o-
MnO, samples exhibited two desorption peaks (labeled as I
and II). The desorption peak I at low temperature is attributed
to the desorption of NH; from weak acid sites and the desorp-

Fig. 9 The relationship between catalytic activities for NO, reduction (a) and DCE oxidation (b).
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tion of physisorbed NHj;, the desorption peak II at middle
temperature is assigned to the desorption of NH3 from middle
strong acid sites (Fang et al., 2013; Yao et al., 2017). It is worth
noting that two desorption peaks of a-MnO,-3 and a-MnO,-4
belong to weak acid site and middle strong acid site at below
450°C. The quantitative analysis data of NH3-TPD was sum-
marized in Table 1. It was reported that the quantity of the
desorption peak was proportional to the strength of acid site
(Zhang et al., 2020). Hence, as seen in Fig. 8, the quantity of
peaks can be ranked by a-MnO5,-3 > 9-MnO,-4 > o-MnO,-
1 > o-MnO»-2, implying the order of acid site numbers. o-
MnO,-3 catalyst not only shows two acid sites at 145°C and
350°C, but also presents the largest amount of acid sites among
these catalysts, which is basically consistent with the activity
test of NO, reduction.

The possible properties-reactivity relationship of four o-
MnO, samples was illustated in Fig. 9. In this work, O,4s/O1ac»
low valence Mn content and total acidity were positively
related to activity of the samples. However, surface area, pore
structure and redox properties are not the key factors in our
study.

4. Conclusion

o-MnO,-3 catalyst presented the best performance among a series of o-
MnO; for both the catalytic reduction of NO, reduction and DCE oxi-
dation. The O,4s/O1.y, the proportion of low valence Mn content and
total acidity are the crucial factors for the activity of a-MnO,. The
maximum conversion of NO, achieved 63.5 % at 250°C and DCE
achieved 80 % at 338°C on a-MnO»-3 catalyst, respectively. As for
the yield of carbon and chlorine, a-MnO,-3 also exhibits highest yield,
which implies that «-MnQO,-3 may be a potential catalyst for removal
of NO, and VOCs.
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