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Mn-Based catalysts supported on y-AlLOs3, TiO, and MCM-41 synthesized by an impregnation method were
compared to evaluate their NO catalytic oxidation performance with low ratio O3/NO at low temperature
(80-200 °C). Activity tests showed that the participation of Oz remarkably promoted the NO oxidation. The
catalytic oxidation performance of the three catalysts decreased in the following order: Mn/y-Al,Oz > Mn/
TiO, > Mn/MCM-41, indicating that Mn/y-Al,Oz exhibited the best catalytic activity. In addition, there was
a clear synergistic effect between Mn/y-Al,O3 and O3, followed by Mn/TiO, and Os. The characterization
results of XRD, EDS mapping, BET, H>-TPR, XPS and TG showed that Mn/y-Al,Oz had good manganese
dispersion, excellent redox properties, appropriate amounts of coexisting Mn®** and Mn** and abundant
chemically adsorbed oxygen, which ensured its good performance. In situ DRIFTS demonstrated the NO
adsorption performance on the catalyst surface. As revealed by in situ DRIFTS experiments, the
chemically adsorbed oxygen, mainly from the decomposition of Os, greatly promoted the NO
adsorption and the formation of nitrates. The Mn-based catalysts showed stronger adsorption strength
than the corresponding pure supports. Due to the abundant adsorption sites provided by pure y-Al,Os,
under the interaction of Mn and y-Al,Os, the Mn/y-Al,O5 catalyst exhibited the strongest NO adsorption
performance among the three catalysts and produced lots of monodentate nitrates (-O-NO;) and
bidentate nitrates (—O,NO), which were the vital intermediate species for NO, formation. Moreover, the
NO-TPD studies also demonstrated that Mn/y-AlL,Oz showed the best NO desorption performance
among the three catalysts. The good NO adsorption and desorption characteristics of Mn/y-AlLOs
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DOI: 10.1039/d1ra01820e improved its high catalytic activity. In addition, the activity test results also suggested that Mn/y-ALOx

rsc.li/rsc-advances exhibited good SO, tolerance.

still several issues with this technology, such as a large carbon
footprint, a relatively complex system, and poor low tempera-
ture activity.”® Accordingly, developing a low-temperature effi-
cient and simple desulfurization and denitrification system has
become a research focus. Low temperature NO oxidation is

1 Introduction

NO and SO, exhaust from coal-fired power plants can cause
a number of environmental issues including acid rain and
photochemical smog, as well as being severely detrimental to
human health.>® At present, selective catalytic reduction (SCR)
of NO with NH; (NH;3-SCR) and subsequent wet flue-gas desul-
furization technology (WFGD) have been widely used to control
NO and SO, emissions from power plants. However, there are

regarded as a promising method for the oxidation of NO to NO,,
which can be removed simultaneously with SO, by subsequent
wet scrubbing,”'® simplifying the complexity of the denitration
system and achieving the goal of simultaneous desulfurization
and denitrification. Thus, the oxidation of NO to NO, in this
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Compared with noble metal catalysts such as Pt, Pd and Rh,
transition metals are widely used in the research of NO oxida-
tion due to their low prices, excellent redox performance and
flexible valence states.>' Among them, Mn-based catalysts
exhibit good performance for NO oxidation due to its multiple
oxidation states,>'>'* and manganese oxides are environmen-
tally friendly active components.*** Therefore, many attentions
are focused on Mn-based catalysts for NO catalytic oxida-
tion."*? As a strong oxidant, ozone (O;) could decompose to
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oxygen without producing self-derived byproducts,”*** and is
widely used to oxidize pollutants. However, direct ozonation is
not recommended, as it consumes large amounts of ozone, and
high energy consumption by ozone generating system.>*** This
problem may be overcome through the use of catalytic ozona-
tion, which reduces the ozone requirements compared to direct
oxidation*”® and improve the decomposition of ozone. In the
process of catalytic ozonation, the catalysts provide active sites
on the surfaces to decompose ozone into free radicals, thereby
enhancing the oxidation rate.*” Previous studies showed that
manganese-based catalysts had higher ozone decomposition
efficiency than other transition metal-based catalysts in gaseous
media.”®* Therefore, catalytic ozonation with Mn-based cata-
lysts has great value to be investigated in NO control.

In particular, the researches of catalytic ozonation mainly
focus on removal VOC, such as toluene,*® benzene,**** formal-
dehyde,*” at reaction temperature below 100 °C. Just few studies
have reported catalytic ozonation NO. Indrek et al.** found that
the presence of TiO, could promote the catalytic destruction of
ozone creating surface-bound oxygen atoms at higher temper-
ature, thus enhancing the deep oxidation of NO. The consistent
conclusion® was also drawn on spherical alumina, and the deep
oxidation of NO was further improved with the addition of
MnO; to spherical alumina. The main reason is that the catalyst
promotes the decomposition of ozone into active oxygen and
then facilitates the reaction. In addition, Lin et al** studied
a series of monometallic catalysts for NO deep oxidation by
ozone and found that manganese oxides displayed the highest
NO deep-oxidation efficiency of 80% at O;/NO = 2.0. Besides,
Ce-Mn/SA (SA: spherical alumina) and Fe-Mn/SA showed good
performance and excellent stability at O;/NO = 1.5 for NO deep
oxidation. The synthetic action of higher surface area, better
pore parameters, more oxygen vacancies and the relative
balance distribution between Mn** and Mn*" all favored NO
deep oxidation. However, these works were carried out with
high ratio of O; (03/NO > 1) for NO removal, increasing the
extremely energy consumption, thus it was imperative to reduce
the amount of Oj.

Besides, active catalysts are usually supported on different
supports in industrial applications, such as Al,O;, TiO,, silica
and zeolite, which possess high surface, strong mechanical
strength and high thermal stability.>>** However, the supports
has great impact on the catalytic performance of catalysts.*”*
Both the nature of supports (such as surface acidity*>*') and the
interaction between support and metal oxides would result in
great influence on specific surface area, valence states and
dispersion of metal oxides, surface oxygen content and redox

Table 1 Parameters of pure supports
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ability of catalysts,*>*>** further affecting the catalytic perfor-
mance of catalysts. As catalyst support, Al,O; could provide
amount adsorbed sites for surface adsorption oxygen and
reactant gas,*** and the interaction between manganese oxides
and Al,O; showed large surface area, highly dispersed MnO,
and optimum Mn**/Mn**, which all benefited to the excellent
performance of Mn/Al,0;.>** The interaction between
manganese oxides and TiO,, could improve the acidic strength
and redox properties,***> thus Mn/TiO, catalyst also showed
good NO conversion performance. MCM-41 with high specific
area and porosity,*® is also used as catalyst support.*”** There-
fore, it is necessary to investigate the NO oxidation behavior
over Mn-based catalysts with different supports in the presence
of ozone. TiO,, y-Al,0; and MCM-41 were selected as supports
for NO conversion in this research.

In this work, the performance of Mn-based catalysts
prepared with y-Al,O3, TiO, and MCM-41 as supports for ozone-
assisted NO catalytic oxidation at low temperature (80-200 °C)
were investigated. Unlike previous studies, the low ratio of O3/
NO was used to participate in NO catalytic oxidation (O3/NO <
1). Meanwhile, various characterization methods were per-
formed to investigate the physicochemical properties of cata-
lysts, and the in situ diffuse reflectance infrared Fourier
transform spectroscopy (in situ DRIFTS) was used to study the
change of intermediate species on the catalyst surface under
different atmosphere, and further found the difference of NO
adsorption on the Mn-based catalysts. This study obtains high
NO oxidation efficiency at low O3 concentration, and provides
theoretical support for the selection of catalyst support.

2. Material and methods

2.1. Chemicals

Manganese acetate (Mn(CH;COOH),-4H,0), MCM-41 and tita-
nium dioxide (TiO,) were obtained from Fengchuan Chemical
Reagent Technologies Co., Ltd in Tianjin, China. Alumina was
purchased from Jingjing New Material Co., Ltd in Jiangsu,
China. All chemicals used were of AR grade and no further
purified. Some parameters of pure supports were shown in
Table 1. In addition, the XRD profiles and N, adsorption-
desorption isotherms and pore size distribution curves of y-
Al, O3, TiO, and MCM-41 were shown in Fig. 3 and 4, which were
similar to the corresponding Mn-based catalysts.

2.2. Catalyst preparation

All catalysts were prepared via the impregnation method. The
catalysts prepared from TiO,, alumina and MCM-41 supports

Particle size Material BET surface Pore volume Average pore
Sample Crystal phase (nm) form area (m®> g™ ") (em® g™ diameter (nm)
v-ALO; ALO, 20 Powder 204.7 0.53 10.4
TiO, Anatase 10-25 Powder 122.5 0.49 16.1
MCM-41 Sio, 100-1000 Powder 672.9 0.68 4.0
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were denoted as Mn/y-Al,O3;, Mn/TiO, and Mn/MCM-41,
respectively. The preparation procedure for a given catalyst
sample was as follows: first, Mn(CH3;COOH),-4H,0 was dis-
solved ultrasonically in 80 mL deionized water at room
temperature. The corresponding mass support was then added
to the solution such that the mass fraction of Mn to the support
was 5 wt% and stirred for another 6 h. After refluxing in a water-
bath at 80 °C for 4 h, the solid was dried at 110 °C overnight and
calcined in air at 500 °C for 4 h at a temperature ramp rate of
5 °C min . Finally, the samples obtained using this method
were crushed and sieved to 40-60 mesh.

2.3. Catalyst characterization

The reduction properties of the catalysts in H, were obtained via
H,-TPR measurements on a PCA-1200 chemisorption analyzer
(Builder, China). In each run, 150 mg of catalyst was used,
which was pretreated to 300 °C in a flow of pure N, (50
mL min~") for 90 minutes and cooled to room temperature
before being exposed to a flow of 10% H,/N, (30 mL min~') and
heated to 900 °C at a rate of 10 °C min~'. NO-TPD was per-
formed using the same instrument as the H,-TPR. Typically,
150 mg catalysts was pretreated in 50 mL min ' N, for 90
minutes at 300 °C and then treated in a flow of 5% NO/N, (50
mL min~") for 60 minutes at room temperature. The residual
NO was purged by pure N, and the catalyst was heated to 900 °C
in N, (30 mL min™") at a rate of 10 °C min .

The specific surface areas of the catalysts were measured by the
standard BET method with N, adsorption using an ASAP 2020
HD88 (Micromeritics, USA). XPS analysis was performed on an
ESCALAB 250Xi (ThermoFischer, USA) scanning X-ray microprobe
using Al Ka radiation (1486.6 eV) as the excitation source. Binding
energies were calibrated relative to the C 1s peak from carbon
contamination at 284.8 eV. The crystal structures of the catalysts
were recorded using a D8 Discover (Bruker, Germany) XRD with Cu
Ko radiation in the 26 range from 10° to 90°. Thermogravimetric
analysis (TG-DTG) experiments were performed on a SDT-Q600 (TA
Instruments, USA) instrument under pure nitrogen flow (100
mL min ") to study the weight changes with temperature. The
samples were heated from room temperature to 850 °C at
10 °C min~". Scanning electron microscopy coupled with energy
dispersive spectrometer (SEM-EDS) (Hitachi, Japan) was applied to
verify the dispersion of Mn on the catalysts.

Finally, the in situ DRIFTS were investigated using a Tendor
1I (Bruker, Germany) FTIR spectrometer equipped with an MCT/
A detector cooled by liquid nitrogen and an in situ DRIFT
accessory. Prior to experiments, the catalyst was pretreated at
300 °C in N, for 1 h and then cooled to the desired temperature.
Background spectra were collected with the pretreated catalyst
sample in a reaction cell containing ZnSe windows under N,
flow at the reaction temperature. Subsequently, the reactant gas
mixtures were introduced into the cell and DRIFTS spectra were

recorded from 600 to 4000 cm ™! with a resolution of 4 cm ™.

2.4. Catalytic performance tests

The Oj-assisted catalytic oxidation of NO was plain homoge-
nous gas phase reaction and carried out in a fixed bed quartz

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reactor (i.d. = 8 mm). Catalyst, supported by silica wool, was
added into the reactor at a gas hourly space velocity (GHSV) of
24 000 h™" and the reactor temperature was set by means of
a temperature controller. Ozone was generated from pure O,
using an ozone generator and its concentrations were measured
using a GM-6000-OEM ozone detector (ANSEROS, Germany).
The experimental system was connected with corrosion-
resistant materials, and no gas leakage was detected during
the whole experiment. Quantitative analysis of the reaction
products was carried out using a KM940 flue gas analyzer (Kane,
England). The reaction gas consisted of a 500 ppm NO, O3 (the
molar ratio of O3/NO < 1), 5 vol% O,, and N, (as balance). The
total flowrate was 400 mL min~'. The NO conversion rate was
calculated using the following formula:

- [[1\111(())]]().“1) «100% (1)

NO conversion (%) = (1

where [NOJ;, and [NO],,, are the inlet and outlet concentrations
of NO, respectively.

3. Results and discussion

3.1. Catalytic performance

The results of NO conversion over single catalysts (Mn/y-Al,O3,
Mn/TiO,, Mn/MCM-41), single O; (0.50;: the molar ratio of O/
NO = 0.5), and the combination of catalysts and O3 (Mn/y-Al,O3
+ 03, Mn/TiO, + O3, Mn/MCM-41 + O3) between 80-200 °C were
shown in Fig. 1(a). It could be seen that in the absence of O3, the
NO conversion increased with temperature, and Mn/y-Al,0;
exhibited better catalytic performance than that of other two
catalysts. But overall, these catalysts presented a relative low NO
conversion at test temperature. The NO conversion by single O
was much higher than that of single catalyst and maintained at
about 45%. However, NO conversion decreased slightly as
temperature increase, which was because the decomposition of
0O; enhanced with the increase of temperature. Notably, with the
participation of Oj, the Oj-assisted NO conversion of three
catalysts significantly enhanced, demonstrating that O; could
apparently improve NO catalytic oxidation. For instance, the NO
conversion over Mn/y-Al,O5; increased from 7% to 62% after
adding O; at 140 °C. Moreover, the catalyst-O; combination
exhibited better activity than O; alone. Besides, it could be
observed that with or without O3, Mn/v-Al,O; presented the best
performance among the three catalysts, followed by Mn/TiO,.
The similar results could be found when the molar ratio of O3/
NO = 0.3 (Fig. 1(a)) or 0.7 (Fig. 1(e)).

In order to study the synergistic effect between catalyst and
03, the results of catalyst oxidation, sole ozonation and catalyst-
O3 composite oxidation were compared, as shown in Fig. 1(b)-
(d). Meanwhile, the synergistic factor was calculated according
to the following formula:

& (0/0) = MNcatalyst/O3 — (ncatalysl + 7703)

where ¢ (%) was the synergistic factor, fcatalystios was the NO
conversion of catalyst-O; system, 7catalyst and 7oz represented

the NO conversion of catalyst system and O; system
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Fig. 1 NO conversion over 0.503 (the molar ratio of O3z/NO = 0.5), Mn/y-Al,O3z, Mn/TiO,, and Mn/MCM-41 catalysts and the catalyst—Os
combination (a); synergistic effect of Mn/y-AlL,O3 and Oz (b); synergistic effect of Mn/TiO, and Os (c); synergistic effect of MN/MCM-41 and Oz
(d). Other reaction conditions were as follows: NO = 500 ppm, O, = 5 vol%, GHSV = 24 000 h™%, T = 140 °C.

respectively. According to Fig. 1(b) and (c), it could be found
that there was synergistic effect between Mn/y-Al,O; and O3,
and Mn/TiO, and Oj, respectively. With the increasing
temperature, the synergistic factor also increased from 4% to
12% and 5% to 11% for Mn/y-Al,O; and Mn/TiO,, respectively,
but overall, the synergistic factor of Mn/y-Al,O; was slightly
higher than Mn/TiO,. However, there was no significant
synergistic effect between Mn/MCM-41 and O; as shown in
Fig. 1(d), whence the maximum synergistic factor was only 2%
at 200 °C. In addition, Fig. 1(b)-(d) and (f)-(h) also demon-
strated that when the molar ratio of O3/NO was 0.3 or 0.7, the

synergistic effect between Mn/y-Al,O; and O; was more obvious
than Mn/TiO, and Oz, and Mn/MCM-41 and O;. Based on the
above results, it could be inferred that the supports would affect
the catalytic activity of Mn-based catalysts. Thus, it was essential
to analyze the physicochemical properties of catalysts with
different supports.

3.2. Results of catalyst characterization

3.2.1. BET and XRD analysis. The N, adsorption-desorp-
tion isothermal and pore size distribution plots of Mn/y-Al,O3,
Mn/TiO, and Mn/MCM-41 were depicted in Fig. 2. As shown in
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Fig. 2 N, adsorption—desorption isotherms (a) and pore size distribution curves (b) of the Mn/y-Al,Oz, Mn/TiO, and Mn/MCM-41 catalysts.
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Table 2 BET surface area and pore parameters, H, consumption amounts and the Mn loading of different Mn-based catalysts

BET surface Pore volume

Average pore

Catalysts area (m> g™ ") (em® g™ diameter (nm) H, consumption (umol g™ %) Mn loading® (wt%)
Mn/v-Al, O3 183.9 0.45 9.7 303 5.28
Mn/TiO, 115.9 0.36 12.6 726 5.11
Mn/MCM-41 554.4 0.52 3.8 76 5.15

¢ Determined by ICP-OES.

Fig. 2(a), all samples presented a typical characteristic meso-
porous materials with the type-IV adsorption-desorption
isotherms, identified by the International Union of Pure and
Applied Chemistry (IUPAC). Exceptionally, Mn/y-Al,O3; and Mn/
TiO, exhibited H; hysteresis loops in the region of high relative
pressures (0.6-1.0), implying the irregular pore structure with
flake grains or narrow slit-like shapes.' In Fig. 2(b), Mn/MCM-
41 showed one single narrow peak in the range of 2-5 nm,
suggesting that Mn/MCM-41 possessed relative uniform meso-
pore size distributions. In Fig. 2(b) (inset), the maximum pore
size of Mn/TiO, centered at 8-15 nm, while that of Mn/y-Al,O5
mainly centered at 5-15 nm. The BET surface areas and pore
parameters for Mn/y-Al,03, Mn/TiO, and Mn/MCM-41 were
listed in Table 2. It could be found that Mn/MCM-41 displayed
the highest BET surface area among the three catalysts, around
three times as high as that of Mn/y-Al,O; and five times that of
Mn/TiO,. The main reason for the difference of BET specific
surface areas was probably attributed to the different supports,
which was of vital importance for catalyst physical properties.*
Combined with catalytic oxidation results that Mn/y-Al,O;
exhibited the highest NO oxidation efficiency, it could be indi-
cated that the surface area was not the major factor in NO
oxidation.

The XRD patterns of the three catalyst samples were shown
in Fig. 3. For Mn/TiO,, only the pure anatase phase was
observed, with diffraction angles located at 25.3°, 37.8°, 48.0°,

*ALO,
& - * Mn/y-ALO,

MM

| JCPDS 21-1272

A A anatase
Mn/TiO,

| JCPDS 29-0085
1l | 11 ul 11l L

Intensity (a.u.)

+Si0,
Mn/MCM-41

S N

| P | b PRI B BT RT T 0 A B TR T TR W TR R TR T
T T T T 1 T T

10 20 30 40 50 60 70 80 90
20/(°)

JCPDS 10-0425
1

Fig. 3 XRD profiles of Mn/y-Al,Os, Mn/TiO, and Mn/MCM-41
catalysts.
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53.9°, 55.1°, 62.7°, 68.8°, 70.3°, 75.0°, and 82.7° (JCPDS 21-
1272). For MCM-41, the only diffraction peak, at 26 = 22.0°, was
correlated to SiO, (JCPDS 29-0085). For Mn/y-Al,O3, the weak
diffraction peaks for Al,O; appeared at 37.6°, 45.9°, and 67.0°
(JCPDS 10-0425). No crystalline manganese oxide peaks were
found in the XRD spectra of any of the catalysts, probably due to
the low loading or high dispersion in amorphous or micro-
crystalline on the surface of catalyst. The Mn elemental
mapping images of Mn/y-Al,O;, Mn/TiO, and Mn/MCM-41 was
depicted in Fig. 2. It showed that Mn in Mn/y-Al,03;, Mn/TiO,
and Mn/MCM-41 were all highly dispersed. In addition, The Mn
contents of the three catalysts were detected by ICP-OES that
they are similar to the expected Mn/support mass ratio (~5%),
and the results are shown in Table 2.

3.2.2. H,-TPR analysis. The redox properties was the vital
factor for NO oxidation, and evaluated by H,-TPR. Fig. 4 showed
the H,-TPR profiles of three catalysts with different support,
whence it could be seen from Fig. 4(a) that two distinct reduc-
tion peaks were present, at 380 °C and 556 °C for Mn/TiO,, and
at 350 °C and 620 °C for Mn/MCM-41. The reduction stages were
related to the valence evolution of manganese.*®** According to
previous studies,**** the reduction process was generally
regarded as MnO, or Mn,0; — Mn3;O, and Mn;O, — MnO.
The second peak was dominant for Mn/TiO, and the first was
dominant for Mn/MCM-41, which indicated that Mn on Mn/
TiO, was mainly in low valence state and Mn on Mn/MCM-41
was mainly in high valence state. However, Mn/y-Al,O; dis-
played three reduction peaks, at 350 °C, 460 °C, and 715 °C,
representing the reduction steps MnO, — Mn,0; — Mn;0, —
MnO*® occurring from 100 °C to 800 °C, indicating that Mn
existed on the surface of Mn/y-Al,O; in various valence states.
Besides, the first two peaks were dominant for Mn/y-Al,O;.
From Fig. 4(b), it was clear that the reduction peak of Mn/MCM-
41 was weaker than Mn/y-Al,O; and Mn/TiO,, consisting with
Table 2 that Mn/MCM-41 consumed the least amount of H,.
Thus, the redox ability of Mn/MCM-41 was the worst. Although
Mn/TiO, possessed the largest H, consumption, it was mainly
concentrated in the high temperature range above 500 °C,
which was opposite to that of Mn/y-Al,O;. According to previous
reports, the lower initial reduction temperature suggested
better redox characteristics for catalysts.>® In addition, it should
be noted that below 480 °C (inset), Mn/y-Al,0; showed larger
peak area and lower initial reduction temperature, followed by
Mn/TiO, and then Mn/MCM-41. Therefore, the redox capability
order of catalysts at low temperature was in the following

RSC Adv, 2021, 11, 18945-18959 | 18949
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sequence: Mn/y-Al,O; > Mn/TiO, > Mn/MCM-41, which was
consistent with the results of catalytic activity.

3.2.3. XPS analysis. The interaction between metal oxides
and supports will affect the oxidation state of metal oxides, and
further affect the activity of catalyst. Therefore, XPS technique
was employed to investigate the element chemical state of Mn-
based catalysts with different supports. The surface chemical
states of Mn 2p;,, and O 1s for the following samples: Mn/y-
Al, O3, Mn/v-Al,O; after ozone adsorption (O3—Mn/y-Al,O3), Mn/
v-Al,Oj after the reaction (NO + O3-Mn/y-Al,05), Mn/MCM-41,
and Mn/TiO, were analyzed by XPS. Fig. 5(a) exhibited the XPS
spectra of Mn 2pj3/,, the binding energy at 640.8 €V, corresponding
to Mn**;** was only observed on Mn/TiO,. The peak at 641.8-
641.9 eV corresponded to Mn**,'*%” whereas the signal at 643.2 eV
and 646.0 eV could be assigned to Mn**.*>% Both Mn** and Mn**
were found on the surfaces of Mn/y-Al,O; and Mn/TiO,. There was
also Mn”" at 647.3 eV for Mn/y-Al,0;.” For Mn/MCM-41, Mn**
(642.9 eV) and Mn”" (646.9 eV) were detected on the surface.
Surface valence compositions of O 1s and Mn 2ps,, for different
catalysts were listed in Table 3. It could be found from Table 3 that
the ratio of Mn**/Mn in Mn/TiO, was the highest, followed by Mn/
v-Al, O3, while for Mn-MCM-41, there was no Mn>" and the ratio of
Mn*'/Mn was the highest. This was consistent with the result of
H,-TPR. According to the result of Fig. 1 that Mn/y-Al,O; exhibited
the highest activity, followed by Mn/TiO,, it could be inferred that

proper ratio of Mn®*" and Mn** was more beneficial to the catalytic
oxidation of NO.

Previous report revealed that Mn**-O was easy to break,
furthermore, the presence of Mn*" was more conducive to the
combination of O and NO, and then promoted the formation
and release of NO, product.”” Moreover, a portion of Mn*"
neighbored with oxygen vacancies, which could accelerate the
decomposition of O; into adsorbed oxygen. When the oxygen
vacancies were filled up with adsorbed oxygen, Mn*" would be
oxidized into unstable Mn*" to balance charge neutralization
and produced more active sites of redox couples on the surface
of catalysts.”®* The above analysis indicated that the coexis-
tence of Mn®*" and Mn*" could provide more active sites and
further promote NO oxidation in the presence of ozone, which
was consistent with result of Fig. 1 that Mn/y-Al,O; and Mn/
TiO, with Mn®" and Mn*" exhibited higher activity than Mn-
MCM-41. Eqn (2) and (3) may represent ozone decomposition
reactions on the surface of Mn-based catalysts:

Mn**] + 03 = 0, + 0,4 —[Mn*"] (2)
Ougs —[Mn*'] + O3 — 20, + [Mn™"] (3)
0,45 —[Mn**]+ NO — NO, + [Mn*"] (4)
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Fig. 5 XPS spectra of the Mn/TiO,, Mn/y-Al,Os, and Mn/MCM-41 catalysts: (@) Mn 2ps,, and (b) O 1s.
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Table 3 Surface valence compositions of Mn 2ps,» and O 1s for different samples

Mn 2p;/n O 1s
Samples Mn**/Mn Mn**/Mn Mn**/Mn Mn”*/Mn 0,/0 0y/0
Mn/y-Al,O3 — 0.21 0.66 0.13 0.23 0.77
Mn/TiO, 0.18 0.66 0.16 — 0.70 0.30
Mn/MCM-41 — — 0.77 0.23 0.47 0.53
05-Mn/y-AL, O, - 0.18 0.69 0.13 0.21 0.79
NO + O,-Mn/y-AL, O, — 0.20 0.67 0.13 0.49 0.51

Comparing between the different Mn/y-Al,O; based
samples, the ratios of Mn**/Mn decreased in the following
sequence: Mn/y-Al,O; > NO + O3-Mn/v-Al,03 > O3-Mn/y-Al, 03,
as shown in Table 3. Meanwhile, the ratio of Mn*" increased
after O; adsorption and reaction, indicating that the Mn** was
oxidized to Mn*" by O; in the flue gas via a transition of the Mn
valance state. Reed et al® found that the electron transfer
between the catalyst and O; caused the decomposition of the
latter into active oxygen. In addition, only a very small amount
of Mn** was converted to Mn**, suggesting that Mn** and Mn**
were in a dynamic transformation equilibrium state. Therefore,
it might be tentatively surmised that the ozone decomposition
process did followed eqn (2) and (3), whereby ozone was cata-
lytically decomposed to active atomic oxygen,” which was
conducive to the NO oxidation.*®

The O 1s spectra of the Mn-based catalysts were presented in
Fig. 5(b), with the valence state ratios listed in Table 3. The O 1s

100 0.02
(@)

©°
>
1

+0.00

o
=N
!

--0.02¢

T
=]
=)
&=

TG weight loss (%)
=l o
~ =
1 1
DTG/(%/°C)

+-0.06

o
S
1

-]
@

-0.08

T T T T T
400 500 600 700 800
Temperature (°C)

T T T
100 200 300

100

spectra showed two peaks for both Mn/y-Al,0; and Mn/TiO,.
The low binding energy peaks (529.9-531.6 eV) corresponded to
surface lattice oxygen (O,), and those with high binding energy
(531.7-532.6 eV) assigned to surface adsorbed oxygen (Og).*
However, for Mn/MCM-41, three peaks were observed, which
were attributed to lattice oxygen (O,) of metal oxides (Mn-O)
and Si-O and adsorbed -OH groups (Og) at 530.9 €V, 533.3 eV
and 532.8 eV,»*>% respectively. It was widely accepted that Og
was more beneficial for the NO oxidation than O, due to its
higher mobility.** From the XPS analysis results in Table 3, it
could be detected that Mn/y-Al,O; with the highest catalytic
activity contained the largest amount of Og. Although the
content of Og in Mn/MCM-41 was higher than that in Mn/TiO,,
there was no Mn’* in Mn/MCM-41. It was likely that the
combined action of O and Mn** made the activity of Mn/TiO,
higher than that of Mn/MCM-41. Compared to the plain Mn/y-
Al,O; catalyst, the Op/O ratio increased slightly for O;-Mn/y-
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Al,O3, which indicated that the decomposition of O; on the
surface of catalyst generated the adsorbed oxide species via eqn
(2). Nevertheless, the ratio Og/O of NO + O3;-Mn/y-Al,O3
significantly decreased, which might be due to the adsorbed
oxygen presented on the surface of catalysts or produced by
ozone decomposition were consumed via eqn (4). Conse-
quently, it could be inferred that proper ratio of Mn** and Mn**
and abundant Og on the catalyst surface played the significant
role in NO oxidation. Although the atomic ratio of Mn*" for Mn/
v-Al,O; was lower than that of Mn/TiO,, a better NO oxidation
performance was obtained with Mn/y-Al,O3, which could be

View Article Online

Paper

rationalized by the high concentration of Og and proper ratio of
Mn*" and Mn*" in the catalyst.

3.2.4. TGA analysis. The TG-DTG results were shown in
Fig. 6, whence it could be seen that Mn-based catalysts with
different supports exhibited quite different thermal stabilities.
The weight loss behavior of the catalysts fell roughly into the
following three stages: the initial weight loss, below 200 °C, was
attributed to the desorption of physically and chemically
adsorbed water; the second stage, from 200-400 °C, was
attributed to the desorption of surface-active oxygen species; the
third stage, above 400 °C, was due to the loss of structural
oxygen in the framework of the tunnels.®**” In the first stage,
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a significant weight loss was observed for all the catalysts. In the
latter two stages, Mn/y-Al,O; showed a continuous weight-loss,
indicating that most of the MnO, likely existed in amorphous
rather than crystalline form,* which was also consistent with
the result of XRD and EDS mappings. For Mn/MCM-41, obvious
weight loss occurred at ~630 °C, which was attributed to the
transformation of MnO, to Mn,O3;, whereas Mn/TiO, showed
obvious weight loss at ~750 °C due to the transformation of
Mn,0; to Mn;0,.>* These results suggested that Mn/TiO, and
Mn/MCM-41 were rich in Mn®*" and Mn*", respectively, which
was in agreement with the H,-TPR and XPS results.

3.3. In situ DRIFTS

In order to study the difference of NO catalytic oxidation
performance over three catalysts, the NO adsorption behavior at
different atmospheres and the evolution of reaction interme-
diates over three catalysts were investigated via in situ DRIFTS
experiments. For reference, the spectra of pure supports of
corresponding catalysts were also studied.

3.3.1. NO adsorption over Mn/Al,O; catalyst. Fig. 7 showed
the NO adsorption behavior over Mn/y-Al,O; and pure y-Al,O3
under different atmospheres. The in situ DRIFT spectra of Mn/y-
Al,0;3 adsorbed NO at 140 °C for 60 min was shown in Fig. 7(a).
In Fig. 7(a), it was seen that bridged nitrites (1222 cm™")*® was
the main species at the beginning adsorption. With increasing
time, the bridged nitrites decreased gradually, while the
bidentate nitrates at 1541, 1558 and 1589 cm™*,*'>*7° mono-
dentate nitrates at 1264, 1314, 1507 and 1521 cm™ %,%7*7 and
monodentate nitrites at 1420 cm™ " (ref. 12) as well as weak
bands of bridged nitrates at 1616 cm™ " (ref. 68) emerged and
gradually increased with adsorption time. This suggested that
bridged nitrites could decompose and transform to other
nitrates or nitrites, facilitating the NO oxidation. Fig. 7(b)
illustrated the FTIR spectra of Mn/y-Al,O; exposed to NO + O, at
140 °C. The weak bridged nitrites on Mn/y-Al,O; (1230 cm ™)
disappeared within 11 min after NO + O, was introduced.
Furthermore, the peaks intensity associated with nitrates and
nitrites in Fig. 7(b) were stronger compared with those in Fig. 7(a),
indicating that O, could supply abundant active oxygen species
and promote the NO adsorption and oxidation. Compared with
Fig. 7(b), similar bands with stronger intensity could be observed
in Fig. 7(c), suggesting that the oxidation of NO by O; was much
stronger than that by O,. Fig. 7(d) presented the FTIR spectra of
Mn/y-Al,O; exposed to NO + Os at 200 °C. The bands in Fig. 7(d)
grew faster than that in Fig. 7(c), indicating that the NO adsorption
was enhanced with the increasing temperature. In the meantime,
it could be detected that the relative intensity of monodentate
nitrites (1420 cm™ ') weakened due to its conversion to the main
species of mondentate nitrates and bidentate nitrates in Fig. 7(d).
Combined with the result of Fig. 1(b), it could be speculated that
monodentate nitrates and bidentate nitrates was the key inter-
mediate species that promoted NO catalytic oxidation and further
facilitated synergistic effect between catalyst and Os.

Fig. 7(e) showed the FTIR spectra of pure y-Al,O; exposed to
NO + O; at 140 °C. Obviously, after the introduction of NO + O3,
weak bridged nitrites (1232 cm™') emerged at the beginning

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and quickly disappeared in 11 min, followed by the appearance
and rapid enhancement of monodentate nitrates (1309 cm™ "),
bidentate nitrates (1541 and 1584 cm ') as well as monodentate
nitrite (1394 cm ™). In particular, weakly adsorbed NO were also
observed at 1684 cm ™~ *.° NO was supposed to adsorb on the sites
of positive charged alumina ions,” and then was catalytically
oxidized to various nitrates and nitrites,” indicating that the
pure y-Al,O; promoted the NO adsorption on the catalyst
surface followed by the formation of nitrates. At times, it could
be found that the lineshape of pure y-Al,O; were similar to that
of Mn/y-Al,O; in Fig. 7(c), but the intensity was weaker than that
of Mn/y-Al,O;. These phenomena indicated that the addition of
Mn promoted the adsorption of NO and the formation of
intermediate species. Research had proved that O; decompo-
sition with Mn/v-Al,O; was much higher than that with pure -
Al,O3, and amount active oxygen would be produced to accel-
erate the oxidation of NO.”” As revealed by XPS, the coexistence
of Mn®>" and Mn*" could promote more active sites, which
accelerated the decomposition of ozone to produce active
oxygen. Therefore, Mn/y-Al,O; exhibited better adsorption for
NO than that of pure y-Al,0;.

After O; pretreatment, abundant chemically adsorbed
oxygen was stored on the surface of Mn/y-Al,O; as shown in
Fig. 7(f). Once NO was introduced into the system, various N-
species appeared and increased with time. After NO adsorp-
tion for 60 min, the peak intensity in Fig. 7(f) was stronger than
that in Fig. 7(a), demonstrating that chemically adsorbed
oxygen decomposed from O; remarkably enhanced the NO
adsorption on the surface of catalysts.

3.3.2 NO adsorption over Mn/TiO, catalyst. Fig. 8 showed
the NO adsorption behavior over Mn/TiO, and pure TiO, under
different atmospheres. The in situ DRIFT spectra of NO over Mn/
TiO, was shown in Fig. 8(a). As shown in Fig. 8(a), the peaks
attributed to bridged nitrites and bridged nitrates were detected
at 1212 ecm™ ', 1636 and 1647 cm™ ', respectively. The weak
bridged nitrites quickly vanished in 20 min, while bridged
nitrates reached the highest intensity at 11 min and then
decreased gradually with time. After that, the bidentate nitrates
at 1541 and 1558 cm™' and monodentate nitrates at 1487, 1507
and 1522 cm ™" appeared and increased gradually with time,
demonstrating that bridged nitrites converted into bridged
nitrates, which was then converted into bidentate and mono-
dentate nitrates. Fig. 8(b) displayed the DRIFT spectra of Mn/
TiO, exposed to NO + O,. It was obviously that the peak at
1308 cm™ ' assigned to monodentate nitrates appeared and
enhanced with temperature, while the bridged nitrites at
1212 cm~ " were not observed, probably due the rapid conver-
sion of bridged nitrites to monodentate nitrates. Meanwhile,
the intensity of all peaks in Fig. 8(b) was stronger than that in
Fig. 8(a), implying that O, promoted the adsorption and
oxidation of NO. Except for the occurrence of monodenate
nitrates (1308 cm™ ') and the disappearance of bridged nitrites
(1212 em™") in Fig. 8(b), there was no significant difference in
peak position between Fig. 8(a) and (b).

With the participation of Oz, monodentate nitrates at
1308 cm ™' in Fig. 8(b) did not appear in Fig. 8(c), replaced by
monodentate nitrates (1253 and 1289 cm ') and nitro
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compound (1340

em™'). Comparing the peak intensity of

Fig. 8(b) and (c), similar to the above conclusion could be drawn

on Mn/TiO, that
oxidation of NO. F

O; further promoted the adsorption and
ig. 8(d) showed the co-adsorption behavior of

NO + O3 for Mn/TiO, at 200 °C. In comparison with Fig. 8(c), the

adsorption bands

in Fig. 8(d) reached their highest intensity

within 30 min, while it was more than 60 min in Fig. 8(c). It

demonstrated that the adsorption-desorption process obtained

equilibrium state

more quickly on Mn/TiO, at 200 °C, which

was also the reason why Mn/TiO, exhibited higher performance
at 200 °C than that at 140 °C. Otherwise, the intensity of

bidentate nitrate

s at 1586 cm ' at 200 °C decreased
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In situ DRIFTS of Mn/TiO5 (a—d and f) and pure TiO; (e) exposed to NO (a), NO + O, (b), NO + Oz at 140 °C (c and e), NO + O3 at 200 °C (d),

significantly than that at 140 °C, while monodentate nitrates
(1289, 1507 and 1521 cm™ ') and bridge nitrates (1605 cm™ ")
were slightly increased in their intensity. As the main interme-
diate species, the transformation of bidentate nitrates, mono-
dentate nitrates and bridged nitrates promoted the catalytic
oxidation of NO and synergistic effect between Mn/TiO, and Os.
Fig. 8(e) showed the spectra of pure TiO, exposed to NO + Os.
In Fig. 8(e), two strong peaks of bidentate nitrates (1584 cm ™)
and bridged nitrates (1607 cm™ ") appeared quickly and grew as
the predominant species. In addition, some inconspicuous
monodentate nitrates (1250, 1297, 1507 and 1521 cm %),
bidentate nitrates (1541 cm™')*”> and nitro compound

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(1362 cm™ ') were also observed. It was worth noting that the
peak intensity of Mn/TiO, (Fig. 8(c)) was stronger than that on
pure TiO,, especially for monodentate nitrates (1507 and
1521 em ™). This also suggested that the addition of Mn could
facilitate the NO adsorption on Mn/TiO,, probably due to easily
accessible multiple oxidation states of Mn, which was condu-
cive to O3 decomposition into active oxygen, accompanied by
the formation of pivotal intermediate species of monodentate
nitrates.

The DRIFT spectra of NO adsorption after O; pre-adsorption
for 60 min was displayed in Fig. 8(f). It could be seen that the
bridge nitrates (1603 cm™ ') emerged rapidly in 1 min then grew
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slow, and even weakened with time, while the bidentate nitrates
(1582 em™ ') increased and became shaper than bridge nitrates,
probably due to the conversion of the former to the later. The
monodentate nitrates at 1286 cm™ ' first increased then
decreased and shifted to 1250 and 1264 cm™', which all
assigned to monodentate nitrates. Additionally, weakly adsor-
bed NO species (1200 cm ')® and monodentate nitrites
(1380 cm ™) were also observed. Similarly, the intensity of peaks
in Fig. 8(f) was much stronger than that in Fig. 8(a), implying
the chemically adsorbed oxygen from O; decomposition greatly
improved the NO adsorption on the surface of Mn/TiO,.
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3.3.3 NO adsorption over Mn/MCM-41 catalyst. Similar to
the previous experiments, Fig. 9 also showed the adsorption
behavior of NO over Mn/MCM-41 and pure MCM-41 under
various atmospheres. As shown in Fig. 9(a), nitro compound
(1341 cm™ ") first appeared within 1 min then fluctuated slightly,
and then monodentate nitrates (1521 cm™ ') and bridge nitrates
(1627 cm™') gradually appeared. It was worth noting that the
monodentate nitrates in Fig. 9(a) grew first then weakened with
time, which might be due to the gradual consumption of the active
lattice oxygen and not timely replenishment. However, with the
participation of O, (Fig. 9(b)), monodentate nitrates (1457 cm™ ')
also appeared and the peak intensity of all monodentate nitrates
increased gradually with time, which benefited from the active
oxygen of O,. In Fig. 9(c), the nitro compound (1346 cm ") almost
disappeared after 11 min, while monodentate nitrates (1308, 1457
and 1507 em™") generated and reached the maximum instantly,
which was faster than that in Fig. 9(b), implying that O; further
accelerated the NO catalytic oxidation on the surface of catalyst.
Nevertheless, these nitrates weakened slightly in the following
time due to their decomposition.

In Fig. 9(d), monodentate nitrates (1513 cm™ ') quickly
formed within 3 min, which was faster than that in Fig. 9(c), and
then gradually increased. However, the intensity of mono-
dentate nitrates in Fig. 9(d) was lower than that in Fig. 9(c),
suggesting that the decomposition of monodentate nitrates was
further enhanced at 200 °C and more active sites were released,
which in turn promoted the formation of monodentate nitrates,
so the monodentate nitrates were continuously generated over
time. In combination with the result of Fig. 1(d), it could also be
speculated that the highly reactive and easily decomposed
monodentate nitrates were an important intermediate species
in the catalytic oxidation of NO for Mn/MCM-41.

Fig. 9(e) displayed the adsorption behavior of NO over pure MCM-
41 in NO + O3 at 140 °C. It could be seen from Fig. 9(e) that nitro
compound (1341 cm ') emerged first within 1 min and weakened
over time, after that bridged nitrates (1625-1647 cm™ ') appeared and
reached the maximum intensity in 3 min due to the decomposition
of nitro compound. With the consumption of nitro compound and
bridged nitrates, monodentate nitrate (1507 cm™") occurred and
grew progressively over time (Fig. 9(e)). However, the intensity of
adsorption peaks on pure MCM-41 was very weak, indicating that
MCM-41 could only provide very few adsorption sites. Fig. 9(f)
showed the in situ DRIFT spectra of Mn/MCM-41 exposed to NO after
O3 pre-adsorption for 60 min. All peaks reached the strongest in
2.5 min and then quickly weakened due to the consumption of
chemically adsorbed oxygen on the surface of catalyst.

The in situ DRIFTS analysis suggested that the adsorption of
NO and the formation of nitrates on the surface of catalysts were
remarkably promoted by chemically adsorbed oxygen, espe-
cially from O;. Comparing the peak intensities of Mn-based
catalysts, the order was as follows: Mn/y-Al,O; > Mn/TiO, >
Mn/MCM-41, indicating that the supports had effect on NO
adsorption and Mn/y-Al,0; possessed the best adsorption
performance of NO, which was consistent with the activity test
in Fig. 1. Nitrates was supposed to the vital intermediate in the
formation of NO,.” In comparison with the nitrates intensity of
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Mn-based catalysts in NO + O3 at 140 °C (Fig. 7(c), 8(c) and 9(c)),
Mn/y-Al,O; (mainly monodentate and bidentate nitrates) dis-
played stronger nitrates intensity than that of Mn/TiO, and Mn/
MCM-41, which might be the reason why the synergistic effect
between Mn/y-Al,O; and O; was significantly higher than that
between Mn/TiO, and O3, and between Mn/MCM-41 and Os;.
Besides, the Mn-based catalysts showed better NO adsorption
performance than the corresponding pure supports. Under the
interaction between Mn and corresponding supports, the NO
adsorption and oxidation was further promoted, probably due
to the formation of more active sites with the addition of Mn.
According to the characterization analyses, the Mn®** usually
generated the oxygen vacancies,” which contributed to the
excellent activity.*> O; were adsorbed on the oxygen vacancies to
form adsorbed oxygen during the electrons transfer between
Mn** and Mn", resulting in more active oxygen for the
adsorption and activation of NO to form nitrates, and then
nitrates decomposed into NO,.””7** Therefore, more co-
existence of Mn** and Mn** as well as more adsorbed oxygen
benefited to the NO oxidation. Based on the results of H,-TPR
and XPS, Mn/y-Al,O3 catalyst possessed high content of Mn**
and Mn*" as well as amount adsorbed oxygen, which was
conductive to its excellent NO adsorption performance and
further improved its catalytic activity.

3.4 NO-TPD analysis

Fig. 10 displayed the NO-TPD profiles of catalysts and the cor-
responding supports. The desorption peaks below 300 °C was
attributed to the monodentate nitrates and bridged nitrates, while
the high temperature peaks above 300 °C was assigned to the
bidentate nitrates and bridged nitrates.* It could be seen that the
Mn-based catalysts possessed larger desorption area of NO than the
corresponding supports, and desorption peaks were also shifted to
the low temperature, indicating that the addition of Mn contributed
to the formation and desorption of N-species. In addition, Mn/y-
Al,O; had the largest value and lowest initial desorption tempera-
ture among three Mn-based catalysts, suggesting that the surface of

MwALO,
S
< Mu/TiO,
.
=
z M/MCM-41
L
3
(=}

TiO,
T ¥ T v T v T v T * T X
100 200 300 400 500 600 700

Temperature (°C)

Fig. 10 NO-TPD profiles of the Mn/y-Al,Oz, Mn/TiO,, Mn/MCM-41
and the corresponding supports.
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Mn/y-Al,O; was most favorable for NO desorption, which was also
consistent with that Mn/y-Al,O; had the strongest NO adsorption
capacity (Section 3.3). Interestingly, there were two obvious desorp-
tion peaks of monodentate nitrates and bridged nitrates for Mn/
MCM-41 at low temperature, consisting with the results of Fig. 9.
It demonstrated that NO could be easily desorbed from Mn/MCM-
41, but because of the limited adsorption capacity of Mn/MCM-41
for NO, Mn/MCM-41 still did not show high activity.

3.5 Effect of SO, on NO conversion

Since SO, existed in the exhaust, it was critical to investigate the
influence of SO, on NO conversion. As shown in Fig. 11, after
SO, was added into the feed gas, the NO conversion of Mn/y-
Al,03, Mn/TiO, and Mn/MCM-41 rapidly decreased by about
8%, and then stabilized at 58%, 46% and 38%, respectively.
With the removal of SO,, NO conversion recovered to a certain
extent, but not to the initial state, probably due to the passiv-
ation of SO, that metal sulfates formed on the surface of catalyst
and occupied part of the active sites. However, SO, had little
effect on NO oxidation by O; alone. Except Mn/MCM-41, Mn/y-
Al,O; and Mn/TiO, catalysts still showed better performance
than O; alone, especially Mn/y-Al,O;, suggesting that Mn/y-
Al,O5; showed better SO, tolerance in the presence of Os.

4. Conclusions

Mn/y-Al,03, Mn/TiO, and Mn/MCM-41 catalysts were compared
for NO catalytic oxidation with low ratio of O3/NO (O3/NO < 1) at
low temperatures of 80-200 °C. The NO conversion for three
catalysts were in the order of Mn/y-Al,O; > Mn/TiO, > Mn/MCM-
41. Moreover, there was a clear synergistic effect between Mn/y-
Al,O; and O3, followed by Mn/TiO, and O3, while for Mn/MCM-
41, almost no synergistic effect occurred between Mn/MCM-41
and O;. The characterization results of XRD, EDS mappings,
BET, H,-TPR, XPS and TG showed that Mn/y-Al,O; possessed
good manganese dispersion, excellent redox performance,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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abundant chemically adsorbed oxygen and the coexistence of
Mn*" and Mn** in a proper amount, which were the vital factors
that contributed to its high activity. The in situ DRIFTS results
indicated that the chemically adsorbed oxygen species
produced by O; decomposition greatly promoted the adsorption
of NO as well as the formation of nitrates on the catalyst surface.
Meanwhile, the Mn-based catalysts showed stronger adsorption
bands than the corresponding pure supports. Besides, it also
showed that pure y-Al,O; support provided amount active sites
for NO adsorption. Under the interaction between Mn and vy-
Al,O; Mn/y-AL,O; had the strongest NO adsorption perfor-
mance among three catalysts and greatly accelerated the
formation of monodentate nitrates and bidentate nitrates,
which were the vital intermediate species for NO, formation
and further ensured excellent catalytic activity of Mn/y-Al,O;.
The NO-TPD outcomes also showed that the Mn-based catalysts
showed stronger desorption bands than the corresponding pure
supports, and Mn/y-Al,O; had the best NO desorption perfor-
mance among three catalysts. The excellent NO adsorption,
conversion and desorption performance of Mn/y-Al,Oj3, all
contributed to the high activity of Mn/y-Al,O3. In addition, Mn/
v-Al, O3 also exhibited excellent SO, tolerance.
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