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ABSTRACT: Hierarchical MnO,, pillared or supported on
montmorillonite were prepared by three methods, i.e., impregna-
tion (IM), chemical precipitation (CP), and in situ deposition
(SP). The catalysts were characterized by low-temperature N,
adsorption (BET), XRD, XPS, SEM, TEM, H,-TPR, NH,-TPD,
NO-TPD, TPSR, in situ DRIFTS, and evaluation of catalytic
performance for NH;-SCR. The best catalytic performance was
obtained for catalysts prepared by SP in terms of activity and
selectivity, obtaining >90% NO conversion with >95% selectivity
to N, in 100—300 °C and GHSV of 70,000 h™'. Compared to IM
and CP, SP greatly simplified catalyst preparation, resulting in
higher BET surface areas; a spongy pore structure; more highly
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dispersed, pillared MnO, species; and higher density of acid sites distributed on catalysts surface, which all contributed to its superior
performance for NH;-SCR. The activity for low-temperature NH;-SCR of manganese catalysts could be widely tailored by

preparation methods.

1. INTRODUCTION

Nitrogen oxides (NO,) from both mobile (e.g, automobile
engine combustion emission) and stationary (e.g.,, coal-fired
power plants) sources are persistent air pollution contributors,
leading to a series of environmental problems such as
photochemical smog, tropospheric ozone, and acid rain."”
Selective catalytic reduction of NO, with NH; (NH;-SCR) is
an efficient process for NO, abatement.’ Although V,04/TiO,
catalysts have been successfully commercialized, the high
operation temperature, poor N, selectivity, and toxicity of
vanadium hinder their wide application.”® Thus, efficient NH;-
SCR catalysts without vanadium species have attracted much
attention. MnO,-based catalysts show high deNO, perform-
ance at 100—300 °C, and their performance could be tailored
through the strong interaction between support and MnO, ™’

Using natural clay like montmorillonites (MMTs) as support
efficiently decreases the cost of catalysts. Pillared clays such as
MMT are efficient catalysts at around 300 °C, showing good
resistance to SO, and high N, selectivity.'”'" The factors
influencing the deNO, performance include parent clays,
pillaring agents, and intercalation. By using different metal
oxides as pillaring agents, catalytic performance could be
widely and finely tailored.">™"°

Recent progress in NH;-SCR shows that the suitable
temperature window is 100—250 °C. The deNO, performance
of PICLs in this temperature range deserves an in-depth study.
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However, current PICL preparation methods are complex and
time-consuming. Recently, we developed an in situ deposition
method for preparing MnO,-based catalysts through the fast
redox reaction between Mn®>' and MnO,” in an aqueous
solution, which show high-performance, low-temperature
NH,-SCR."”"® Thus, in this work, based upon clay, pillaring
agent, and introduction method screening, we found that
pillaring and modification could be combined into one process
to obtain hierarchical MnO,, e.g., pillared and supported
MnO,, simultaneously. The catalyst gave the best catalytic
performance in comparison with those prepared by IM or CP.
Under working conditions of T = 100—300 °C, GHSV =
70,000 h™!, and 1000 ppm NO concentration, almost complete
NO conversion and >95% N, selectivity were obtained. The
SP method greatly simplified the preparation and simulta-
neously overcame the limitation of cation exchange capacity
(CEC) of MMT. A series of characterizations were performed
to clarify the reason for the best performance of the catalyst

prepared by SP.

Received: February 10, 2023
Accepted: March 21, 2023
Published: March 30, 2023

https://doi.org/10.1021/acsomega.3c00718
ACS Omega 2023, 8, 13384—13395


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xianlong+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shi+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shiwen+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yazhong+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng+Fang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kui+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinyu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xueping+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xueping+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junwei+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c00718&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00718?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00718?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00718?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00718?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/14?ref=pdf
https://pubs.acs.org/toc/acsodf/8/14?ref=pdf
https://pubs.acs.org/toc/acsodf/8/14?ref=pdf
https://pubs.acs.org/toc/acsodf/8/14?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c00718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

http://pubs.acs.org/journal/acsodf

ACS Omega
100} @ m

~ 80F
s —=—MMT
= 6ol —o— MnlO/MMT-IM
£ —+— MnlO/MMT-CP
5 —v— MnlO/MMT-SP
> 40+
=
=]
9}
o 2r
z

0F

1 1

1 1
150 200 250 300

Temperature (°C)

1
100

NO Conversion (%)

100 H(b) /'_/v—
80 -
60 —¥— Mnl0O/MMT-SP
Mn6/MMT-SP
0k —&— Mn2/MMT-SP
20F

1 1 ]
200 250 300
Temperature (°C)

1 1
100 150

©

100 - M
80

L
23
S ol —A— MnlO/MMT-IM
2 —6—Mnl0/MMT-CP
g —=—Mnl0/MMT-SP
9
S 40r
)
@
zZ 0t

0F

1 1 1 1 1
100 150 200 250 300
Temperature/°C

Figure 1. (a) NO conversion over MMT, Mn10/MMT-IM, Mn10/MMT-CP, or Mn10/MMT-SP. (b) NO conversion over Mn2/MMT-SP,
Mn6/MMT-SP, and Mn10/MMT-SP. (c) N, selectivity. Working conditions: [NH;] = [NO] = 1000 ppm, [O,] = 3%, [H,0] = 5%, N, as the

balance gas, GHSV = 70,000 h™’, and total flow rate = 350 mL-min™".

2. EXPERIMENTAL SECTION

2.1. Materials. MMT with a CEC of 86 mmol/100 g was
purchased from Borun Casting Material Co. Ltd.,, Henan,
China. The elemental composition of MMT was determined
by X-ray fluorescence (XRF). The received clays were dried,
milled, and sieved to obtain a granular size less than 0.127 mm
for use. Analytical-grade Mn(AC),4H,0, KMnO,, and
(NH,),CO; were purchased from Sinopharm Chemical
Reagent Co. Ltd., China, and used as received.

2.2. Catalyst Preparation Methods. 2.2.7. Impregnation.
The catalyst was prepared by the incipient wetness
impregnation method. MMT (20.0 g) was placed into a
Mn(Ac), solution (8.909 g Mn(AC),-4H,0 in a certain
amount of deionized water; the volume is equal to the suction
capacity of 20.0 ¢ dry MMT) and aged for 24 h. Then, the
sample was dried at 110 °C overnight and calcined at 300 °C
for 3 h. The powder was pelletized, crushed, and sieved to 20—
40 mesh granular size and labeled as Mn10/MMT-IM.

2.2.2. Chemical Precipitation. Mn(Ac),-4H,0 (8.909 g)
was dissolved in deionized water, and then 20.0 g of MMT was
added into the solution. The mixture was aged under moderate
stirring for 24 h. (NH,),CO; (5.714 g) was dissolved in
deionized water to give a concentration of 2.0 M. Then, the
solution was dropwisely added into the impregnated MMT
and stirred for 24 h to accomplish precipitation. Then, the
mixture was aged for 12 h, washed several times, and filtered.
The filtration cake was dried at 110 °C overnight and then
calcined at 300 °C for 3 h. Thus obtained powder was
pelletized, crushed, and sieved to collect 20—40 mesh granules
described as Mn10/MMT-CP.
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2.2.3. In Situ Deposition. KMnO,, (2.30 g) was added into
10.0 mL of deionized water to form a solution with a
concentration of 0.15 M. Mn(Ac),4H,0 (5.346 g) was
dissolved in deionized water (equal to the suction capacity of
20.0 g dry MMT). MMT (20.0 g) was added into the
Mn(Ac), solution, and then the mixture was aged for 24 h.
Then, the as-prepared KMnOQ, solution was added to complete
the redox reaction described in eq 1. Then, the mixture was
aged, washed several times, and filtered. The filtration cake was
dried at 110 °C overnight. Thus obtained powder was
pelletized, crushed, and sieved to obtain 20—40 mesh granules
denoted as Mnl0/MMT-SP. Likewise, Mn2/MMT-SP and
Mn6/MMT-SP were also prepared.

2KMnO, + 3Mn** + 2H,0 — 5MnO, + 4H" + 2K*
(1)

2.3. Catalyst Characterization. The instrumental in-
formation and operational details on SEM, TEM, XRD, low-
temperature N, adsorption (BET), NH;-TPD, and XPS can be
found in our previous work."” XRF (XRE-1800, Shimadzu,
Japan) was carried out to determine the elemental
compositions. NO-TPD was performed on a self-made
microreactor-mass spectrometer (Hiden-QIC20) system. The
experimental procedures for NO-TPSR are described below.
First, 0.5 g (0.3 mL) of the catalyst was charged into a quartz
reactor; after NH; adsorption until saturation, the residual
NH; in the pipeline was purged with Ar flux. Then, flux (1000
ppm NO, 3% O,, 5% H,O, and balanced N,, total flow 350
mL-min~!, GHSV 70,000 h™') was introduced to perform
surface reaction under temperature programmed working
conditions. A portable flue gas analyzer (Testo 350 XL) was

https://doi.org/10.1021/acsomega.3c00718
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used to record the NO concentration of the flux at the outlet.
The experimental procedures for NH;-TPSR were performed
in similar ways by changing NO into NHj.

The in situ DRIFTS was performed on an FTIR
spectrometer (Nicolet iS50). The scanning range was 400—
4000 cm™". The catalyst was initially pretreated in a 30 mL-
min~" argon flow at 50 °C for 30 min followed by NH;/NO
adsorption at 50 °C in the argon atmosphere until saturation
and ending with Ar purging for 30 min. After the pretreatment
stage, the NH;/NO-TPD experiment was started. Under the
argon flow, the temperature was programmed to increase from
50 to 300 °C, and the reflected infrared spectra were recorded
continuously. The background spectrum from the pretreat-
ment stage was automatically subtracted from the sample
spectrum.

2.4. Catalytic Reaction. The denitrification performance
was evaluated in a quartz fixed-bed reactor of 15 mm inner
diameter under atmospheric pressure. A simulated flue gas
containing 1000 ppm NO, 1000 ppm NH;, 3% O,, 5% H,0,
and balancing N, was used and tested from 100 to 300 °C. The
simulated flue gas had a flow rate of 350 mL-min~!, which
corresponds to a GHSV of 70,000 h™". The concentrations of
NO, at the inlet and outlet of the reactor were measured
online by an MRU OPTIMA?7 flue gas analyzer with an
accuracy of +3%. The concentration of N,O at the outlet of
the reactor was determined with a TD-400-N,O analyzer with
an accuracy of +2%. The concentration of NH; was detected
by a GT-1000-NH; analyzer an with accuracy of +1%. The
conversion of NO and selectivity to N, were calculated
according to eqs 2 and 3, respectively.

[No]in — [No]out

NO conversion (%) = 100% X
[No]in (2)

N, selectivity (%)
2[N,O]
+ [NH;],, — [NH;]

1 —
[No]in - [No]out out

X 100% (3)

where [NO];, and [NO],,, are the concentrations of NH; in
ppm at the inlet or outlet of the reactor, [NH;];, and [NH;]
are the concentrations of NO in ppm at the inlet or outlet of
the reactor, and [N,O] is the concentration of N,O in ppm at
the outlet of the reactor, respectively.

3. RESULTS AND DISCUSSION

3.1. The Denitrification Performance. The denitrifica-
tion performance in terms of NO conversion for MMT
catalysts prepared by three different methods with 10.0 wt %
manganese loading is shown in Figure 1la; for catalysts
prepared by SP with different manganese loadings, the results
are shown in Figure 1b. MMT shows no catalytic activity for
SCRin 100—300 °C, suggesting that the loading of manganese
plays a vital role. Mn10/MMT-SP shows the best performance
followed by Mnl0/MMT-CP and then Mnl0/MMT-IM.
Surprisingly, Mn10/MMT-SP achieves >90% NO conversion
even at 100 °C (GHSV = 70,000 h™"), which is very attractive
for low-temperature SCR applications.'””” Figure 1b shows
the influences of manganese loading on NO conversion. With
the increase of manganese loading from 2 to 10 wt %, NO
conversion is obviously enhanced at temperatures below 150
°C. Interestingly, Mn2/MMT-SP shows better performance

than Mnl0/MMT-IM, which strongly indicates that the
dispersion of manganese species on MMT is the dominating
factor of denitrification performance rather than manganese
loading.”"** Therefore, it seems that precipitation (CP) or
deposition (SP) can efficiently increase the dispersion of
MnO, on the surface or in layers of MMT. Particularly, SP
provides fast redox reaction and fast nucleation in the aqueous
solution, thus generating fine MnO,, which is also evidenced
by TEM.

From Figure 1c, we find that Mn10/MMT-SP shows not
only high NO conversion but also high selectivity to N,.
Generally, with the increase of reaction temperature, the
selectivity to N, decreases slowly because of the ammonia
oxidation. For Mn10/MMT-SP, almost no N,O was detected,
and the selectivity to N, is close to 100% (>98.5%) at 100—
150 °C. However, for Mn10/MMT-CP, the selectivity to N, is
within 94.0—95.5% at 100—150 °C. Mn10/MMT-IM shows
the poorest selectivity to N,, obtaining selectivity to N, only in
the range of 91.0—92.0%. The trend between N, selectivity and
reaction temperature is similar for three catalysts, as shown in
Figurelc.

3.2. Characterization Results and Analysis. 3.2.1. XRD.
Figure 2 shows the XRD patterns of MMT and catalysts with
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Figure 2. XRD patterns of MMT, Mn10/MMT-IM, Mn10/MMT-
CP, and Mn10/MMT-SP.

10 wt % manganese loading prepared by IM, CP, or SP,
respectively. For MMT, major diffraction peaks are located at
2-theta values of 7.0, 19.85, 26.67, 27.59, 30.59, 34.60, and
36.04° (PDF#13-0259). The peak at 7.0° is attributed to the
layer distance of the (001) lattice planes corresponding to a
basal spacing of 1.26 nm. After subtracting the thickness of the
silica layer (0.96 nm), the interlayer space is 0.30 nm.
Moreover, the diffraction intensities corresponding to the
(001) lattice plane of MMT in the three catalysts obviously
decrease, which suggest the successful loading of MnO,, into
the interlayer spacing.””** However, no diffraction peak
corresponding to MnO, is observed, which suggests that
MnO, exists in an amorphous state or low degree of
crystallinity; pillared MnO, could not be detected by
XRD.**** Amorphous or pillared MnO, could provide rich
oxygen vacancies that favor NH;-SCR.”

3.2.2. XRF. The XRF results are listed in Table 1. The
catalysts prepared by CP or SP show much lower Na,O
contents (about 0.30 vs 1.17%), which strongly suggest that
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Table 1. Composition of MMT and Catalysts Prepared by Different Methods Determined by XRF

samples SiO, ALO; K,0

MMT 70.98 15.10 5.37
Mn2/MMT-SP 69.73 14.73 5.96
Mn6/MMT-SP 65.57 13.66 6.34
Mn10/MMT-SP 61.23 12.93 6.42
Mn10/MMT-CP 63.53 13.29 4.87
Mn10/MMT-IM 61.33 13.21 4.66

content (wt %)

Fe,0; Na,O MgO MnO, Mn
3.34 1.74 1.25 0.00 0.00
3.48 0.32 1.14 2.77 1.75
3.33 0.33 1.02 7.86 4.97
3.05 0.34 0.95 13.17 8.32
3.05 0.38 1.03 11.78 745
3.11 1.17 1.07 13.54 8.56

Na" trapped between the interlayer of MMT could be
exchanged with Mn*"** and the ion-exchanged Na* could be
removed through washing.

Comparing the Na,O contents in Mn2/MMT-SP, Mn6/
MMT-SP, Mn10/MMT-SP, and Mn10/MMT-CP, we found
that Na,O contents show little change with the increase of
manganese loading. It could be ascribed to the fact that the ion
exchange between Na* and Mn** could reach equilibrium at a
certain Na® concentration, and not all the Na* could be
exchanged because of the high ionic strength of solution.”
Table 1 also shows that K,O contents increase with manganese
loading. The reason could be closely related with reaction 1. K*
also could be partially exchanged into the layer spacing.

The consumption of Mn*" is sandwiched between the layers
of MMT in in situ generated protons through the fast redox
reaction 1. Simultaneously, some K' also could be ion-
exchanged into the layer, which are difficult to remove through
washing. As a result, the K,O contents in the catalysts prepared
by SP are much higher than those by CP or IM. Interestingly,
the inclusion of K* into the catalysts derived from SP does not
deteriorate NH;-SCR activity. This fact indicates that those K*
located in the layers of MMT are quite different from the K,O
deposited on the surface of catalyst, which is unfavorable for
NH;-SCR. It is worth noting that with the same manganese
loading of 10.0 wt %, preparation methods influence the
denitrification performance in terms of NO conversion and N,
selectivity significantly. Therefore, the reason should be further
probed.

3.2.3. SEM. The SEM images of samples are shown in Figure
3. The preparation methods show different degrees of
modification for MMT. The layered structure of MMT, as
shown in Figure 3a, can form interlayer channels with cations

Figure 3. SEM of (a) MMT, (b) Mn10/MMT-IM, (c) Mn10/MMT-
CP, and (d) Mn10/MMT-SP.

sandwiched inside. When MnO, were introduced by IM, as
shown in Figure 3b, the removal of interlayer water results in
the shrinkage of the MMT interlayer spacing. Most of the
MnO, stay on the external edge of layers as aggregated
particles, blocking the channels into the layer spacing, which
are also confirmed by the pore volume and specific surface area
results in Table 2. For Mn10/MMT-CP, as shown in Figure

Table 2. Textural Properties of MMT and Catalysts
Prepared by Different Methods

SpET Average pore size pore volume
samples (m*>g™) (nm) (em®g™)
MMT 37.5 50.1 0.091
Mn10/MMT- 26.6 852 0.099
M
Mn10/MMT- 70.2 10.3 0.170
cp
Mnl10/MMT- 100.2 19.1 0.210
Sp

3¢, the laminar stack of MMT could be clearly observed,
whereas MnO, were more uniformly dispersed on MMT
layers, although partial agglomeration is observed. Additionally,
the external edge of the MMT layer is partly filled with fine
MnO,, implying that precipitation could occur in the interlayer
spacing of MMT. Mn10/MMT-SP, as shown in Figure 3d,
presents the most distinctive structural morphology with
flocculent MnO,, loosely and uniformly dispersed on MMT. It
is hard to distinguish the classic laminar stack of MMT due to
the high coverage by MnO,. The uniform distribution of
porous and flocculent MnO, provides large specific surface
areas and short internal mass transfer paths for the NH;-SCR
reaction, which could explain its high denitrification perform-
ance in the 100—300 °C range.”

3.2.4. TEM. The TEM images and Mn-EDS of samples are
displayed in Figure 4. For MMT, the lamellar structure can be
clearly observed in Figure 4a. An interlayer spacing of 1.101
nm is identified, as shown in Figure 4a-1. The agglomeration of
MnO, in Mn10/MMT-IM is also confirmed by Figure 4b,b-2.
Mn10/MMT-SP shows the highest dispersion of MnO,, as
shown in Figure 4d. HRTEM images shown in Figure 4b-1,c-
1,d-1 correspond to the (100) plane of MnO (PDF#34-0394),
the (101) plane of ramsdelite (MnO,) (PDF#44-0142), and
the (102) plane of akhtenskite (MnO,) (PDF#30-0820),
respectively. Different preparation methods result in the
various kinds of MnO, with different valence state of
manganese.

3.2.5. Low-Temperature N, Adsorption. Table 2 shows the
specific surface area, pore volume, and average pore size of
samples. The low specific surface area of Mnl0/MMT-IM
could be ascribed to the maldistribution of MnO, and the
probable blocking of the access to the interlayer spacings after

https://doi.org/10.1021/acsomega.3c00718
ACS Omega 2023, 8, 13384—-13395


https://pubs.acs.org/doi/10.1021/acsomega.3c00718?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00718?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00718?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00718?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

direction

_
f 0.4390 nm
MnO(100) 200 nm

200 nm
s

200 nm

Figure 4. TEM images and Mn-EDS of (a) MMT, (b) Mn10/MMT-IM, (c) Mn10/MMT-CP, and (d) Mnl10/MMT-SP.

calcination.’® Mn10/MMT-SP shows much higher specific
surface areas than MMT as a result of its highly spongy and
porous structure. Compared to Mnl0/MMT-CP, the
supported MnO,, on the surface of the MMT and MnO,
pillared into the interlayers both contribute to the increased
surface area and pore volume for Mn10/MMT-SP.

Figure S presents the N, adsorption and desorption curves
and pore size distribution of the three catalysts. According to
the IUPAC classification, the N, adsorption—desorption
isotherms show a hysteresis loop of H3 type,”" corresponding
to the flat pores from the layered structures of MMT.*” Under
low pressures, N, shows a monolayer adsorption behavior.
Consequently, the adsorption capacity is closely related with
the micropore volume. Mn10/MMT-CP and Mn10/MMT-SP
show much higher adsorption capacities at low pressures,
which suggest that CP and SP methods can significantly
increase the micropore volume (<2 nm). From Figure 5, we
observe that the fraction of mesopore (2—50 nm) in Mn10/
MMT-IM decreases but moderately increases in Mn10/MMT-
CP, whereas it significantly increases in Mn10/MMT-SP. The
higher specific surface area and the larger fraction of mesopore
benefit the low-temperature NH;-SCR,*® as could be seen in
Figure 1.

3.2.6. XPS. The XPS characterization was carried out to
elaborate the valences of the elements on the sample surfaces.
The Mn 2p and O 1s spectra are shown in Figure 6. The
contents of manganese with different valence states are
summarized in Table 3. As shown in Figure 6a, the binding
energies of 642.0 and 653.8 eV are assigned to Mn 2p;,, and
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Figure S. N, adsorption—desorption isotherms of MMT and catalysts
prepared by different methods.

Mn 2p, /, peaks, respectively.’ After peak fitting, the Mn 2ps
peak could be divided into three individual peaks correspond-
ing to Mn*" (641.0—641.8 eV), Mn*" (642.2—643.0 eV), and
Mn** (643.2—644.5 eV), respectively.””*> From Table 3, we
find that Mnl0/MMT-IM, Mnl0/MMT-CP, and Mnl0/
MMT-SP catalysts show comparable amounts of Mn*" but
quite different contents of Mn*. Mn10/MMT-SP shows the
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Figure 6. (a) XPS spectra of Mn2p3/2 of catalysts prepared by

different methods. (b) XPS spectra of O Is of catalysts prepared by
different methods.

Intensity(a.u.)

Table 3. Surface Composition of Manganese with Different
Valences in the Catalysts after Reaction

binding energy (eV) percentages (%)

samples Mn** Mn?** Mn** Mn*  Mn*  Mn*
Mnl0/MMT-  641.19 642.29 643.85 16.79 47.86 35.36
M
Mnl0/MMT-  641.49 642.37 643.76 19.89 40.39 39.72
CP
Mnl0/MMT- 64142 642.30 643.57 7.61 42.33 50.06
SP

highest concentration of Mn** followed by Mn10/MMT-CP
and then Mn10/MMT-IM. A previous work showed that Mn*
on the catalyst surface plays an irreplaceable role in NH;-SCR.
The higher content of Mn*" facilitates the oxygen vacancy
formation and the redox cycle between Mn* and Mn**, which
is very important in NH,-SCR.' "7

Oxygen vacancy formation and surface mobility of
chemisorbed oxygen species can also affect low-temperature
NH,;-SCR.>**” Two main signals of oxygen species were found
after peak fitting, as shown in Figure 6b. The peak at about
5$30.0 eV is the surface lattice oxygen O*~(denoted as Op), and
the peak at around 532.0 eV is surface chemisorbed oxygen
0> and O~ in oxygen vacancies or defect sites (denoted as
0,b).* 0, is more active than Oﬁ,4o The redox process in NH;-
SCR involves lattice oxygen release and gas oxygen insertion
into oxygen vacancy.”® The abundant O, adsorbed on the
catalyst surface with good mobility is superior to lattice oxygen
because the former can better oxidize NO into NO, and
accelerate the SCR reaction."' ™" For the three prepared
catalysts, there are moderate differences in content, with 87,

89, and 90.0% surface O, for Mn10/MMT-IM, Mn10/MMT-
CP, and MnlO/MMT-SP, respectively. It seems that the
surface O, content of each catalyst is slightly coincident with
the SCR performance of the catalyst, implying that the O,
coupled with various forms of MnO, may be related to the
catalytic reaction.

3.2.7. Hy-TPR. It has been widely accepted that an efficient
NH;-SCR reaction demands a catalyst with good acid-redox
features. The redox performance of MMT and catalysts was
evaluated by H,-TPR, and the results are shown in Figure 7

(a) —
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(b)

431

Intensity(a.u.)

286

(©)

(d) 1 1 1 1 1 1 1 1

100 150 200 250 300 350 400 450 500 550 600
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Figure 7. H,-TPR profiles of (a) MMT, (b) Mn10/MMT-IM, (c)
Mn10/MMT-CP, and (d) Mn10/MMT-SP.

Table 4. The Peak Temperatures and Integrated Areas
Calculated from H,-TPR Curves

peak temperatures

total areas

samples (°C) area (a.u.) (auw.)

MMT 0.2 x 10°

Mn10/MMT-IM 359 0.42 x 10° 1.27 x 10°
515 0.85 X 10°

Mn10/MMT-CP 313 1.07 x 10° 2.06 x 10°
431 0.99 x 10°

Mn10/MMT-SP 286 1.31 x 10° 2.13 x 10°
425 0.82 x 10°

and Table 4. For MMT, no peak is observed. For the three
catalysts, two major peaks are observed, which could be
attributed to the reduction of MnO, into Mn,0O; and then
Mn,Oj; into MnO, respectively.”"*>** However, TPR profiles
of Mn10/MMT-CP and Mn10/MMT-SP are similar but quite
different with that of Mn10/MMT-IM. The peak temperatures
of Mn10/MMT-CP and Mn10/MMT-SP are much lower than
that of Mnl10/MMT-IM, indicating that the dispersion of
MnO, and Mn*" contents follows the order Mn10/MMT-SP >
Mn10/MMT-CP > Mn10/MMT-IM.*

Although similar H,-TPR profiles were obtained for Mn10/
MMT-CP and Mnl10/MMT-SP, there are also some distinct
details reflecting the differences in microstructure. First, either
the starting temperature or the peak temperature for Mn10/
MMT-SP is obviously lower than that of Mn10/MMT-CP,
suggesting that the surface MnO, on Mnl0/MMT-SP has
better redox property. Second, the relative intensity of the two
peaks in H,-TPR of each catalysts varied obviously, reflecting
the different contents of Mn*" and Mn*', which are also
evidenced by the XPS results in Table 3. The peak areas of
samples are shown Table 4, following the order Mn10/MMT-
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SP > MnlO/MMT-CP > Mnl0/MMT-IM. The large
reduction peak areas reflect the high content of surface
Mn*", whereas the lower reduction peak temperature could be
attributed to the dispersion of MnO,. Smaller particles are
more readily reduced. Mn10/MMT-SP has the highest content
of surface Mn*" and best dispersion of MnO,, which result in
the efficient conversion of NO into NO, at low temperature
and promotes SCR performance.***’

3.2.8. NH;-TPD. NH;-TPD experiments were performed to
determine the quantity and strength of surface acids, which are
important in NH;-SCR.*® As shown in Figure 8, the desorption

Intensity(a.u.)

(d) 851

100200 300 400 500 600 700 800 900
Temperature('C)

Figure 8. NH;-TPD profiles of (a) MMT, (b) Mn10/MMT-IM, (c)
Mn10/MMT-CP, and (d) Mn10/MMT-SP.

peaks below 200 °C are attributed to the surface Bronsted acid
sites, whereas those above 200 °C with a wide temperature
range result from NH; coordinated with the Lewis acid sites.*’
Desorption peak areas in the NH;-TPD profiles could
indirectly reflect the total number of acid sites.'’

MMT shows desorption peaks at 123, 274, 484, and 644 °C,
respectively. However, the peak areas below 250 °C are much
smaller than those above 250 °C, which suggest that MMT
mainly contains Lewis acid sites. Among the three catalysts,
Mn10/MMT-SP shows a large peak centered at 169 °C, which
is not present in both Mn10/MMT-IM and Mn10/MMT-CP.
The reason is that SP intrinsically introduces protons into the
interlayers of MMT when Mn®' is consumed by MnO,~, as
described in eq 1. Those protons could not be washed away
because of the strong charge interactions inside MMT spacings
and consequently result in the high content of Brensted acid
sites in Mnl0/MMT-SP. These Bronsted acid sites were
crucial for the high performance of SCR at temperatures below
250 °C.*°

3.2.9. NO-TPD. The adsorption of NO is also an important
factor for NH;-SCR.*" Figure 9 shows the NO-TPD curves of
MMT and catalysts, and the peak areas are listed in Table S.
MnO,, loading significantly enhances NO adsorption with the
order of Mn10/MMT-SP > Mn10/MMT-CP > Mn10/MMT-
IM.

In the NO-TPD curve, the peaks below 200 °C are
attributed to the decomposition of weak-binding nitrite
species,”’ whereas the peaks above 260 °C are ascribed to
the decomposition of bidentate or bridged nitrates.”” Above
300 °C, desorption products include N,, O,, or N,O originated
from decomposition. As NH;-SCR is investigated below 300
°C in this work, we therefore limit the temperature range to
50—300 °C in the NO-TPD diagram. The integrated peak
areas at temperatures below or above 200 °C can be used as an
indicator for the relative amount of different species. From
Table S, we could see that the amounts of monodentate nitrite

200

150

134

Intensity(a.u.)

100 245

100 200 300
Temperature/'C

Figure 9. NO-TPD profiles of (a) MMT, (b) Mn10/MMT-IM, (c)
Mn10/MMT-CP, and (d) Mn10/MMT-SP.

are similar. However, in the temperature range of 200—300 °C,
Mnl10/MMT-SP shows the maximum amount of moderate-
binding nitrate species on the surface followed by Mnl0/
MMT-CP and then Mnl0/MMT-IM. Stable nitrate species
with high desorption temperature could cover some active
sites, thereby deteriorating overall SCR performance.”
Although Mnl10/MMT-SP has a large amount of nitrate
species, the main desorption peak temperature is within the
range of 150—300 °C, suggesting that Mnl0/MMT-SP
possesses a large amount of active sites for NO adsorption
with moderate adsorption strength. Mn10/MMT-IM shows
active sites for NO adsorption in the range of 100—150 °C.
The weak adsorption is insufficiently active for the following
transformation in SCR; thus, lower catalytic performance is
observed. Meanwhile, for Mn10/MMT-CP, the NO desorp-
tion peak was not observed in 200—300 °C, which suggests the
low adsorption strength of NO, and the NH;-SCR could
proceed through the Eley—Rideal mechanism.

3.2.10. TPSR. TPSR was used to investigate the reaction
between NO and the preadsorbed NH; under an oxidative
environment, and the results are shown in Figure 10. At 100—
400 °C, two inverted peaks are detected, which suggest the
reaction between NO and the preadsorbed NH;, thus
decreasing the outlet NO concentration. The peak areas
represent the total NO amount reacted with the preadsorbed
NH;. Thus, we integrated the inverted peaks of the samples in
the temperature range of 100—300 °C. The NO treatment
capacities of the samples are shown in Table 6. Mn10/MMT-
SP and Mn10/MMT-CP show much higher performance than
MMT and Mn10/MMT-IM, which is consistent with catalytic
performance and the BET and NH;-TPD results. Mnl0/
MMT-CP gives a similar NO conversion to Mn10/MMT-SP
in the temperature range of 100—300 °C, as shown in Figure 1,
which agrees well with the TPSR results. The selectivity to N,
is about 5% lower than that of Mn10/MMT-SP, as shown in
Figure 2. Thus, Mn10/MMT-SP shows the best performance,
efficiently and selectively transforming NO,, into N,.

3.3. In Situ DRIFTS. 3.3.1. NH; Adsorption—Desorption.
In situ DRIFTS of NH; adsorption—desorption was performed
to distinguish the Lewis and Brensted acid sites, and the results
are shown in Figure 11. After NH; absorption, MMT and
catalysts both show an independent peak at 3250—3500 cm ™",
which could be ascribed to the O—H stretching vibration of
surface hydroxyl and N—H stretching vibration of absorbed
NH, on Lewis acid sites.”**” In this infrared band, there is an
obvious competitive adsorption between NH; and H,0. The
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Table 5. The Integrated Peak Areas Calculated from NH;-TPD or NO-TPD Curves

NH,-TPD (V-s) NO-TPD (V's)
samples S(50—350 “c)) 8(350—900 °C) Stotal S(so—zoo °C) S(zoo—soo °C) Stotal
MMT 0.49 x 1077 133 x 1077 1.82 x 1077 0.14 x 1077 0.73 x 107* 021 x 1077
Mn10/MMT-IM 0.43 x 1077 1.18 x 1077 1.61 x 1077 0.26 x 1077 1.90 x 107* 0.45 x 1077
Mn10/MMT-CP 0.77 x 1077 1.98 X 1077 2.75 x 1077 0.34 x 1077 2.18 x 107* 0.56 x 1077
Mn10/MMT-SP 1.15 x 1077 1.81 x 1077 2.96 x 1077 0.33 x 1077 427 x 107° 0.76 x 1077
1300 Mnl10/MMT-IM. Compared with Mnl0/MMT-IM and
1000 i..n;:,':f""""""""'”"'“"“&g;o‘_o Mn10/MMT-CP, Mnl0/MMT-SP shows more acid sites,
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Figure 10. TPSR profile of MMT and catalysts prepared by different
methods. Working conditions: [NH;] = [NO] = 1000 ppm, [O,] =
3%, [H,0] = 5%, N, as the balance gas, GHSV = 70,000 h™!, and

total flow rate = 350 mL-min™".

Table 6. NO Processing Capacities of Different Catalysts in
Certain Temperature Ranges

average ability (mol-g™")

samples 100—200 °C 200—300 °C 100—300 °C
MMT 042 x 1074 0 021 x 107*
Mn10/MMT-IM 0.84 x 107* 0 0.43 x 107*
Mn10/MMT-CP 3.66 x 1074 267 x 1074 3.16 x 1074
Mnl10/MMT-SP 3.98 x 1074 1.60 x 107* 2.79 x 1074

stable peaks that can still exist stably with the increase of
temperature are attributed to NH; adsorbed by Lewis acid site,
whereas the peaks that disappeared at high temperature are
caused by the cleavage of the O—H bond. For the Mnl0/
MMT-SP catalyst, the adsorption capacity of H,O is obviously
weaker than that of NH;. The infrared bands of 3250 and 3445
cm™" should be attributed to the N—H stretching vibration of
absorbed NH; on Lewis acid sites. In contrast, the Mn10/
MMT-SP catalyst showed stronger and more stable Lewis acid
sites. The influences of the preparation method on catalysts are
also reflected in the infrared region of 1000—2000 cm™". For
MMT, there is no infrared band in this region. After MnO,
loading, each catalyst shows new infrared bands within 1000—
2000 cm™ L. For Mn10/MMT-IM, as shown in Figure 11b, the
band at 1650 cm™" belongs to NH," at a weak Bronsted acid
site,*® which disappears rapidly with the increase of temper-
ature, indicating that the NH; connected to the weak Bronsted
acid sites is unstable. In Figure 1lc, for Mn10/MMT-CP,
infrared bands of 1633 cm™' appear after NH; adsorption,
which correspond to the stretching vibration of the N—H bond
at the Bronsted acid sites. Compared with Mn10/MMT-IM, it
can be seen that the peak intensity of Mnl10/MMT-CP is
higher at lower temperatures, and with the increase of
temperature, the peak strength gradually decreases until it
disappears at about 300 °C, indicating that Mn10/MMT-CP
has higher acid strength and more Bronsted acid sites than

shown in Figure 12. In the range of 3250—3500 cm™), the
three catalysts all have peaks due to the stretching vibration of
the O—H of surface hydroxyl.’> However, because of the
absence of competitive adsorption of NH; and H,O, the
absorption peaks of the three catalysts do not show significant
difference. They all show a strong peak intensity at low
temperatures that gradually disappears at about 150 °C. In the
infrared band range of 1000—2000 cm™', characteristic peaks
due to NO, adsorption appear. The characteristic bands at
1310, 1330, 1440, and 1540 cm™ are assigned to bidentate
nitrate,”’ and the bands at 1273 and 1635 cm™! are attributed
to bridged nitrate and monodentate nitrate, respectively.”*
From Figure 12, we could be seen that monodentate nitrate is
unstable, whereas bridging nitrate or bidentate nitrate has
better stability, which agrees well with the results by Li et al.!
From Figure 12, MnlO/MMT-IM shows a monodentate
nitrate, bridging nitrate, and bidentate nitrate, but the content
of these species is very small. Mn10/MMT-CP and Mn10/
MMT-SP show more bidentate nitrate species. It can be seen
from Figure 12b,c that both catalysts have strong adsorption
peaks in the range of 50—250 °C. When the temperature rises
up to 250 °C, the peak decreases rapidly, indicating the fast
desorption of NO at the temperature. The results agree with
the catalytic performance, showing decreased denitrification
activity when the temperature is higher than 250 °C. In
addition, compared with Mn10/MMT-IM and Mn10/MMT-
CP, the Mn10/MMT-SP catalyst has a larger adsorption peak
area at about 200 °C, which also means that it has a wider
temperature range for stable existence of nitrate, which could
explain the fact that its catalytic activity is better.

4. CONCLUSIONS

Hierarchical MnO, supported on montmorillonite were
prepared by three different methods. We combined impreg-
nation and modification steps for PILC preparation into one
step, which significantly simplified the preparation process.
Among the three methods, impregnation resulted in
aggregated MnO, with poor dispersion and denitrification
performance due to the limitation of CEC of interlayer cations
in montmorillonite with Mn**. The catalysts prepared by in
situ deposition introduce not only more MnO, but also more
protons into the interlayer spacings of montmorillonite, thus
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Figure 11. In situ DRIFTS spectra of NH; adsorption and desorption over the catalysts prepared by different methods: (a) MMT, (b) Mn10/
MMT-IM, (c) Mn10/MMT-CP, and (d) Mn10/MMT-SP.
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Figure 12. In situ DRIFTS spectra of NO absorption and related species on catalysts prepared by different methods: (a) Mn10/MMT-IM, (b)
Mn10/MMT-CP, and (c) Mn10/MMT-SP.

increasing the Bronsted and Lewis acid sites simultaneously. montmorillonite endow Mnl0/MMT-SP with enhanced
Furthermore, the highly dispersed, fine amorphous MnO, adsorption of NH; and NO and better redox property,
species with a high content of Mn*" on the surface of which result in the high denitrification performance, obtaining
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complete conversion of NO in the low-temperature window of
100—250 °C under high GHSV working conditions with high
selectivity to N,.
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