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ABSTRACT: Sm-Mn mixed oxide catalysts prepared by the
coprecipitation method were developed, and their catalytic a
activities were tested for the selective catalytic reduction (SCR)
of NO with ammonia at low temperature. The results showed
that the amount of Sm markedly influenced the activity of the
MnO,, catalyst for SCR, that the activity of the Sm-Mn mixed
oxide catalyst exhibited a volcano-type tendency with an
increase in the Sm content, and that the appropriate mole ratio
of Sm to Mn in the catalyst was 0.1. In addition, the presence
of Sm in the MnO,, catalyst can obviously enhance both water
and sulfur dioxide resistances. The effect of Sm on the
physiochemical properties of the Sm-MnO, catalyst were investigated by XRD, low-temperature N, adsorption, XPS, and FE-
SEM techniques. The results showed that the presence of Sm in the Sm-MnO, catalyst can restrain the crystallization of MnO,,
and increase its surface area and the relative content of both Mn*" and surface oxygen (Og) on the surface of the Sm-MnO,
catalyst. NH;-TPD, NO-TPD, and in situ DRIFT techniques were used to investigate the absorption of NH; and NO on the Sm-
MnO, catalyst and their surface reactions. The results revealed that the presence of Sm in the Sm;;-MnO, catalyst can increase
the absorption amount of NH; and NO on the catalyst and does not vary the SCR reaction mechanism over the MnO,, catalyst:
that is, the coexistence of Eley—Rideal and Langmuir—Hinshelwood mechanisms (bidentate nitrate is the active intermediate), in
which the Eley—Rideal mechanism is predominant.
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1. INTRODUCTION

Nitrogen oxides (NO, NO,, and N,0) resulting from various
combustion processes are typical air pollutants, which can cause
acid rain, boost the photochemical chain reaction to form
photochemical smog, and injure people’s respiratory systems
directly and the growth of plants. It has been reported that
nearly 46% of NO, emission originates from stationary
sources.' The selective catalytic reduction of NO, with
ammonia (NH;-SCR) in the presence of excess oxygen has
been considered as one of the best available approaches to
control the emission of NO, produced from the stationary
sources such as thermoelectric power plants and incinerators”

are transition-metal-exchanged (Cu or Fe) zeolites, which
exhibit a wide operation temperature window and satisfactory
de-NO, efficiency.””” However, when the stack gases from
stationary sources are purified, the gas temperature is usually
low after passing through the sweetener and dust separation
plant to eliminate sulfur dioxide and solid particles in the stack
gases. The catalytic activities of the previous two kinds of
catalysts for the NH;-SCR reaction are not satisfactory at low
temperature. Therefore, there is a great deal of interest in the
development of novel SCR catalysts with high activity at low
temperature (<300 °C) to control the emission of NO, from
stationary sources.””

It has been found that some transition-metal oxides have
catalytic activity for the low-temperature NH;-SCR of NO,
among which manganese oxides exhibit the highest catalytic
performance.”'°~"* However, the commercial applications of
pure MnO,, are restricted severely because of its low surface

and from mobile sources such as diesel vehicle emission.
Many kinds of catalysts for the NH;-SCR reaction have been
reported, among which commercially available vanadia-based
SCR catalysts are one of the most widely used catalysts, due to
their high activities at 300—400 °C.>* However, vanadia-based

SCR catalysts have some inevitable disadvantages in practical
application, such as the narrow operation temperature window,
high conversion of SO, to SO; at high temperature, and the
toxicity of vanadium pentoxide to the environment and human
health. Other types of promising catalysts that are widely used
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area and poor thermal stability. Therefore, supported MnO,,
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catalysts and Mn-based mixed oxides have attracted more
attention, such as MnO,, supported on TiO,, AL,O;, SiO,, NaY,
and AC (activated carbon)"'™'” and Ce—Mn and Cu—Mn
mixed oxides.”'® With regard to supported MnOj catalysts, the
carrier should possess a high surface area that is beneficial to a
better dispersion of active components, and the synergistic
reaction between the support and MnO,, should be considered
an important factor. For Mn-based mixed oxides, introduction
of a secondary element can increase the surface area and defects
of MnO, and improve its structure stability in the operating
environment, which is beneficial for the highl(}f efficient
adsorption of reactants and long-lasting operation.'

Herein, Sm-Mn mixed oxide catalysts were prepared by the
coprecipitation method and their catalytic performances for
low-temperature NH;-SCR of NO were investigated, in which
the abilities of catalysts for sulfur resistance and H,O resistance
were also estimated, which has not been reported up to now.
The effect of Sm addition on the structure and physicochemical
properties of MnO, was systematically investigated by various
characterizations. NH;-TPD, NO-TPD, and in situ DRIFTS
techniques were used to study the adsorption of reactants and
the surface reaction on the catalysts. On the basis of these
results, a highly effective catalyst of Sm-MnO, for NH;-SCR of
NO, at low temperature has been achieved, and the promoting
mechanism of Sm addition on the MnO,, catalyst was proposed.

2. EXPERIMENTAL SECTION

2.1. Preparation of Catalyst. The Sm-Mn mixed oxide
catalysts were prepared by the coprecipitation method. MnSO,,
and Sm(NO;);:6H,0 were used as the manganese and
samarium sources, respectively. Na,COj; solution was used as
a precipitator. Typically, the desired amounts of MnSO, and
Sm(NO;);-6H,0 were dissolved in deionized water at room
temperature. Then this mixed solution and 0.2 M Na,CO;
solution were simultaneously dropped into a beaker with
stirring and kept at pH 9 for the synthesis. After this solution
was stirred for 24 h, the solid product was collected by
filtration, dried at 120 °C overnight, and finally calcined in air at
450 °C for 4 h. The catalysts prepared are designated Sm-Mn-
X, where X is the Sm/Mn molar ratio in the synthesis solution.
Pure MnO, was prepared by using the method above without
samarium addition.

2.2. Catalyst Characterization. The XRD patterns were
recorded on a Brook/D8 diffractometer with Cu Ka radiation
(1 0.154056 nm). The N, adsorption—desorption isotherms
were measured on a Quantachrome NOVAI1200 surface area
and pore size analyzer at —196 °C. Prior to measurement, all
samples were degassed at 180 °C until a stable vacuum of ca. 5
mTorr was reached. The specific surface area of the sample was
calculated by the Brunauer—Emmett—Teller (BET) method.
The morphologies of catalysts were investigated by field
emission scanning electron microscopy (FE-SEM) images
obtained on a NOVA NanoSEM 450 instrument operated at
a beam energy of 5 kV. The X-ray photoelectron spectroscopy
(XPS) spectra were recorded on a Thermo ESCALAB 250
spectrometer with a monochromatized Al Ka X-ray source
(1486.6 €V) and a passing energy of 25 eV. The C s peak
(binding energy 284.6 eV) of adventitious carbon was used as a
reference. The Mn 2p peak and O 1s peak were deconvoluted
using XPSPEAK 4.1 with a Shirley background and a
convolution of Gaussian and Lorentzian functions (80/20).

Temperature-programmed desorption of NH; adsorbed on
the catalyst (NH;-TPD) was carried out on a PX200 apparatus
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(Tianjin Pengxiang Technology Co. Ltd.) with a thermal
conductivity detector (TCD). A 100 mg amount of sample was
placed into the quartz reactor and pretreated at 450 °C under a
flow of N, (50 mL/min) for 1 h. After it was cooled to room
temperature, the sample was saturated with a flow of 10%
NH,/N, (50 mL/min) for 1 h. Then the sample was flushed by
N, (50 mL/min) for 1 h and desorption was carried out by
heating the sample in N, (50 mL/min) from room temperature
to 450 °C at 10 °C/min.

NO-TPD was carried out on custom-made equipment with a
NO, analyzer (Thermo Fisher Model 42i-HL NO-NOx-
chemiluminescence analyzer). The sample was pretreated in
Ar (450 mL/min) at 450 °C for 1 h and cooled to room
temperature. Then the sample was exposed to a flow of 500
ppm of NO/Ar (300 mL/min) for 1 h to reach saturated
adsorption of NO on the sample, followed by Ar (300 mL/
min) purging for 1 h. Finally, NO-TPD was carried out by
heating the sample in Ar (300 mL/min) from room
temperature to 450 °C at 10 °C/min.

In the experiments of NO and NH; oxidation, 300 mg of
catalyst (40—60 mesh) was used. For the NO oxidation, the
reactant gas was composed of 500 ppm of NO + 5% O,/95%
Ar (300 mL/min). For the NH; oxidation a mixed gas of 500
ppm of NH; + 5% 0,/95% Ar (300 mL/min) was used. The
gas hourly space velocity (GHSV) was about 48600 h™'. The
concentration of NO and NO, in the tail gas was detected by a
Thermo Fisher NO-NO,-chemiluminescence analyzer. To
avoid error caused by the oxidation of ammonia in the
converter of the NO/NO, analyzer, an ammonia trap
containing phosphoric acid solution was installed prior to the
chemiluminescence detector.

The in situ DRIFT measurements were performed on a
Nicolet 6700 FT-IR spectrometer with an MCT detector. In
the DRIFT cell with ZnSe windows connected with a gas flow
system, the sample was pretreated at 450 °C in Ar for 2 h and
then cooled to 50 °C in Ar. The background spectra were
recorded at certain temperatures during the cooling process.
When the catalyst was kept at a setting temperature, the
background spectra were scanned per minute until the final
spectrogram could overlap with the last one completely, and
the final spectrogram was chosen as the background at this
temperature. The background was subtracted from sample
spectra collected at the appropriate temperature.

2.3. Catalytic Activity Testing. The catalytic activities of
pure MnO,, and Sm-MnO, for NH;-SCR in excess oxygen were
investigated at atmospheric pressure in a fixed-bed continuous-
flow quartz reactor (inner diameter 6 mm). A 300 mg amount
of catalyst (40—60 mesh) was used. The reactant gas was
composed of 500 ppm of NO, 500 ppm of NH;, 5% O, 2%
H,O (when used), 50 or 100 ppm of SO, (when used), and the
balance as Ar. The gas hourly space velocity (GHSV) was about
48600 h™'. The concentrations of NO and NO, remaining in
the reaction gases were analyzed by a Thermo Fisher NO-NO,-
chemiluminescence analyzer. To avoid modest errors caused by
the oxidation of ammonia in the converter of the NO/NO,
analyzer, an ammonia trap containing phosphoric acid solution
was installed prior to the chemiluminescence detector. NO,
conversion X(NO,) was calculated as

C(NO,),, — C(NO,),
C(Nox)in

out

X(NO,) =
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C(NO,),, and C(NO,),,. denote the concentrations of NO, in
the inlet and outlet, respectively.

3. RESULTS AND DISCUSSION

3.1. Effect of Sm Amount on the Catalytic Activity of
Sm-Mn—-O Catalyst. The catalytic activities of the Sm-MnO,,
Sm,0;, and MnO, catalysts for the NH;-SCR reaction are
shown in Figure 1. The results showed that pure Sm,0; was
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Figure 1. NO, conversion as a function of the reaction temperature in
the NH;-SCR reaction over (a) Sm,0;, (b) MnO,, (c) Sm-Mn-0.1,
and (d) Sm-Mn-0.3 catalysts. Reaction conditions: 0.3 g of catalyst,
reactant gas 500 ppm of NO/S00 ppm of NH;/5% O,/Ar balance,
GHSV = 48600 h™".

almost inactive for the NH;-SCR reaction at 50—300 °C, and
pure MnO,, exhibited a high catalytic activity, over which ~55%
NO, conversion was achieved at 50 °C and ~97% NO, was
reduced at ~100 °C. After Sm was introduced into MnO,, the
activity of the Sm-MnO, catalyst exhibited a volcano-type
tendency with an increase in the Sm content. When Sm/Mn
was 0.1 (mol) in the Sm-Mn-0.1 catalyst, the temperature for
100% NO, conversion was decreased to ~75 °C and the
operation temperature window was greatly enlarged. However,
when Sm/Mn was 0.3 in the Sm-Mn-0.3 catalyst, its catalytic
activity for the NH;-SCR reaction was even lower than that
over pure MnO, catalyst.

3.2. Physicochemical Properties of Sm-MnO, Cata-
lysts. Figure 2 shows the XRD patterns of the MnO,, and Sm-
MnO,, catalysts. In the XRD pattern of MnO,, there were
mainly the diffraction peaks of MnO, and Mn;Og. For the Sm-
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Figure 2. XRD patterns of (a) MnO,, (b) Sm-Mn-0.01, (c) Sm-Mn-
0.03, (d) Sm-Mn-0.05, (e) Sm-Mn-0.1, and (f) Sm-Mn-0.3 catalysts.
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MnO, catalysts, there were only the diffraction peaks of MnO,
and diffraction peaks of Sm species could not be observed,
which clearly indicated that the Sm ions were well-dispersed in
MnO,. With an increase in the Sm amount in MnO,, the
intensities of MnO, diffraction peaks decreased greatly and the
diffraction peaks of Mn;Ojg disappeared gradually. For the Sm-
Mn-0.3 catalyst, no distinct diffraction peak could be observed
except a broad bump, implying that this catalyst is poorly
crystallized. These XRD results indicated that the introduction
of Sm can restrain the crystallization of MnO,.

Figure 3 shows the SEM images of MnO, and Sm-MnO,
catalysts. As shown in Figure 3, the shape of MnO, was the
agglomerated bulk with the spherical particles, and the Sm-Mn-
0.1 catalyst consisted mainly of the separated spheres along
with a spot of stubs. When the Sm content was further
increased in the catalyst, such as in the Sm-Mn-0.3 catalyst,
although some separated spheres still remained, a large matrix
constituted with amorphous particles could be observed.

The BET surface areas of the catalysts are given in Table 1.
The Sm-Mn-0.1 catalyst possessed a surface area (135 m’/g)
higher than that of MnO, (97 m?/g), because of the high
dispersity of the Sm-Mn-0.1 spherical particles. The BET
surface area of the Sm-Mn-0.3 catalyst was 105 m*/g due to the
formation of a large matrix. The results above show that the
introduction of a certain amount of Sm in the MnO, catalyst
can modulate the particle shape of MnO, and increase its
surface area, which are beneficial to improving the catalytic
activity of MnO,, for the SCR reaction.

Figure 4 shows the XPS Mn 2p and O 1s spectra of the
MnO,, Sm-Mn-0.1, and Sm-Mn-0.3 catalysts. The surface atom
concentrations of Sm, Mn, and O are summarized in Table 1.
In comparison with the molar ratio of Sm/Mn in the bulk, its
ratio in the surface was much higher, showing an enrichment of
Sm ions on the surface. The Mn 2p peaks could be
deconvoluted to three peaks for three samples (Figure 4A);
the peaks at 641 + 0.2 and 642.3 €V represented Mn*" and
Mn*, respectively, and the peak at 643 eV was the satellite
peak of manganese.zo’21 The Mn*"/Mn>* atomic ratio (Table
1) was calculated from XPS spectra using XPSPEAK 4.1. It is
interesting that the Mn*/Mn>*" atomic ratio increased to 2.31
for the Sm-Mn-0.1 catalyst and decreased to 1.77 for the Sm-
Mn-0.3 catalyst, in comparison with Mn**/Mn** = 0.69 of the
MnO, catalyst. This is because Sm easily inserted into the
defects of MnO, and the presence of Sm can inhibit the
diffusion of Mn"* and O* ions and prevent the transition from
Mn*" to Mn*', resultin§ in the high Mn**/Mn** atomic ratio in
the Sm-MnO, catalyst.”

As shown in Figure 4B, two peaks can be distinguished in the
XPS O Is spectra of MnO,, and Sm-MnO,, catalysts. The peak
at ~529.5 eV was assigned to the lattice oxygen 0>~ (Op),'%*’
and the peak at 531.5 eV was assigned to the surface oxygen
(Os), including surface-adsorbed oxygen (such as O,*” or O7)
belonging to defect oxide and hydroxyl-like groups.””*> The
Og/(Oy + Og) ratios for the Sm-MnO, catalysts were calculated
and are shown in Table 1. It is interesting that the Og/(Op +
Og) ratios of Sm-MnO,, catalysts are higher than that for pure
MnO, (26.3%); in particular, for the Sm-Mn-0.1 catalyst its
Og/(Op + Og) ratio reaches 58.4%, indicating that the Sm-
MnO, catalysts possess more surface oxygen than MnO,.

The results above show that the Sm-MnO,, catalysts possess a
higher Mn*'/Mn*" surface atomic ratio and more surface
oxygen species than the MnO,, catalyst, which can enhance the
oxidizing power and promote the oxidation of bridged nitrite

DOI: 10.1021/acscatal.5b00747
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Figure 3. SEM images of (A) MnO,, (B) Sm-Mn-0.1, and (C) Sm-Mn-0.3 catalysts.

Table 1. BET Surface Area (Sgpr) and Surface Atom Concentrations of the MnO,, Sm-Mn-0.1, and Sm-Mn-0.3 catalysts

b
surface atom concn

catalyst Sm/Mn“ Sper (m?/g) Sm/Mn O/Mn 0Og/(0y, + Og) Mn*/M3*
MnO, 97 2.16 26.3% 0.69
Sm-Mn-0.1 0.09 135 0.31 4.26 58.4% 2.31
Sm-Mn-0.3 0.27 105 091 6.17 42.3% 177
“Mole ratio of Sm/Mn determined by ICP analysis. “Detected by XPS analysis.
Mn 2p, 529.5
Mn 2 31 -Mn-
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Figure 4. XPS (A) Mn 2p and (B) O 1s spectra of the MnO,, Sm-Mn-0.1, and Sm-Mn-0.3 catalysts.

adsorbed on the Sm-MnO,, catalyst surface to bidentate nitrate.
This will be discussed in detail in section 3.5.

3.3. Temperature-Programmed Desorption. Figure 5
shows the NH;-TPD profiles of the MnO,, Sm-Mn-0.1, and
Sm-Mn-0.3 catalysts, in which there is only one broad
desorption peak at 50—300 °C and the positions of their
desorption peaks or top temperatures are not obviously
different. In addition, the peak area of the Sm-Mn-0.1 catalyst
is slightly larger than that of the other two catalysts, which
should be ascribed to its larger surface area and greater number
of Lewis acid sites (confirmed by in situ DRIFT results). In
general terms, the effect of adding Sm on the surface acidic

properties of MnO,, catalyst is not obvious.
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The NO-TPD profiles of the catalysts are also shown in
Figure 5. Different from the NH;-TPD results, the NO,
desorption profile on the MnO, catalyst has obviously changed
after adding Sm. In the NO-TPD curve of the MnO,, catalyst,
there are two obvious NO,, desorption peaks at 103 and 400 °C
with a shoulder desorption peak at 170 °C. In comparison with
the in situ DRIFTS results of NO adsorbed on the MnO, and
Sm-Mn-0.1 catalysts (Figures S1 and S2 in the Supporting
Information) at different temperatures, the peak below 150 °C
can be attributed to physisorbed NO, and the decomposition of
monodentate nitrate species and bridged nitrite and the peak
above 150 °C is due to the decomposition of bridged nitrate
species and bidentate nitrate species with higher thermal
stability.”® For the Sm-Mn-0.1 and Sm-Mn-0.3 catalysts, in

DOI: 10.1021/acscatal.5b00747
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Figure 6. (A) NO conversion in separate NO oxidation reactions and (B) NO, concentration produced in separate NH; oxidation reactions over
different catalysts. Reaction conditions: 500 ppm of NO or 500 ppm of NH;, 5 vol % O,, Ar balance, total flow rate 300 mL/min.
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Figure 7. In situ DRIFT spectra of the MnO, catalyst under an atmosphere of 500 ppm of NO + § vol % O,/Ar (50 mL/min) at S0 °C and (A) S—

45 min and (B) 2—180 min.

addition to an obvious NO, desorption peak at 103 °C, there
were two weak NO, desorption peaks at 225 and 360 °C, which
could be assigned to the decomposition of bridged nitrate and
bidentate nitrate species, respectively. For the desorption peak
of NO, at ~103 °C, the introduction of Sm can enhance its
peak area, which corresponds to the amount of weakly
adsorbed NO,, monodentate nitrate and bridged nitrite species
on the surface. That is to say, more nitrate/nitrite species on
the Sm-MnO,, surface in comparison to those on the surface of
MnO,, can participate in the SCR reaction at lower temper-
ature, resulting in an increase in the catalytic activity of the Sm-
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MnO, catalyst. In comparison with the Sm-Mn-0.3 catalyst,
more nitrate species can adsorb on the surface of the Sm-Mn-
0.1 catalyst and take part in the SCR reaction, so that the Sm-
Mn-0.1 catalyst exhibited higher SCR activity than the Sm-Mn-
0.3 catalyst.

3.4. NO and NH; Oxidation. It was reported that
improving the catalytic properties of the SCR catalyst for the
NO oxidation to NO, can significantly promote its low-
temperature SCR activity, due to the occurrence of “fast SCR”:
NO + NO, + 2NH; — 2N, + 3H,0.”%*' Here, the effect of
adding Sm on the NO oxidation activity of the MnO, catalyst

DOI: 10.1021/acscatal.5b00747
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NO + 5 vol % O,/Ar at 50 °C and flowing of Ar for 1 h.

was also investigated, and the results are shown in Figure 6. For
the NO oxidation at low temperature (<275 °C) (Figure 6A),
the catalytic activity of Sm-Mn-0.1 was much closer to that of
MnO,. In contrast, with an increase in the amount of Sm, the
catalytic activity of Sm-Mn-0.3 was slightly lower than that of
the MnO,, catalyst. On comparison of the NO oxidation by O,
to NO, with the SCR reaction over the Sm-Mn-X catalysts
(Figure 1), a direct correspondence between their activities for
the NO oxidation to NO, and the SCR reaction cannot be
observed. The reason is that the oxidation of NO to NO, (or
NO activation) is not the rate-determining step in the SCR
reaction over these catalysts,n28 and in the NO oxidation the
decomposition of nitrate/nitrite species produced by NO
oxidation or NO, desorption on the catalysts surface was the
rate-determining step.”” In the low-temperature SCR reaction
on the Sm-Mn-0.1 catalyst, the oxidation of nitrite species to
nitrate and the reaction between the nitrate and NH; (or
adsorbed) species may be the rate-determining step.

Since NO is one of the byproducts generated during NH;
oxidation at high temperature, a single NH; oxidation was
tested on the catalysts. As shown in Figure 6B, for the NH;
oxidation, the catalytic activity at <300 °C decreases in the
order MnO, > Sm-Mn-0.3 > Sm-Mn-0.1, which indicates that
NH; oxidation over the MnO, catalyst under the SCR
conditions can be effectively inhibited by the presence of Sm
in the MnO, catalyst.

3.5. In Situ DRIFT Spectroscopy. 3.5.1. Adsorption of
NO + O, Followed by Introduction of NH;. Prior to the

5978

adsorption of NO + O,, the catalyst was pretreated at 450 °C in
Ar (50 mL/min) for 2 h. After the catalyst was cooled to 50 °C,
the Ar gas was replaced by the mixed gas of 500 ppm of NO +
S vol % O,/Ar (50 mL/min), and in situ DRIFT spectra of the
catalyst were taken at different times; the results of MnO,, and
Sm-Mn-0.1 catalysts are shown in Figures 7 and 8, respectively.

As shown in Figure 7, six bands at 1624, 1542, 1442, 1309/
1296, 1212, and 1033 cm™! appeared, and the bands at 1624,
1442, and 1033 cm™' were assigned to brid%ed nitrate, 23!
jonic nitrate,”> and monodentate nitrate,””>** respectively.
The bands at 1542 and 1309/1296 cm™' were assigned to
bidentate nitrate,*”*® and the band at 1212 cm™ was attributed
to bridged nitrite.”** It is noted that the band at 1212 cm™
increased first, then decreased with an increase in the
adsorption time, and disappeared after 90 min of flowing the
mixed gas of NO + O,. However, the bands at 1309 (shifted to
1296 cm™' with an increase in flow time) and 1542 cm™
appeared after the flow of NO + O, for 30 min and increased
continually with flowing time until 180 min. These results
indicate that NO species may be adsorbed on the surface of the
MnO,, catalyst in the form of bridged nitrite at first, and then
bridged nitrite was slowly oxidized to bidentate nitrate with
more stability, in which the active sites could be released, while
NO could adsorb on the released active site to form bidentate
nitrate, resulting in the distinct increase in the absorption bands
corresponding to nitrate species, such as bidentate nitrate at
1309 cm™" (shifted to 1296 cm™ with an increase in the flow
time).

DOI: 10.1021/acscatal.5b00747
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times.

In comparison with the in situ DRIFT spectra of the MnO,
catalyst, the absorption band of bridged nitrates at 1624 cm™
and the band of monodentate nitrate at 1031 cm™" still existed
in the in situ DRIFT spectra of the Sm-Mn-0.1 catalyst (Figure
8), and a small band around 1559 cm™ assigned to bidentate
nitrate® formed immediately when NO + O, flow passed
through the catalyst and was enhanced gradually with an
increase in the flow time. However, the band at 1201 cm™!
assigned to bridged nitrite disappeared after the flow of NO +
0, for 37 min, and a new band at 1286 cm™ assigned to
bidentate nitrate started to appear after 25 min and was
enhanced more and more with an increase in the flow time.
The band at 1201 cm™ over the MnO, catalyst disappeared
until about 90 min of passing gas. This result shows that
bridged nitrite is more easily changed to bidentate nitrate over
the Sm-Mn-0.1 catalyst, due to its higher oxidation ability
originating from the high Mn*/Mn*" ratio and more surface
oxygen species on the surface of the Sm-MnO,, catalysts. Since
bidentate nitrates are the reactive species for the SCR reaction,
the high reactivity of the Sm-Mn-0.1 catalyst for the
transformation of bridged nitrite to bidentate nitrate would
result in its better SCR activity in comparison to the MnO,,
catalyst.

After the experiments of Figure 7 (or Figure 8) were finished,
the Ar gas (50 mL/min) was used to flow the catalyst instead of
the mixed gas of NO + O, for 1 h, and then the Ar gas was
replaced by 500 ppm of NH;/Ar, while in situ DRIFT spectra
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of the catalyst were taken at different times, as shown in Figure
9 over MnO,, (or in Figure 10 over Sm-Mn-0.1).

As shown in Figure 9, the intensity of the bands at 1296 and
1539 cm™ assigned to bidentate nitrate decreased with an
increase in the exposure time in 500 ppm of NH;, whereas the
intensities of the bands at 1636 and 1038 cm™' assigned to
bridged nitrate and monodentate nitrate were hardly changed,
indicating that bidentate nitrates were the most reactive species
for SCR reaction. On the other hand, it was surprising that the
intensity of the band at 1434 cm™ ascribed to ionic nitrate®”
increased slightly with an extension of the exposure time of
NH; in initial period, due to the overlapping of NH; adsorbed.

In the in situ DRIFT spectra of the Sm-Mn-0.1 catalyst
shown in Figure 10, the band at 3225 cm™" was ascribed to the
N-H stretching vibration modes of coordinated NH3,36 and
the bands at 1637 and 1033 cm™' were assigned to bridged
nitrate®>** and monodentate nitrate,>"*>** respectively. Like
the DRIFT results of MnO,, the bands at 1287 and 1557 cm™*
were assigned to bidentate nitrate and their intensities
decreased with an increase in the exposure time of NH;, and
the variations of other bands with time were not obvious.
Different from the DRIFT results of MnO,, the intensity of the
band at 1452 cm™" assigned to ionic nitrate®” over the Sm-Mn-
0.1 catalyst was very low and hardly changed.

3.5.2. Adsorption of NH; Followed by Introduction of NO
+ O,. Prior to NH; adsorption, the MnO, (or Sm-Mn-0.1)
catalyst was pretreated at 450 °C iunder an Ar flow of 50 mL/
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min for 2 h and cooled to 50 °C, and then the catalyst was
exposed to an atmosphere of SO0 ppm of NH;/Ar (S0 mL/
min) at 50 °C, while in situ DRIFT spectra of the MnO, (or
Sm-Mn-0.1) catalyst were taken at different times; the results of
MnO, and Sm-Mn-0.1 catalysts are shown in Figure 11.

In the in situ DRIFT spectra of MnO, shown in Figure 11A,
the bands at 930 and 962 cm™" were assigned to gas-phase or
weakly adsorbed ammonia,”’ the bands at 1115, 1186, and 1575
cm™! were assigned to NH; adsorbed on Lewis acid sites, and
the bands at 1423 and 1643 cm™" were correlated to NH,* ions
located on Bronsted acid sites.”* "' The band at 3227 cm™" was
ascribed to N—H stretching vibration modes of coordinated
NHj;. With an increase in the exposure time, the intensities of
all the bands increased markedly, indicating an increase in the
amount of adsorbed NHj species.

As for the Sm-Mn-0.1 catalyst (Figure 11B), like the in situ
DRIFT spectra of the MnO, catalyst, its gas-phase or weakly
adsorbed ammonia (bands at 928 and 967 cm™), coordinated
NH, adsorbed on Lewis acid sites (bands at 1120, 1173, and
1570 ecm™"), and NH," ions located on Brensted acidic sites
(band at 1423 and 1650 cm™) were present, and their
intensities increased markedly with an increase in the exposure
time of NH;. In comparison with the bands at 1643 and 1575
cm™' over the MnO, catalyst (Figure 11A), the relative
intensities of bands at 1650 and 1570 cm™" over the Sm-Mn-0.1
catalyst were decreased; furthermore, there was a band at
~1423 cm™ correlated with NH," ions formed on Brensted
acidic sites of MnO,, and for Sm-Mn-0.1 this band could not be
found. These situations above show that the ratio of B-acid sites

5980

to L-acid sites (B/L) over the MnO, catalyst is higher than that
over the Sm-Mn-0.1 catalyst. Since both ionic NH," and
coordinated NH; can take part in the SCR process,* the
proper proportion of B/L over the Sm-Mn-0.1 catalyst may be
responsible for its higher SCR activity at lower temperature.*’

After the experiments of Figure 11 were finished, the Ar gas
(50 mL/min) was used to flow the catalyst instead of the mixed
gas of NH;/Ar for 1 h, and then the Ar gas was replaced by 500
ppm of NO + S vol % O,/Ar (50 mL/min), while in situ
DRIFT spectra of the catalyst were taken at different times, as
shown in Figure 12 over MnO,, (or in Figure 13 over Sm-Mn-
0.1).

As shown in Figure 12, the bands at 1643, 1575, 1186, and
1115 cm™ disappeared gradually with an increase in the
exposure time of NO + O,, which indicate that both ionic
NH," and coordinated NH; have taken part in the SCR
process. However, the bands at 1209, 1303, 1439, and 1621
cm™! assigned to various nitrate and nitrite species appeared
and increased with an increase of the exposure time in NO +
O,. When the exposure time of NO + O, reached 90 min, the
DRIFT absorption spectrum is similar to that of the MnO,
catalyst in the mixed gases of NO + O, (Figure 7). After 120
min of passing the gases of NO + O,, the band of bridged
nitrite at 1209 cm™" disappeared completely and only the band
of bidentate nitrate at 1303 cm ™! could be observed, due to the
transition of bridged nitrite to bidentate nitrate, which was also
observed in in situ DRIFT spectra of the MnO,, catalyst during
the adsorption of NO + O, (Figure 7).
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After Sm (Sm/Mn = 0.1) was added to the MnO,, catalyst,
the in situ DRIFT spectra of Figure 13 were obtained. Like the
in situ DRIFT spectra over the MnO, catalyst, the bands at
1173 and 1120 cm™' disappeared gradually with the exposure
time, indicating that NH; adsorbed on Lewis acid sites has
taken part in the SCR process. However, the band at 1570 cm™
(NH; on L-acid sites) did not change obviously within 30 min
and the intensity of the bands at 1650 cm™" (NH,* ions on B-
acid sites) increased; on further increase in the exposure time
the band at 1570 cm™ was enhanced gradually, because of the
overlapping of nitrate generated. According to in situ DRIFT
spectra of the MnO, catalyst in Figure 12 and other relative
research results,””** it can be proposed that the NH," ions on
the B-acid sites of Sm-Mn-0.1 catalyst took part in the SCR
reaction. The band at 1205 cm™ assigned to the bridged nitrite
increased first and then decreased due to its transformation to
bidentate nitrate at 1284 cm™' with an increase in exposure
time of NO + O,. When the exposure time reached 120 min,
the DRIFT absorbed spectrum was similar to that of the Sm-
Mn-0.1 catalyst in the mixed gas of NO + O, (Figure 8).

3.6. Effect of SO, and H,0 on the SCR Reaction. Figure
14 shows the influence of SO, and H,O on the activities of the
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Figure 14. Effect of H,O and SO, on the catalytic activities of the
MnO, and Sm-Mn-0.1 catalysts for the SCR reaction at 100 °C.
Reaction conditions: 0.3 g of catalyst, 500 ppm of NO, 500 ppm of
NH,, 5% O,, Ar to balance, GHSV = 49000 h™".

MnO, and Sm-Mn-0.1 catalysts for the SCR reaction at 100 °C,
and the NO, conversion was ~100% initially over both
catalysts. For the MnO,, catalyst, when 2% H,0 was introduced
into the feed gas, NO, conversion decreased to 96% within 10
h, and after removal of the 2% H,O in the feed gas and
continuing for 2 h, the NO, conversion returned to ~100%.
When 50 ppm of SO, was added to the feed gas, the 100% NO,
conversion was maintained over the MnO, catalyst for 8 h. In
addition, adding 100 ppm of SO, in the feed gas markedly
affected the SCR activity of the MnO, catalyst, which resulted
in a decrease in the NO, conversion from 99% to 82% after 14
h of the reaction. Subsequently, 2% H,0O was simultaneously
introduced into the feed gas with 100 ppm of SO,, while the
NO, conversion decreased from ~82% to ~71%. After both
H,O0 and SO, were removed in the feed gas, the NO,
conversion could recover to 78%.

In comparison with the MnO, catalyst, the Sm-Mn-0.1
catalyst exhibited better performance for sulfur resistance and
H,O resistance. The presence of 2% H,O or 50 ppm of SO, did
not influence the SCR activity of the Sm-Mn-0.1 catalyst.
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Although the NO, conversion decreased to 96% after 14 h of
the reaction in the feed gas containing 100 ppm of SO,, the
activity of the Sm-Mn-0.1 catalyst was much higher than that of
the MnO, catalyst after the reaction under the same conditions.
Over the Sm-Mn-0.1 catalyst, when using the feed gas
containing 2% H,0O and 100 ppm of SO,, the NO,, conversion
remained at about 91%; after both H,0 and SO, were removed
from the feed gas, the NO, conversion recovered to 97%, which
shows that the Sm-Mn-0.1 catalyst is a much better catalyst
than the MnO,, catalyst for the SCR reaction. In addition, the
effect of the amount of water (7500 ppm to 2%) on the
catalytic performance of Sm-Mn-0.1 at 100 °C was tested. The
results show that an NO conversion of ~100% could be
maintained when the water concentration in the reactant gas
was varied from 7500 ppm to 2% (Figure SS in the Supporting
Information).

The results mentioned above show that H,O has a less
negative influence on the activity of both the MnO, and Sm-
Mn-0.1 catalysts than SO, for the SCR reaction, and the Sm-
Mn-0.1 catalyst exhibits better performance for sulfur resistance
and H,O resistance than the MnO,, catalyst. When the feed gas
contained SO,, sulfate formed on the catalyst surface to cover
the active sites, which was proven by IR experimental results
(Figure.S3 in the Supporting Information). In the MnO,
catalyst, the introduction of Sm can induce the formation of
bulklike sulfate on Sm,Oj;, which can inhibit the poisoning
effect of SO, on the active sites of MnO,.*

3.7. Discussion. It was reported that manganese oxides
possessed high activity for NH;-SCR at low temper-
ature.”**"***" Herein, the MnO, prepared by the precip-
itation method showed higher activity; for instance, 60% NO,
conversion can be achieved at 50 °C and NO, can be almost
completely reduced at 100 °C. After a certain amount of Sm
was introduced into MnO, its activity could be improved
obviously; for instance, the reaction temperature for 100% NO,,
conversion can decrease to 75 °C and the operation
temperature window can be greatly enlarged. At 25 and 32
°C, the TOF values of catalysts for the SCR reaction were
estimated on the basis of their surface concentrations obtained
from the XPS data and BET surface area (Table S1 in the
Supporting Information), and TOF values were obtained at 25
°C in the order MnO, (0.87 X 107*s™) < Sm-Mn-0.1 (1.29 X
107*s7') < Sm-Mn-0.3 (1.86 X 10™* s7') and at 32 °C in the
order MnO, (1.75 X 107 s™') < Sm-Mn-0.3 (2.18 X 10™*s7")
< Sm-Mn-0.1 (2.43 X 10™* s7"), which showed clearly that the
presence of Sm can increase the TOF value and improve
effectively the catalytic performance of the Mn catalyst. In
addition, the Sm-Mn-0.1 catalyst exhibited a high performance
for sulfur resistance and H,O resistance in comparison with the
MnO, catalyst. Therefore, the Sm-Mn-0.1 catalyst may be a
potential catalyst for commercial utilization.

We are interested in the promotional mechanism of Sm in
the MnO,, catalyst. Sm is prone to insert into the defects of
MnO,, and the introduction of Sm into MnO, reduced the
crystallization of MnO,, which inhibited the diffusion of Mn™*
and O ions and prevent the transition of Mn* to Mn®,
resulting in the high relative contents of both Mn*" and surface
oxygen (Og) on the surface of the Sm-Mn-0.1 catalyst (Figure 4
and Table.1). The relatively high contents of Mn*" and O are
beneficial for the improvement of the oxidation ability of the
Sm-MnO, catalysts and can enhance the oxidation of bridged
nitrite adsorbed on the surface of the Sm-MnO, catalyst to
bidentate nitrate, as shown in in situ DRIFT spectra (Figures 7
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and 8), which significantly promotes the activity of the Sm-Mn-
0.1 catalyst for the SCR reaction at low temperature since the
bidentate nitrates are the most reactive species for the SCR
reaction.

Further, the relatively high content of Mn*" means that more
empty orbitals exist and more Lewis acid sites can be created
(Figure 11), which is propitious for the absorption of NH; on
the Sm-Mn-0.1 catalyst. At the same time, the surface area of
the MnO,, catalyst can be effectively enhanced by the presence
of an adequate amount of Sm. On the basis of two favorable
factors, the amount of adsorbed NH; species on the Sm-Mn-0.1
catalyst can be enhanced as indicated by NH;-TPD. Similarly,
the introduction of Sm can promote the NO adsorption as
nitrate species at low temperature (<300 °C) (Figure $),
probably due to the increase in its surface area and the ability to
convert NO species adsorbed, which are beneficial in
promoting the SCR activity of the Sm-Mn-0.1 catalyst.
However, if an excess amount of Sm was added to the MnO,
catalyst, as for the Sm-Mn-0.3 catalyst, all these beneficially
promotional factors (the surface area and the Mn**/Mn®*
atomic ratio) would be weakened, resulting in a decrease in
its catlytic activity for the NH;-SCR reaction, in comparison
with the Sm-Mn-0.1 catalyst.

There is a great difference in the reaction mechanism of the
SCR reaction over other Mn-based catalysts. Jin et al.” thought
that the SCR reaction catalyzed by Lewis acid sites over the
Mn/TiO, catalyst occurred on the basis of a Langmuir—
Hinshelwood mechanism. Yang et al.”’ studied systematically
the SCR reaction mechanism over the Fe Mn; O, catalyst by
in situ DRIFT and kinetic studies and indicated that the SCR
reaction over the (Fe;_Mn,);_sO, catalyst followed both
Eley—Rideal and Langmuir—Hinshelwood mechanisms. How-
ever, with a further increase in the Mn amount in the catalyst,
an Eley—Rideal mechanism predominated over
(FeysMngs);_s0,. Kijlstra et al.*® studied the mechanism of
NH,-SCR at low temperature over the MnO,/Al,O; catalyst
and proposed that NHj first adsorbed on the Lewis acid sites
and subsequently transformed to NH,. Ultimately NH, reacted
with gas-phase NO (E-R mechanism) and nitrite intermediates
on the surface (L-H mechanism).

In this paper, we have shown that NO species could adsorb
on the surface of the MnO, and Sm-Mn-0.1 catalysts in the
main form of bridged nitrite at first, and then bridged nitrite
slowly oxidized to bidentate nitrate, as shown in Figures 7 and
8. Furthermore, the presence of Sm can promote the
transformation of nitrite species to nitrates. It was reported
that bidentate nitrate resulted from the further oxidization of
nitrite."* The results in Figure S4 in the Supporting
Information show that the nitrite species do not participate
in the SCR reaction, while the bidentate nitrates are the active
intermediates and can react with NH; (Figures 9 and 10).
However, it is noticeable from Figures 9 and 10 that the
intensities of bands assigned to bidentate nitrate decreased to a
certain degree with an increase in the exposure time of NHj;
that is, the majority of bidentate nitrate still remained on the
catalyst surface, which cannot be reduced by gaseous NHj at 50
°C. These results revealed that the SCR reaction over the
MnO, and Sm-Mn-0.1 catalysts followed a Langmuir—Hinshel-
wood mechanism. On the other hand, NH; could adsorb on
both Lewis acid sites and Brensted acid sites on the MnO,, and
Sm-Mn-0.1 catalysts (in situ DRIFT results in Figure 11), and
then react with NO species. As a result, the corresponding
bands in the in situ DRIFT spectra (Figures 12 and 13)
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disappeared rapidly when the catalysts pretreated with NH;
were exposed to the gas mixture of NO and O,.

As mentioned above, the reaction of NH; with the
preadsorbed NO + O, was very slow, whereas the reaction of
NO + O, with the preadsorbed NH; was rapid over the MnO,-
based catalysts. Therefore, if preadsorbed NH; reacted with
surface adsorption species of NO in Figures 12 and 13, NH;
should react with the preadsorbed NO + O, more easily, since
the adsorption of NH; was obligatory for the NH;-SCR
reaction. However, Figures 9 and 10 show that the reaction of
NH; with the preadsorbed NO + O, is slow. Therefore, an E-R
mechanism of the NH;-SCR on the MnO, and Sm-Mn-0.1
catalysts can be proposed. On the basis of the above discussion,
it can be concluded that the NH;-SCR reaction over the MnO,,
and Sm-Mn-0.1 catalysts follows both Eley—Rideal and
Langmuir—Hinshelwood mechanisms, in which the Eley—
Rideal mechanism predominated.

4. CONCLUSIONS

In summary, highly efficient Sm-MnO,, catalysts for the SCR
reaction at low temperature were prepared by the coprecipi-
tation method. The results show that an introduction of a
proper amount of Sm into the MnO, catalyst can markedly
improve its catalytic activity for NH;-SCR and increase its
abilities for sulfur resistance and H,O resistance. For instance,
NO, could be completely converted at 75 °C and the operation
temperature window was greatly enlarged over the Sm-Mn-0.1
(Sm/Mn = 0.1 (mol)) catalyst; the presence of 2% H,O or 50
ppm of SO, in the feed gas would not affect the SCR activity of
the Sm-Mn-0.1 catalyst. When the feed gas contained 2% H,0
and 100 ppm of SO,, the NO,, conversion remained at 91% at
100 °C.

The introduction of Sm into MnO,, can increase the relative
content of Mn*" and surface oxygen (Os) on the surface of Sm-
Mn-0.1 catalyst, promoting the oxidation of bridged nitrite
adsorbed on the Sm-MnO,, catalyst surface to bidentate nitrate.
In comparison with the MnO,, catalyst, the Sm-Mn-0.1 catalyst
has higher specific surface area and more surface defects, which
helps to increase the absorption amount of NH; and NO on
the Sm-Mn-0.1 catalyst. These factors above can promote the
catalytic performance of the Sm-Mn-0.1 catalyst. When an
excess amount of Sm was added to the MnO,, catalyst, such as
Sm-Mn-0.3 catalyst, all these beneficial factors above would be
weakened, resulting in a decrease in the catalytic activity for
NHj;-SCR in comparison with the Sm-Mn-0.1 catalyst.

The in situ DRIFT results showed that NH; adsorbed on
both Lewis acid sites and Bronsted acid sites on the Sm-Mn-0.1
surface can easily react with NO, gas. The NO species can
adsorb on the Sm-Mn-0.1 surface in the form of bridged nitrite,
and then bridged nitrite slowly oxidized to bidentate nitrate,
which is the active intermediate for the NH;-SCR reaction. At
low temperature (as SO °C), only highly active bidentate nitrate
can be reduced by gaseous NHj, and the majority of bidentate
nitrate still remained on the catalyst surface. Therefore, we can
conclude that the SCR reaction over the Sm-Mn-0.1 catalyst
follows both Eley—Rideal and Langmuir—Hinshelwood mech-
anisms, of which the Eley—Rideal mechanism is predominant.
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In situ DRIFT spectra of NO-TPD over the MnO,, and
Sm-Mn-0.1 catalysts (Figures S1 and S2), the Sm-Mn-0.1
catalyst used in the SCR reaction containing 2% H,O
and 100 ppm of SO, (Figure S3) and the Sm-Mn-0.1
catalyst under different atmospheres (Figure S4), the
effect of water concentration on the catalytic perform-
ance (Figure SS), the calculation method of TOF, and
the surface compositions and SCR activity data of
catalysts (Table S1). (PDF)
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