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Abstract: This work aims to study the improvement effect of Sm on Mn-based catalysts for selective catalytic reduction (SCR) of NO with
NH;. A series of Sm,Mny3,Ti catalysts (x = 0, 0.1, 0.15, 0.2, and 0.3) were prepared by co-precipitation. Activity tests indicated that the
Smy ;sMny 15Ti catalyst showed superior performances, with a NO conversion of 100% and N, selectivity above 87% at 180-300°C. The char-
acterizations showed that Sm doping suppressed the crystallization of TiO, and Mn,Os phases and increased the specific surface area and acid-
ity. In particular, the surface area increased from 152.2 m* g™ for Mng5Ti to 241.7 m*g ' for Smy;sMny;sTi. These effects contributed to the
high catalytic activity. The X-ray photoelectron spectroscopy (XPS) results indicated that the relative atomic ratios of Sm*/Sm and Op/O of
Smy ;sMny ;5Ti were 76.77at% and 44.11at%, respectively. The presence of Sm contributed to an increase in surface-absorbed oxygen (Og) and
a decrease in Mn*" surface concentration, which improved the catalytic activity. In the results of hydrogen temperature-programmed reduction
(H,-TPR), the presence of Sm induced a higher reduction temperature and lower H, consumption (0.3 mmol-g ') for the Smy,;sMny sTi cata-
lyst compared to the Mn5Ti catalyst. The decrease in Mn*" weakened the redox property of the catalysts and increased the N, selectivity by
suppressing N,O formation from NHj; oxidation and the nonselective catalytic reduction reaction. The in situ diffuse reflectance infrared Fouri-
er transform spectra (DRIFTs) revealed that NH;-SCR of NO over the Smg;sMng5Ti catalyst mainly followed the Eley—Rideal mechanism.
Sm doping increased surface-absorbed oxygen and weakened the redox property to improve the NO conversion and N, selectivity of the

Smy,sMny 15Ti catalyst.

Keywords: manganese oxides; nitric oxide; nitrous oxide; samarium; selective catalytic reduction; nitrogen selectivity

1. Introduction

Fossil fuel combustion is the primary source of atmo-
spheric nitrogen oxides (NO,) and has resulted in severe en-
vironmental pollution. One of the most effective methods for
controlling NO, emission is NO, selective catalytic reduction
(SCR) with NH; [1-2]. At present, V,05—WO;(Mo0Os)/TiO,
is widely used as a commercial SCR catalyst. However, the
application of the catalyst is limited by the poor activity at
low temperature and its narrow operation temperature win-
dow of 300-500°C [3-5]. Therefore, novel SCR catalysts
achieving high catalytic activity and selectivity at low tem-
peratures must be developed [6-7].

Recently, Mn-based catalysts have attracted the attention
of numerous researchers [8-9]. These catalysts exhibit out-
standing SCR performance due to the multiple valences and
labile oxygen of manganese oxides (Mn,Os;, Mn;O,, and
MnQ,) [10]. TiO, is a favorable support for Mn-based cata-
lysts [11]. Pefia et al. [12] studied various transition metal ox-
ides (V, Cr, Mn, Fe, Co, Ni, and Cu) supported on TiO, for
the SCR of NO with NH; and found that the Mn-TiO, cata-
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lysts achieved the best catalytic performance among these
catalysts. However, poor N, selectivity limited the applica-
tion of Mn-TiO, catalysts. The decreased N, selectivity was
due to the overoxidation of NH; caused by a strong redox
property [13]. To solve these problems, some researchers
studied Mn-TiO, catalysts modified by various rare metals or
transition metals, such as Eu, La, Ce, Fe, Co, and Zr [14-17].
The results indicate that these doped modifying metals can
enhance the N, selectivity and NO conversion of Mn-TiO,
catalysts.

The rare metal Sm has been introduced to improve cata-
lytic activity. Casanova et al. [18] found that Sm-modified
V,05—WO;-TiO,-Si0, catalysts exhibited excellent SCR
performance. Meng et al. [19] prepared Sm—Mn mixed ox-
ide catalysts using the co-precipitation method and found that
Sm doping clearly influenced the NO conversion of the cata-
lysts. However, the effects of Sm on the N, selectivity of
Mn-TiO, catalysts have not been studied deeply.

In this work, a series of Sm,Mn,;_Ti catalysts (x =0, 0.1,
0.15, 0.2, and 0.3) was prepared to improve N, selectivity and
catalytic activity. The effects of Sm on the N, selectivity of
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Sm,Mn,;_, Ti catalysts were investigated, and the role of Sm
in suppressing N,O generated from different origins was re-
vealed.

2. Experimental
2.1. Catalyst synthesis

A series of SmMn,; Ti catalysts with a Sm/Ti molar ra-
tio of 0, 0.1, 0.15, 0.2, and 0.3 were prepared by co-precipita-
tion. First, appropriate amounts of Ti(SO,),, Sm(NO3);, and
Mn(NOjy), (50wt% aqueous solution) were dissolved in de-
ionized water. Second, ammonium hydroxide (NH; H,0,
25wt%) was added slowly to the mixed solution under vigor-
ous stirring until the pH value reached 10. After stirring for 4
h, the obtained precipitate was filtered and washed three
times with deionized water. The resulting powder was dried
at 90°C for 6 h and finally calcined at 500°C for 2 h.

2.2. Catalyst characterization

The X-ray diffraction (XRD) patterns were recorded on a
Rigaku Ultima IV diffractometer (Japan) with Cu K, radi-
ation (4 = 0.15406 nm). The N, adsorption—desorption iso-
therms were measured on a Quadrasorb SI automated sur-
face area and pore size analyzer (Quantachrome, America).
The specific surface area of the sample was calculated by the
Brunauer-Emmett-Teller (BET) method. The XPS experi-
ments were performed on a Thermo Escalab 250XI multi-
functional photoelectron spectrometer with an Al K, X-ray
source. Sample charging effects were eliminated by collect-
ing the observed spectra with the C 1s binding energy value
of 284.6 eV. The O 1s, Mn 2p, Ti 2p, and Sm 3d peaks were
deconvoluted by the Gaussian—Lorentzian function with a
Shirley background. The temperature-programmed desorp-
tion of NH; (NH;-TPD) adsorbed on the catalyst was per-
formed using a programmed temperature chemisorption ana-
lyzer (Micromeritics AutoCheml II 2920, America)
equipped with a thermal conductivity detector (TCD). 100
mg catalyst was pretreated with He gas at 300°C and then
cooled to room temperature. Subsequently, the catalyst was
treated with 10vol% NH;-He mixed gases (30 mL-min™") un-
til adsorption equilibrium, and then purged with helium (30
mL-min ") to remove the adsorbed NH;. Finally, the samples
were heated to 850°C at a linear heating rate of 10°C-min”'
under a He atmosphere. The temperature-programmed H, re-
duction (H,-TPR) experiments were performed using a pro-
grammed temperature chemisorption analyzer (Micromerit-
ics AutoCheml1 II 2920, America) equipped with a TCD. The
catalyst was pretreated with Ar gas at 350°C and then cooled
to room temperature. Then, the sample was heated to 800°C
at a heating rate of 10°C-min"' with 10vol% H,—Ar mixed
gases (30 mL-min"). Finally, H, consumption in the TPR
process was recorded by a TCD. In situ diffuse reflectance
infrared Fourier transform spectra (DRIFTs) experiments
were performed on a Tensor 27 infrared Fourier transform
spectrometer (Bruker, Germany) equipped with a Pike
DRIFTs cell containing an MCT detector. Before the experi-
ments, the catalyst was pretreated at 300°C for 1 h in a flow

of argon and then cooled to 200°C. Then the background
spectra were obtained during the cooling process and recor-
ded by subtracting each sample background.

2.3. Catalytic activity measurements

The catalytic activities of these catalysts for NH;-SCR
were measured at 100-300°C under a steady state. In this
test, ca. 200 mg of powder catalysts with 40-100 mesh was
placed in a fixed quartz reactor (inner diameter of 8 mm) un-
der a flow rate of 300 mL-min"'. The inlet concentrations
were composed of 600 ppm NH;, 600 ppm NO, 5vol% O,,
and N, balance. The simulated gas stream was fed into the re-
actor with a gas hourly space velocity (GHSV) of 36000 h™".
The reactants and products were analyzed by the analyzer on-
line, and the concentrations of NO, N,O, and O, in the outlet
flue gas were recorded using an infrared gas analyzer
equipped with a professional gas conditioner (Madur Photon
II & PGD-100, Austria). The NO conversion and N, selectiv-
ity were calculated as the following formulas [20-21]:

Xno = (1 - CNO*"‘“) x 100% (1)
CNO, in
2cN;O,out
Sw.=[1- x 100% )
CNO,in ~ CNO,out

where Xno, Sn,, and cno are the NO conversion, N, selectiv-
ity, and NO concentration, respectively. The cxoin, ¢NO.outs
and cn,0,0u are the inlet or outlet concentrations of NO, (NO
and N,O) in this article.

3. Results and discussion
3.1. Catalytic activity and selectivity

Fig. 1(a) shows the relationship between NO conversion
and temperature over SmMn,; Ti catalysts. The Sm,;Ti
catalyst exhibited poor catalytic activity with its low NO con-
version at 180-300°C. However, the Mn-containing cata-
lysts exhibited superior catalytic activity at the same temper-
ature range. A NO conversion of 100% was obtained at
200°C for Mn-containing catalysts. Pefia et al. [12] found
that with a decrease in Mn, the NO conversion decreased
over Mn-based catalysts. However, the results showed that as
the Mn load decreased, the NO conversion over
Smy;Mn,,Ti, Smy;sMny;5Ti, and Smy,Mny,;Ti catalysts did
not decrease at 180-300°C. The results indicated that adding
Sm contributed to catalytic activity.

Fig. 1(b) shows that the N, selectivity over the Mn,;Ti
catalyst decreased obviously with increasing temperature.
The N, selectivity over Mny;Ti was less than 60% above
180°C, while it was above 90% at 100—260°C after introdu-
cing Sm into the catalysts. Fig. 1(c) shows that the concentra-
tion of N,O over the Mny;Ti catalyst increased with temper-
ature and reached 289 ppm at 300°C, which was much high-
er than that of Sm-modified catalysts. These results implied
that adding Sm could enhance the N, selectivity.

3.2. Catalytic oxidation of NH; and NO

NH; and NO catalytic oxidation experiments were per-
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Fig. 1. (a) NO conversion, (b) N, selectivity, and (c) N,O con-
centration over Sm,Mn, ;- Ti catalysts (x =0, 0.1, 0.15, 0.2, and
0.3). Inlet reaction condition: 600 ppm NH;, 600 ppm NO,
5vol% O,, and N, balance; GHSV = 36000 h™".

formed to investigate the possible ways for N,O formation
and the processes of NH; and NO catalytic oxidation over
different catalysts. In the NO oxidation experiment, Mn,;Ti
and Smy,;5sMn ;5Ti catalysts were exposed to NO and O,. NO
could be oxidized to NO, by reaction (3) or decomposed to
N,O by reaction (4) [22].
2NO + 0, — 2NO, 3)
3NO — NzO + N02 (4)
Fig. 2(a) shows that little NO decomposed into N,O by re-
action (4) over the catalysts. In contrast, a small amount of
NO was oxidized to NO, over different catalysts (Fig. 2(b)).
Some researchers reported that a small amount of NO, in-
volved in a fast-SCR process improved catalytic [22-23]. As
shown in Fig. 2(b), The NO, concentration of Mn,;Ti and
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Fig. 2. (a) N,O and (b) NO, formation from NO catalytic ox-
idation over Mny;Ti and Smy;sMng5Ti catalysts. Inlet reac-
tion condition: 600 ppm NH;3, 600 ppm NO, 5vol% O,, and N,
balance; GHSV = 36000 h™"

Smy;sMng;sTi catalysts reached 50 ppm at 180-300°C.
These catalysts could catalytically oxidate a part of NO to
NO,, which contributed to the fast-SCR process and facilit-
ated superior deNO, activity.

In the NH; oxidation experiment, Mny;Ti and Smy;s
Mn,5Ti catalysts were exposed to NH; and O,. NH; could be
oxidized to N,O by reaction (5), NO by reaction (6), and NO,
by reaction (7) [23-24].

4NH; +40, — 2N,0 + 6H,0 )
4NH; + 50, — 4NO + 6H,0 (©6)
4NH; + 70, — 4NO, + 6H,0 (7

At 150-300°C, increased N,O concentration was ob-
served with increasing temperature (Fig. 3(a)). Then, the N,O
concentration of Mny;Ti increased up to 165 ppm at 240°C.
From the SCR activity and NHj; oxidation results, the poor N,
selectivity over MnysTi catalyst at 150-300°C was mainly
due to NHj; overoxidation. Furthermore, the N,O concentra-
tion over Smy ;sMny;5Ti was below 48 ppm at 240°C, which
was less than that over Mny;Ti. This result indicated that in-
troducing Sm obviously suppressed the pathway to N,O from
the direct oxidation of NHj.

Fig. 3(b) and (c) shows low concentrations of NO and
NO, over Mng;Ti and Smg,;sMn, ;5sTi catalysts at 160—300°C.
This result indicated that little NH; was catalytically oxid-
ized to NO and NO,; thus, the presence of Sm inhibited the
NH; catalytic oxidation.
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Fig. 3. (a) N,O, (b) NO, and (c) NO, formation from NH;

catalytic oxidation over Mny;Ti and Smg;5Mn,sTi catalysts.
Inlet reaction condition: 600 ppm NH;, 600 ppm NO, 5vol%
0,, and N, balance; GHSV = 36000 h".

3.3. XRD and N, adsorption—desorption analysis

Fig. 4 shows the powder XRD patterns of different cata-
lysts. The presence of the TiO, phase (PDF card No.
21-1276) and the Mn,O; phase (PDF card No. 41-1442) was
observed on the Mn,;Ti catalyst [11]. No additional diffrac-
tion peaks of Sm, Mn, and Ti species were observed for
Sm,Mny;_,Ti catalysts (x = 0.1, 0.15, 0.2, and 0.3). These res-
ults imply that the crystallization of TiO, and Mn,O; phases
was suppressed over the Sm-doped MnTi catalyst [25]. Be-
cause of the strong interaction between Sm-doped man-
ganese oxides, the catalytic activity was obviously improved.

Table 1 shows the BET specific surface areas and pore
structures of different catalysts. For the Mny;Ti catalyst, the
BET specific surface area was only 152.19 m>-g"'. After Sm

+—TiO, ¢
4—Mn,0,

Mn,;Ti

Sm, ,Mn,, Ti

Intensity / a.u.

M Smy ;sMn,,;sTi
Mottty Smoszno.llTl

g Ab o

Sm,,Ti

10 20 30 40 50 60 70 80
20/ (%)

Fig. 4. XRD patterns of different catalysts.

was introduced, the BET specific surface area remarkably in-
creased to over 240 m*g ™' for Sm,Mn,; ., Ti catalysts (x=0.1,
0.15, and 0.2). The BET specific surface areas of
Smy ;Mn,,T1, Sm,;sMn, ;5sTi, and Smy,Mn,;Ti were 263.92,
241.69, and 267.31 m*-g ', respectively. The larger specific
surface area improved the effective contact area between act-
ive species and reactants on catalysts. As shown in Table 1,
the average pore size of the Sm-modified catalysts was less
than 14 nm. The decrease in average pore diameter should
prolong the residence time of effective contacts between act-
ive species with the reactants, thus effectively promoting the
NH;-SCR reaction. Nitrogen adsorption—desorption analysis
results indicated the presence of mesoporous in the
SmMny;_,Ti catalysts (x = 0, 0.1, 0.15, 0.2, and 0.3) (Figs.
S1 and S2) [26]. When the most probable pore-size distribu-
tion decreased to ~4 nm for the other catalysts doping Sm, it
might prolong the reaction time of the NH;-SCR reaction in
pore size.

Table 1. BET specific surface area and pore structure res-
ults of different catalysts

Sample BET surfa(ie A.verage pore Pore VOll{me /
area/(m*>g') diameter/nm  (cm’-g ')
Mn, s Ti 152.19 21.45 0.61
Smg Mny,Ti 263.92 13.77 0.70
Smo sMngsTi  241.69 11.30 0.55
Smo,Mny, Ti 267.31 11.48 0.59
Smy3Ti 227.01 14.86 0.64
3.4. XPS analysis

X-ray photoelectron spectroscopy (XPS) analysis was
used to study the surface element compositions and chemical
states. The Gaussian—Lorentz function was used to decon-
volve the XPS spectra of Mn 2p, Sm 3d, and O 1s. Fig. S3
shows the deconvoluted results of different elements in total
XPS spectrum. The XPS spectra of Mn 2p, Sm 3d, and O 1s
were obtained from total XPS spectra (Fig. 5). Table 2 shows
the results of the relative percentages of Oy/O, Mn*/Mn, and
Sm’*/Sm calculated by the area ratio of the corresponding
characteristic peaks, and the results of the surface atomic
concentration ratios of Mn, Sm, and O on different catalysts.

Fig. 5(a) shows the deconvoluted Mn 2p XPS results of
different catalysts. The XPS spectra binding energies
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Fig. 5. XPS spectra of different catalysts: (a) Mn 2p; (b) Sm 3d; (c) O 1s.
Table 2. Elemental surface analysis of the different catalysts (by XPS)
S L Surface element content / at% Relative atomic ratio of surface element valence state / at%
ample
P Ti 0] Mn Sm Oy/(O +0,) Mn*"/Mn Sm*'/Sm
Mn;Ti 22.75 68.12 9.13 — 21.27 64.68 —
Smg ;Mng,Ti 23.71 68.79 4.54 2.96 31.86 68.02 59.88
Smy ;sMng ;5Ti 24.24 69.06 3.30 3.40 44.11 66.81 76.77
Smg,Mng ;| Ti 23.35 68.80 3.31 4.53 40.65 64.44 68.14
Sm, ;Ti 23.77 70.69 — 5.53 41.49 — 81.26

ascribed to the Mn*" and Mn®" species of Mn 2p [17,27] were
(643.5 £ 0.2) eV and (641.5 £ 0.2) eV, respectively. Table 3
shows the atomic ratio of Mn and concentrations of Mn*" and
Sm®" for catalysts. For the Smy;sMn,5Ti catalyst, the relat-
ive surface atomic ratio of Mn/Ti was 0.14, and the surface
element concentrations of Mn*" was 2.20at%. However, for
the Mn,;Ti catalyst, the relative surface atomic ratio of
Mn/Ti was increased to 0.40, and the surface element con-
centrations of Mn*" was increased to 5.91at%. Previous re-
search showed that an increase in Mn*" species would im-
prove the redox property and decrease the N, selectivity for
the overoxidation of NHj; [12]. For the present Sm-modified
catalysts, the decrease in Mn*" species improved the N, se-
lectivity for the decreased redox property. Previous research

also showed that the catalytic activity decreased with a de-
crease in Mn loading over Mn-based catalysts [12].
However, the catalytic activity did not decrease over
Smy;sMng ;5 Ti with the decrease of Mn loading.

Fig. 5(b) shows the Sm 3d XPS spectra of the catalyst sur-
face. The XPS spectra binding energies ascribed to the Sm**
and Sm*" species of Sm 3d [28-29] were 1083.3 and 1080.7
eV, respectively. As shown in Table 2, for the Smy;5sMn, ;5Ti
catalyst, the surface atomic ratio of Sm’*/Sm was 76.77at%,
which was much higher than that of other catalysts. The
higher atomic ratio of Sm**/Sm should increase oxygen va-
cancies, thus promoting the SCR reaction.

Fig. 5(c) shows the O 1s XPS spectra of different cata-
lysts. The peaks at 531.27 and 529.62 eV correspond to lat-

Table 3. Atomic ratios of Mn and concentrations of Mn** and Sm® for catalysts (by XPS)

Bulk and surface relative atomic ratio

Surface element content / at%

Sample *Mn/Ti "Mn/Ti ‘Mn* °Sm**
Mn,;Ti 0.30 0.40 591 —
Smg ;Mn,,Ti 0.20 0.19 3.09 1.77
Smy sMng 5Ti 0.15 0.14 2.20 2.61
Smg,Mng ; Ti 0.10 0.14 2.13 3.09
Smg3Ti — — — 4.49

Note: *bulk atomic ratio of prepared catalysts as designed; "surface relative atomic ratio of catalyst; “surface element concentrations of
Mn*" and Sm*" were according to the surface element concentrations and the relative atomic ratio of surface element valence states in
Table 2.
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tice oxygen O, and surface-adsorbed oxygen O, respect-
ively [25,30]. As shown in Table 2, the relative atomic ratio
of Oy/O was 44.11at% for the Sm, ;sMn,;5Ti catalyst, which
was much higher than that of other catalysts (21.27at%,
31.86at%, and 40.65at% for Mn,;Ti, Smy,Mny,Ti, and
Smy,Mn,;Ti catalysts, respectively). This result indicated
that introducing Sm increased the concentration of surface-
adsorbed oxygen Og, which led to an increase in catalytic
activity.

These XPS analysis results indicated that the co-doped Sm
and Mn catalysts achieved a superior performance of NO
conversion and N, selectivity. Previous research showed that
the electron transfer between Mn and Sm promoted the redox
cycle of Mn*" + Sm*" «<» Mn** + Sm* in the NH,-SCR pro-
cess [20,26]. This route has promise for designing Mn and
Sm co-doped catalysts that achieve high N, selectivity and
NO conversion.

3.5. NH;-TPD analysis

The acidic sites distribution and total acidity on the cata-
lyst surface was determined using NH;-TPD analysis. The
total acidity on catalyst surface was an important factor for
NHj; adsorption, which also affected the catalytic activity of
the NH;-SCR reaction. A higher desorption temperature led
to stronger adsorption sites, which absorbed more NH; [28].
As shown in Fig. 6(a), the desorption peaks attributed to the
strongly acidic sites of the catalysts were at 260, 357, 352,
and 329°C [31]. This result indicated that the presence of Sm
shifted the desorption peaks to a higher temperature, which
may be attributed to stronger acidic adsorption sites adsorb-
ing more NH;.

The total acidity of the Smg;sMng;sTi or MngsTi catalyst
is related to the acid desorption peak areas [20]. Comparing
the desorption peak areas at 352 and 260°C, Fig. 6(b) shows
that the Sm,;sMn, ;5Ti catalyst obtained a larger peak area at
the higher temperature of 352°C. This result indicated that
the number of strongly acidic sites increased for the Sm-
modified catalysts. The presence of Sm increased not only
the strength but also the total number of acidic sites on the
catalyst surface. These results improved the adsorption and
activation of NH; for the catalysts, further contributing to

catalytic activity.
3.6. H,-TPR analysis

The redox properties of Sm,Mn,;_Ti catalysts (x =0, 0.1,
0.15, 0.2, and 0.3) were investigated through H,-TPR analys-
is. The analysis results are shown in Fig. 7. The peaks at
270-320°C (peak I) and 365-386°C (peak II) were attributed
to the reduction reactions of MnO, — Mn,O; and
MnO,/Mn,O; — Mn;0, [8,29]. The peaks at 550-700°C
might be assigned to the reduction of Mn;O, (Mn;0, —
MnO) and Ti*" species [23,31]. The reduction peaks of
Sm,5Ti at 581 and 668°C might be due to TiO, reduction. For
the Mny;Ti catalyst, the strong peaks at 270 and 368°C were
assigned to the reduction of MnO, species, such that MnO,
was reduced to Mn,O;, and then Mn,O; was reduced to
Mn;0,. The reduction peaks of Smy;Mn,,Ti (peaks I and II)
and Smy;sMny;5Ti (peak II) shifted to higher temperatures.
After Sm was introduced, the reduction temperatures of these
catalysts increased. This result might be due to the suppres-
sion of metal oxide reduction by the Sm—O—Mn bond forma-
tion of the catalysts. For the Sm,;sMny;5Ti and Smy,Mny; Ti
catalysts, peak I disappeared and the peak II intensity de-
creased. This result was due to the decrease in Mn*" and the
redox properties of the catalysts, which have been confirmed
by the XPS results. The H,-TPR results shows the H, con-
sumptions of different catalysts, which were calculated ac-
cording to the reduction peaks. The H, consumption of the
Smy;Mny,Ti, Smy;sMny,5Ti, and Smy,Mn,,Ti catalysts was
0.45, 0.30, and 0.45 mmol-g ', respectively, which was much
lower than that of Mn,3Ti (1.16 mmol-g ). The high H, con-
sumption of Mn;Ti might be related to the high Mn*" con-
tent. However, due to the decrease of Mn*" content in
Smy;sMny ;5Ti, the H, consumption and redox property of the
catalyst decreased. The decreased redox property of
SmysMny ;5Ti suppressed N,O formation from NH; oxida-
tion.

3.7. In situ DRIFTSs analysis

To study its adsorption behavior and reaction mechanism,
Fig. 8 recorded in situ DRIFTs of the adsorption of NH; and
NO + O, on Sm,, ;sMny 5 Ti catalyst at 200°C. In the spectra of
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Fig. 6. NH;-TPD profiles of (a) Sm,Mny;_,Ti catalysts (x =0, 0.1, 0.15, 0.2, and 0.3) and (b) Smg;5Mn5Ti and Mny;Ti catalysts.



648

Peak VI

"\ Peak II

Peak 11T

=

E P

~ 320 .-

g Smy,Mny, Ti L e N

.20

v "
SmysMng,sTi

o) oisViMois T~ 380

O

= [Smy,Mny, Ti - e 096
Smy,Ti Ssg) o668
0 200 400 600 800

Temperature / °C

Fig.7. H,-TPR profiles of different catalysts.

NO + O, co-adsorption on the Smg;sMny;sTi catalyst
(Fig. 8(a)), several vibrational bands were observed at
10001800 cm™': adsorbed NO, (1612 cm™"), bidentate ni-
trate (1574 and 1564 cm™), linear nitrite (1438 cm™),
M-NO; nitro species (1348 cm™), and bridging bidentate ni-
trates (1240 and 1194 cm™') [32-33]. After 10 min, new
bands at 1612 and 1240 cm™' became apparent and were en-
hanced with increasing adsorption time. The band at 1574
cm' (shifted to 1564 cm™' with an increase in flow time) in-
creased in intensity with flow time until 40 min. Because lin-
ear nitrite could be transformed into NO, species [33], the
peak at 1438 cm ' ascribed to linear nitrite decreased with the
adsorption time.

Fig. 8(b) shows the spectra of NH; reacted with pre-ad-
sorbed NO + O, at 200°C. The Smy;sMn, sTi catalyst was
mainly covered by nitrate species, such as adsorbed NO,
(1612 cm™), bidentate nitrate (1564 cm™"), linear nitrite (1438
cm'), M-NO, nitro species (1348 cm™), and bridging
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bidentate nitrates (1240 cm™'). When the catalyst was ex-
posed to NH; for 10 min, all the coordinated NH; (3364,
3256, 1261, and 1195 cm ') at Lewis acid sites appeared im-
mediately [32]. After NH; was introduced, the bridging
bidentate nitrates (1240 cm ') gradually diminished, and the
coordinated NH; (1261 cm') was formed, which indicated
that the SCR reaction could occur between the bridging
bidentate nitrates and coordinated NH; [32,34]. The ad-
sorbed NO, (1612 cm™") substantially decreased, which in-
dicated the reaction between the activated NH; and NO spe-
cies. Some researchers found that adsorbed NO, could react
with NH} to form NO,[NH;], and then react with NO to form
N, and H,O [35]. The activated NH} at Bronsted acid sites
was not observed, possibly having been consumed by the re-
action with NO,. In addition, the band at 1564 cm' for
bidentate nitrate shifted to 1528 cm™'. This result indicated
that NH; could snatch an adsorption site from bidentate ni-
trate to form activated NH; at Brensted acid sites, and then
the bidentate nitrate transformed to monodentate nitrate
[33,35].

Fig. 8(c) shows in situ DRIFTs of the adsorption of NH;
on the Smy;sMn, ;5Ti catalyst at 200°C. The bands detected at
3358 and 3254 cm™' were attributed to the N-H stretching vi-
brations of coordinated NH; [36-37]. The bands at 1261 and
1194 cm ™! were attributed to coordinated NH; at Lewis acid
sites [36]. The bidentate nitrate at 1528 cm™' might be formed
by the oxidation of NH; on the catalyst surface. When NO +
O, was introduced to the pre-adsorbed NH; catalyst
(Fig. 8(d)), all the coordinated NH; were detected within
1 min but decreased within 10 min. After NO + O, was intro-
duced for 10 min, all the bands for coordinated NH; disap-
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Fig. 8. In situ DRIFTs of (a) NO + O, adsorption, (b) NH; reacted with pre-adsorbed NO + O,, (¢) NH; adsorption, and (d) NO + O,
reacted with pre-adsorbed NH; over the Smy ;5Mn,5Ti catalyst at 200°C.
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peared, and a new band at 1240 cm™" attributed to bridging
nitrate appeared and increased with time. The band at 1528
cm' shifted to 1563 cm™' because monodentate nitrate trans-
formed into the more stable bidentate nitrate [36]. These res-
ults indicated that coordinated NHj; species could directly re-
act with gaseous NO on the catalyst, indicating that the
SmysMng sTi catalyst followed the Eley—Rideal (E-R)
mechanism.

4. Discussion
4.1. Explanation for high N, selectivity

Inhibition N,O formation is a feasible way to improve
catalytic N, selectivity [24,37]. Salazar et al. [38] demon-
strated that one of the two nitrogen atoms in N,O was ob-
tained from NHj; and the other originated from NO. The pos-
sible pathways of N,O formation were as follows: i) NO de-
composition by reaction (4), ii) NH; oxidation by reaction
(5), iii) nonselective catalytic reduction (NSCR) of NH; with
NO or NO, by reaction (8), and reaction (9) [15-16].
4NH; +4NO + 30, — 4N,0 + 6H,0 ®)

4NH; +4NO, + O, — 4N,O + 6H,0 (9)

Fig. 9 shows the origin of N,O over the Sm,;sMny5Ti and
Mn,5Ti catalysts from the possible pathways. The NO cata-
lytic oxidation results indicated that little N,O originated
from NO decomposition. This finding indicated that the NO
decomposition reaction was not the way to produce N,O over
the catalysts. The N,O produced by the NH; oxidation ac-
counted for the majority of the total N,O production
(Fig. 9(a)). This finding indicated that the N,O on the Mn,;Ti
catalyst was mainly generated from direct NH; oxidation.
The other pathways to generate N,O were the reaction of NO
and NH; by reaction (8) or reaction (9). Among the different
N,O source pathways, N,O production was lower over Smy s
Mn,;sTi than over Mny;Ti. After Sm was introduced, the
N,O from NH; oxidation and nonselective catalytic reduc-
tion (reactions (8) and (9)) was obviously suppressed, which
corresponds to high N, selectivity.

The in situ DRIFTs study showed that bridging bidentate
nitrates could react with coordinated NH;. The NH; was ox-
idized to form NH, species. Then, the NH, species reacted
with the bridging bidentate nitrate to generate N, and H,O.
However, if the NH, was further oxidized to NH species, the
NH could reduce bridging bidentate nitrate to generate the
undesired by-product N,O. The process of NH, oxidation to
NH was suppressed over the Smy;sMn,;5sTi catalyst. Com-
bined with the XPS and H,-TPR analysis results, the pres-
ence of Sm induced a higher reduction temperature and lower
H, consumption (0.3 mmol-g™") for the Smy;sMn,,sTi cata-
lyst. It might be concluded that Sm—O-Mn bond formation
and the decrease in Mn*" species weakened the redox prop-
erty of the catalyst. The decreased redox property suppressed
N,O formation from the reaction between NH and the
bridging bidentate nitrate in NSCR. The process of NH; ox-
idation to N,O was also suppressed. N,O formation was lim-
ited over Sm-doped catalysts, thus, high N, selectivity was
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Fig. 9. N,O concentration from the different origins over (a)
Mn;Ti and (b) Smg;5Mny5Ti catalysts. Inlet reaction condi-
tion: 600 ppm NHj3, 600 ppm NO (total N,O from all origins),
600 ppm NH; (NH; catalytic oxidation process), 600 ppm NO
(NO catalytic oxidation process), Svol% O,, and N, balance;
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obtained. Introducing Sm also brought a series of effects,
such as increasing the BET specific surface area from 152.2
to 241.7 m*g "' and increasing the strength and population of
the surface acidic sites, which clearly contributed to 100%
NO conversion and above 87% N, selectivity at 180—300°C.

4.2. SCR reaction mechanism

A plausible mechanism for the NH;-SCR reaction of the
Smy;sMng ;sTi catalyst was also discussed. In general, the
typical NH;-SCR process occurred through standard-SCR
(reaction (10)) and fast-SCR (reaction (11)) [26,38].
4NH; +4NO + O, — 4N, + 6H,0 (10)

4NH; +2NO + 2NO, — 4N, + 6H,0 (11)

The generation of NO, in the process of fast-SCR played a
crucial role. The process of fast-SCR was improved by the
formation of a small amount of NO,. This finding indicated
that the process of selective catalytic reduction of NO, with
NH; mainly occurred with fast-SCR but not standard-SCR.
In situ DRIFTs analysis showed that the fast-SCR reaction
might occur between adsorbed NO, and NH; as the follow-
ing specific reaction steps (reactions (12) to (15)):

NH;(g) — NH;(a) (12)
NH;(a) + H* — NH (13)
NO,(a) + 2NH; — NO,[NH; ], (14)
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NO,[NH; ], +NO — 2N, + 3H,0 + 2H* (15)

where g and a mean gaseous and adsorbed, respectively.

In addition, another reaction mechanism (the E-R mech-
anism) was also available to the Smy;sMn,;sTi catalyst. The
coordinated NH; at the Lewis acid site could be activated to
form NH, species (reaction (16)) and then reacted with
gaseous NO to form NH,NO (reaction (17)). Finally, the in-
termediate product NH,NO decomposed to generate N, and
H,O (reaction (18)).

NH;(g) — NH(a) — NHa(a) + H' + ¢~ (16)
NH,(a) + NO — NH,NO (17)
NH,NO — N, + H,O (18)

The mechanism of the NH;-SCR reaction of the
SmysMny ;5T catalyst was also studied. On the basis of the
kinetic analysis method of Yang et al. [39], the contributions
of the Langmuir—Hinshelwood (L-H) and E-R mechanisms
were determined by changing the concentrations of NO and
NH; at the inlet. According to this method, if the SCR reac-
tion over the catalysts followed the E-R mechanism, the NO
conversion would not decrease with the NO and NH; con-
centrations increasing from 600 to 1200 ppm; if it followed
the L-H mechanism, the NO conversion would be halved
when the NO concentration doubled.

Fig. 10 shows the results of NO conversion on the Mn,;Ti
and Smy;sMny ;5Ti catalysts with the changing inlet flue con-
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Fig. 10. Influence of NO inlet concentration on the SCR activ-
ity over (a) Mny;Ti and (b) SmysMng;sTi catalysts at
100-300°C (CNH3 )in—Inlet concentration of NHj3). Inlet reaction
condition: 600 ppm NH;, 600 ppm NO, 1200 ppm NH;, 1200
ppm NO, 5vol% O,, and N, balance; GHSV = 36000 h™".
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centrations of NO and NH;. To ensure sufficient SCR reac-
tion, the inlet flue concentration of NH; was equal to that of
NO. As shown in Fig. 10(a), the NO conversion over Mn,;Ti
did not halve below 240°C. This result indicated that the
NHj;-SCR reaction of the catalyst followed the L—-H mechan-
ism and the E-R mechanism below 240°C. Furthermore, the
contribution of the E-R mechanism increased with temperat-
ure and was dominant above 240°C. With the inlet flue con-
centrations of NO and NH; changed, the NO conversion over
the Smy;5sMn, ;5Ti catalyst did not decrease (Fig. 10(b)). This
result indicated that the E-R mechanism was dominant in the
NH;-SCR reaction of the Smy;sMn, ;5Ti catalyst.

In situ DRIFTs results showed that the NH;-SCR reaction
over the Smy ;sMny5Ti catalyst was co-controlled by the E-R
and L-H mechanisms. Combined with the above results, the
NH;-SCR reaction of Smy;sMny,;sTi catalysis was mainly
dominated by the E-R mechanism.

5. Conclusion

In this work, a series of Sm,Mn,;_Ti catalysts (x =0, 0.1,
0.15, 0.2, and 0.3) was prepared. The effects of Sm on the N,
selectivity and catalytic activity were investigated. At
180-300°C, the catalysts achieve 100% NO conversion and
above 87% N, selectivity with little N,O produced. The N,O
mainly originates from the direct oxidation of NH; and the
nonselective catalytic reduction of NH; with NO. For the
Smy,sMng sTi catalyst, introducing Sm induces the de-
creased Mn*" species, a higher reduction temperature and
lower H, consumption (0.3 mmol-g'). This weakens the
redox property, thus improving the N, selectivity. Introdu-
cing Sm brings a series of effects, such as reducing the crys-
tallization of TiO, and Mn,0O; phases, increasing the BET
specific surface area from 152.2 to 241.7 m*-g ', increasing
the surface-adsorbed oxygen, and increasing the strength and
population of the surface acidic sites, which clearly improve
NH;-SCR activity. The synergistic effect of the redox cycle
of Sm** + Mn** <> Sm*" + Mn*" is also found to improve
SCR activity. In situ DRIFTs results show that the NH;-SCR
reaction over Smy sMnysTi catalysis is mainly controlled by
the E-R mechanism at 100-300°C.
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