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ABSTRACT: Low-temperature selective catalytic oxidation (SCO) is crucial for
removing the NHj slip from the upstream of NHj-selective catalytic reduction (NH;-
SCR). Herein, combining zeolite Cu-SAPO34 and the active oxidant mullite SmMn,Os,
we developed mixed-phase catalysts SmMn,0Os/Cu-SAPO34 by grinding powder
mixtures to achieve a low-temperature activity and a reasonable N, selectivity. The
physicochemical properties of the catalysts were characterized by X-ray diffraction
(XRD), Brunauer—Emmett—Teller (BET) measurement, scanning electron microscopy
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(SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy

(XPS), and in situ diffuse reflectance infrared Fourier transform spectroscopy

Temperature (°C)

(DRIFTS). The evaluation of NH; oxidation activity showed that for 30 wt %

SmMn,O;/Cu-SAPO34, 90% NH; conversion was at a temperature of 215 °C in the presence of 500 ppm NHj; and 21% O,
balanced with N,. The in situ DRIFTS spectra reveal the internal SCR mechanism (i-SCR), i.e,, NH; oxidizing to NO, on mullite
and NO, subsequently to proceed with SCR reactions, leading to higher conversion and selectivity over the mixed catalysts. This
work provides a strategy to design the compound catalyst to achieve low-temperature NH; oxidation via synergistic utilization of the

advantages of each individual catalyst.

1. INTRODUCTION

Gas ammonia is an important industrial and agricultural
chemical although it causes irritation and is corrosive.
However, the direct emission into the atmosphere is
detrimental to the environment and the health of living
beings. NH; can react with other pollutants to generate
ammonium nitrate and ammonium sulfate particles leading to
PM, s pollution, and it also directly causes damage to the
respiratory tract and mucous membranes. The main pollution
sources could originate from ammonia synthesis, vehicle
exhausts, and modern agricultural and industrial production.'
In urban areas, NH; pollution is mainly from vehicle exhausts
and has increased rapidly in recent years. With the gradual
progress in the control of pollutants such as NO, and PM,,
NH; pollution has become prominent. NH; can be removed
by various methods such as absorption, catalytic decom-
position, catalytic oxidation, and biodegradation,” ® among
which selective catalytic oxidation (SCO) is potentially
promising for effective NH; removal. To achieve high
efficiency and high N, selectivity of SCO, an effective catalyst
is required.

The current NH;-SCO catalysts fall into three categories,
i.e., metal-modified zeolites like Cu-p, Fe-ZSM-5, Ag-Y, Fe-f,
and Cu-SSZ-13;"~" supported transition metal oxide catalysts
such as MnO,, ZrO,, CuO, and Fe,03;''~" and sup%)orted
noble metal catalysts including Ru, Pt, Rh, and Ag.16_ ! The
noble metal catalysts normally exhibit a low oxidation
temperature (<200 °C) with ~90% NH; conversion. Owing
to their high cost and limited abundance, extensive studies
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have been carried out to focus on the supported nonprecious
system and metal-modified zeolites. Although these catalysts
normally show high N, selectivity, their NH; conversion
temperature would be rather higher (300—500 °C) with regard
to precious catalysts.

For the treatment of the NH; slip from the upstream of
selective catalytic reduction (SCR) in diesel engine exhaust,
parts of the reactions follow the internal selective catalytic
reduction (i-SCR) mechanism to convert NH; into NO, and
subsequently experience SCR to produce N, and H,O. During
the whole process, it is challenging to achieve high conversion
at a low temperature and high selectivity at the same active site
simultaneously. Therefore, it would be insightful to develop a
mixed catalyst to oxidize NH; into NO, over one individual
catalyst with strong oxidizing capability and subsequently react
with NHj; to achieve SCR reactions over another with high
SCR performance.

In this work, we proposed combining mullite oxide with Cu-
SAPO34 to achieve highly efficient NH; conversion simulta-
neously at a low temperature. Mn-based mullite SmMn, O has
been reported to exhibit remarkable oxidizing properties,
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Figure 1. (a) Catalyst preparation schematics and (b) XRD patterns of SmMn,Os,

SmMn,0,/Cu-SAPO34
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Cu-SAPO34, and the mixed catalyst 30-SMO/CS.

Figure 2. SEM images of (a) SmMn,0Os, (b, c¢) Cu-SAPO34, and (d) 30-SMO/CS. (e) SEM image and (f—h) elemental mappings of P, Mn, and

Sm of 30-SMO/CS, respectively.

Figure 3. (a—c) TEM images of 30-SMO/CS with different magnifications.

which are ascribed to the unique d,? orbital electronic structure
in the vicinity of the Fermi level.”>*® Active sites have been
identified in the Mn—Mn dimers for NO oxidation.”* The A-
site element in mullite helps stabilize the crystal structure,
making it more stable than binary manganese oxide. Mean-
while, silicoaluminophosphate (SAPO) zeolite Cu-SAPO34
with the CHA framework structure has been proved to be an
efficient catalyst for SCR reactions.””*® However, NH,
oxidation of zeolite at low temperatures is inferior owing to
the difficult activation of N—H bonds. Through mixing
SmMn,O¢ and Cu-SAPO34, the i-SCR process of NH;
oxidation can be realized to significantly improve the low-
temperature NH; conversion and selectivity of N,.

2. RESULTS AND DISCUSSION

2.1. Characterization of SMO/CS Mixed Catalysts. As
described above, SmMn,O; and Cu-SAPO34 were ground
together (Figure 1a). To check the phase structures of the
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mixed catalysts, we carried out X-ray diffraction (XRD)
measurements as shown in Figure 1b. It is shown that both
individual SmMn,O; and Cu-SAPO34 are pure phases. When
mixing different amounts of SmMn,O;5 with Cu-SAPO34, the
two phases are maintained and no other phases are observed
(Figure S1). Only 30-SMO/CS is included, as shown in Figure
1b due to its high NH; conversion and N, selectivity discussed
in the performance characterization. Analogously, a mixed-
phase refers to 30-SMO/CS in the main text in the following.

To further study the morphologies of the pure phase and the
mixed ones, scanning electron microscopy (SEM) measure-
ments were conducted, as shown in Figure 2. More SEM
images of different compound catalysts with various SmMn, O
loadings are shown in Figure S2. For the pure phase of
SmMn, Oy, rodlike shapes are observed with a length varying
from 100 to 200 nm and a diameter of about 30 nm. The
synthesized Cu-SAPO34 exhibits a cubic shape with a cell
length of 2—4 pm. When grinding the two powders, as shown
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Figure 4. XPS spectra of Mn in (a) SmMn,O5 and (b) 30-SMO/CS; Cu in (c) Cu-SAPO34 and (d) 30-SMO/CS.

in Figure 2d, most of the SmMn,O; comes in contact with Cu-
SAPO34. Elemental mapping of P (Figure 2f) clearly shows
the cubic shape of Cu-SAPO34, while Sm and Mn
distributions are also cubic-like. In addition to the SmMn,O4
attached to Cu-SAPO34, separated SmMn,Oj is also found,
being consistent with SEM images and EDS mappings (Figure
2d—h). It can be seen that the particles of SmMn,O; on the
Cu-SAPO34 surface increase in quantity significantly, along
with increasing the SmMn,Oj content. Meanwhile, the specific
surface area of mixed catalysts shows a significant linear change
owing to the large difference between the specific surface areas
of SmMn,0; (66 m’/g) and Cu-SAPO34 (589 m’/g)
displayed in Figure S3.

Transmission electron microscopy (TEM) images of the 30-
SMO/CS sample with different zoom-in magnifications are
shown in Figure 3. Figure 3a describes one part of Cu-SAPO34
together with SmMn,O;. The SmMn,O;5 nanorods aggregate
to form particles and locate on the surfaces of the cubic, which
are also observed in the higher magnification of images in
Figure 3b. Additionally, pure nanoparticles are also identified
in Figure 3c. Heart-shaped SmMn,O5 shows a (131) surface
facet with a spacing of 0.241nm.

Valence states of active elements are crucial for governing
the catalytic performance. X-ray photoelectron spectroscopy
(XPS) analysis was thus carried out to access the valence states
of active manganese and copper in SmMn,Og and 30-SMO/
CS, respectively. The XPS spectra of Mn 2p and Cu 2p are
presented in Figure 4 (see Figure S4 for survey spectra
information). The Mn 2p peak was fitted with the subpeaks of
Mn*" and Mn*". For the pure phase SmMn,Os, the peaks at
640.7 and 641.8 eV represent Mn** and Mn*, respectively
(Figure 4a). The Mn*"/Mn** atomic ratio of SmMn,Os is 0.98
as calculated with the XPSPEAK, which is less than the unit
ratio in the pristine mullite oxide. This might indicate that
oxygen vacancies Vg on the surface of SmMn,Oj exist. Due to
the Vg existence, O, might compensate the vacancy site and
form atomic oxygen O* for the subsequent reactions, which
might follow the MvK mechanisms.>” For 30-SMO/CS, no
observable shift of the Mn 2p peak is detected compared with
the pure phase of SmMn,Oj since electron transfer is difficult
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for physically mixed SmMn,O5 and Cu-SAPO34. The Mn*"/
Mn®" atomic ratio is 0.96, slightly lower than that of the pure
SmMn,O;. The Cu 2p peak of the pure phase Cu-SAPO34
comprises subpeaks of different Cu’*, as the sample was
calcined at 600 °C and the Cu" had been fully oxidized. The
peaks at 933.3 and 953.5 eV represent the Cu’* of the
tetrahedral coordination (Cu®**(4)) and the higher peaks at
935.5 and 955.7 eV represent the Cu’* of the octahedral
coordination (Cu**(8)) due to a stronger bond with the zeolite
framework. The existence of the shake-up at about 944 eV also
proves the presence of Cu®*.**7°° For 30-SMO/CS, the
intensity of Cu 2p is quite weak and interfered with the auger
peak of Mn (946 V).’ It is thus difficult to distinguish the Cu
valence states in the range 940—960 eV. Nevertheless, Cu®
might be retained since Cu*" is observed from 933.4 eV.

2.2. Evaluation of NH; Oxidation Activity. To
determine the synergistic effect of SmMn,O5 on Cu-SAPO34
for NH; oxidation, the catalytic performance of SmMn,Os/
Cu-SAPO34 was measured with regard to the commercial
catalyst 1% Pt/AL,O; (Figure S). For zeolite Cu-SAPO34
alone, NH; conversion starts at above 200 °C and reaches
about only 10% at 300 °C (Figure Sa), making it unnecessary
to discuss the selectivity of Cu-SAPO34. On the other hand,
the individual SmMn, Oy catalyst shows high NH; conversion
with 100% NH; conversion at 215 °C. This result confirms
SmMn,O; to be a strong oxidant. When varying amounts of
SmMn, Oy are mixed with the zeolite, the low-temperature
activity gradually decreases with more Cu-SAPO34 (Figure
SS). Specifically, for the 30-SMO/CS sample, NH; oxidation is
more efficiently compared with the 1% Pt/Al,O; catalyst.

In NH; oxidation, high NH; conversion does not necessarily
mean high N, production. Instead, in most oxidation
processes, NO, NO,, and N,O, referring to NO,, are normally
observed in addition to N, **~** For practical applications, by-
products NO, should be ultimately suppressed to avoid their
emission to cause secondary pollution. For the SmMn,Oq
catalyst, although the NH; conversion temperature is low, N,
selectivity is less than 60% at 189 °C. Continuing to increase
the temperature leads to a linear decrease of the selectivity. N,
production is ascribed to the i-SCR mechanism. Specifically,
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performance reduced, as shown in Figure S7. The fundamental
origin of the reduction is still open to questions. To make the
catalyst more practical in future work, one needs to improve
the tolerance of SmMn,0;/Cu-SAPO34 against hydrothermal
aging and SO, poisoning.

2.3. In Situ Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFTS) of NH; Adsorption
and the Reaction Mechanism. The in situ DRIFTS spectra
are shown in Figure 6. For preadsorbed NHj reacting with O,
at 230 °C, the catalyst was exposed to an NH; atmosphere
(500 ppm) for 30 min and then purged with N, for 30 min at
30 °C. About 21% of O, balanced with N, was introduced after
completing the preadsorption of NH;. For NH; + O, reacting
at different temperatures, the catalyst was exposed to NH; +
0O, (500 ppm NO and 21% O,) after dehydration. The
temperature was raised from 135 to 390 °C after the spectra
were stabilized at each measured temperature point. There are
two hydroxyl-induced negative bands (3618 and 3599 cm™)
over 30-SMO/CS, which could be suppressed by NH;
adsorption.'”'”**> Meanwhile, several adsorption bands
(3379, 3271, 3190, 1724, 1612, 1454, 1278, and 1213 cm™)
are observed as well (Figure 6a,b). The N—H stretching
vibration bands are mainly located between 3100 and 3400
cm™. The bands at 3379 and 3271 cm™ indicate N—H
vibrations in the NH," species and the band at 3190 cm™
represents the vibrations in adsorbed NH;.'*>'>** The bands
in the range of 1100—1700 cm™' show the adsorption on the
acid sites in the catalyst. Specifically, the bands at 1454 (1462
em™ in Figure $8a) and 1724 cm™"°* are related to the
NH," groups adsorbed on Brensted acid sites and the bands at
1213 and 1612 cm™ **7"*7* are assigned to NH; adsorbed

8636

Wavenumber (cm™)

Figure 6. In situ DRIFTS spectra of (a) preadsorbed NH; reacting
with O, at 230 °C over 30-SMO/CS, (b) NH; + O, reacting over 30-
SMO/CS at different temperatures, and (c) NH; + O, reacting over
SmMn,Og at different temperatures.

on the Lewis acid sites. The appearance of the 1278 cm™" band
is slightly slower than that of other bands, presuming that it is
the monodentate nitrate adsorption peak formed after NH;
oxidation by the lattice oxygen on the catalyst.'”**** There is
only one weak band of NHj; adsorbed on the Lewis acid sites at
1184 cm™ #**3% gyer SmMn,0;. Several bands of nitrate
appear as the temperature increases (Figure 6¢). Due to strong
oxidation, the bands at 1550, 1275, and 1235

m L AASASILASAS are assigned to bidentate nitrate, mono-
dentate nitrate, and bridged nitrate, respectively.

The changes of preadsorbed NH; reacting with O, over Cu-
SAPO34 and SmMn, Oy are displayed in Figure S8. At 230 °C,
the NH; adsorbed on Cu-SAPO34 almost remains the same
with no change. While for SmMn, Oy, it could be observed that
NH; adsorbed on the Lewis acid sites (1184 cm™) was
consumed and two new strong bands of bidentate nitrate
(1538 cm™) and bridged nitrate (1248 cm™') appeared
simultaneously indicating that NH; adsorbed on SmMn,Oj is
easily oxidized to NO,. When SmMn,O; was combined with
Cu-SAPO34, NH; adsorbed on the catalyst showed a
completely different scenario. During the reaction of
preadsorbed NH; with O,, the intensity of all bands decreases
with increasing the time from O to 30 min. The bands
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corresponding to the Bronsted acid sites and Lewis acid sites
have all reduced, demonstrating that NH; adsorbed on both
acid sites can participate in the NH; oxidation reaction.

The oxidation process occurring on 30-SMO/CS is explored
in combination with in situ DRIFTS spectra and NH;
oxidation activity results. To facilitate the analysis, high
temperatures and low temperatures are divided depending
on the presence of NHj in the mixture of product gases. The
concentration changes of each gas component (Figure S6)
clearly show that the oxidation products include NO, NO,, N,,
and the by-product N,O. At low temperatures (<~230 °C),
only NH; and N,O can be detected. Figure 6¢ shows that
SmMn, Oy has the capability to activate the N—H bond and
oxidize NH; to generate nitrate below 230 °C, and thus, it is
reasonable to assume that NHj is first oxidized to NO, at low
temperatures. NHj is in excess, leading to an SCR reaction
with NO,, which is also the main source of N, in the product.
It explains the absence of NO and NO, emissions at low
temperatures as well. NH; oxidation over individual Cu-
SAPO34 is rather inactive below 300 °C. The by-product N,O
is widely known to be composed of ammonium nitrate formed
from NH; and NO.”****” As the temperature increases, the
catalyst gradually shows stronger oxidizing ability and more
NO is formed during the reaction. In the case where NH; is
not completely consumed, the amount of N,O also tends to
increase with temperature. At high temperatures (>~230 °C),
excessive oxidation of NH;, one of the reactants of SCR, causes
a gradual decrease in N, selectivity for the catalyst with
stronger oxidizing properties. At the same time, with the
increase of temperature, the SCR activity of Cu-SAPO34 is
enhanced. Thus, on 10-SMO/CS with relatively weak
oxidization, N, selectivity is improved compared with the
individual SmMn,0Os. SmMn,O5 can oxidize NH; at high
temperatures to generate a large amount of nitrate, and it also
reduces the NH; combining with NO, to form ammonium
nitrate. Thus, N,O shows a downward trend after NHj;
disappears.

In summary, at low temperatures, NH; is oxidized to NO,
on SmMn,O; and then follows an SCR reaction to generate N,
on either SmMn,0; or Cu-SAPO34. At high temperatures, the
difference is from the larger portion of NH; oxidation on
SmMn, Oy so that the reactant NH; is insufficient during the
SCR and leads to an excess of NO, in the final products.
Generally speaking, the overall reaction follows the i-SCR
mechanism. In future work to further improve the N,
selectivity of the SMO/Cu-SAPO34 catalyst, mixing mullite
and Cu-SAPO34 through chemical methods could be an
effective way to control the oxidation activity through the
interface.

3. CONCLUSIONS

Mullite and zeolite mixed catalysts, SmMn,0O;/Cu-SAPO34,
were synthesized via hydrothermal synthesis and subsequent
grinding. By the XRD, XPS, and TEM measurements, no phase
changes were observed before and after mixing the two
catalysts. We found that with the increase of the SmMn,Oy
content from 10 to 40 wt %, Brunauer—Emmett—Teller (BET)
surfaces decrease linearly. For the 30-SMO/CS, 90% NH,
conversion was at 215 °C in the presence of 500 ppm NH; and
21% O, balanced with N,. Further using DRIFTS spectra it
was found that the whole oxidation process follows the internal
SCR mechanism (i-SCR), ie, NH; oxidizing into NO, on
mullite and NO, subsequently transferring to Cu-SAPO34 to
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achieve SCR reactions on both mullite and Cu-SAPO34.
Through the combination of the two individual catalysts, we
provide insights into the compound catalyst design via
synergistically utilizing the advantages of each individual
catalyst.

4. MATERIALS AND METHODS

4.1. Catalyst Preparation. SmMn,O; was prepared by a
one-step facile hydrothermal method without any surfactants,
as described in the literature.”> About 1.112 g of Sm(NO;);,
0.237 g of KMnO,, and 0.858 g of Mn(CH;CO,)-4H,0 were
dissolved in water and stirred for 30 min followed by dropwise
addition of 0.91 g of NaOH dissolved in water. Then, the
mixed solution continued to be stirred at room temperature for
30 min before loading into an autoclave reacting for 12 h at
200 °C. Subsequently, the precipitate was filtered and washed
with dilute nitric acid and deionized water several times prior
to drying at 80 °C for 4 h.

The synthesis of Cu-SAPO34 was as follows. The
phosphoric acid was dripped into the bauxite solution and
agitated fully to get a sticky gel. Then, amorphous silica and
hydrated copper sulfate were added. After thoroughly stirring,
tetraethylenepentamine was added. After stirring for 1 h, n-
propylamine was added to the above system followed by
stirring at room temperature for 12 h before the hydrothermal
reaction at 200 °C for 2 days. The chemical ratio is 1AL, O5:
1.14P,0;5: 0.57Si0,: 75H,0: 0.3Cu: 0.3 tetraethylenepent-
amine: 2.4 n-propylamine. The products were thoroughly
washed and dried at 80 °C after the reaction was completed.
Cu-SAPO34 was calcined at 600 °C for 5 h before synthesizing
the mixed catalyst.

The mixed catalyst was obtained by grinding the mixture
powder of SmMn,O; and Cu-SAPO34 using a ceramic mortar
until the powder became uniform. For simplicity, the mixed
catalyst was abbreviated as x-SMO/CS. SMO represents
SmMn, 0O, CS represents Cu-SAPO34, and x represents the
weight percent of SmMn,Os in the mixed catalyst. The powder
catalyst of 1 wt % Pt/Al,O; used for comparison was
purchased from Sigma-Aldrich.

4.2. Characterization. The X-ray diffraction (XRD)
patterns ranging from S to 75 in 26 were taken with an
Ultima IV diffractometer (Rigaku) operated at 40 kV and 40
mA. The morphology, particle size, and element distribution
were characterized by scanning electron microscopy (SEM)
with an energy dispersive spectrometer (EDS) using MERLIN
Compact (ZEISS). The transmission electron microscopy
(TEM) images of samples were obtained with a JEM-2010FEF
microscope (JEOL) operated at 200 kV. The specific surface
area of catalysts was calculated by the Brunauer—Emmett—
Teller (BET) method using a 3H-2000PM2 analyzer
(BeiShiDe Instrument). The X-ray photoelectron spectroscopy
(XPS) spectra were analyzed with a Thermo Scientific
ESCALAB 250Xi electron spectrometer with a monochrom-
atized Al Ka X-ray source (1486.6 €V). The C 1s peak at 284.5
eV was used to calibrate the binding energies. The in situ
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) measurements were carried out on a Thermo
Scientific Nicolet iS10 spectrometer. All of the samples were
dehydrated under a N, atmosphere at 200 °C for 2 h prior to
the DRIFTS study.

4.3. Catalytic Activity Characterization. The prepared
samples were pelletized and sieved to ensure that the particle
size varied from 550 to 880 ym. The NH; oxidation activities
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of catalysts were measured in a temperature-programmed
reactor. Briefly, 1 mL of the catalyst was loaded into a quartz
tube reactor with a porous baffle in the middle and silica wool
was placed under the catalyst to prevent the sample from being
blown off. The feed gas for the NH;-SCO reaction passed
through the tube reactor from top to bottom containing 500
ppm NH; and 21% O, balanced with N, (GHSV = 100 000
h™"). The reaction temperature ranged from 130 to 300 °C
and each test temperature was maintained stable for 30 min to
reach the reaction equilibrium. The concentrations of NH;,
NO, NO,, and N,0O were detected using a Fourier transform
infrared (FT-IR) spectrometer (Thermo Scientific) with a S m
gas cell heated to 120 °C. For the final concentration results of
each component, the average values obtained by multiple
sampling were taken to reduce sampling errors. The NH;
conversion was calculated according to the following equation

[NH3]inlet - [NH3]
[NH,]

outlet % 100%

NH, conversion (%) =

inlet
N, selectivity was defined as

2 X [NZ]outlet
[NH, ], e — [NH;]

N, selectivity (%) = X 100%

inlet outlet

As the FT-IR spectrometer failed to detect N,, due to no
dipole moment change during the vibrations, the actual N,
concentration was calculated according to the following
equation

[NZ]outlet = - [NO]

-2X [NZO]outlet)/2

( [NH3]inlet
— [NO,]

- [NH3]outlet outlet

outlet
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