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Introduction
Nitrogen oxides (NOx , mostly exists as NO and NO2 ), as the
worldwide-recognized major air pollutants, are primarily generated from fossil fuel combustion. It has been demonstrated
that NOx emissions, with its strong oxidized characteristic
leading the explosive increase of secondary particulate matter

∗

(PM) in air, result in 31.1% of smog, a type of severe air pollution threatening human health (Li and Tilt, 2019a). NH3 -SCR
technique based on selective catalytic reduction (SCR) catalyst is recognized as an ideal choice for NOx emission removal.
In recent years, small-porous molecular sieves SAPO-34 and
SSZ-13 with chabazite (CHA) structure have been extensively
researched (Kwak et al., 2010, 2012). Compared to Cu/ZSM-5,
Cu/CHA present better hydrothermal stability, wider tempera-
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ture window and higher N2 selectivity. Therefore, these copper
ion-exchanged molecular sieves are regarded as ideal catalysts for denitration (de-NOx ) in diesel engine exhaust according to “China VI” and higher emission standards. The active
species of Cu/ SAPO-34 have been researched and confirmed
by Zamadics et al. (1992) and Wang et al. (2012a, 2013).
As non-thermal-power industries (e.g., cement manufacturing, iron and steel, garbage incineration and coking industries) are confronted with stricter emission laws and regulations, it becomes an urgent need to develop low-temperature
denitration (de-NOx ) catalysts at 150–300°C. Particularly, Mnbased catalysts have been generally investigated for their outstanding low temperature activity, low price and environmental friendliness. Kapteijn et al. (1994) conducted a comparative study on different MnOx oxides and found that the oxidation states of Mn ions were somewhat positively related to
SCR. Qi et al. (2004a, 2004b) prepared Mn-Ce-Ox catalysts based
on co-precipitation and impregnation methods, and obtained
over 95% NOx conversion at temperatures low than 150°C
over the catalysts with high-valence and finely dispersed Mn
species.
Besides copper, other transition metals such as Mn, Co,
and Ni are commonly considered as active species for SCR
reaction, which effectively optimize the catalytic activities of
ZSM-5 molecular sieves (Panahi et al., 2015; Lou et al., 2014). It
has been found that the existence of surface transition metals on the ZSM-5 favors the formation of nitrate, which plays
a vital role in NO oxidation and therefore improves the lowtemperature SCR activity. Furthermore, the loading of surface
transition metals increased reducibility and the surface adsorbed oxygen species. Unlike Cu/SAPO-34, little has been discussed on using SAPO-34 molecular sieves containing Mn,
Co and Ni species as active sites. With the aim to develop
more efficient SAPO-34 catalysts for NOx reduction at low temperatures, Mn, Co and Ni-loaded catalysts were prepared using ultrasound-enhanced impregnation in this work, and the
structure-performance relationship was established based on
a series of characterizations.

1.

Materials and methods

1.1.

Catalyst synthesis

Me/SAPO-34 (Me = Mn, Co, Ni) catalysts were synthesized by a wetness impregnation method (Liu et al., 2017a).
Me(CH3 COO)2 H2 O (Ling Feng Chemical Reagent, China) was
prepared as a solution with deionized water, and H/SAPO-34
molecular sieve powders (Clariant Aktien Gesellschaft) was
added and mixed well. The obtained slurry was vacuum dried
at 80°C by rotary evaporation, and then the dried powder was
re-dried at 100°C for 12 hr, followed by a calcined at 550°C
for 4 hr. The MeOx loading in the catalyst was 15 wt.%. The
above catalysts are represented as Mn/SAPO-34, Ni/SAPO-34
and Co/SAPO-34, respectively.

1.2.

Evaluation of catalytic activity

The catalytic activity of De-NOx was tested in a quartz fixed
bed reactor and the exhaust gas was analyzed by a Fourier

transform infrared spectrometer (FTIR) (380, Thermal Fisher,
USA) with a gas collecting cell. The simulated gas of 500 ppmV
NH3 and NO, 5 vol.% O2 , 10 vol.% H2 O balanced by N2 was
obtained for evaluation. The catalyst volume and flow rate
were set to achieve a gas hourly space velocity (GHSV) of
100,000 hr−1 .
NOx conversion and N2 selectivity were calculated as follows:
NOx conversion (% ) =

N2 selectivity (% ) = (1−

NOin − NOout − NO2out
× 100%
NOin

NO2out + 2N2 Oout
) − × 100%
NOin + NH3 in − NOout − NH3out

(1)

(2)

NO oxidation performance test was conducted with the
same device and reaction conditions, only lack of NH3 . The
oxidation of NO to NO2 was calculated by Eq. (3).
NO2 yield (% ) =

NO2out
× 100%
NOin

(3)

where, NOin (ppmV), NOout (ppmV), NO2out (ppmV), N2 Oout
(ppmV), NH3in (ppmV) and NH3out (ppmV) are the in and out
NO, NO2 , N2 O and NH3 concentrations, respectively.

1.3.

Characterizations

This research adopts an X-ray diffractometer (D8 ADVANCE,
Bruker, Germany) for the X-ray diffraction test, Cu Kα radiation source (λ = 1.5418 Å, 40 KV, 300 mA), 5°−50° full spectrum,
scanning speed is 6°/min.
Nuclear magnetic resonance (NMR) measurement was performed on a spectrometer (JNM-ECZ600R, JEOL, Japan) at resonance frequencies of 70, 78 and 121 MHz for 29 Si, 27 Al and 31 P
nuclei, respectively. The samples were pre-treated with vacuum drying at 100°C.
A transmission electron microscopy (JEM-2100F, JEOL,
Japan) with an energy-dispersive X-ray spectroscopy (EDS) detector was used to analyze the morphology and element distribution of samples.
The elemental contents of the samples were confirmed by
X-ray fluorescence spectrometer (XRF-6100, Shimadzu, Japan).
A N2 physical adsorption apparatus (Empyrean, Micromeritics, USA) was used to measure the specific surface
area (SBET ) and pore volume (V) of catalyst, which were calculated based on Brunauer-Emmet-Teller (BET) and BarretJoyner-Halenda (BJH) theoretical model formulas, respectively.
X-ray photoelectron spectroscopy (XPS) experiment
was measured on a scanning X-ray microprobe (ESCALAB
250Xi, Thermofisher, USA) with a Al Kα source (high voltage = 1486.6 eV).
Hydrogen temperature-programmed reduction (H2 -TPR)
and ammonia temperature-programmed desorption (NH3 TPD) experiments were conducted on a TP-5080 automated
chemisorption analyzer (TP-5080, Xianquan, China). Prior to
the test, each catalyst was heated to 500°C in 50 mL/min
He atmosphere for 30 min to purification, and then cooled
to room temperature. H2 -TPR was carried out from 50 to
800°C at a temperature raising rate of 10°C/min in 10 vol.%
H2 /Ar (50 mL/min). For NH3 -TPD experiments, the sample was
heated to 50°C, adsorbed to saturation under an ammonia atmosphere, and then the gaseous and weakly adsorbed NH3
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Fig. 1 – X-ray diffraction (XRD) spectrums of the catalysts
and SAPO-34 support.

was remove by flushing He at 100°C. Afterwards, the NH3 desorption process was carried out from 100 to 500°C at a temperature raising rate of 10°C/min in flowing He.
NOx -TPD was conducted with the same device as activity
evaluation. Each catalyst (50 mg) was heated to 550°C with
8 vol.% O2 / N2 flow and kept at this temperature for 30 min.
NO+O2 adsorption was done in 500 ppmV NO/5% O2 /N2 at
100°C, and then it dropped to room temperature and began
to heat up.
The adsorption and activation of NO+O2 /NH3 were investigated by in situ diffuse Fourier transform infrared spectrum
(DRIFT) study, which was carried out on a FTIR (iS 50, Thermal
Fisher, USA). Each catalyst (50 mg) was heated to 550°C with
8 vol.% O2 /N2 flow and kept at this temperature for 30 min.
Then it was cooled to desired temperature. In the experiments
of in situ DRIFT study, the following conditions were adopted:
the feed steam consisted of 500 ppmV NH3 , or/and 500 ppmV
NO + 5 vol.% O2 , the total flow rate was kept at 100 mL/min.

2.

Results and discussion

2.1.

Structural properties

Fig. 1 presents the XRD spectrums of Me/SAPO-34 and the support. Main diffraction peaks of the supported zeolites are attributed to the H-SAPO-34 molecular sieve with a CHA structure. The intensity of these peaks follows the order of SAPO-34
> Mn/SAPO-34 > Ni/SAPO-34 > Co/SAPO-34, implying partial
collapse of the molecular sieve skeleton especially after loading of Co. Correspondingly, characteristic peaks of SiO2 appear
in the pattern of Co/SAPO-34, confirming the desilication of
zeolite. No characteristic peaks of relevant oxides of Mn, Co or
Ni are found in these XRD patterns, implying that the metalcontaining compounds are highly dispersed on the zeolite or
incorporated inside the molecular sieve.
In order to further evaluate the desilication of the zeolite
resulting from the loading of metal oxides, 29 Si magic angle spin (MAS) NMR and 27 Al NMR were performed. As indi-

Fig. 2 – (a) 29 Si and (b) 27 Al magic angle spin-nuclear
magnetic resonance (MAS NMR) spectra of the catalysts and
SAPO-34 support.

cated by Fig. 2a, the band at −90 ppm is assigned to Si(OAl)4
(Panahi et al., 2015; Lin et al., 2017). The band intensity of
Mn/SAPO-34 decreases slightly, while it is significantly weakened and symmetrically broadened for Ni/SAPO-34 and especially Co/SAPO-34, induced by the generation of amorphous
silicon complexes (Tan et al., 2002). Meanwhile, another 29 Si
band assigned to Si(OAl)3 appears at about −95 ppm with the
intensity order of Co/SAPO-34 > Ni/SAPO-34 > Mn/SAPO-34.
This phenomenon reveals that the adjacent Al and P in a small
part of the AlPO framework are doubly replaced by two Si
atoms (Weckhuysen et al., 1999). Since the CHA-type materials were synthesized under exactly the same conditions, the
different coordination states of Si should be associated with
the loading of MeOx . A third band appears at about −115 ppm
in the spectra of Co/SAPO-34, which can be attributed to the
Si (0OAl) coordination structure. According to the literature
(Liu et al., 2008), the Si (0OAl) coordination structure is mainly
related to the separated SiO2 from the desilication of molecular sieve. This is consistent with the XRD results that desilication occurred significantly over Co/SAPO-34.
Fig. 2b shows the 27 Al MAS NMR spectra of the catalysts
and support. The bands decrease in intensity after the addition of transition metals, induced by breakage of Si-O-Al or
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Table 1 – Textural properties and chemical composition of the catalysts.
Concentration (wt.%)
Sample

SBET (m2 /g)

Pore volume (cm3 /g)

SAPO-34
Mn/SAPO-34
Ni/SAPO-34
Co/SAPO-34

651
603
520
495

0.267
0.248
0.223
0.215

Al2 O3

P2 O5

SiO2

MeOx

42.6
36.9
35.7
36.3

48.2
40.2
41.3
40.9

9.2
7.8
7.8
7.9

–
15.1
15.2
14.9

Concentration was obtained by X-ray fluorescence spectrometer (XRF). SBET : the specific surface area.

P-O-Al bonds. The 27 Al bands appearing at 73 and 48 ppm
are ascribed to the tetra-coordinated Al atoms in framework
(Panahi et al., 2015; Lin et al., 2019). The bands at 73 ppm
and 48 ppm are ascribed to symmetric Al(OP)4 and asymmetric Al(OP)3 (OSi) respectively, and the latter was created by the
substitution of P by Si (Li et al., 2019b). The band at −7 ppm
is attributed to the six-coordinated Al [Al(OP)3 (H2 O)3 ] in extraframework generated from partial hydrolysis of SAPO-34
(Buchholz et al., 2002), which shares a similar intensity for
all the Me/SAPO-34 catalysts and the support. The band at
15 ppm can be attributed to the extraframework hydrated aluminum oxide [Al(OH)3 ], which arises from dealumination of
SAPO-34 (Wei et al., 2006). It can be seen that the signal of
extraframework hydrated aluminum oxide is absent in the
spectrum of SAPO-34 and appears for the supported catalysts
especially Ni/SAPO-34 and Co/SAPO-34. This suggests that a
certain degree of dealumination occurred after loading of Me
(Chae et al., 2018) and the detached Al may form composite
oxides with Me. Nevertheless, extraframework Al is not detected by XRD due to its high dispersion. Additionally, the 31 P
NMR spectra were also measured (Fig. S1), in which no obvious
difference exists between the catalysts and the SAPO-34, indicating the dephosphorization of the molecular sieve skeleton
is not significant after loading of metals.
The morphologies of Me/SAPO-34 catalysts were observed
using TEM. All the Me/SAPO-34 catalysts present classic cubic
crystals of SAPO-34 (Fig. 3). Some agglomerates emerge on the
outer surface of SAPO-34, especially for Mn/SAPO-34. As depicted in Fig. 3a and b, EDS mappings clearly reveal that Ni and
especially Mn are enriched in the agglomerates at the edges,
which can provide direct evidence for the existence of surface
NiO and MnOx . Comparatively, more Co appears to enter into
the zeolite skeleton with an even distribution of Co species
on the surface and in the bulk. These are supported by different concentrations of surface active metals on Me/SAPO-34
(10.5 wt.% Mn, 5.5 wt.% Ni and 3.5 wt.% Co).
The compositions of the catalysts obtained by XRF are
listed in Table 1. This indicates that the obtained percentages
of active species and the ratio of metal oxides in the zeolite are
close to the theoretical values. These results of physical adsorption are also listed in the table. These supported zeolites
experienced the specific surface areas and pore volume reduction because of the coverage of active species and collapse
of the molecular sieve to some extent (Bin et al., 2014). Obviously, the desilication and dealumination of molecular sieve
occurred more severely over the nickel and especially cobaltloaded catalysts.

2.2.

SCR performance

Fig. 4 shows the NH3 -SCR performances of the catalysts. As
shown in Fig. 4a, Co/SAPO-34 exhibits the poorest activity with
the maximum NOx conversion lower than 80%. At low temperatures (100–300°C), Mn/SAPO-34 presents significantly higher
activities than Ni/SAPO-34, while they show similar NOx conversions at elevated temperatures. Mn/SAPO-34 even displays
above 70% NOx conversion at 100°C. The N2 selectivities of
the catalysts are shown in Fig. 4b. Generally, N2 selectivity increases with the temperature initially, reaches the maximum
value at 200°C and then decreases with further increasing the
temperature. Among the prepared catalysts, Mn/SAPO-34 exhibits the highest N2 selectivity and achieves over 90% values at low temperatures (100–300°C). The selectivity of N2 decreases at high temperature, which is related to the formation
of NO2 and N2 O, especially for N2 O (Fig. S2). Such a decrease
is more significant for Ni/SAPO-34 and Co/SAPO-34 catalysts.
Some other catalysts such as MnOx /SAPO-34 (Yu et al., 2017)
and Fe-Ce-Mn/ZSM-5 (Zhou et al., 2011) also presents a similar phenomenon. The NO2 yield curves are shown in Fig. 4c,
which can reflect NO oxidation ability of catalysts. Mn/SAPO34 shows higher NO oxidation activity, which is beneficial for
the De-NOx at low temperatures via the so-called fast SCR reaction, than Ni/SAPO-34 and Co/SAPO-34. Although the NOx
conversions of the catalysts are not high, the activity differences do exist and follow the same order of SCR performance.
At low temperatures, the rate-determining step of NO oxidation over catalysts including Cu-SSZ-13 is the decomposition
of nitrite to NO2 and desorption of NO2 (Selleri et al., 2018;
Fahami et al., 2017). If the nitrites are not desorbed, they will
be converted into stable nitrates and occupy the active sites,
resulting in low NO2 yield. The adsorption of nitrites/nirates
and their decomposition to NO2 on Me/SAPO-34 (which will
be confirmed by the DRIFTS study in Fig. 8) favor the De-NOx
at low temperatures via a nitrite/nitrate-SCR reaction route
(Pereda-Ayo et al., 2014; Chen et al., 2018; Ruggeri et al., 2015).

2.3.

States of active species

The valence states and surface concentrations of active
species in a catalyst play an essential role in catalytic reactions. Therefore, the XPS experiments were carried out and
these test results are shown in Fig. 5. The XPS spectra were
subjected to linear fitting to determine the proportions of Mn,
Ni, Co and O in different states, and the calculated results are
given in Table 2.
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Fig. 3 – Transmission electron microscopy images (TEM) and Energy dispersive X-ray spectroscopy (EDS) mappings of (a)
Mn/SAPO-34, (b) Ni/SAPO-34 and (c) Co/SAPO-34.

Table 2 – XPS and X-ray fluorescence spectrometer (XRF) data of the catalysts.
Catalyst

Molar ratio of different speciesa

Oα /(Oα + Oβ )a

Me/Si atomic ratio on surfacea

Me/Si atomic ratio in bulkb

Mn/SAPO-34
Ni/SAPO-34
Co/SAPO-34

Mn4+ /Mn3+ = 55/45
NiO/Ni(OH)2 = 41/59
(Co2 SiO4 and/or
CoAl2 O4 )/CoO/Co2 O3 = 33/43/24

13.4
7.3
4.4

1.5
1.1
0.9

1.4
1.6
1.5

a
b

Obtained by XPS.
Obtained by XRF.

Fig. 5a presents the XPS spectra of Mn 2p for Mn/SAPO34 which presents compound splitting with two major peaks
at binding energies of 641.7 and 643.4 eV ascribed to Mn2p3/2
of Mn3+ and Mn4+ , respectively (Thirupathi et al., 2012). As
listed in Table 2, Mn4+ (68%) and Mn3+ (32%) coexist on the
catalyst. Fig. 5b shows the XPS spectrum of Ni 2p in which

the peaks at 853.4, 860.7, 871.2 and 879.9 eV are ascribed
to Ni 2p3/2 and Ni 2p1/2 of NiO and those at 855.5, 863.1,
873.4 and 881.4 eV are ascribed to Ni 2p3/2 and Ni 2p1/2 of
Ni(OH)2 (Uddin et al., 2017). The sources of Ni(OH)2 are primarily Ni-OH-Si/Ni-OH-Al or other Ni-OH-M generated by Ni
interacting with SAPO-34 or Ni incorporating into the zeo-
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Fig. 4 – (a) NOx conversion and (b) N2 selectivity in NH3 -SCR, and (c) NO2 yield in NO-temperature programmed oxidation
(NO-TPO). Reaction conditions: 500 ppmV NO, 500 ppmV NH3 (without), 5 vol.% O2 , 10 vol.% H2 O and N2 in balance, Gas
hourly space velocity (GHSV) = 100,000 hr−1 .

lite framework (Bao et al., 2017). According to the fitting results, the strong interaction of nickel with the zeolite results
mainly in the formation of Ni(OH)2 (59%). Fig. 5c displays
the XPS spectrum of Co2p for Co/SAPO-34, which was fitted
into three characteristic peaks at 780.7, 782.2, and 783.8 eV,
attributed to Co2 SiO4 /CoAl2 O4 , CoO and Co2 O3 , respectively.
The cobalt compounds Co2 SiO4 /CoAl2 O4 arise from the interaction of cobalt with the detached Si and Al from the
zeolite. The satellite Co2p3/2 peak at 787.3 eV is related to
the Co2+ ions in Co2 SiO4 /CoAl2 O4 and CoO (Chupin et al.,
2006; Erika et al., 2015). The fitting results indicate that the
Co species on Co/SAPO-34 consist mainly of CoO (43%) and
Co2 SiO4 /CoAl2 O4 (33%).
As given in Fig. 5d, the O 1 s spectra could be fitted
into two peaks at 529.5–530.2 and 531.5–532.1 eV, respectively. The former is attributed to lattice oxygen species (Oα ),
generated mainly from surface MeOx species (Shan et al.,
2012). The latter can be attributed to hydroxyl oxygen species
(Oβ ), which are mainly generated from the SAPO-34 molecular sieve (Fang et al., 2007). It is evident in Table 2 that
Mn/SAPO-34 (13.4%) possesses much higher Oα concentration
than Ni/SAPO-34 (7.3%) and Co/SAPO-34 (4.4%). It indicates
that Mn species exist in the form of metal oxides, while Ni
and Co species enter the framework of SAPO-34 and/or react
with the zeolite oxides.

Differences in the distribution of active species can be estimated by comparing the XPS and XRF data in Table 2. The
surface Me/Si ratios are much lower than the bulk ratios for
Ni/SAPO-34 and Co/SAPO-34, while the surface Mn/Si ratio is
slightly higher than the bulk value for Mn/SAPO-34. All these
confirm the above speculation that more Ni and Co ions are
incorporated into the SAPO-34 framework.
H2 -TPR can be used to identify the redox properties of catalysts and valence states of metals, and these test results are
shown in Fig. 6. There are two reduction peaks at 274 and
366°C in the profile of Mn/SAPO-34, corresponding to the reduction of MnO2 to Mn3 O4 and Mn3 O4 to MnO on the zeolite surface, respectively (Boningari et al., 2018; Xie et al.,
2017). The reduction peak above 700°C may be related to the
reduction of Al2 O3 in SAPO-34 promoted by surface MnOx
(Zhang and Yang, 2017). Ni/SAPO-34 presents three peaks at
255, 358 and 525°C, which are ascribed to the reduction of NiO
clusters on the surface of molecular sieve surface, NiO embedded in SAPO-34, and Ni-OH-Si/Ni-OH-Al strongly interacted
with SAPO-34 (Soghrati et al., 2018), respectively. The hightemperature peak above 750°C may be related to the reduction of ion-exchanged Ni (Ferreira et al., 2014) and/or Ni aluminate (Hoffer et al., 2000; Gil-Calvo et al., 2017). The three reduction peaks of Co/SAPO-34 at 255, 300 and 674°C can be attributed to the reduction of Co3 O4 to CoO, CoO to Co0 and Co2+
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Fig. 5 – X-ray photoelectron spectroscopy (XPS) spectra of (a) Mn 2p3/2, (b) Ni 2p3/2, (c) Co 2p3/2 and (d) O 1 s of the catalysts.
Oα : lattice oxygen; Oβ : hydroxyl oxygen species.

Fig. 6 – Hydrogen temperature-programmed reduction
(H2 -TPR) profiles of the catalysts.

in Co2 SiO4 /CoAl2 O4 to Co0 , respectively (Boubekr et al., 2011;
Khassin et al., 2001; Vrålstad et al., 2007). The reduction of ionexchanged Co has been reported occur at 695°C (Wang et al.,
2000), which also contributes to the high-temperature reduction peak. Wang et al. (2000) and Stakheev et al. (1996) have
found that these ion-exchanged Ni/Co species in zeolite-

based catalysts show poor redox properties and are not active in SCR reactions. It has been reported that Cu and La at
the ion-exchange sites can protect the Brønsted acid sites and
skeleton of SAPO-34 against thermal damage (Liu et al., 2017b;
Ma et al., 2020). However, the states and roles of these ionexchanged Ni and Co are not distinguished in this work. Most
of Ni and Co tend to form inactive hydroxide interacted with
the zeolite skeleton and silicates/aluminates interacted with
detached Si and Al, respectively, which are thought to play
more important roles in the desilication and dealumination
of molecular sieve.
As listed in Table 3, the total H2 consumption (< 700°C)
of the catalysts follows the order of Mn/SAPO-34 > Ni/SAPO34 > Co/SAPO-34. It should be noted that the redox property
of Ni/SAPO-34 is much poorer than Mn/SAPO-34 since some
Ni(OH)2 are bound to the zeolite strongly in the form of NiOH-Si/Ni-OH-Al corresponding to a relatively high temperature peak. As to Co/SAPO-34, the H2 consumption is significantly smaller than the other two catalysts due to the formation of inert Co2 SiO4 /CoAl2 O4 (Xin et al., 2018).

2.4.

TPD and drifts studies

As the adsorption and activation of NOx on catalyst dominate
the low-temperature NH3 -SCR reactions, NOx -TPD and in-situ
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Table 3 – Amounts of H2 consumption for the catalysts based on the H2 -TPR curves.
H2 consumption (μmol/gcat )
Catalyst
Mn/SAPO-34
Ni/SAPO-34
Co/SAPO-34

Peak 1

Peak 2

Peak 3

Total (< 700°C)

953
477
157

682
529
224

–
305
76

1635
1311
457

Fig. 7 – (a) Temperature programmed desorption of NO2 (NO2 -TPD) and (b) temperature programmed desorption of NO
(NO-TPD) profiles of the catalysts and SAPO-34 support.

Table 4 – Amounts of NOx desorption for the samples based on the NO-TPD curves.
Amounts of NOx desorption (μmol /gcat )
Sample
SAPO-34
Mn/SAPO-34
Ni/SAPO-34
Co/SAPO-34

NO2

NO

Peak1

Peak 2

Peak 3

Peak 1

Peak 2

45.2
28.6
55.4
40.0

15.1
49.1
45.2
37.1

19.3
46.3
23.9
22.4

5.6
4.1
5.5
3.4

2.4
5.9
4.2
4.2

NO/O2 adsorption were performed. The catalysts were preoxidized and then purged in NO+O2 . Fig. 7a and b present the
NO2 -TPD and NO-TPD profiles respectively. There are two NO2
desorption peaks at ca. 100°C and the temperatures higher
than 150°C. The low-temperature peak is mainly attributed to
desorption of weakly adsorbed NO2 species, while the overlapped high-temperature peak is attributed to the desorption
of chemically adsorbed NO2 species and decomposition of nitrates, which contribute importantly to the SCR via the socalled fast SCR reaction (Huang et al., 2016; Wang et al., 2016).
The desorption peak of NO appeared at ca. 80°C and the temperatures higher than 300°C, which are ascribed to the desorption of weakly adsorbed NO species and the thermal decomposition of nitrate-derived NO2 , respectively (Ma et al.,
2014). The amounts of NO2 and NO desorption were obtained
and the results are listed in Table 4. In terms of the amounts
of nitrate-derived NOx (including NO2 desorption peak 2 and
peak 3 and NO desorption peak 2), the samples are ranked in
the order of Mn/SAPO-34 > Ni/SAPO-34 > Co/SAPO-34 > SAPO34.

Nitrate-derived NOx
36.8
101.3
73.3
63.7

Fig. 8 presents the in-situ DRIFT spectra for NO/O2 adsorption in the range 1400–1670 cm−1 . Three characteristic adsorption bans at 1503, 1575 and 1604 cm−1 in the spectra obtained
at room temperature are attributed to nitrites, monodentate
nitrates and bidentate nitrates, respectively (Long et al., 2002;
Su et al., 2018; Yao et al., 2019). The nitrite species disappear
quickly when the temperature increases to 200°C. Meanwhile,
the intensity of monodentate and bidentate nitrate bands decrease with increasing the temperature, and a new band at
1622 cm−1 appears at 200°C, ascribed to surface adsorbed NO2
(abbreviated as ad-NO2 ) (Ma et al., 2014). It can be seen that,
compared with pure SAPO-34, the nitrate-related bands increase in intensity in the spectra of Ni/SAPO-34 and Co/SAPO34 at room temperature. Nevertheless, they are significantly
weakened at 200°C. Consequently, almost no gaseous NO2 is
adsorbed on the catalysts at elevated temperatures.
Contrarily, distinct adsorption bands attributed to bidentate nitrates are observed in the spectrum of Mn/SAPO-34
at room temperature, which decrease in intensity slowly
with increasing the temperature. Meanwhile, the ad-NO2 re-
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Fig. 8 – Diffuse Fourier transform infrared spectrum (DRIFT) of adsorbed species on the at (a) Mn/SAPO-34, (b) Ni/SAPO-34, (c)
Co/SAPO-34 and (d) SAPO-34 arising from contact with NO and O2 as a function of temperature.

lated band becomes strong due to the decomposition of nitrates, which is consistent with the NOx -TPD results. An outstanding oxidation ability of NO to NO2 can enhance the
low-temperature NH3 -SCR activity via the “fast SCR” route
(Sun et al., 2018).
NH3 molecular could be a sensitive probe for acid sites of
the whole molecular sieve, and the NH3 -TPD technology was
used for measuring the strength and amounts of acid sites
over the catalysts. As shown in Fig. 9, the curves can be divided into three NH3 desorption peaks. The acid sites of SAPO34 are derived from protons that compensate for the unbalanced charge owing to Si entering the uncharged framework
of aluminophosphate (AlPOs) molecular sieves, so these acidic
sites are basically Brønsted acid sites. For the SAPO-34 support, the desorption peaks at low, medium and high temperature are ascribed to the weak Brønsted acid sites at surface
hydroxyls and structural medium and strong Brønsted acid
sites, respectively (Wang et al., 2012b). After Me loading, Men +
replaces parts of protons in the molecular sieve skeleton and
the zeolite framework is collapse to different extents, thus reducing the amount of Brønsted acid sites of SAPO-34. On the
other hand, the loading of Men + also produces some medium
strong Lewis acid sites (Liu et al., 2017a). NH3 -TPD curves were
used to calculate the number of different acid sites. As listed

Fig. 9 – NH3 -TPD profiles of the catalysts and SAPO-34.

in Table 5, loading active species reduces the amounts of acid
sites on the support obviously. A main reason for the massive
reduction is mainly owing to the loss of Brønsted acids caused
by coverage and exchange of active species that produce a limited amount of Lewis acids (Wang et al., 2012b). Another im-
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Table 5 – Amounts of NH3 desorption from the catalysts.

Catalyst

NH3 desorption (μmol/gcat )
Peak 1

Peak 2

Peak 3

Total

Mn/SAPO-34
Ni/SAPO-34
Co/SAPO-34
SAPO-34

19.3
17.5
13.2
35.6

22.8
19.4
15.2
12.2

40.8
32.1
30.4
69.0

82.9
69.0
58.8
116.8

Fig. 10 – DRIFT spectra of adsorbed species on (a) Mn/SAPO-34, (b) Ni/SAPO-34, (c) Co/SAPO-34 and (d) SAPO-34 arising from
contact with NH3 as a function of temperature. K.M.: Kubelka Munk.

portant factor is that compared to Mn/SAPO-34, Ni/SAPO-34
and Co/SAPO-34, especially the latter, show a severer reduction in acid sites due to the structural collapse resulted from
the interactions between active species and SAPO-34.
To better distinguish the types of acid sites on the catalysts, the DRIFTS study upon exposure to NH3 was performed.
As shown in Fig. 10, the bands at 1461 and 1502 cm−1 are
ascribed to the asymmetric vibration of NH4 + on Brønsted
acid sites (Huang et al., 2019). Compared with SAPO-34, a
new band at 1623 cm−1 , ascribed to the vibration of NH3
molecule on Lewis acid sites (Huang et al., 2019), appears in

the spectra of Me/SAPO-34 catalysts. This confirms that the
loading of Me can produce Lewis acid sites. It is noted that
the thermal stability of different bands with temperature follows a sequence of 1461 cm−1 (Brønsted acid sites) > 1623
cm−1 (Lewis acid sites) > 1502 cm−1 (Brønsted acid sites),
which confirms the assignments of different NH3 desorption
peaks in the NH3 -TPD curves. In terms of the band intensity, the samples follow the order of SAPO-34 > Mn/SAPO34 > Co/SAPO-34 > Ni/SAPO-34. According to Hamoud et al.’s
study (Hamoud et al., 2019), ad-NH3 on Lewis acid sites plays
an essential role in low-temperature SCR, while NH4+ con-
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tributes significantly to medium-high temperature SCR. In
this case, the introduction of Me increases the amount of adNH3 on Lewis acid sites, which contribute importantly for lowtemperature SCR.

3.

Conclusions

Me/SAPO-34 (Me = Mn, Ni, Co) catalysts were prepared by
impregnation for NH3 -SCR reaction. Among them, Mn/SAPO34 showed excellent SCR performance at low temperatures
from 150 to 300°C. Surface MnOx species formed on Mn/SAPO34, which enhanced the NO oxidation ability and introduced
more Lewis acid sites, resulting in superior low-temperature
SCR activity via the fast SCR route. For the other two catalysts,
Nix + and Cox + tended to form inactive hydroxide interacted
with the zeolite skeleton and silicates/aluminates interacted
with detached Si and Al. These species, instead of possibly
formed ion-exchanged ions, may play essential roles in the
desilication and dealumination of molecular sieve over the
nickel and especially cobalt-loaded catalysts.
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