
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 3
:5

5:
46

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Ce regulated sur
aSchool of Chemistry and Chemical Engineer

China
bCollege of Chemistry and Chemical Engin

401331, China. E-mail: dujune@cqu.edu.cn
cGuangxi Huiyuan Manganese Industry Co.,

† Electronic supplementary informa
10.1039/d0ra06639g

Cite this: RSC Adv., 2020, 10, 40047

Received 31st July 2020
Accepted 20th October 2020

DOI: 10.1039/d0ra06639g

rsc.li/rsc-advances

This journal is © The Royal Society o
face properties of Mn/SAPO-34 for
improved NH3-SCR at low temperature†

Qizhi Chen,ac Yong Yang, b Hang Luo,b Zuohua Liu,b Zhangfa Tong, a

Changyuan Taob and Jun Du *b

Ce modified MnOx/SAPO-34 was prepared and investigated for low-temperature selective catalytic

reduction of NOx with ammonia (NH3-SCR). The 0.3Ce–Mn/SAPO-34 catalyst had nearly 95% NO

conversion at 200–350 �C at a space velocity of 10 000 h�1. Microporous SAPO-34 as the support

provided the catalyst with increased hydrothermal stability. XPS and H2-TPR results proved that the Mn4+

and Oa content increased after incorporation of Ce, this promoted the conversion of NO at low

temperature via a ‘fast SCR’ route. NH3-TPD measurements combined oxidation experiments of NO,

NH3 indicated the reduction of both the surface acidity and the amount of acid sites, which effectively

decreased the NH3 oxditaion to NO or N2O at elevated temperature and promoted the catalytic

selectivity for nitrogen. A redox cycle between manganese oxide and Ce was assumed for the active

oxygen transfer and facilitated the catalyst durability.
1 Introduction

Selective catalytic reduction by NH3 (NH3-SCR) is known as one
of the most efficient ways to remove NOx from stationary sour-
ces.1 The involved major reaction is

4NH3 + 4NO + O2 ¼ 4N2 + 6H2O (1)

The widely used commercial catalysts for NH3-SCR are V2O5–

WO3/TiO2 and V2O5–MoO3/TiO2.2,3 As the catalyst works at
a relative high temperature of 300–400 �C, it is usually located
upstream of both the desulfurizer and the electrostatic precip-
itator, which causes the toxicity of vanadium species by sulfur
and dust in the ue gas.4,5 Therefore, it is of great signicance to
develop low-temperature NH3-SCR catalysts so that the SCR
reactor can be placed downstream of the desulfurizer and
electrostatic precipitator to signicantly improve the economics
of NH3-SCR.

Transition metal including Fe, Mn, Cu and Ni supported on
different commercial carriers have been investigated for the
low-temperature NH3-SCR.6–8 Manganese based catalysts show
good performances of low-temperature catalytic activity, for
manganese oxides containing various types of labile oxygen and
different oxidation states of Mn (Mn2+, Mn3+, and Mn4+), which
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are necessary to complete a catalytic cycle.9–12 But the selectivity
for nitrogen was limited at elevated temperature, for the
obvious oxidation of ammonia on manganese oxide surface,
especially on the highly crystalline surface. Therefore, the
remediation of redox properties of manganese oxide would be
a viable route for inhibiting the ammonia oxidation. The doped
manganese oxide has been investigated for NH3-SCR catalyst.13

As an inexpensive and a relatively nontoxic material, Ce has also
been widely used as doping agent for its excellent redox prop-
erties and the great oxygen storages associated with plenty of
oxygen vacancies.14–16 Ce modied Fe-ZSM-5 catalyst showed an
improved NH3-SCR activity, which was ascribed to the enhanced
oxidation of NO to NO2.17 Yang and Qi carried out systematically
studies on Ce–Mn mixed oxide catalyst without supports. The
results yielded nearly 100% conversion for NO at 120 �C at
a high space velocity of 42 000 h�1, but N2O was observed as the
temperature higher than 150 �C, indicated the complexity of the
oxidation mechanism.18

Compared with the pure manganese oxide, supported one
will provide highly spreading manganese oxide and would
decrease the crystalline which are beneted for increase cata-
lytic selectivity.19–23 So combined with the consideration of
mechanical strength for engineering allocation, the conven-
tional supported manganese oxide had been widely applied for
this low-temperature SCR catalyst.20 It was reported that the
molecular sieves (ZSM, beta) show high activities in NH3-SCR
when used in supported Cu catalyst, but suffer from narrow
activity window and hydrothermal deteriorations, which restrict
its further commercial applications for NH3-SCR.24,25 As a cha-
bazite type microporous molecular sieve with CHA structure,
SAPO-34 can not only signicantly improve the activity and
RSC Adv., 2020, 10, 40047–40054 | 40047
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selectivity of the composite catalyst,26,27 but also has excellent
hydrothermal stability and resistance to SO2 poisoning, thereby
prolonging the service life of the catalyst in the high-activity
zone.28,29 Much of signicant contributions had been made for
Cu-based zeolite catalyst.30 The previous researches revealed the
exact location of active sites and conrmed the isolated Cu2+

ions as active sites over Cu/SSZ-13 catalysts and Cu/CHA cata-
lyst.31,32 Furthermore, Li Wei and co-work claried the isolated
Cu2+ ion located on the plane of the six-membered ring of SAPO-
34, which appeared to be responsible for the excellent SCR
activity and N2 selectivity.33 Based on the previous reorganiza-
tion of Cu–zeolite based SCR catalysts, the position of the active
species on molecular sieves reected the interaction of active
species with zeolite supports, and nally composed the surface
acidity and redox cycle exist along with NH3-SCR route. There-
fore, correlation the surface redoxity and acidity cycle of active
species with the NH3-SCR activity and selectivity would provide
a directly understanding for the zeolite-based SCR catalyst.

Therein, based on microporous zeolite materials as support
and manganese oxides as active species aimed to the low
temperature NH3-SCR process, we prepared the SCR catalyst of
Ce modied manganese oxides supported on SAPO-34 zeolite.
The as-prepared catalysts were characterized and the effects of
Ce on the surface property such as redoxity and acidity of the
Mn/SAPO-34 catalyst were analysed. The catalytic performances
of Ce modied Mn/SAPO-34 catalyst as well as the hydrothermal
stability of the catalyst were evaluated. The surface acidity and
redox cycles of Ce modied Mn/SAPO-34 catalyst was discussed
and correlated with NH3-SCR performances.

2 Experimental section
2.1 Catalyst preparation

The synthesis of SAPO-34 molecular sieve: with phosphoric
acid, pseudo boehmite, tetraethyl orthosilicate and morpholine
as sources, a gel with the molar ratio of 1.0 Al2O3 : 1.1 P2O5 : 0.6
SiO2 : 2.1 morpholine : 66.0 H2O was prepared. Aer aging at
room temperature for 12 hours, the temperature was increased
to 200 �C at a heating rate of 3�C min�1 and kept at this
temperature for 48 hours to crystallize. The obtained solid
crystallized product was washed with deionized water to
neutrality, dried and then calcined at 550 �C for 5 hours to
obtain SAPO-34 molecular sieve. The synthesis of Mn/SAPO-34
or xCe–Mn/SAPO-34: the ultrasonic impregnation method was
used to synthesized the Mn/SAPO-34 or xCe–Mn/SAPO-34.
Typically, a certain amount of acetylacetone manganese(II) salt
dehydrator, or cerium nitrate mixed with acetylacetone man-
ganese(II) salt dehydrate (only changed the Ce/Mn ratio and kept
the total amount of Ce (Ce(NO)3$6H2O) andMn (Mn(CH3COO)2)
precursors consistent (0.8922 g) for all samples) was dissolved
in acetone (60 mL) at room temperature. Then the SAPO-34
powder (3.0 g) was added into the above solution with 1 h
ultrasonic treatment to obtain catalyst precursors aer evapo-
rating the solvent, followed by calcined at 400 �C in air for 5 hs.
The resulted catalysts were designated as Mn/SAPO-34 or xCe–
Mn/SAPO-34, where x represented the mole ratio of the Ce/Mn,
specically from 0.1 to 0.4.
40048 | RSC Adv., 2020, 10, 40047–40054
2.2 Catalytic activity measurements

The NH3-SCR activity was measured in a continuous ow xed-
bed stainless steel reactor using 1.57 mL 40–60 mesh catalyst at
atmospheric pressure. The simulated ue gases consisted of
500 ppm NO, 500 ppm NH3, 5 vol% O2, and balanced with N2.
The gas hourly space velocity (GHSV) was 10 000 h�1. The
concentrations of NO, NO2, N2O and NH3 were determined
using a ue gas analyser (Sensonic 4000, Sensonic). The reac-
tion temperature was scheduled from 100 �C to 450 �C. The NO
conversion (hNO) and N2 selectivity were calculated by
measuring the concentration of effluent gases according to the
following equations:

hNO ¼ ½NO�in � ½NO�out
½NO�in

� 100% (2)

N2 selectivity ¼

½NO�in � ½NO�out þ ½NH3�in � ½NH3�out þ ½NO�out � 2½N2O�out
½NO�in � ½NO�out þ ½NH3�in � ½NH3�out

� 100%

(3)

2.3 Characterization of catalyst

The specic surface areas of the catalysts were measured by
nitrogen adsorption and desorption method on 3H-2000PS1
(BeiShiDe instrument, China), using the Brunauer–Emmett–
Teller (BET) model. The scanning electron microscopy (SEM)
images were obtained using a eld-emission scanning electron
microscopy (JSM-7800F, JEOL, Japan), at the operation voltage of
5 kV. The X-ray diffraction (XRD) patterns of the samples were
obtained with a Rigaku D/max-3C diffract meter with Cu Ka
radiation (l¼ 1.54056�A) operating at 40 kV and 30mA. The XRD
patterns were collected in the 2q range of 5–90� with a scanning
step size of 0.02� and scanning rate of 10� min�1. The X-ray
photoelectron spectroscopy (XPS) was performed on a PHI
quant era II (Ulvac-Phi, Japan) under an ultra-high vacuum, using
a monochromated Al Ka source (1486.6 eV) at 42.1 W. The
measurements were performed at 20 eV pass energy, 0.1 eV step
and 0.15 dwelling time. All the binding energies were corrected
with reference to the C 1s peak at 284.8 eV.

The temperature programmed reduction with hydrogen (H2-
TPR) were conducted on an automatic multifunction adsorp-
tion instrument (TP-5080, China) with 50 mg sample, the test
ranged from 30 �C to 700 �C at a heating rate of 10 �C min�1

with a reducing gas consist of 10 vol% H2 and 90% N2 at the 30
mL min�1

ow rate. The NH3-temperature programmed
desorption (NH3-TPD) measurements were carried out under
the similar conditions with 100 mg sample aer purged with He
at 300 �C for half an hour. The inlet gas consisted of 5 vol% NH3

balanced with helium.
3 Results and discussion
3.1 NH3-SCR performances

The Ce modied Mn/SAPO-34 catalysts exhibited a superior cata-
lytic activity, with the NO conversion exceeding 80% in the range of
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Catalytic performances of hydrothermally aged catalysts in the
NH3-SCR process. (Hydrothermal aging conditions: 10 vol% H2O and
90% air, total flow rate ¼ 200 mL min�1, aging time ¼ 12 hours, aging
temperature ¼ 700 �C. The reaction condition: [NH3] ¼ [NO] ¼
500 ppm, [O2] ¼ 5 vol%, N2 balance and GHSV ¼ 10 000 h�1).
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200–350 �C, achieved the best performance at 300 �C. The addition
of cerium obviously expanded the temperature windows towards
the lower temperature range, accompanying with the improvedNO
conversion (>90%) at 200–350 �C. The active temperature window
of the Ce modied catalyst was wider about 100 �C than the
unmodied sample, whose diminished temperature windows was
250–300 �C and NO conversion below 85%.

The N2 selectivity of the catalysts was displayed in Fig. 1b.
The Ce–Mn/SAPO-34 catalysts with different Ce/Mn ratios
showed an increased N2 selectivity as cerium introduced, and
the best performance of the catalysts for N2 selectivity (over 90%
from 100–400 �C) was achieved at the Ce/Mn molar ratio of 0.3,
illustrating that the presence of Ce enhanced the main reaction
with the product of N2.

3.2 Hydrothermal stability of catalysts

The catalyst resistance to H2O is one of the important indicators
for the SCR catalyst. The hydrothermal stability of Mn/SAPO-34
and Ce–Mn/SAPO-34 catalysts were further studied by per-
forming steaming treatments at 700 �C for 12 hours in owing
gas containing 10 vol% H2O and 90% air. The catalytic perfor-
mances of the as-aged catalyst were presented in Fig. 2. It can be
seen that the aged Mn/SAPO-34 catalyst showed poor activity,
especially at low-temperatures (i.e., 150–200 �C); whereas the
aged Ce modied Mn/SAPO-34 catalysts could maintain activity
at low-temperatures range and show some declined NO
conversion at the elevated temperature range. Among those, the
aged 0.3Ce–Mn/SAPO-34 catalyst exhibited the optimal catalytic
performance with the maximum value of NO conversion nearly
80% in the range of 200–300 �C.

3.3 Morphology and physical properties of the catalyst

3.3.1 Texture analysis. The texture structures of the Mn/
SAPO-34 and Ce–Mn/SAPO-34catalysts were investigated by
BET (Fig. S1a†). Type I isotherm curves for the catalysts were
observed, typical for a microporous solid. The pores of the
Mn/SAPO-34 and Ce–Mn/SAPO-34 catalysts are mostly
distributed in the range of 3.3–3.7 nm (Fig. S1b†). Based on
the BET specic surface area and pore volume of the Mn/
Fig. 1 Catalytic performances of Mn/SAPO-34 and Ce–Mn/SAPO-34: (
reaction condition: [NH3] ¼ [NO] ¼ 500 ppm, [O2] ¼ 5 vol%, N2 balance

This journal is © The Royal Society of Chemistry 2020
SAPO-34 and Ce–Mn/SAPO-34 catalysts (Table S1†), it could
be concluded that the modication of Ce signicantly
reduces the BET surface area, pore volume and pore diam-
eter of the catalyst. For Mn/SAPO-34, the BET surface area
and pore diameter were 416.57 m2 g�1 and 3.66 nm, as n(Ce/
Mn) in Ce–Mn/SAPO-34 catalysts increased from 0.1 to 0.4,
the BET surface area and pore diameter were decreased to
370.07 m2 g�1 and 3.32 nm, respectively, indicating that the
part of the cerium oxide entered into the interior of the
SAPO-34 molecular sieve carrier in addition to loading on
the surface.

The aged catalyst showed declined BET area and pore volumes.
For aged 0.3Ce–Mn/SAPO-34 catalysts, the BET areas and pore
volume decreased from 375.75 to 359.21 m2 g�1, and 0.169 to
0.0514 cm3 g�1 respectively (Fig. S2 and Table S2†). The observed
decreased NO conversion over the aged-catalyst would be ascribed
in certain degree to the diminish of BET area and pore volume.

3.3.2 SEM and XRD analysis. The SEM image (Fig. 3)
depicts the surface morphology of the Mn/SAPO-34 and Ce–Mn/
SAPO-34 catalysts, with a crystal size of about 3 mm and with
a) NO conversion, (b) the N2 selectivity in the NH3-SCR reaction. (The
and GHSV ¼ 10 000 h�1).

RSC Adv., 2020, 10, 40047–40054 | 40049
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Fig. 3 The SEM images of Mn/SAPO-34 and Ce–Mn/SAPO-34 cata-
lysts: (a) Mn/SAPO-34, (b) 0.1Ce–Mn/SAPO-34, (c) 0.2Ce–Mn/SAPO-
34, (d) 0.3Ce–Mn/SAPO-34, (e) 0.4Ce–Mn/SAPO-34. Fig. 5 NH3-TPD profiles of Mn/SAPO-34 and Ce–Mn/SAPO-34

catalysts. (a) Mn/SAPO-34, (b) 0.1Ce–Mn/SAPO-34, (c) 0.2Ce–Mn/
SAPO-34, (d) 0.3Ce–Mn/SAPO-34, (e) 0.4Ce–Mn/SAPO-34.
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a typical cubic structure of CHA,34 which is consistent with the
following XRD results. The Mn/SAPO-34 catalyst exhibits a smooth
surface, and there are some small particles between the cubic or on
the surface. For the Ce modied catalysts, the surface is covered
with randomly shaped material. As Ce content increased, the
crystallinity of the Ce–Mn/SAPO-34 catalysts reduced signicantly,
this was consisted with XRD results (Fig. 4).

For Mn/SAPO-34 and Ce–Mn/SAPO-34 catalyst, both have
diffraction peaks of the chabazite phase, an indication of typical
CHA structures (Fig. 4). In addition, no diffraction peaks asso-
ciated with cerium oxides or manganese oxides were observed.
This indicates that the Ce or Mn were predominantly present in
amorphous combined with the SEM results. As compared with
the Mn/SAPO-34 catalyst, the intensities of the main diffraction
peak of Ce–Mn/SAPO-34 catalysts gradually diminished by
increasing the Ce content, implying the modication of Ce
reduced the crystallinity of Mn/SAPO-34 catalyst. In particular,
the XRD pattern of the 0.4Ce–Mn/SAPO-34 catalyst with the
largest Ce loading amount where the intensity of the reection
with maximum is much lower than the one in Mn/SAPO-34
catalyst.

3.3.3 NH3-TPD of the catalyst. The surface acidity of the
catalysts was obtained based on NH3-TPD measurement (Fig. 5,
Table S3†). The two NH3 desorption peaks were observed over
a wide temperature range due to the variability of the adsorbed
Fig. 4 The XRD patterns of Mn/SAPO-34 and Ce–Mn/SAPO-34
catalysts. (a) Mn/SAPO-34, (b) 0.1Ce–Mn/SAPO-34, (c) 0.2Ce–Mn/
SAPO-34, (d) 0.3Ce–Mn/SAPO-34, (e) 0.4Ce–Mn/SAPO-34.

40050 | RSC Adv., 2020, 10, 40047–40054
NH3 species with different thermal stabilities. The desorption
peak around 170 �C, can be attributed to physical or weakly
adsorbed NH3. The peak between 380 �C and 405 �C, can be
attributed to stronger acid sites generated by the incorporation
of silicon atoms into the framework of SAPO-34 molecular
sieves during the formation process. Aer Ce doping, the weak
acid sites of the catalysts showed little change, but the peaks
related to the NH3 desorbing from strong acid sites were
observed shiing to lower temperature, namely, from c.a.
400 �C on Mn/SAPO-34 to 374 �C over 0.3Ce–Mn/SAPO-34,
accompanying with the weakening of the peak. This indicates
the weak acidity and reduced amount of acid sites, which was
responsible for the suppressed NH3 oxidation reaction and
inverse the enhanced catalytic selectivity for nitrogen.

3.3.4 H2-TPR analysis. The redox ability over the catalysts
containing Mn and Ce species is considered a key factor for the
catalytic cycle of NH3-SCR reaction.35 which was demonstrated
via H2-TPR measurement (Fig. 6). Three reduction peaks were
observed in the range of 300–700 �C for the Mn/SAPO-34 cata-
lyst, the low-temperature reduction peak at 384 �C could
correlate to the reduction of MnO2 to Mn2O3, and the reduction
peak near 494 �C, corresponding to the reduction of Mn2O3 to
Mn3O4. Meanwhile, the high-temperature reduction peak at
Fig. 6 H2-TPR profiles of Mn/SAPO-34 and Ce–Mn/SAPO-34 cata-
lysts. (a) Mn/SAPO-34, (b) 0.1Ce–Mn/SAPO-34, (c) 0.2Ce–Mn/SAPO-
34, (d) 0.3Ce–Mn/SAPO-34, (e) 0.4Ce–Mn/SAPO-34.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) Mn 2p, (b) Ce 3d and (c) O 1s XPS spectra of Mn/SAPO-34 and Ce–Mn/SAPO-34 catalysts. a: Mn/SAPO-34, b: 0.1Ce–Mn/SAPO-34, c:
0.2Ce–Mn/SAPO-34, d: 0.3Ce–Mn/SAPO-34, e: 0.4Ce–Mn/SAPO-34.
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630 �C was interpreted as a reduction of Mn3O4 to MnO.36 The
following equation depicted the reduction process of MnOx in
Mn/SAPO-34 catalyst.37

MnO2 / Mn2O3 / Mn3O4 / MnO (4)

For the Ce modied catalysts a broad peak is observed
around 300 �C, which show much broader than that of Mn/
SAPO-34 catalyst. The initial temperature of the peak over the
Ce modied catalyst shied to lower temperature, from 384 �C
to 300 �C. This indicates the introduction of Ce not only alters
the surface acidities, but also enhances the redox activity at low-
temperature via the interaction between Mn and Ce species.
This would be responsible for the increased low-temperature
catalytic activity over Ce modied catalyst.

3.3.5 XPS analysis. The surface chemical composition and
oxidation states of these synthesized catalysts were further
investigated by XPS. High resolution spectra from Ce 3d, Mn 2p,
and O 1 s are displayed in Fig. 7. For the Ce 3d spectrum
(Fig. 7a), all samples exhibited eight characteristic peaks in the
range of 920–875 eV, and are labelled as u0 0 0, u00, u0, u, v0 0 0, v00, v0,
and v. The u0 and v0 peaks can be attributed to Ce3+ species,
while the u0 00, u00, u, v0 0 0, v00, and v peaks can be assigned to Ce4+

species.38 From these peaks, we can learn that the Ce4+ oxida-
tion state is predominant.

For the Mn 2p spectrum (Fig. 7b), two main peaks (643 eV
and 654 eV) are apparently attributed to Mn 2p3/2 and Mn 2p1/2.
This journal is © The Royal Society of Chemistry 2020
By performing peak-tting deconvolutions, the Mn 2p3/2 peaks
can be divided into three characteristic peaks, which are
assigned to Mn3+ (640.4 eV), Mn4+ (642.2 eV) and Mn2+ (644.5
eV), respectively. Previous studies have shown that Mn4+ species
have favourable redox properties for NO conversion.16 There-
fore, the relative content of surface Mn4+ (Mn4+/(Mn2+ + Mn3+ +
Mn4+)) and Ce3+(Ce3+/(Ce3+ + Ce4+)) of these Ce–Mn/SAPO-34
catalysts were calculated, and listed in Table 1. The surface
Mn4+ content of the 0.3Ce–Mn/SAPO-34 catalyst was higher
than that over Mn/SAPO-34 catalyst. More specically, at low
loadings, the activity and selectivity increased with the increase
of Ce loading (c.a. the atomic ratio of Ce/Mn gradually increase),
and the best catalytic performance appeared at the Ce/Mn ratio
of 49.05%, it gave 90.3% NO conversion and 98.5% selectivity
for N2. However, the activity and selectivity would decrease
signicantly when the Ce/Mn ratio is higher than 49.05%. It
furtherly conrmed that this catalytic system showed synergic
effect between Ce and Mn and this subsequently improved
the activity and selectivity of NH3-SCR. (Table S4†) This was
attributed to the electronic interactions between manganese
oxide and Ce, which consequently resulted in the redox equi-
librium of Mn3+ + Ce4+ 4 Mn4+ + Ce3+ shiing to the Mn4+

formation.
The O 1 s spectrum (Fig. 7c) of these synthesized catalysts,

which exhibited a strong peak at 529.1 eV, and a shoulder at
a higher binding energy of 531.2 eV, attributable to lattice
oxygen (labelled as Ob) and adsorbed oxygen (labelled as Oa) on
RSC Adv., 2020, 10, 40047–40054 | 40051
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Table 1 The surface composition and states of the catalysts from XPS analysis

Samples

Atomic concentration (%) Atomic ratio (%)

Ce Mn O Ce/Mn
Ce3+/(Ce3+ +
Ce4+)

Mn4+/(Mn2+ +
Mn3+ + Mn4+)

Oa/(Oa +
Ob)

Mn/SAPO-34 0 18.24 47.88 0.00 0 46.22 71.84
0.1Ce–Mn/SAPO-34 1.52 16.31 45.63 9.32 11.54 48.35 74.38
0.2Ce–Mn/SAPO-34 4.19 15.35 43.35 27.30 12.32 47.61 75.65
0.3Ce–Mn/SAPO-34 6.95 14.17 42.58 49.05 13.92 51.27 76.98
0.4Ce–Mn/SAPO-34 9.24 12.63 40.65 73.16 13.28 43.58 76.36
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the surface of these samples, respectively.39 It has been widely
reported that oxygen in the gas phase can be activated by oxygen
vacancies on the surface of deNO catalysts to form surface
adsorbed oxygen. This effect may also enhance catalytic
performance in the NH3-SCR reaction.40 Furthermore, a process
of oxygen storage/release betweenCe3+ and Ce4+ has been
proposed in the following equations: (a) 2CeO2 / Ce2O3 + O*
(adsorbed oxygen) and (b) Ce2O3 + 1/2O2 / 2CeO2. The
increased Oa content can promote the oxidation of NO to NO2

and enhance the catalytic performance of the low-temperature
deNO catalysts through a “fast NH3-SCR” route.
Fig. 9 NOoxidation to NO2 experiment. (The reactant condition: [NO]
¼ 500 ppm, [O2] ¼ 5 vol%, N2 balance and GHSV ¼ 10 000 h�1).
3.4 Redox performances of Ce–Mn/SAPO-34 catalyst

The oxidation of NH3 to NOx was examed (Fig. 8). Here, N2O and
NO generated in the NH3 oxidation reaction were detected as
temperature higher than 250 �C, and the amount of N2O and
NO increased with the temperature. Compared with the Mn/
SAPO-34 catalyst, the Ce–Mn/SAPO-34 catalyst exhibits lower
N2O and NO concentration in the NH3 oxidation product. The
results indicated the NH3 oxidation was suppressed on Ce
modied catalyst at elevated temperature, by reducing acid
amount and weak acidity on surface as expressed by NH3-TPD
measurement, leading to the improved catalytic selectivity
performance of NH3-SCR.

With Ce modied Mn/SAPO-34 catalyst, the NO oxidation
activity increased signicantly (Fig. 9), which suggested that the
addition of Ce can increase the oxidation rate of NO to NO2.
Fig. 8 The concentration of N2O (a) and NO (b) generated in the NH3 o
balance and GHSV ¼ 10 000 h�1).

40052 | RSC Adv., 2020, 10, 40047–40054
This was ascribed to the excellent redox properties associated
with the existence of the Ce4+/Ce3+ redox couple and high
oxygen storage/release capacity, which corresponding to the
oxygen vacancies at interface between metal oxides. Therefore,
the higher NO conversion was observed via promoted NO
oxidation to NO2 at low-temperature, resulted from the ‘fast
NH3-SCR’ route.28,29

Therefore, the introducing of Ce regulated the following
cycle by inducing the formation of Mn4+ at low temperature and
reducing the acidity and the amount of acid sites on surface of
xidation. (The reactant condition: [NH3] ¼ 500 ppm, [O2] ¼ 5 vol%, N2

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 The catalytic mechanism schematic diagram for Ce–Mn/
SAPO-34 in ‘NH3-SCR’ process.
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Ce–Mn/SAPO-34 catalyst (Scheme 1), following Mn3+ + Ce4+ /
Mn4+ + Ce4+. The enriched Mn4+ facilitated the NO oxidation to
NO2, and improved the conversion of NO at low-temperatures
following a fast NH3-SCR'route. Subsequently, the partially
reduced Ce was oxidized to Ce4+ accompanying with the
generation of active oxygen species. The weak acidity and
reduced acid amount suppressed the reaction of NH3 oxidation
to N2O or NO, which would improve the selectivity for nitrogen
at elevated temperature.
4 Conclusions

In summary, Ce modied MnOx/SAPO-34 catalysts were
prepared and evaluated for low-temperature NH3-SCR. The as-
prepared catalysts showed high activity and selectivity for NO
reduction with NH3 at low-temperature. Above 90% NO
conversion was obtained on 0.3Ce–Mn/SAPO-34 catalyst at
200 �C with a GHSV of 10 000 h�1. Ce could substantially
enhance the redox activity of Mn/SAPO-34 by formatting Mn4+ at
low-temperature, resulting from the electronic interaction
between manganese oxide and Ce. The redox cycle between
manganese oxides and Ce of different valences accompanied
with the generation and transition of active oxygen species.
Subsequently, the introducing of Ce can improve the NO
oxidation to NO2 and increase the conversion of NO at low-
temperatures following a “fast NH3-SCR” route. Ce regulated
Mn/SAPO-34 catalyst with weak acidity and reduced acid
amount on surface were observed, which signicantly sup-
pressed the oxidation of NH3 at the elevated temperature, and
facilitated the increase of catalytic selectivity.
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