Korean J. Chem. Eng., 34(7), 2065-2071 (2017)
DOI: 10.1007/s11814-017-0092-3

PISSN: 0256-1115
eISSN: 1975-7220

Mechanism of Ce promoting SO, resistance of MnO,/»-Al,0;:
An experimental and DFT study

Xiaopeng Zhang™, Zhuofeng Li*, Jijun Zhao**, Yuezong Cui*, Bojian Tan",
Jinxin Wang®, Chengxiang Zhang™, and Gaohong He™"

*School of Petroleum and Chemical Engineering, State Key Laboratory of Fine Chemicals,
Dalian University of Technology, Panjin 124221, Liaoning, China
**Key Laboratory of Materials Modification by Laser, Ion and Electron Beams (Dalian University of Technology),
Ministry of Education, Dalian 116024, China
(Received 6 July 2016 « accepted 1 April 2017)

Abstract—Various physico-chemical techniques and theoretical chemistry computations are used to obtain a deep
insight into the mechanism of Ce improving SO, resistance of the catalyst Mn,,Ce,/ALO; (x stands for the molar ratio
of Ce: Al). Theoretical computation with density functional theory (DFT) shows that Ce modification enhances the
adsorption energy of SO, adsorbed on Ce surrounding, resulting in the preferential adsorption of SO, on Ce surround-
ing. It protects the surface Mn from SO, poisoning, leading to a better SO, resistance. FT-IR and TG results are in
good accordance with DFT results. FT-IR results suggest that absorption peaks related to SO,” cannot be detected in
Mny,Ce, ,/ALO;. Moreover, TG results show that weight loss peaks due to sulfated MnO, decomposition disappears
after Ce addition. Therefore, Ce modification inhibits sulfates formation on active components lead to a better resis-

tance to SO, of Mn,,Ce,,/Al,O;.
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INTRODUCTION

Selective catalytic reduction (SCR) with NH; in the presence of
oxygen is a feasible technique to reduce NO, emissions in station-
ary power plants [1]. V,05-WO,/TiO, catalysts are most commonly
adopted [2,3]. To avoid reheat flue gas, the SCR unit has to be located
upstream of the desulfurizer and the electrostatic precipitator result-
ing in a deactivation of catalysts due to dust and alkali metals in
flue gas. Low-temperature SCR catalysts can be located downstream
and help to prevent the SCR unit from suffering these problems.

MnO, based catalysts supported on various supports such as
TiO, [1,2], THO,-pillared clay [4], ~ALO; [5-7], (active carbon) AC
[8], Ce-ZrO, [9,10] and some other non-supported catalysts, Mn-
Ce [11,12], MnO,-Fe,0;-CeO,-TiO, [13] have been reported in
recent years, and these MnO, based catalysts were found to have
an excellent SCR activity at low temperature. Unfortunately, there
are still a few amounts of SO, even after the desulfurizer. MnO,
based catalysts are sensitive to SO, and can be deactivated by for-
mation of sulfite and sulfate species on the catalyst surface [14].

Modifying with cerium can improve SO, resistance for MnO,
based catalysts to a certain extent. Cao et al. [15] prepared Fe-Mn-
Ce/y-AL O, using the sol-gel method and found that the catalyst
had a favorable SO, and H,O resistance and the SCR activity re-
mained above 75% in the presence of SO, and H,O. Some other
MnO, based catalysts doped with cerium such as Mn-Ce/yALO;
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[7], MnO,/CeO,-TiO, [2], MnO,-Fe,0,-CeO,-TiO, [13], Mn/Ce-
ZrQ, [16] also show a better SO, resistance. The mechanism of
cerium improving SO, resistance has been researched. Chang et al.
[11] investigated the resistance to SO, of MnO,-CeO, and pointed
out that the high concentration of surface oxygen vacancy corre-
sponded to a better SO, resistance. Zhang et al. [17] prepared CeO,
catalysts modified with solid acid and found that the resistance to
H,0 and SO, of the catalysts depended on the improvement of
surface acidity. Wu et al. [18] and Jin et al. [19] pointed out that
cerium addition improved the dissociation of ammonium sulfate
on the catalyst surface, resulting in a better SO, resistance. SO, poi-
soning starts with the adsorption of SO, on the catalyst surface, and
then reacts with NH; or catalyst components to form some sulfite
or sulfate species. This process is closely related to the surface struc-
ture of catalysts. Ce doping changes the surface structural proper-
ties of catalysts [2,20], which may affect the SO, adsorption and the
stability of sulfite or sulfate species on the catalyst surface and then
affect the SO, resistance. However, very little information about
this part was available in previous studies.

Therefore, in this work, MnO,/<ALO; catalyst doped with CeO,
was prepared and used to remove NO at low temperature in the
presence of SO,. DFT calculation and physicochemical characteri-
zations were performed to get a deep insight into the Ce doping
effect on SO, adsorption and the stability of sulfite or sulfate species
on catalysts surface and to reveal the mechanism of Ce improving
SO, resistance of the catalyst.

1. Experimental
1-1. Preparation of Supports and Catalysts
Catalyst support was prepared by precipitation method. AINO;);-
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9H,O as a precursor was dissolved in distilled water. An aqueous
solution of ammonia with 25wt% as the precipitator was added
dropwise into the solution until the pH was up to 10. The result-
ing precipitate was stirred for 3 h and then aged for 1 h and finally
filtered, washed, and dried in water bath at 80 °C overnight to get
support powder.

Catalysts were prepared by impregnating support powder with
Mn(NO,), solution or mixed solutions of Mn(NO;), and Ce(NO,),-
6H,0 for 12 h. Then the samples were dried in water bath at 80 °C
overnight and dried in drying oven at 110°C for 6h and finally
were calcined in muffle at 500 °C for 6 h. The catalysts were denoted
as Mn,Ce,/AL, O, where x and y stand for the molar ratios of Mn : Al
and Ce: Al

All chemicals were obtained from Tianjin Guangfu Fine Chem-
ical Research Institute (China).

1-2. Characterization of Supports and Catalysts

BET surface areas of the catalysts were measured by nitrogen ad-
sorption at —196 °C using a Autosorb-iQ-C automated gas sorp-
tion system (Quantachrome Instruments, USA). The pore size distri-
bution was calculated from the desorption branch of the N, ad-
sorption isotherm using the Barrett-Joyner-Halenda (BJH) formula.
Prior to the measurements, all samples were outgassed at 300 °C
for 2 h.

The powder X-ray diffraction (XRD) measurement was used to
identify the crystal structure of the catalysts with XRD-7000 S sys-
tem using Cu Ko radiation (40kV; 100 mA) (SHIMADZU Cor-
poration, Japan). Diffraction patterns were obtained over a 26
range of 8-80°, at a scan speed of 5° min™" and a step of 0.02°.

The change of the relative atomic concentration on the surface
of the catalysts were obtained by the X-ray photoelectron spectros-
copy using a ESCALAB250 (Thermo Fisher Scientific Corpora-
tion, USA) with monochromatic AlKa radiation. Sample charging
effects were eliminated by correcting the observed spectra with the
C 1s binding energy value of 284.6 eV.

FT-IR spectra were acquired with a Nicolet iN10 MX & iS10
(ThermoFisher) FI-IR spectrometer using a thin self-supporting
sample wafer accumulation of 100 scans running at 4 cm™" resolu-
tion.

Thermogravimetric analyses (TGA) were performed on 0.01 g
of sample with a NETZSCH thermal analysis system under a nitro-
gen flow of 20 mL/min, using a heating rate of 10 °C/min from room
temperature to 900 °C (NETZSCH Corporation, Germany).

1-3. Catalytic Activity Test

The SCR activity measurement was performed in a fixed-bed
flow reactor (Fig. S1). The concentrations of simulated gases were
as follow: 600 ppm NO, 600 ppm NH;, 3vol% O,, 3vol% H,0O
(when used), 100 ppm SO, (when used) and N, as balance gas. In
all the runs, the total gas flow rate was 300 mL/min and the gas
hourly space velocity (GHSV) was about 45,000 h™. The feed gases
were mixed and preheated in a chamber before entering the reac-
tor. The water vapor was generated by passing N, through a gas-
wash bottle containing deionized water. During the measurements,
the concentrations of NO at the inlet and outlet of the reactor were
monitored by flue gas analyzer (KM950, Kane International Ltd.,,
United Kingdom). The concentration of N,O was measured by
FTIR (WQF-510A, Beijing Rayleigh Analytical Instrument Co.,
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Fig. 1. Schematic diagram of the experimental setup.

Ltd.) equipped with a gas sample cell. The NO conversion was cal-
culated using the following equation:

NO

- —NO
NO conversion %= —-=

out
100%
NO., X o

NO,,: inlet NO, concentration (ppm); NO,,,: outlet NO, concen-
tration (ppm)

1-4. Models and Computational Details

All calculations were carried out with the Material Studio mod-
elling Dmol3 package [21,22]. Double numerical plus polarization
function (the DNP basis set) and the generalized gradient approxi-
mation (GGA) with PBE functional were used in all calculations
[22,23]. And the real space cut-off radius was maintained as 5.8 A.
The core electrons were treated with DFT semi-core pseudopo-
tentials. Models were built with six atomic layers with two bottom
layers fixed and four top layers relaxed. The vacuum region was
set to be 18 A. The lattice constant of MnO, is a=b=4.3983, c=
2.8730 A and o=f=y=90° [24]. And that of CeO, is a=b=c=5411 A
and a=f=y=90" [25]. The tolerance of energy is 0.00027 eV, gra-
dient is 0.054 eV/A, smearing is 0.136 eV, and displacement con-
vergence is 0.005 A.

The adsorption energy (Eads) was calculated as follows: E, ;=
Esoysurface=(Eso,+Esuace)» where Eg, ., is the total energy of bare MnO,
(110) or CeO, (110), Eq, is the energy of an isolated SO, molecule
and Ego,sufuc is the total energy of the same molecule adsorbed on
surface.

RESULTS AND DISCUSSION

1. Catalytic Activity Results

NO conversions of the catalysts in temperature range from 80
to 240 °C are shown in Fig. 2(a). The activity for Mn,,/»-ALO; in-
creased with the increase of temperature, reached a maximum value
99.5% at 180 °C and then decreased. After the addition of Ce, the
SCR activity was dramatically improved, especially at low tempera-
ture. NO removal efficiency of Mn,,Ce,./+ALO; was 70.8% at
80 °C, which was 41.7% more than that of Mn,,/)~AlL,O; at the
same temperature. And it maintained at 100% in the temperature
range of 100-240 °C.
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Fig. 2. (a) SCR activity of different catalysts (b) Effect of H,O and SO, on SCR activity of different catalysts at 180 °C of different catalysts.

There was still a small amount of SO, and H,O in flue gases
after desulfurization, which may inhibit SCR activity to some degree.
Therefore, an experiment was designed to investigate the effect of
SO, and H,O on the SCR activity; and the results are illustrated in
Fig. 2(b). For Mn,,/y~ALO;, the activity decreased slowly from
98.0% to 84.4% in 2.5 h after the addition of H,O. When SO, was
added into the flue gas, the activity sharply decreased from 84.4%
to 70.0% in the first 0.5h and then the activity declined slowly to
60% during 5.5h. When SO, and H,0 were cut off, the activity
partly recovered. After Ce doping, the NO removal efficiency for
these catalysts remained at about 100% in the presence of H,O at
180 °C. When SO, was injected, the activity decreased to 70.0% in
the first 0.5 h and then kept stable. When SO, and H,O were cut
off, the activity totally recovered to the original level. Compared to
Mny,,Ceyoi/ 7-ALO; and Mny Cey/ AL O;, Mg Cey 1,/ -ALO; had
a little higher NO removal efficiency in the presence of SO, and
H,O. These results suggested that Ce doping, especially when the
ratio Ce: Al was 0.12: 1, significantly improved the resistance to
H,0 and SO, of the catalyst.

2. Catalyst Characterization and DFT Calculation
2-1. BET and XRD Analysis

The BET surface area, pore volume, and pore size of different
samples are summarized in Table 1. The BET surface area pore
volume, and pore size of Mn,/~ALO; was 175.4 m’/g, 0.269 cm’/
g and 6.13 nm, respectively. Ce addition could enhance BET sur-
face area and pore size and the maximum values turned up in
Mny,Cey 1/ 7~ALO; which were 231.8 m*/g and 0.380 cm’/g, respec-
tively. It indicated that, to certain extent, Ce addition could improve

Table 1. Specific surface area and pore structure of the catalyst

Sample BET surzface Pore volume  Pore size
area (m’/g) (em’®/ 2) (nm)
Mny./7-ALO; 1754 0.269 6.13
Mny,Cey o/ 7ALO; 200.0 0.364 7.28
Mn,,Cey 12/ -ALO;s 231.8 0.380 6.56
Mn,,,Ceyo/ -ALO; 175.1 0.289 6.59

the dispersion of MnQO,. However, when Ce loading amount fur-
ther increased, BET surface area and pore size decreased. Pure ceria
has been known to be poorly thermostable and easily sintering
under high temperature [26,27]. Excessive Ce loading might wen-
ken the interaction between Ce and Mn, resulting in Ce sintering
and a small BET surface area and pore size.

XRD patterns of the catalysts are shown in Fig. 3. Four sharp
and strong peaks at 26=28.7, 37.1, 42.4, 56.6, 66.0, 72.3 were de-
tected in the catalyst Mn,,/ALO; and were attributed to the phase
of MnQO, (JCPDS no. 30-0820 and 24-0735). After Ce addition,
those peaks became much weaker due to the interaction between
Ce and Mn [18,28]. When Ce loading amount reached 0.2, MnO,
diffraction peaks became strong. These results suggest that the
optimal Ce loading amount for Mn, 4/y-ALO; was 0.12. The grain
size of MnO, in Mny/y~ALO;, Mn,Ceyoi/ 7~ALOs, MnyCey 12/ -
ALO; and Mny,Ce,,/7ALO; was 92.4, 79.8, 67.4 and 84.0 A, respec-
tively, which were calculated by the Scherrer Formula and K value
was 0.943. Note that values of grain size obtained from the Scher-
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Fig. 3. XRD patterns of different catalysts.
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rer formula were not accurate, but from these results we could still
tell the better dispersion of MnO, in Mny,Ce,,,/ALO; because
of Ce adding. Compared to Mny,/yALO;, new peaks at 26=28.5,
33.1,47.5,56.3, 694 and 76.7 were detected in the catalyst Mn,,Ce,,/
7~ALO; and were attributed to the phase of CeO, (JCPDS no. 43-
1002). But for Mn,,Ce,/3~Al,0; and Mn,,Ce,,,/)~ALO;, CeO,
diffraction peaks were not apparent and even could not be detected.
Those results indicated that Ce modification could improve the
dispersion of MnO,, but when the Ce loading amount increased,
both CeO, and MnO, dispersion got worse. The high dispersion
and poor crystal structure CeO, and MnO, in Mn,,Ce, ,/7-ALO;
were favorable for the SCR activity as reported in previous works
[29,30].

2-2. XPS Analysis

XPS analyses were performed to identify the surface properties
of the catalysts. The XPS spectra of Mn 2p, Ce 3d and O 1s are
shown in Fig. 4 and the surface atomic concentrations are shown
in Table 2.

Two peaks due to Mn 2p,,, and Mn 2p;,, were observed in Mn
2p spectra. The Mn 2p;,, spectra could be separated into two fit-
ting peaks around 640.5 eV and 642.2 eV, which could be assigned
to Mn,O, and MnO,, respectively [31]. It indicated that Mn** and
Mn*" co-existed on the catalyst surface. Ce 3d spectra were com-

X. Zhang et al.

Table 2. The surface atomic concentration of the catalysts

O (%) Ce (%) Mn (%)
Sample S - S -
O 0" Ce" Ce" Mn" Mn"
Mn,,/y-ALO, 22.86 19.38 - - 187 1.87
Mn,,Ceyos/>ALO; 2349 1765 020 060 156 215
Mny,Ceyn/ALO, 2411 1607 030 115 144 224
Mn,,Ce,/-ALO;, 2249 1728 051 247 1.08 1.00

plicated. The peaks denoted by u’, v’ were assigned to Ce’* and the
other peaks denoted by u, u’, u”, v; v, v were assigned to Ce'*
[32,33]. From these peaks, CeO, was the major phase and the peaks
corresponding to Ce*" became stronger with the increase of Ce
loading. Only one main peak was detected in O 1s spectra, which
could be deconvoluted into two sub-bands. The peaks at 529.3-
529.9 eV and 531.3-531.7 eV were corresponding to lattice oxygen
(denoted as O") and surface adsorbed oxygen (denoted as O)),
respectively [34]. As shown in Table 2, the surface concentrations
of O' and Mn" increased after Ce addition, and the maximum
values turned up in Mny,Ce, 1,/ ALO:.

The main reason for the inhibition of SO, for SCR activity at
low temperature is that SO, can react with NH; forming ammo-
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Fig. 4. XPS spectras of O 1s, Ce 3d and Mn 2p for different catalysts.
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nia sulfate to cover the catalyst surface. Combining the characteri-
zation results and catalytic activity, it can be concluded that Ce
modified catalyst, especially for Mn,,Ce, 1,/ ALO;, has a larger sur-
face areas and higher active component dispersion degree, which
makes more active sites exposed on the catalyst surface. For Mn,,
Ce,.12/7-ALO,, when the formed ammonia sulfate covers the cata-
lyst surface the active sites remained can still play roles in SCR
activity. Furthermore, XPS results show that Mn, ,Ce, 1,/ -ALO; has

more surface adsorbed oxygen and Mn*" which plays a more im-
portant role in SCR activity. Therefore, Mn,,Ce, ,/3ALO; has a
better SO, resistance.
2-3. Optimized Structures and Models

As shown in XRD results, MnO, and CeO, were main crystal-
line states on the catalyst surface. And XPS results showed that
atomic concentrations of Mn** and Ce** were a little higher than
that of Mn™ and Ce™". Furthermore, previous studies have pointed

Fig. 5. The optimized structure of (a) MnO, (110), (b) CeO, (110), (c) Ce doped Mn (110) surfaces and (a)’, (b)’, (c)’ corresponding surfaces
adsorbed SO,. The red balls are oxygen, purple balls are manganese, gray balls are cerium, yellow ball is sulfur.

Korean J. Chem. Eng.(Vol. 34, No. 7)
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out that CeO, (1 1 0) [35] and MnO, (1 1 0) [36] play an important
role during the catalytic reaction. Therefore, the MnO, (110) and
CeO, (110) models were built. The effects of Ce doping on the
adsorption of SO, on MnO,, CeO,, MnCe (1 1 0) surface were opti-
mized. SO, adsorption energy on different sites was calculated. The
optimized structure of MnO, (110), CeO, (110), Ce doped Mn
(110) surfaces and the SO, adsorption structures with highest SO,
adsorption energy are shown in Fig. 5. The other SO, adsorption
structures are shown in Fig. S1. The Mn-O and Ce-O bond length
was 1.949 and 2.315 A for MnO, (1 1 0) and CeO, (1 1 0) sur-
face, respectively. These results agree with the other GGA studies
[37,38]. After Ce doping, Mn-O bond with length of 1.949 A was
replaced by Ce-O with length of 2.161 A and Mn-O band length
in the position without Ce doping changed from 1.949 to 1.964
and 1.947 A. Tt suggested that Ce doping changed MnO, (1 1 0)
structure considerably at the local position, but it did not change
MnO, (1 1 0) structure much at the other position. S-O bond length
for SO, was 1.482 A, and it increased after being adsorbed on the
catalyst surface, and the Ce-O and Mn-O bonds were also changed.
These results are due to the interaction between SO, and the cata-
lyst surface. The adsorption energy of SO, adsorbed on MnO,,
CeO,, MnCe (1 1 0) was —0.88, —1.21, —1.28 eV, which implied
that SO, was preferably adsorbed on the Ce surrounding after Ce
doping MnO, (1 1 0). Thus, Ce doping could protect the main
active component MnQ, from SO, poisoning, resulting in a bet-
ter SO, resistance. Ji et al. [39,40] studied the effect of ceria on the
sulfation of the catalyst with DRIFTS, and pointed out that ceria
was able to store sulfur during catalyst exposure to SO,. In the
present work, DFT calculated results are in good agreement with
these experimental results.
2-4. FT-IR Analysis

FT-IR analyses were performed to investigate surface species on
the catalysts after 6h treatment with H,O and SO,. As shown in
Fig. 6, a strong peak at 1,640 cm™" ascribed to symmetric bending
vibration of ammonia cation NH; was detected in both catalysts,
which might be due to the formation of NH,NO; during the SCR
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Absorbance (a.u.)

1390

1 ! 1 1 ] 1 1 1
500 1000 1500 2000 2500 3000 3500 4000
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Fig. 6. FT-IR spectrum of the catalysts after 6 h treatment with H,O
and SO,.
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reaction [41,42]. Two peaks at 1,047 and 1,390 cm ™' were detected
in Mny,/y-ALO;, which might be related to SO;~ and NH** show-
ing the existence of (NH,),SO, or NH,HSO, [43]. But for Mn,,Ce; ,,/
7-ALO;, the peak at 1,390 cm ™' was much weaker and the peak at
1,047 cm™" disappeared. Those results indicate that sulfate species
could not easily accumulate on the surface of Mn,,Ce, ./ #ALO;
during treatment with H,O and SO,. Previous studies reported
that SO, could react with ammonia to form ammonium sulfate
which was deposited on the active sites and blocked the active
channels of catalyst [13-15]. Therefore, lower formation of ammo-
nium sulfate on the surface of Mng,Ce,,/»~ALO; resulted in a
better resistance to H,O and SO,.
2-5. TG Analysis

TG analysis was used to investigate the species and stability of
the sulfates on the catalysts surface. As shown in Fig. 7, the sharp
peak in DTG trace at 76 °C in both the two catalysts was attributed
to the departure of water molecules and hydration. And no visible
weight loss stage at 250-350 °C corresponding to decomposition of
(NH,),SO, and NH,HSO, [44] could be found, which indicated
that ammonium sulfate could not easily form on the surface of these
two catalysts. In Mn, /- ALO;, there were two other obvious peaks
at 607 and 846 °C which could be assigned to the decomposition
of AL,(SO,); [45] and MnSO, [11,13]. But for Mn, ,Ce, ,/~ALO;,
the peak around 607 °C weakens remarkably and a new weak peak
around 687 °C due to Ce,(SO,), decomposition was observed [11,
46]. Furthermore, no visible peak due to sulfated MnO, decompo-
sition could be detected in Mn,,Ce,,/3-Al,O;. These results indi-
cate that Ce modification can inhibit sulfate formation on the
surface of catalysts, which is in good agreement with the DFT results.
Based on the above, Ce modification can change the adsorption
energy of SO, adsorbed on catalyst surface, lead to the preferen-
tial adsorption of SO, on Ce surrounding, and inhibit sulfate for-
mation on active component. It has been reported that the formation
of sulfates, such as ammonia sulfates and metal sulfates, is the main
reason for catalyst deactivation in the presence of SO, [4748]. Ce
inhibits sulfates formation on catalyst surface especially on active
component MnO,, which can improve the SO, resistance of cata-
lysts, resulting in a better SCR activity in the presence of SO,.
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3. Conclusions

An experimental and DFT study was made to investigate the
effects of Ce doped Mn,,/3-ALO; on SO, resistance. DFT results
show that Ce modification can change the adsorption energy of
SO, adsorbed on catalyst surface, resulting in the preferential adsorp-
tion of SO, on Ce surrounding. FT-IR and TG results show that
fewer sulfates can form on the catalyst surface. Therefore, Ce modi-
fication inhibiting sulfate formation on active components leads to
a high NO conversion in the presence of SO,.
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Fig. S1. The optimized structure of SO, adsorbed on (a) MnO, (110), (b) CeO, (110), (c) Ce doped Mn (110) surfaces. The red balls are oxy-
gen, purple balls are manganese, gray balls are cerium, yellow ball is sulfur.

The adsorption energy of SO, adsorbed on MnQO,, CeO,, MnCe (1 1 0) were —0.31, —0.50, —0.67 eV.
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