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Fig. 1. Catalytic activities for NH;-SCR over different catalysts.
Reaction conditions: 0.24 ml catalyst, total flow rate = 40 ml/min,
GHSV = 10000 h™, 0.1% NHj, 0.1% NO, 5% O,, Ar balance.
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Fig. 2. FT-IR spectra of adsorbed pyridine (a) and CO,-TPD spectra (b) of BiMnO; and LaMnOs;.



1450 ot R Chin. J. Catal., 2012, 33: 1448-1454
1595 cm™ A LLIH J& N Lewis B2 M £7 A M Wig 1 ; % 1 Bader # Voronoi %3t E# LaMnO; #1 BiMnO; J&
1490 cm™ &y Lewis Al Bronsted & P £ & 1 P T

Table 1 Calculated values of atomic charges of LaMnO; and

LaMnO; H L5 BiMnOs; A 8L W Yic i, {H I 5 F #8
555, £ W BiMnOs 1) Lewis FRYEALE 2. 4k, X
PIASBE AR 1540 ecm™' AL 35K I Bronsted 1% 45
fE D21 i B Mn BE45 AR I B R R AT 9 S
PIRK. B 2(b) y BiMnO; F1 LaMnOs [ CO,-TPD
W fHE AL, A Bi U La J5, BiMnO; #5814 B4
TS, MM T 2 OB R M R X TR IR
NH;-SCR #4671, — Bl NH; T B T Lewis B2 1
P b, FEUE B NH, RiE P R NH, 55
A ) NO B 3R TR KR S R 4 A R
NH,NO, B 5 4 f# & i N, Al H,0224 ik 4
Smirniotis %P1, X F AR SCR &, #1677 E
Lewis i %4 fi7 tt Bronsted g P 4y 58 & # . a] I,
BiMnO; H 7 55k Lewis R 1%, A T NH; it 5
T AL, DRI R I HE B v A (KR NH5-SCR A6 1.
N T HE— 5B BiMnO; IR 1, A SC K %
FEZ R FRASREAT 7S SRR R T A AR
S F IR 5] LT ) BE 1) Sanderson 2 H ) HEL 47
P Ao FEE A, A 267 DR B LR h 3t T SR Rl
)RR BE, S 1 BT B A 4 T O IR R e T
R 122 Ji B, A2 1 1) IR 5 B 5 AR b ) A7 R
BRI RIS b H er B RN, LR
B, 1 Bader A1 Voronoi Hifhf 7 #rik ) 32 N T
JE - LT E R AP £ 1 Y i1 Bader A1 Voronoi
EH S BiMnO; fil LaMnO; E &R T HAEE. B
# 1AW, Bi,La f1 Mn JE TRt T4 0 JR 1.

Intensity

Il L Il Il Il

645 650 655 660 665

T T S R
635 640
Binding energy (eV)

630

BiMnO; by Bader and Voronoi methods

Sample Atom Bader charge ~ Voronoi charge
BiMnO; Mn, 11.2917 11.4299
Mn, 11.2748 11.4069
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Each Mn or O is located in a different coordination environment.
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Selective catalytic reduction of NO, (NO and NO,) by
ammonia (NH;3;-SCR) is currently regarded as the most
effective technology for removing NO, from stationary
combustion processes. A commercial catalyst for NH;-SCR
is V,05-WO5/TiO, [1]. However, the problems of the toxicity
of vanadia, high activity for the oxidation of SO, to SO3, and
relatively narrow temperature window have motivated con-
tinuing effects to develop a catalyst for low temperature SCR
(below 250 °C) that can be used downstream of the electro-
static precipitator and desulfurization [2]. Transition metal
(Fe, V, Cr, Cu, Ce, and Mn) oxide based catalysts have been
explored intensively for NH;-SCR at low temperature.
Manganese based catalysts have received much attention
because of their excellent performance. Smirniotis et al. [3]
reported that 20 wt% Mn/TiO, was extremely active at 120

°C. Qi et al. [4] showed that a Mn-Ce mixed oxide catalyst
yielded nearly 100% NO conversion at 120 °C at a high
space velocity of 42000 h™'. Cr-Mn mixed oxide [5], Fe-Mn
based oxides [6,7], and MnO,-SnO, catalysts have all dis-
played good performance [8].

Perovskite oxides with a general formula of ABO; have
long been studied because of their well defined structure,
ease of synthesis, low cost, and high thermal stability [9].
Previous studies have focused on CO oxidation [10], oxida-
tion of hydrocarbons [11], and NO, decomposition, and
exhaust treatment [12—14]. No report on the application of
perovskite oxides for NH;-SCR at low temperature has been
published. Mn-based perovskite oxides are of particular
interest because of their excellent redox properties. LaMnO;
was found to be active for NO oxidation [13]. Although NO
oxidation to NO, is an important step in lean NO, reduction,
and NO, enhances the activities of NH3;-SCR, the poor
acidicity of the oxide has limited its use for NH;-SCR be-
cause both redox and acidity properties are necessary for the
SCR reaction [15-18]. However, it may be possible to de-
velop a suitable perovskite catalyst by the substitution of the
cations in positions A or B with others with different
charge/radius ratios, which could generate acid sites. Here
we report that the BiMnOj; perovskite displayed a stronger
acidity and good activity for NH;-SCR at low temperature in
comparison with LaMnOs.

The BiMnO;, LaMnOs, and MnO, catalysts were synthe-
sized and characterized using the methods described in the
references [13,19-22]. Bi,O; (analytical reagent) was ob-
tained from Sinopharm Chemical Reagent Co, Ltd. China.

NH;-SCR activity measurements were performed in a
fixed bed quartz flow reactor at atmospheric pressure. The
reaction conditions were 0.24 ml catalyst (40-80 mesh),
GHSV=10000h",0.1% NO, 0.1% NHj, 5% O,, Ar balance.
The activity data were collected after half an hour at each
temperature after the catalytic reaction had reached steady
state. The gas concentrations in the outlet stream were
monitored by an online quadrupole mass spectrometer
(QIC-20, Hiden, UK). NO conversion (Xyo) was calculated
by Xno= (1 = [NOJow/[NOJ;y) x 100%.

IR spectra of adsorbed pyridine were recorded on a
Nicolet 410 FT-IR spectrometer. CO, temperature-pro-
grammed reduction (CO,-TPD) was performed using a
quadrupole mass spectrometer to record the CO, signals.
X-ray photoelectron spectroscopy (XPS) was carried out on
an ESCALAB MK II X-ray photoelectron spectrometer (VG
Scientific, UK).

NO conversions over the BiMnO; and LaMnOj; catalysts
at reaction temperatures from 100 to 250 °C are shown in Fig.
1. BiMnO; showed a much higher NO conversion than those
of LaMnO; and MnO,. At 100 °C, 85% NO conversion was
obtained and there was more than 85% NO conversion at
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100-180 °C over BiMnOs, while LaMnO; had the 80% NO
conversion at above 160 °C. Bi,O; displayed very low ac-
tivity. This result clearly implied that the catalytic activity
was associated with the kind of A cations in the Mn based
perovskite.

The IR spectra of adsorbed pyridine were used to deter-
mine the acidic properties of the Mn-based perovskite cata-
lysts. As shown in Fig. 2(a), the infrared spectra of pyridine
adsorbed on BiMnO; exhibited bands at 1450, 1490, and
1595 cm™' due to the vibration modes of pyridine bonded to
Lewis acidic sites [9]. Pyridine adsorbed on LaMnOj; showed
similar bands but with a lower intensity, suggesting a lower
concentration of Lewis acid sites. The bands at 1540-1545
cm™', ascribed to Bronsted acid sites, were very small on the
two samples, which indicated their very weak Bronsted
acidic sites [9,23].

The basic properties of the metal oxide catalysts were
measured by CO,-TPD. Figure 2(b) shows typical CO,
TPD-MS profiles obtained from the BiMnO; and LaMnO;
catalysts, which demonstrated that both the strength and
amount of basic sites were decreased by the substitution of Bi
for La in the Mn based perovskite catalyst. It is generally
accepted that the adsorption of NHj is the first step in NH;
activation. For Mn-based catalysts, most researchers
[2,22,24] believed that NH; is adsorbed on a Lewis acid
center, and it is subsequently transformed into NH,. NH,
would react with gas phase NO or nitrite intermediates on the
surface to give N, and H,O. Smirniotis et al. [3] proposed
that Lewis acidity was more important than Bronsted acidity
for low temperature SCR catalysts. Hence, BiMnO; with a
stronger Lewis acidity and a higher ratio of Lewis to Bron-
sted acidic site was better for the adsorption and activation of
NH; and it displayed a higher activity for NH;-SCR at low
temperature as compared with LaMnOs.

Density functional theory (DFT) calculations were per-
formed to analyze the higher acidity of BiMnO; in com-
parison with LaMnQOs. Electronegativity is an important
fundamental property of an atom, which represents the power
of an atom in a compound to attract electrons to itself [25].
Sanderson’s scale and the associated electronegativity
equalization principle can be used for calculating the bond
energies of various compounds [26] and for elucidating the
acidic and basic properties of zeolites [27]. According to this
principle, there is an increase in acid strength when there is a
decrease in the negative charge on the oxygen. For the
quantitative characterization of the charges at each atomic
site, Bader and Voronoi charge analyses are widely used
[28,29]. Table 1 presents the atomic charges for the atoms in
BiMnO; and LaMnO; calculated with the Bader and Voronoi
schemes. As expected, the Bi, La, and Mn atoms donated
electrons, while the O atoms accepted them. The average
Bader charges for the oxygen in BiMnO; was slightly less

than that in LaMnQO;, which was also true of the Voronoi
charges. The Sanderson’s electronegativity value of Bi
(2.342) was significantly larger than that of La (0.154) [25].
The smaller oxygen charge and higher Sanderson’s electro-
negativity for BiMnO; explain the stronger acidity of the
catalyst, which will facilitate the adsorption and activation of
NH;. Therefore, the BiMnO; catalyst has the better
NH;-SCR activity at low temperature.

Figure 3 shows the Mn 2p and O ls XPS spectra of
BiMnOj; and LaMnO;. For the two samples, two main peaks
due to Mn 2ps,, and Mn 2p,, were observed from 639 eV to
660 eV [5]. By performing a peak-fitting deconvolution, the
Mn 2ps), spectra were separated into two peaks at 642.7 eV
(Mn*) and 6412 eV (Mn’") [30]. The value of the
Mn*/Mn’" ratio in the surface layer of BiMnO; (1.07) was
basically the same as that of LaMnO; (1.17).

As shown in Fig. 3(b), an asymmetric peak was observed
in the XPS spectra of O 1s for the two catalysts. The binding
energy of O ls in LaMnO; was slightly lower than that of
BiMnO:s. A decrease of the O s binding energy indicated an
increase of the electron density around the O nucleus, which
indicated an increased basicity of LaMnO; in comparison
with BiMnQO; [31]. This was consistent with the above DFT
calculations.

The peak at 529.6-530.0 eV corresponded to lattice oxy-
gen Og (O*) and the peak at 531.3-531.7 ¢V was assigned to
chemisorbed oxygen (denoted as O,). The peak at above 533
eV was associated with adsorbed molecular water [30]. The
value of O,/(O, + Og) in the surface layer of BiMnOs (0.62)
was much higher than that of LaMnOj; (0.44). It is commonly
accepted that surface chemisorbed oxygen is the most active
oxygen and highly active in oxidation reactions such as the
oxidation of NO to NO,, which benefits the adsorption of
NH;. So, BiMnO; with more O, was better for the reduction
of NO in the SCR process due to the occurrence of ““fast
SCR” [32].

Flue gases always contain small amounts of SO, and H,O
even after desulphurization. So it is necessary to investigate
the influence of H,O and SO, on the low temperature SCR
reaction. The effect of H,O or SO, + H,O on the NO con-
version over the BiMnOj; catalyst was monitored as a func-
tion of time on stream at 140 °C. Before introducing H,O or
H,0 + SO,, the SCR reaction was stabilized for 1 h at 140 °C.
As indicated in Fig. 4, when only 5% H,O was introduced
into the feed gas mixture, the NO removal efficiency showed
a negligible decrease from 85.5% to 84.1% after 5 h. After
the removal of H,O from the feed gas mixture, the NO re-
moval was efficiency recovered to the original level. When
5% H,0 and 0.01% SO, were simultaneously added to the
reactants, the NO conversion was decreased from 85.5% to
82.7% during the following 9 h and then returned quickly to
85.5% at which point it stabilized. These results suggested
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that the poisoning effect of H,O or H,O and SO, on BiMnO;
catalyst was reversible, and was mainly caused by the com-
petitive adsorption of H,O, SO,, and reaction gases on the
catalyst [6,33].

In summary, the BiMnOj; perovskite catalyst showed good
activity in NH;-SCR at low temperature. The higher Lewis

acidity and high concentration of surface chemisorbed oxy-
gen were responsible for the better activity. In addition,
BiMnOs; was resistant to poisoning by H,O and SO,.

Full-text paper available online at Elsevier ScienceDirect
http://www.sciencedirect.com/science/journal/18722067
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