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Low-temperature selective catalytic reduction of
NO with NHs; over an FeO,/B-MnO, composite

Bo Du,?*° Yuting Hu,?* Ting Cheng,?*® Zhaozhong Jiang,®*® Zhenzhen Wang®>©
and Chengzhu Zhuy [ *abed

A series of Fe-modified B-MnO, (FeO,/B-MnO,) composite catalysts were prepared by an impregnation
method with B-MnO, and ferro nitrate as raw materials. The structures and properties of the composites
were systematically characterized and analyzed by X-ray diffraction, N, adsorption—desorption, high-
resolution electron microscopy, temperature-programmed reduction of H,, temperature-programmed
desorption of NHsz, and FTIR infrared spectroscopy. The deNO, activity, water resistance, and sulfur
resistance of the composite catalysts were evaluated in a thermally fixed catalytic reaction system. The
results indicated that the FeO,/B-MnO, composite (Fe/Mn molar ratio of 0.3 and calcination temperature
of 450 °C) had higher catalytic activity and a wider reaction temperature window compared with B-
MnO,. The water resistance and sulfur resistance of the catalyst were enhanced. It reached 100% NO
conversion efficiency with an initial NO concentration of 500 ppm, a gas hourly space velocity of 45000
h~! and a reaction temperature of 175-325 °C. The appropriate Fe/Mn molar ratio sample had
a synergistic effect, affecting the morphology, redox properties, and acidic sites, and helped to improve

rsc.li/rsc-advances

1. Introduction

Excessive emissions of nitrogen oxides cause a series of envi-
ronmental problems, such as the greenhouse effect," acid rain,*
photochemical smog,® etc. Furthermore, nitrogen oxides could
enter the human body through inhalation, skin contact, and
ingestion,* thus causing harm to humans.*” Countries world-
wide have set increasingly stringent emission standards to
reduce NO, emissions.**® Many technologies have been devel-
oped to reduce NO, emissions, among which selective catalytic
reduction (SCR) with NH; as the reducing agent was the most
mature and effective method, especially for stationary sources
of NO, emissions. However, the application of this technology
was limited due to most NH3-SCR catalysts afforded activity
merely at a high exhaust temperature.™**

At present, the V,05-WO;/TiO, catalyst has been widely used
in flue gas denitrification systems of thermal power plants. It
had a narrow activation temperature window and was typically
used in flue gases above 320 °C to ensure high NO, removal
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the low-temperature NH3-SCR activity of the composite catalyst.

activity."** Whereas its denitrification activity was inhibited
while the flue gas temperature was lower. In addition,
vanadium-containing catalysts were biotoxicity and prone to
secondary contamination after deactivation or aging." And it
was listed on the China National List of Hazardous Chemicals
in 2016.*°

More recently, Mn-based catalysts attracted wide attention
because of their outstanding NH;-SCR activity."” Kapteijn et al.*®
found that MnO, had a higher SCR activity than other MnO,.
Meng et al.™ found B-MnO, was the most catalytically active of
the three crystalline types of MnO,. Yang et al.* reported that -
MnO, had a good NH3;-SCR activity at 120 °C to 350 °C.
However, it was weakly resistant to SO, and reacted with SO, to
produce MnSO, to lose NH;-SCR activity,” and need further
strengthened in breadth and depth.

FeO, had been explored for NH;-SCR reaction because of its
environmentally friendly properties, satisfactory N, selectivity,
and excellent tolerance of SO, at high temperatures.”>>* Xie
et al*® used Fe,Oz-modified MnO,/attapulgite (Mn-ATP) for
NH;-SCR and found that Fe,O; modification could enhance the
N, selectivity and resistance to H,O/SO, of the catalyst. Qiu
et al.* prepared S-MnFeCoCe/Ti/Si catalysts by Fe modification,
which maintained high NO, conversion at 50 ppm SO, and
10 vol% H,O. They also found that the presence of interactions
between Mn oxide and Fe oxide enhanced the durability of the
catalyst to sulfur and water.

In this study, using B-MnO, as a carrier and FeO, as modified
additives, the FeO,/B-MnO, composite catalyst was synthesized
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by impregnation method. The denitrification activity of
composite for SCR of NO, with NH; was systematically investi-
gated. And the composite was characterized by X-ray diffraction,
high-resolution electron microscope, temperature-programmed
reduction of H, (H,-TPR), temperature-programmed desorption
of NH; (NH;-TPD), and FTIR infrared spectroscopy, etc. tech-
niques to explain the advantages of deNO, activity, water
resistance, and sulfur resistance of the modified composite.

2. Experimental sections
2.1 Catalysts preparation

Synthetic B-MnO, was synthesized by the hydrothermal
synthesis method.”” MnSO, and an equal amount of (NH,),S,0s
were dissolved in deionized water, then transferred into
a Teflon-lined stainless steel autoclave, and reacted at 120 °C for
12 h. After the reaction was completed, the black solid product
obtained by filtering was washed with derived ions to remove
the possible ions in the final product. Finally, the product was
dried in air at 120 °C.

The proportion of ferric nitrate and >60 mesh B-MnO,
powders were dissolved in deionized water in turn and stirred
for 1 h to form a uniform solution. The solution was heated to
the slurry in a heating furnace and then transferred to a 100 °C
oven for drying to obtain the precursors of FeO,/B-MnO,
composites.

The FeO,/B-MnO, precursors were calcined at different
temperatures for 2 h to obtain the catalysts. Based on the
preparation conditions, they were noted as FeO,(n)/B-MnO,(z),
where n represented the molar ratios of Fe and Mn and z rep-
resented the calcination temperatures. After cooling to room
temperature, the catalyst was crushed and sieved, and 40-60
meshes of catalyst were selected for the NH;-SCR activity test.

2.2 Catalysts characterization

The crystal structures of the catalysts were determined by the X-
ray diffraction meter (XRD, D/Max-RB, Rigaku), Cu Ko radiation
source, tube voltage 40 kV, tube current 80 mA, step length 0.02°
s~', scanning range 10°-75°. The specific surface area and pore
structure of the catalysts were determined by an automatic
specific surface area analyzer (BET, NOVA3000e, Quantach-
rome, USA). The surface morphology of the samples was
observed by high-resolution field emission scanning electron
microscopy (SEM, Hitachi Regulus 8230, Japan). X-ray photo-
electron spectrometer (XPS, Thermo ESCALAB250Xi, USA) was
used to determine valence and element content (Al-Ke radia-
tion, 1486.6 eV, and the C 1s line at 284.8 eV as the standard).
H,-TPR and NH;-TPD were detected by the Autocue II 2920
chemisorbent of Mick Instrument Corporation in the United
States. The surface functional groups of the catalysts were
analyzed by Fourier transform infrared spectroscopy (FTIR,
Bruker Vertex-70, Germany).

2.3 Catalytic performance test

The experiment of selective catalytic reduction of NO from
ammonia gas was carried out using a thermostat bed catalytic
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reaction system. The system consisted of a flue gas mixing
system, a catalytic fixed bed and a flue gas analysis system. The
catalytic fixed bed was a cylindrical reactor with a Cr;gNigTi
stainless steel shell on the outer layer and quartz cotton on the
inner layer. The catalyst activity test was carried out on the
catalytic fixed bed (quartz tube fixed bed with a diameter of 6
mm), and the catalytic reaction temperature was adjusted
through the ceramic fiber tube heater, thermocouple, and
temperature-programmed control device.

The gas distribution system had five gas branches, which
were supplied by gas cylinders. The mass flow controller (Sev-
enstar, D07-7C, Beijing) was used to control the flow of each
branch. The total gas flow was 300 mL min~'. The simulated
flue gas consisted of 0.05% NO, 0.05% NHj, 3 vol% O,, 10 vol%
H,O0 (when used), and 200/300 ppm SO, (when used), Ar as the
balance gas. The water vapor was generated by the peristaltic
pump together the heating tape and then passed into the gas
line. The GHSV of 35 000 h™" was selected.

The catalytic activity of the catalyst was measured by NO
conversion (7no), and the NO concentration in the feed gas and
tail gas was detected by flue gas analyzer (Madur GA-12plus,
Austria).

NOin - NOout

No. X 100% (1)

No =
where NO;, and NO,, represent the NO concentration of inlet
and outlet, ppm, respectively.

3. Results and discussion
3.1 Catalytic performances

3.1.1 Optimum preparation conditions of the composite
catalyst. The low-temperature deNO, performance of a series of
catalysts was investigated in terms of two factors: the Fe/Mn
molar ratios and the calcination temperatures. Fig. 1a showed
the NO conversion of FeO,(n)/B-MnO,(400 °C) composite cata-
lysts with different Fe/Mn molar ratios within the reaction
temperature of 75 °C to 400 °C. The NO conversion of the
catalyst loaded with iron oxide was significantly higher than
that of B-MnO, at low temperatures (75-200 °C). The NH;-SCR
activity of the catalysts enhanced and then decreased with
increasing the amount of loaded FeO,, and the optimal Fe/Mn
molar ratio was 0.3. This indicated that reasonable doping
was beneficial to the catalytic reaction, while excessive doping
had a rather unfavorable catalytic reaction.”® The NO conversion
of the FeO,(0.3)/B-Mn0,(450 °C) composite catalyst can reach
100% at 175-325 °C with an hourly space velocity of gas (GHSV)
of 35000 h™*

The calcination temperature could affect the SCR activity of
the catalyst, and the catalytic activity of MnO, could be different
at different calcination temperatures.*® Fig. 1b showed the
influence of different calcination temperatures on the NO
conversion of FeO,(0.3)/B-MnO,(z) composite catalysts. When
the calcination temperatures were 400 °C and 450 °C, the
activity of the catalyst in the low-temperature section was very
similar, but FeO,(0.3)/B-Mn0,(450 °C) was slightly superior in
the high-temperature section. When the calcination
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Fig. 1 Effect of (a) different Fe/Mn molar ratios and (b) different calcination temperatures on NO conversion efficiency of catalysts. Reaction
conditions: 0.05% NO, 0.05% NHs, 3 vol% O, Ar as the balance gas and GHSV of 35000 h™2.

temperature was 500 °C, the low-temperature SCR activity of
FeO,(0.3)/B-MnO,(500 °C) was inferior to that of the composite
catalysts calcined at other temperatures. This phenomenon
tallied well with the activity test results of the catalysts prepared
at different calcination temperatures.** In addition, along the
reaction temperature increased from 325 °C to 400 °C, the
activity of the FeO,(0.3)/8-Mn0O,(450 °C) composite catalyst
decreased. It might be due to the Mn oxides and Fe oxides could
reduce the activation energy of NH; oxidation reaction and
promoted the oxidation of NH; to reduce the concentration of
NH; in flue gas.'** The reactions (2-4) could generate a certain
amount of NO and a new pollutant N,O, which could affect the
denitrification effect of the catalyst.”

4NH3 + 302 i 2N2 + 6H20 (2)
4NH3 + 402 g 2N20 + 6H20 (3)
4NH; + 50, — 4NO + 6H,0 @)

Table 1 The denitration efficiency of catalysts reported in the literature

Compared with other Mn-based and Fe-based catalysts from
literature (Table 1), the prepared FeO,(0.3)/8-Mn0O,(450 °C)
composite could maintain a high NO conversion over a wide
temperature range and had a good industrial application
prospect.

3.1.2 Effect of GHSV. GHSV affected the activity of the
catalyst. The NO conversion of FeO,(0.3)/B-Mn0O,(450 °C)
catalyst at different GHSV of simulated gases was shown in
Fig. 2a. In the GHSV range of 15000 h™" to 45000 h™ ', the
NO conversion rate of FeO,(0.3)/f-MnO,(450 °C) still
reached 100% at 175 °C to 325 °C. When the reaction
temperature was below 175 °C, the NO conversion decreased
slightly as the GHSV was increased. The deNO, efficiency of
the catalyst decreased at temperatures above 325 °C under
different GHSV, but the overall rule was not shown. From the
above experiments, it was revealed that FeO,(0.3)/p-
MnO,(450 °C) catalyst had a certain tolerance to higher
GHSV and lower reaction temperature, which was more
favorable in practice.

Catalyst Calcination Reaction condition NO conversion Ref.

FeO,/B-MnO, Impregnation [NO] =[NH;] = 500 ppm, 3% ~100% (175-325 °C) This work
0, in Ar, GHSV = 35000 h™*

MnO,/o-Fe,03 Impregnation [NO] = [NH;] = 500 ppm, 5% >90% (200-350 °C) 8
0, in Ar, GHSV = 72000 h™*

Fe-Mn/TiO,(xPr) Impregnation [NO] = [NH;] = 1000 ppm, >95% (140-220 °C) 10
7% O, in N,, GHSV = 30 000
h71

Fe-Mn/Ce;Al, Co-precipitation [NO] =[NH;] = 500 ppm, 5% >90% (75-250 °C) 29
0, in Ar, GHSV = 30000 h™*

CeO,-Fe,03/A1,053 Microwave hydrothermal [NO] =[NH;3] = 500 ppm, 5% >90% (200-300 °C) 30
0, in N,, GHSV = 6000 h™*

Fey sMgo 20, Co-precipitation [NO] = [NH3] = 1000 ppm, >90% (250-350 °C) 31
3.5% O, in N,, GHSV = 6000
h71

Mn-Ce/Febeta Incipient wetness co- [NO] = 380 ppm, [NH;3] = >80% (180-500 °C) 32

6380 | RSC Adv, 2023, 13,
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330 ppm, 10% O, in N,
GHSV = 36000 h™*
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Fig. 2
test of FeO,(0.3)/B-MnO,(450 °C) at 250 °C for 32 h.

3.1.3 H,O0 and SO, tolerance. The combustion exhaust gas
usually contained H,O and some SO, when used in practice,
this might lead to the deactivation of the SCR catalyst.** Fig. 2b
showed the sulfur resistance and water resistance after 1 h
stable reaction at 250 °C, simulated gases of 500 ppm NO,
500 ppm NH;, and 3 vol% O,, GHSV of 35000 h™'. When
200 ppm SO, was passed to -MnO,, the NO, conversion effi-
ciency of B-MnO, dropped to 48% within 5.5 h and then stabi-
lized at 44%. Compared with the performance of B-MnO,(450 °©
C), the NO conversion rate of FeO,(0.3)/B-Mn0,(450 °C) was
reduced from 100% to 55% and stabilized at 53%. NO conver-
sion without resume when SO, introduction was turned off, this
might be due to the deposition of ammonium sulfate/bisulfate
on the catalyst surface and the blocking of the active sites of the
NH,-SCR reaction.*® The NO conversion rate on the catalyst was
maintained at 100% when 10 vol% H,O was passed into
simulated gases, indicating that the catalyst had strong toler-
ance to H,0.”” When 200 ppm SO, and 10 vol% H,O were
simultaneously introduced into simulated gases, the NO
conversion of the catalyst decreases to 52% and stabilized at
48%. Compared with 200 ppm SO, alone, the NO conversion
rate had only a 5% decrease after 5.5 h. It indicated that SO, had
a large effect on SCR activity and H,O had a negligible effect, the
coexistence of SO, and H,O could have a certain synergistic
effect on SCR activity. Therefore, compared with B-MnO,, the

© 2023 The Author(s). Published by the Royal Society of Chemistry

(a) Effect of GHSV on NO conversion of FeO,(0.3)/B-MnO,(450 °C), (b) effect of H,O and SO, on NO conversion of catalyst, (c) stability

doping of Fe effectively improved the SO, resistance of the
catalyst.***®

3.1.4 Catalyst stability. The stability of a catalyst was
a factor that affected its value in industrial applications. The
FeO,(0.3)/B-MnO,(450 °C) catalyst was used for SCR reactions at
250 °C under GHSV of 35 000 h™*, 500 ppm NO, 500 ppm NHj,
3 vol% O,, and Ar as balanced gas. As shown in Fig. 2c, the
FeO,(0.3)/B-Mn0O,(450 °C) catalyst was consistently kept at
100% NO, conversion efficiency within 32 h. The results showed
that FeO,(0.3)/B-MnO,(450 °C) catalyst had stable SCR perfor-
mance and relatively high service life, which had certain prac-
tical application value.

3.2 Catalysts characterization

3.2.1 XRD analysis. The XRD spectra of B-MnO, with
different calcination temperatures were shown in Fig. 3a. The
hydrothermal synthesized MnO, samples showed different
crystal shapes and structures at different temperatures. When
calcined at temperatures of 400 °C and 450 °C, there were
diffraction peaks at 26 = 28.84°, 37.52°, 41.97°, 56.37°, 60.27°,
69.71°, 72.26° and 72.38° were attributed to -MnO,.** When
the calcination temperature was 500 °C, the B-MnO, diffraction
peaks disappeared, the diffraction peaks appeared at 26 = 23.3°,
32.95°, 38.23°, 45.17°, 49.34°, 55.19°, and 65.80° were assigned
to Mn,0;.*" With the increase of calcination temperature, the

RSC Adv, 2023, 13, 6378-6388 | 6381
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Fig. 3 XRD patterns of (a) B-MnO, at different calcination temperatures; (b) FeO,(n)/B-Mn0O,(450 °C) with different molar ratios of Fe/Mn; (c)

FeO,(0.3)/B-Mn0O; at different calcination temperatures.

sample changes from B-MnO, — Mn,0;. It should be the
calcination at too high a temperature promoted the transition
of the Mn valence from Mn'" — Mn*" in the sample.’**
Moreover, the reflections of samples enhanced with increasing
calcination temperature, demonstrating an enhancement in
crystallinity. It might be due to the sample will sinter at higher
temperatures.

Ferric nitrate decomposes to FeO, at high temperatures, and
its main components were o-Fe,O; and Fe;O, (Fig. 3b), the

diffraction peaks of 20 = 35.36° and 49.47° were attributed to
Fe,03, while 26 = 18.29° was diffraction peak of Fe;0,.** With
the increase of the Fe/Mn molar ratio, the peak intensity of B-
MnO, decreased gradually. It indicated that the dispersion of -
MnO, increased with increasing Fe loading and it combined
more fully with FeO,, and favored by the formation of a large
number of small particles of the active fraction, which
promoted the fast SCR reaction.** However, with the increase of
Fe content, the diffraction peak of a-Fe,O; increased relatively
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(a) N, adsorption—desorption curve and (b) average pore size of catalysts.
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Table 2 BET surface area, total pore volume, and average pore radius of B-MnO,(450 °C), FeO,(0.3)/B-MnO,(450 °C), and FeO,(450 °C)

Total pore volume/10 > Average pore

Sample Surface area/m” g~ em® g ! radius/nm
B-Mn02(450 OC) 67.934 27.41 81.69
Fe0,(0.3)/B-MnO,(450 °C) 45.905 22.31 97.22
Fer(450 OC) 23.788 19.89 167.26

while that of Fe;O, decreased. It could be due to the trans-
formation of part of Fe;0, to Fe,0;. The co-existence of Fe** and
Fe*' could form an imbalance unsaturated chemical bonds,
which could increase the amount of chemisorbed oxygen on the
surface and improve the catalytic performance of the catalyst.*®
Combined with Fig. 1a and 3b, an appropriate Fe doping could
produce tiny active particles and improve the catalytic activity,
while excessive Fe doping was conducive to the formation of
oxide masses, thus hindering the SCR reaction.*®

The XRD diagrams of FeO,(0.3)/MnO, at different calcina-
tion temperatures was shown in Fig. 3c. With the increasing of
calcination temperature, the reflection peak intensity of MnO,
increased and then decreased, while the reflection peak inten-
sity of FeO, gradually weakened. The intensity of the reflection
peak of B-MnO, was the largest when the calcination tempera-
ture was 450 °C. The intensity of FeO, reflection peak decreased,
its dispersion increased and crystallinity became smaller, which
was favorable to improve the catalytic performance.*” The peak
at 260 = 23.16° could be the reflection peak of Fe-Mn-O, formed
by the reaction.*® The formation of Fe-Mn-O, complexes was
beneficial to improve the deNO, performance of the catalyst.*
The efficiency of compound catalytic denitrification decreased
at 500 °C due to the conversion of MnO, to Mn,03, which was
not favorable for deNO, reaction.*°

3.2.2 N, adsorption and desorption. The specific surface
area of the catalyst was important for adsorbing NH; and
providing active sites.** The calcination temperature directly
regulated the pore size distribution and pore structure of the
catalyst, which in turn affected the performance of the cata-
lyst.>* The suitable temperature of calcination could effectively
improve the low-temperature activity of the catalyst. The
addition of Fe also had an effect on the morphology of the
catalyst. Yin®® reported that the specific surface area of cata-
lysts were not the main factor affecting their deNO, activity. -

MnO,(450 °C) and FeO,(450 °C) and the best catalyst FeO,(0.3)/
B-MnO,(450 °C) were selected for N, adsorption and desorp-
tion experiments. The BET results of were shown in Fig. 4 and
Table 2. The addition of Fe could reduce the surface area and
total pore volume, and increase the average pore radius of the
catalyst. In the N, adsorption-desorption isotherm, the
adsorption branch did not coincide with the desorption
branch, showing a hysteresis loop, which was attributed to the
capillary condensation phenomenon that occurred in the
process of N, low-temperature adsorption, indicating that
there were mainly mesopores or micropores in the catalyst.
According to the IUPAC classification, the overall isotherm
showed class V, indicating the interaction between the sample
surface and N, was weak.>»* The adsorption branch and
desorption branch were almost parallel, and the hysteresis
loop was H4 type, which indicated that there were smaller
pores and larger pores on the sample surface.* It could be seen
from the average pore size distribution diagram that Fe
loading increased the content of 2.27 nm micropores and
3.11 nm micropores, which improved the average pore size of
the catalyst. This meant that the catalyst samples had more
mesopores, which contributed to the deNO, performance of
the catalyst.>®

3.2.3 SEM analysis. Hydrothermal B-MnO, showed a long
and thin needle-like structure, which was stacked to form
a solid structure (Fig. 5a). FeO, had a variety of morphologies,
mostly granular and flaky structures that stacked together to
form a three-dimensional structure (Fig. 5b), and existed with
some agglomeration. FeO, loaded along needle-shaped MnO,
in FeO,(0.3)/B-Mn0O,(450 °C) (Fig. 5c), which had a smoother
rod structure with round particles at both ends. In contrast to -
MnO,, the addition of Fe caused the original nanowire structure
to break off and slowly assemble with FeO, to form rods. SEM
images indicated that the morphologies of FeO,/B-MnO, and f-

Fig. 5 SEM images of (a) B-MnO,(450 °C), (b) FeO,(450 °C), (c) FeO4(0.3)/B-MnO,(450 °C).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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MnO, were significantly different, indicated that the doping of
Fe had a strong influence on the f-MnO, nanowire. It demon-
strated that the admixture of metal elements greatly changed
the structure of B-MnO,.”” Combined with N, adsorption-
desorption analysis, it showed that the sample was formed by

the loose accumulation of spherical particles or flaky particles,
with relatively narrow pore size distribution, good pore channel
connectivity, and slit-like pore structure. And the FeO, loaded
was homogeneously dispersed, which contributed to the deNO,
performance of the catalyst.
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Fig. 7 (a) H>-TPR and (b) NH3-TPD profiles of B-MnO,(450 °C), FeO,(0.3)/8-MnO,(450 °C), FeO,(450 °C).
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Fig. 8 FTIR spectra of (a) FeO,/B-Mn0O,(450 °C) at different Fe/Mn molar ratios and (b) FeO,(0.3)/B-MnO, at different calcination temperatures.

3.2.4 XPS analysis. Fig. 6b showed the Mn 2p photoelectron
spectrum. The peaks around 642 eV and 653 eV could be
assigned to Mn 2p;/, and Mn 2p,,,. They could be divided into
Mn>*" (642.2 eV and 653.4 eV),*® and Mn"" (644.1 eV and 654.9
eV),” respectively.

The photoelectron spectrum of Fe 2p in the catalyst was
shown in Fig. 6c. The four main peaks were Fe** (710 eV and 724
eV) and Fe®" (712.7 eV and 726.3 eV); the weak peak at 718 eV
was probably a satellite peak of Fe 2p;/, and the weak peak at
732.7 eV a satellite peak of Fe 2p,,,.*° The binding energies of
710.8 eV and 712.7 eV of Fe 2p;/, and 724.2 eV and 726.3 eV of Fe
2Py, were attributed to Fe**.5* The peak had a certain shift after
the introduction of Fe, which may be the reaction of a small
amount of Mn>" with Fe®" in the catalyst. The main reactions
were: Fe*" + Mn*" — Fe*' + Mn®*', Fe*" + Mn*" — Fe?" + Mn*".
Mn*" and Mn*" had a great impact on the deNO, performance
of the catalyst. Moreover, the higher the content of Mn** and
Mn*", the better the redox performance for the conversion of
NO.45’62

O 1s of the catalyst (Fig. 6d) showed a single peak of low
binding energy 529.87-530.12 eV corresponded to lattice oxygen
(0g),*® the high binding energy of 531.55-531.73 eV was the
oxygen (O,) (O,, mainly 0>~, 0,>7).* The O, had higher electron
mobility and better catalytic activity.*> Compared with the two
raw materials, FeO,(0.3)/B-MnO,(450 °C) had the highest O,
content, indicating that it had better redox performance and
higher activity. The addition of Fe increased lattice oxygen,
improved oxygen vacancies, and enhanced the activity of
surface oxygen, thereby contributed to NO, and the formation
of nitrate/nitrite products. Thus, it could conducive to fast SCR
reaction and improved the denitrification effect in low-
temperature environments.

3.2.5 H,-TPR and NH;-TPD analysis. In addition to the
catalyst morphology, internal channels and other factors
affecting the deNO, effect of the catalyst, the surface properties

© 2023 The Author(s). Published by the Royal Society of Chemistry

of the catalysts also affected the deNO, activity of the catalyst.
The surface properties of B-MnO,, FeO,(0.3)/B-MnO,, and FeO,
samples were compared by H,-TPR and NH;-TPD, and the
results were shown in Fig. 7.

The reduction peak of MnO, at 340-720 °C was mainly MnO,
— Mn,0; — MnzO, — MnO, a series of Mn oxide trans-
formations®® (Fig. 7a). The reduction peak of the FeO, sample at
388 °C corresponded to the reduction of Fe,O; to Fe;0,, and the
wide reduction peak at 450-850 °C was assigned to the process
of Fe;0, — FeO — Fe.” The maximum peak area of the
FeO,(0.3)/B-MnO, sample was obtained at 488 °C, which indi-
cated that the consumption of H, of the catalyst sample was the
largest at 488 °C. The main reaction at this temperature was the
conversion of Mn oxide, which was the conversion of MnO, to
Mn,0;. FeO,(0.3)/8-MnO, compared to the B-MnO, sample had
an earlier reduction peak position, lower reduction tempera-
ture, and larger peak value, which indicated that the addition of
FeO, led to a stronger redox capacity of the catalyst.®® There were
overlapping reduction peaks of Fe,0; — Fe;0, and MnO, —
Mn,0; at about 375 °C. There were reduction peaks of Fe,O; —
Fe;0, and MnO, — Mn,0; overlapping at about 375 °C. The
reduction peaks at 450-600 °C were mainly Mn;O, — MnO and
Fe;O, — FeO.”® The addition of FeO, made B-MnO, have
a stronger redox capacity, improved the oxygen storage capacity
of the catalyst, and enhanced the activity of the catalyst.

The adsorption of NH; at the acid site was a key step in the
NH;-SCR reaction, the strength and density of the acid site
closely affected the denitrification performance of the catalyst.*®
The NH;-TPD spectral diagram of the sample (Fig. 7b) showed
that the desorption peak around 110 °C was attributed to the
physical adsorption of NH;.? The desorption peaks at 160-220 °C
and 200-350 °C could belong to NH," binding at the weak
Bronsted acid site and NH," binding at strong the Bronsted acid
site,”® respectively. 410-600 °C could be attributed to the
adsorption of NH; by strong Lewis acid site.”* The desorption

RSC Adv, 2023, 13, 6378-6388 | 6385
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peak of B-MnO, samples was small in the range of 160-350 °C,
and the absorption peak of FeO,(0.3)/B-MnO, samples increased
in the range of 150-350 °C, indicating that the doping of FeO,
increased the Brgnsted acid site on the catalyst surface. Brgnsted
acid sites could affect the low-temperature denitrification effi-
ciency of the catalyst, and increased amount of Brgnsted acid
sites could enhance the adsorption of NH;, thus improving the
low-temperature denitrification efficiency, which was consistent
with the results of denitrification experiments.”” In addition,
doping Fe oxide also expanded the desorption peak area of the
sample, which increased the acid site on the sample surface and
improved the adsorption capacity of the catalyst for NH;.”

3.2.6 FTIR spectral analysis. Fig. 8 showed the FT-IR
spectra of FeO,/B-MnO, samples with different molar ratios
and FeO,(0.3)/B-MnO, samples with different calcination
temperatures. The wavelength below 1000 cm ™" was usually due
to the interatomic vibration caused by the hydroxides and
oxides of nanoparticles.” The absorption peak within 470 cm™"
and 730 cm™ " could be attributed to the presence of M-O
nanostructures and Fe-O nanostructures, respectively.”>”® In
particular, 466 cm " could belong to the O-Mn-O bond,” the
wavelength of 1630 cm " represented the presence of adsorbed
water, and the absorption peak of 3600 cm ™" could be attrib-
uted to Brensted acid 2 site.”” The absorption peaks at 466 cm ™
and 723 cm ™' gradually disappeared with the increase of Fe
loading. It could be due to the disappearance of some Mn-O
nanostructures caused by the introduction of Fe. And the
calcination temperature had a less effect on the functional
groups of the catalyst (Fig. 8b). The variation of the absorption
peak at 1120 cm ™" could be attributed to the formation of
composite oxides between Fe species and Mn species.

Based on the above characterization analysis, the denitration
mechanism of the catalyst could be Langmuir-Hinshelwood
mechanism.”® The doping of Fe increased Bronsted acid sites on
the catalyst surface, improved the redox ability,” and improved
the deNO, performance of the composite catalyst.

4. Conclusion

FeO,/B-MnO, composite catalyst were prepared with impreg-
nation method by using B-MnO, as the carrier and FeO, in
mixed valence state as the modified additive. The results
showed that the FeO,/B-MnO, composite catalyst with Fe/Mn
molar ratio of 0.3 and calcination temperature of 450 °C had
an excellent low-temperature activity, a superior resistance to
H,0 and good resistance to SO, compared with f-MnO,. When
NO initial concentration of 500 ppm, a gas hourly space velocity
of 45000 h™*, and a reaction temperature of 175-325 °C, NO
conversion efficiency could reach 100%. Adding an appropriate
amount of FeO, could improve the valence distribution of Mn
and Fe, increased the number of acid sites, and enhanced the
redox ability of the composite catalyst.
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