Environmental Science and Pollution Research (2019) 26:27940-27952
https://doi.org/10.1007/s11356-019-05976-4

RESEARCH ARTICLE

Fe-modified Ce-MnO,/ACFy catalysts for selective catalytic reduction

®

Check for
updates

of NO, by NH; at low-middle temperature

Tian Gu’ - Fengyu Gao " - Xiaolong Tang '~
Runcao Zhang' - Ruijie Zhuang" - Yingli Ma'

- Honghong Yi'? - Shunzheng Zhao? - Sani Zaharaddeen" -

Received: 16 April 2019 / Accepted: 12 July 2019 /Published online: 26 July 2019

© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

A series of MnO,/ACFy;, Ce-MnO,/ACFy;, and Fe-Ce-MnO,/ACFy catalysts on selective catalytic reduction (SCR) of NO, with
NHj at low-middle temperature had been successfully prepared through ultrasonic impregnation method, and the catalysts were
characterized by SEM, XRD, BET, H,-TPR, NH;-TPD, XPS, and FT-IR spectroscopy, respectively. The results demonstrated
that the 15 wt% Fe(;)-Ce3)-MnO,7/ACFy catalyst achieved 90% NO,. conversion (100~300 °C), good water resistance, and
stability (175 °C). The excellent catalytic performance of the Fe(;,-Ce3)-MnO,7/ACFy catalyst was mainly attributed to the
interaction among Mn, Ce, and Fe. The doping of Fe promoted the dispersion of Ce and Mn and the formation of more Mn** and
chemisorbed oxygen on the surface of a catalyst. This work laid a foundation for the successful application of active carbon fiber
in the field of industrial denitrification, especially in the aspect of denitrification moving bed.
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Introduction

In recent years, the use of gas boilers with clean combustible
natural gas or liquefied petroleum gas (as fuel source) is en-
couragingly used as replacement to gas boilers with coal dur-
ing the winter-heating period in China and, practically, this led
to the policy called “coal-to-gas policy.” The main aim of this
substitution is to reduce emission of nitrogen oxides (NO,)
and other pollutants from coal consumption. One of the main
sources of stationary NO, is the gas boilers with higher water
vapor content, which resulted in many environmental prob-
lems including ozone hole, photochemical smog, and acid rain
(Fan et al. 2018; Gao et al. 2017a; Zhang et al. 2017).
Selective catalytic reduction (SCR) of NO, with NH; has been
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industrially proven as the predominant method for post-
combustion abatement of NO, emissions. At present, com-
mercial SCR catalysts (V,05-WO5/TiO,) exhibit catalytic ac-
tivity within a narrow temperature window (300~400 °C), and
they are easily poisoned by a high concentration of SO, and
dust (Marani et al. 2017; Sun et al. 2018a). The flue gas tem-
perature behind desulfurization and dust wiper is ordinarily
below 200 °C, which is beneficial to recover sensible heat
and latent heat of water vapor condensation in the flue gas,
thus improving the efficiency of the gas boiler. However, the
actual flue gas temperature fluctuates so greatly that the cata-
lysts need to maintain high catalytic activity over a relatively
wide temperature range. Therefore, it is necessary to design
and explore low-middle-temperature SCR catalysts (100~300
°C) (Gao et al. 2017b; Meng et al. 2018).

TiO,, y-Al,O3, molecular sieve, and carbon-based mate-
rials have been extensively studied as the supported catalyst
carriers (Anthonysamy et al. 2018; Li et al. 2018a, 2018b;
Wang et al. 2015; Wang et al. 2018). Compared to aluminum
and titanium, carbon-based materials including activated car-
bon/coke, activated carbon fibers, carbon nanotubes, and
graphenes have abundant oxygen-containing functional
groups, which are beneficial for the adsorption of reactants
such as NO, and NH;. And, large specific surface area makes
the active and assistant components homogeneously dispersed
on the surface, thereby providing more catalytic active sites
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(Fan et al. 2011; Grzybek et al. 2008). Activated carbon fibers
(ACFs) are a flexible material in the form of silk, felt, cloth,
etc. If it will be used as an industrial moving-bed denitration
catalyst, the problem of wear and tear among the catalyst
particles will be avoided. Transition metal oxides, especially
manganese oxides (Sun et al. 2018b; Yan et al. 2018; Zhang
et al. 2018) and cerium dioxide (Hu et al. 2018; Ma et al.
2018), have been proven to be effective for low-middle-
temperature NH3-SCR.

Liu et al. (2013) prepared MnCe catalysts by the surfactant
template method, and 100% NO,, conversion (at 100~200 °C)
was achieved by the best catalyst. The research proved that
increasing the content of Mn is helpful to improve the low-
temperature activity of the MnCe catalyst, and the doping of
Ce can increase the N, selectivity. The appropriate proportion
of the MnCe catalyst has the high surface area and the small
active sites, which can promote the adsorption and activation
of NH; and NO,. Liu et al. (2018a) also found that the strong
interaction between the different metals is benefited to im-
prove the catalytic activity, and Ce easily interacts with other
metals. The synergetic effect between Ce and Sn is favorable
to enhance the redox property and increase the Lewis acidity,
thus improving the NH3-SCR performance of the Ce-Sn bina-
ry oxide catalyst. Moreover, a novel Ni-Ce-Ti—mixed oxide
catalyst prepared by hydrothermal showed higher NH5;-SCR
activity in a wide temperature range (250~450 °C). The syn-
ergetic effect between Ni and Ce can account for the excellent
NH;-SCR catalytic activity of the Nig3Ceq 1Tig ¢ catalyst be-
cause of more oxygen vacancies and high redox property by
the redox cycles (Ni** + Ce®* — Ni** + Ce*") (Liu et al.
2018b). Recently, ACFs as the carrier were studied widely
for the low-middle-temperature NH;-SCR, such as MnO,/
ACF (Lu et al. 2016; Wang et al. 2014), CeO,/ACF (Lu
et al. 2010; Zhu et al. 2011), and MnO,-CeO,/ACF (Li et al.
2015a, 2015b; Lu et al. 2016). Zhu et al. (2011) prepared the
CeO,/ACFy catalyst that exhibited good catalytic activity,
which obtained 94.0% NO conversion in the range of
150~270 °C. The MnO,-CeO,/ACFy catalyst studied by
Shen et al. (2008) showed the best catalytic activity (nearly
100% NO conversion) at 100~150 °C. It is worth noting that
the modification of MnO,-CeO,/support catalysts by doping
transition metals proved to improve catalytic activity such as
Fe or Co doped Mn-Ce/TiO, catalyst (Xu et al. 2017; Shen
et al. 2018). However, to the best knowledge of the authors,
this research is among the very few publications on Fe-doped
MnO,-CeO,/ACFy catalysts for broadening its low-middle-
temperature window.

In this work, the modified ACFs with nitric acid (40 wt%)
which named ACFy was used to prepare a series of MnO,/
ACFy, M-MnO,/ACFy (M = Ce, Cu, Co, Cr, Ni, Fe), and Fe-
Ce-MnO,/ACFy catalysts. The relationship between the sur-
face property and catalytic activity of the catalysts was studied
by means of scanning electron microscopy (SEM), X-ray

diffraction (XRD), BET, H,-TPR, NH;3-TPD, and X-ray pho-
toelectron spectroscopy (XPS). Fourier transform infrared
(FT-IR) spectroscopy was used to explore the effect of H,O
on the catalyst. The aim is to research the effect of transition
metal on MnO,/ACFy and promote catalytic activity and wa-
ter resistance of Ce-MnO,/ACFy catalysts by Fe doping at the
different molar ratios of Fe/Ce for low-middle-temperature
NH5-SCR of NO,. Thus, the successful application of activat-
ed carbon fibers in the field of industrial moving bed denitri-
fication is realized.

Experimental section
Catalyst preparation

The rayon-based ACF (5 cm x 5 cm) pretreated with
40 wt% HNOj; solution (noted as ACFy) was used as
the supporter, and the following analytical grade reagents:
MH(CH3COO)24H20, CC(NO3)3'6H20, and FC(NO3)3‘
9H,0 were used as the precursors of metal oxides to
modified ACFy. Firstly, the MnO,/ACFy was prepared
via the ultrasonic impregnation method (Huang et al.
2008; Marban et al. 2003; Shen et al. 2008). Meanwhile,
the optimum mass load (0%, 10%, 15%, 20%) of the
MnO,/ACFy and the calcination temperature (400 °C,
500 °C, 600 °C, in N, stream) were studied. Then, the
MnO,/ACFy was modified with Ce at different Ce/Mn
molar ratios and tested for SCR activity at low-middle
temperature. Different doping elements (Cu, Co, Cr, Ni,
and Fe) were screened with reference to the Ce/Mn opti-
mal molar ratio. Finally, a trace amount of Fe-doped Ce-
MnO,/ACFy catalysts was prepared and the optimum mo-
lar ratio was screened. The typical catalysts were investi-
gated for improved SCR performances (activity and water
resistance) at low-middle temperature.

Catalytic performance

The catalytic performance was evaluated by a quartz fix-bed
continuous-flow reactor (i.d. 7 mm) containing 0.1 g of the
catalyst. Each flue gas component was accurately controlled
by a mass flow controller to ensure the total flow rate of 200
mL min', corresponding to a mass hour space velocity that
can be expressed as W/F = 0.5 mg (mL min_ "), Meanwhile,
the filling height of the catalyst is controlled to ensure that the
gas volume space velocity is constant at 20,000 h™". The com-
position of reaction gas is as follows: 500 ppm NO, 500 ppm
NHs, 5 vol% O,, and balance gas of N,. The concentration of
NO, in inlet and outlet gas was analyzed by an online FT-IR
spectrometer (iS50). The NO, conversion was calculated as
follows:
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Catalyst characterization

A SUS8010 electron microscope was used for the SEM. The
specific surface area of the samples was analyzed for the
Brunauer-Emmett-Teller (BET) method with an Autosorb-
iQ. The crystal structure of the samples was analyzed by pow-
der XRD using a TTR-III system with CuK (A = 0.154 nm)
radiation, and the scanning range was 10~90° (260) with a 10°
min ' sampling interval. Temperature-programmed reduction
with hydrogen (H,-TPR) was performed using an Extrel
MAX300 (Extrel, USA) apparatus, and the heating rate is 10
°C min"'. Temperature-programmed desorption of ammonia
(NH3-TPD) was performed using the Extrel MAX300 (Extrel,
USA) apparatus. The heating rate of the samples is 10 °C
min~'. XPS was measured at ambient temperature by a
Thermo Scientific Escalab 250Xi using Al K« radiation (kv
= 1486.6 V). FT-IR spectroscopy spectra results of the sam-
ples were obtained from a FT-IR spectrometer (iS50).

Results and discussion
NH;-SCR performance

The NO, conversion of X wt% MnO,/ACFy catalysts (X = 0,
10, 15, and 20) is shown in Fig. 1 a. The pure ACFy was
mostly inactive from 100 to 300 °C, where the best NO, con-
version of only 20.1% was observed at 150 °C. The higher
NO, conversion was about 60.0% at 175 °C for 10 wt%
MnO,/ACFy. The 15 wt% MnO,/ACFy catalyst showed the
best SCR activity, and the NO, conversion was about 40.4% at
100 °C and increased to 80.7% at 175 °C, while the activity
was reduced to 48.2% at a middle temperature of up to 300 °C.
As the mass load increased to 20 wt%, the best SCR activity of
66.0% NO, conversion was achieved at 175 °C. This phenom-
enon might result from the occupation of active sites and the
blockage of surface pores over the overload MnO,/ACFy cat-
alysts (Shen et al. 2008; Zhu et al. 2011). The SCR activity of
15 wt% MnO,/ACFy catalysts calcined at different tempera-
ture varied with the reaction temperature (100~300 °C) is
shown in Fig. 1 b. The NO, conversion of the sample calcined
at 500 °C was higher than that of the other samples. In the
reaction, the main reason for the deactivation of MnO,/ACFy
catalysts is due to the incomplete decomposition of metal salts
or the agglomeration of active oxides. Therefore, the proper
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calcination temperature is especially important for the catalyt-
ic activity of catalysts.

Thus, in the further studies, the optimum total mass load of
metal oxides was set as 15% on the ACFy catalyst, and the
calcination temperature was optimized as 500 °C for 6 h in the
stream of nitrogen.

Figure 2 a illustrates that the catalytic activity of Ce-MnO,/
ACFy catalysts gradually increased with an increase of Mn/
Ceratio. The Ce(3)-MnO,(7/ACFy catalyst showed good low-
temperature activity at 100~200 °C, and up to 87.7% NO,
conversion at 175 °C was achieved. As reported by Wang
et al. (2012), the presence of CeO, could not only promote
the dispersion of MnO, but also result in different oxidation
states of manganese, which could be beneficial to improve the
activity of the NH;-SCR catalyst. Furthermore, the presence
of CeO, in Mn-based catalysts could improve the oxygen
storage capacity and oxygen mobility, thus facilitating the
catalytic process via the fast SCR.

Figure 2 b shows the NO, conversion of MnO,/ACFy cat-
alysts doped with several elements based on the optimal molar
ratio of Mn/Ce. As shown above, the Ce-MnO,/ACFy catalyst
showed higher activity than other catalysts at low temperature,
but its catalyst activity is poorer than that of others in the
middle-temperature range. Fe-MnO,/ACFy and Cr-MnO,/
ACFY catalysts had better SCR activity at middle temperature
(200~300 °C). However, Cr is a highly toxic heavy metal,
which has harmful effects on the human health and environ-
ment, so the use of chromium-containing catalysts is highly
restricted.

Many studies had found that FeO, as the main active com-
ponent or auxiliary agent of SCR denitration catalyst can re-
markably improve catalytic activity (Xu et al. 2017). Two
ways were used to control the molar amount of doped Fe for
broadening the temperature window of the Ce-MnO,/ACFy
catalyst. One way was to adjust the doping amount of Ce and
Fe on the basis of constant Mn molar number. As shown in
Fig. 3 a, the change trend of Fe( s5)-Ce(2.5,-MnO,(7//ACFy,
Fe(1)-Ce2)-MnO,7/ACFy, and Fe)-Ce(;)-MnO,7/ACFy
was similar, and as compared to Ceg)-MnO,7/ACFy, the
catalysts showed well-broadening catalytic activity which
was about 85.4% at 200 °C. Another way was to add trace
Fe on the premise that the doping amount of Mn and Ce
remains unchanged; as shown in Fig. 3 b, Fe 5)-Ce)-
MnO,7yACFy has good low temperature performance, but
its catalytic performance is poor at middle temperature. The
Fe(1)-Ce3)-MnO,7/ACFy catalyst showed 90.8% NO, con-
version at 175 °C, which was only increased by 3.1% than
Ce(3)-MnO,7/ACFy, but the catalytic performance at the
middle-temperature (200~300 °C) level was significantly im-
proved. On the basis of Fe(;)-Ces)-MnO,7//ACFy, any in-
crease or decrease in the amount of Fe doping did not widen
the catalyst temperature window. It is proved that Fe-modified
Ce-MnO,/ACFy catalysts could enhance its catalytic activity
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Fig. 1 NO, conversion of MnO,/ACFy with different (a) mass loadings and (b) calcination temperatures. Reaction conditions: [NO] = [NH3] = 500
ppm, [05] = 5%, W/F = 0.5 mg (mL min~")"", and a flue rate of 200 mL min' in N, balance gas

at the low-middle temperature for NH3-SCR selectivity of
NO..

Figure 4 a compares the NO, conversion of MnO,/ACFy,
Ce(3)-MnOx(7)/ACFN, and Fe(l)-Ce(3)-MnOx(7)/ACFN cata-
lysts. It could be seen from Fig. 4 a that the addition of Ce
availably promoted the activity of the MnO,/ACFy catalyst
from 100 to 200 °C. Further doping of trace Fe could obvi-
ously enhance the NO, conversion of the Ce3)-MnO,7)/
ACFy catalyst in the middle-temperature range (200~300
°C), thereby widening the temperature window of the Fe(;)-
Ce3)-MnO,7/ ACFy catalyst. Figure 4 b shows the N, selec-
tiVity of MI]OX/ACFN, Ce(3)-MnOx(7)/ACFN, and Fe(l)-CeG)-
MnO,7yACFy catalysts. It was found that the N, selectivity
decreased with the increase of temperature. Throughout the
temperature range, the Fe(,)-Ce,-MnO,7/ACFy catalyst
showed good N, selectivity. It can be concluded that the

Fe(1)-Ce3)-MnO, 7/ ACFy catalyst not only possesses high
De-NO, property but also has high N selectivity.

SEM and XRD analysis

Figure 5 shows SEM images of the samples, in which the
ACFy was uniformly decorated with metal oxides. As shown
in Fig. 5 a, the surface of ACFy was smooth and clean, which
proved that nitric acid treatment could remove impurities from
the ACFy surface. After loading Mn, Ce, and Fe oxides, the
ACFy surface became rougher (Fig. 5b—d). For MnO,/ACFy,
the surface of ACFy had some agglomerations of MnO,,
which might be relevant to incomplete modification (Fig.
5b) (Zhu et al. 2011) For CC(3)-MHOX(7)/ACFN and Fe(])-
Ce(3-MnO,7/ACFy, active phases were well dispersed on
the surface of ACFy, which indicated that the doping of Ce
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Fig. 2 NO, conversion of a Ce-MnO,/ACFy with different molar ratios and b M-MnO,/ACFy (M = Ce, Co, Ni, Fe, Cu, Cr) based on Mn/Ce = 7:3.
Reaction conditions: [NO] = [NH;] = 500 ppm, [O,] = 5%, W/F = 0.5 mg (mL min~")"", and a flue rate of 200 mL min"" in N, balance gas
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Fig.3 NO, conversion of a Fe-Ce-MnO,/ACFy catalysts with different molar ratios of Ce and Fe and b Fe,,-Ce3-MnO,7/ACFY catalysts (x=0.5, 1,
2). Reaction conditions: [NO] = [NH;] = 500 ppm, [O,] = 5%, W/F = 0.5 mg (mL min~")"!, and a flue rate of 200 mL min"" in N, balance gas

and Fe contributed to dispersion of active components (Fig.
5¢, d), but there were still some larger particles in the former.
As compared to the MnO,/ACFy and Ce3)-MnO,;/ACFy
catalysts, the Fe()-Ce3)-MnO,7/ACFy catalyst showed more
apparent uniform and fine particles adhering to the surface of
the catalyst, which resulted in the good catalytic activity of the
catalyst.

The powder X-ray diffraction patterns of ACFy, MnO,/
ACFN, Ce(3)-MnOx(7)/ACFN, and Fe(l)-Ce@)-MnOxm/ACFN
catalysts in the 26 range of 10°-90° are shown in Fig. 6. For
the ACFy, the intense and sharp diffractions at 23.9° and
43.8° could be primarily attributed to graphite charcoal (Zhu
et al. 2011), which indicated that ACFy is highly graphitized.
After loading MnO,, the peak intensity of graphite became
small and flattened, which illustrated that there was a strong
interaction of MnO,. and ACFy (Lu et al. 2015). The interac-
tion between MnO, and CeO, was stronger, so the diffraction

peaks of graphite were also detected on the Ce)-MnO,7y/
ACFy catalyst. The diffraction peaks corresponding to the
CeO, were detected on the surface of Ce()-MnO,7/ACFy
and Fe(;)-Ce3)-MnO, 7/ ACFy catalysts at 29.1° and 57.2°,
respectively (Chang et al. 2012), but the MnO, and FeO,
diffraction peaks did not appeared, which implies that the
metal oxides were well distributed on the surface of the sup-
port. The above conclusion is also proved by SEM images

(Fig. 5).
BET analysis

Figure 7 a shows the nitrogen adsorption-desorption iso-
therms of the samples. All the adsorption isotherm curves
exhibited type I, and there was no obvious hysteresis loop
on the basis of the IUPAC classification (Thommes et al.
2015), which suggested that they were predominantly
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Fig. 4 a NO, conversion and b N, selectivity of MnO,/ACFy, Ce(3)-MnO,7/ACFy, and Fe(;)-Ce3)-MnO,7/ACFy catalysts. Reaction conditions:
[NO] = [NH;] = 500 ppm, [O,] = 5%, W/F = 0.5 mg (mL min")™", and a flue rate of 200 mL min_' in N, balance gas
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Fig. 5 SEM images of the
catalysts. a ACFn. b MnO,/
ACFy. ¢ Ce(3)—MnOx(7)/ACFN‘ d
Fe(l)-CeO)-MnOxm/ACFN

8U8000 10.0kV 8.2mm x3.50k SE(UL) 11/1/2018

SU8000 10.0kV 8.4mm x3.50k SE(UL) 11/1/2018

microporous materials. The surface areas and pore param-
eters of ACF, ACFN, MHOX/ACFN, Ce(3)-MnOx<7)/ACFN,
and Fe(;)-Ce3)-MnO,7)/ACFy catalysts are listed in
Table 1, which shows that the surface area of all catalysts
is above 1000 m* g '. Figure 7 b illustrates the pore
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Fig. 6 XRD patterns of the ACFy, MnO,/ACFy, Cei-MnO,7/ACFy,

and F Ca )-Ce(3)-IVIIle(7)/ ACFN catalysts
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diameter distribution of all the samples. As shown in
Table 1, the nitric acid modification could increase the
micropore surface area (Spicro) but reduce the external
surface area (Sexiermal) and mesopore surface area (Speso)
obviously. When ACFy supported the Mn, Ce, and Fe, the
SBET and Smicro of MHOX/ACFN, Ce(3)-MIIOx(7)/ACFN, and
Fe)-Ce3)-MnO,,7//ACFy declined in different degrees,
which might be due to the dispersion of metal oxide spe-
cies on the surface of the carrier or micropore which was
blocked by the metal species (Huang et al. 2008; Zhu
et al. 2011), while the Fe(l)—CeG)-MnOxm/ACFN catalyst
exhibited better low-middle-temperature SCR perfor-
mance, probably due to the abundant micropores in the
catalyst. As it can be seen from Table 1, doping of Fe
enlarged the micropore-specific surface area and micro-
pore volume of the Fe(;,-Ce3)-MnO,7)/ACFy catalyst,
thereby improving the low-middle-temperature SCR
activity.

H,-TPR analysis

The oxidation states of MnO,/ACFy, Ce)-MnO,7)/
ACFy;, and Fe(;)-Ce3)-MnO,7/ACFy catalysts are shown
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in Fig. 8. MnO,/ACFy showed three reduction peaks at
341 °C, 422 °C, and 480 °C, corresponding to MnO, —
Mn,03, Mn,03 — Mn30y4, and Mn;0, — MnO, respec-
tively (Chen et al. 2016; Ramesh et al. 2008; Tian et al.
2011). For the Ceg)-MnO,7/ACFy catalyst, the peak at
335 °C could be regarded as the transformation of MnO,
— Mn,O;, the peak at 424 °C belonged to Mn,O; —
Mn;0y4, and the peak around 489 °C was regarded as
the reduction of Mn;04 — MnO (Fang et al. 2017).
And, the reduction peak from 520 to 670 °C was classi-
fied to CeO, — Ce,03, consisting with the description of
Liu et al. (2014). For the Fe(;)-Ce3)-MnO,7,/ACFy cata-
lyst, the peak at 337 °C and 415 °C could be attributed to
the change of MnO, — Mn,0O; and Mn,O3 — Mn;0,,
respectively (Cao et al. 2015; Fang et al. 2017; Li et al.
2015a, 2015b). The peak centered at 708 °C was ascribed
to the process of Fes0, — FeO (France et al. 2017).
Compared with the other catalysts, the reduction peaks
of MnO, shifted to lower-temperature regions, Zuo et al.
(2009) thought that it was due to the good dispersion and
tiny crystal size of MnO,. In addition, the Fe(,-Ce)-
MnO,7,/ACFy catalyst showed the largest H, consump-
tion than the Ce)-MnO,7/ACFy catalyst followed by
the MnO,/ACFy catalyst in the whole reaction tempera-
ture. It is concluded that the former exposed more

reductive species, thus improving the redox ability of
the catalyst (Gao et al. 2019). The doping of Fe can pro-
mote the formation of more surface-chemisorbed oxygen,
thereby contributing to low-middle-temperature catalytic
activity of the catalysts (Ma et al. 2018; Tang et al.
2016). This H,-TPR result is consistent with the XPS
(Fig. 10).

NHs-TPD analysis

The adsorption and activation of NH3 on the surface acid sites
of catalysts are viewed as a major process in NH3-SCR reac-
tion (Zhang et al. 2013). The surface acidity and strength of
the catalysts obtained from NH;-TPD curves are shown in
Fig. 9. All the catalysts showed at least two desorption peaks.
The NHj; desorption amounts of different catalysts are shown
in Table 2. According to relevant literatures, the peaks around
100~200 °C were attributed to the ammonia which was phys-
ically adsorbed in the weak acid sites, the peaks at 200~500 °C
led to NH; desorption on the medium acidic sites, and the
peaks above 500 °C were assigned to NH; desorption on the
strong acidic sites (Jiang et al. 2018; Xu et al. 2017). As shown
in Table 2, the Fe(;)-Ce3)-MnO,7/ACFy catalyst revealed the
much larger area, especially at the high-temperature region,
indicating the presence of abundant acid sites on the surface of

Table 1 N, adsorption and

desorption results Sample SBET Smicro Sexternal  Smeso Vi Vini Vine Dy

(m? (m2 (m2 gfl) (m? (cm3 (cm3 (cm3 (nm)
g gh g gh gh gh

ACF 1615.4  1481.9 133.5 77.6 0.75 0.62 0.09 1.86

ACFy 1633.2 15154 117.9 70.7 0.74 0.63 0.08 1.82

MnO,/ACFy 1238.3  1096.8 141.5 60.0 0.58 0.46 0.08 1.88

Ce(3-MnO,7/ACFy 1191.7  1093.3 98.5 42.1 0.53 0.45 0.05 1.79

FeayCeayMnO,;/ACEy  1347.6 12243 1233 637 062 051 007 184
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Fig. 8 H,-TPR profiles of the MnO,/ACFy, Ce3)-MnO,7/ACFy, and
Fe(1)-Ce(3-MnO, 7y ACFy catalysts
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450-520°C  520-670 °C
Fe , -Ce , -MnOx , /ACF, 300-380 °C 380-450 °C

the catalyst. The NH5-TPD results demonstrated that doping
Fe enhanced strong acid amount, which may be favorable to
the NH3-SCR reaction (Cao et al. 2015). Strong acid sites
were dominant on the surface of Fe(;)-Ce3)-MnO,7/ACFy
catalysts.

XPS analysis

The different XPS spectra of Mn 2p, Ce 3d, Fe 2p, and O 1s
are shown in Fig. 10, and the surface relative atomic ratios of
Mn, Ce, Fe, and O are shown in Table 3.

From Fig. 10 a, Mn 2p spectra have two peaks including
Mn 2p,,, and Mn 2p;,,. By performing peak-fitting
deconvolutions, the Mn 2p;,, spectra were divided into
Mn?* (641.2 eV + 0.1 eV), Mn>* (642.5 eV + 0.1 eV), and

ACF, 248 325 400 650

N
16/ 387
MnOx/ACF,,

163

Ce;,-MnOx . /ACF

Intensity (a.u.)

161
Fc( . y-Ccm-MnOxm/ACFN

T T T T T T T T T T T T
100 200 300 400 500 600 700
Temperature (°C)

Fig. 9 NH;-TPD profiles of the ACFy, MnO,/ACFy, Ce3)-MnO,7)/
ACFy, and Fe(;-Ce(3)-MnO,7/ACFy catalysts

371 707

Mn** (645.0 eV £ 0.2 eV) (You et al. 2017; Zhou et al. 2016).
From Table 2, the relative atomic ratio of Mn** increased from
47.6% of MnO,/ACFy to 48.6% of Ces)-MnO,(7,/ACFy.
After doping with Fe, the relative atomic ratio of Mn** in-
creased to 53.1% of Fe()-Ce3)-MnO,7/ACFy. From the
H,-TPR result shown in Fig. 8, it was generally thought that
Mn** was propitious to the transformation of NH; to NH,
(Wan et al. 2014). Cao et al. (2014) reflected that the coexis-
tence of Mn*" and Mn>* could promote the catalytic activity
of catalysts. It could prove that doping of Fe could provide a
positive impact on increasing the relative content of Mn**,
thereby accelerating the NH3-SCR reaction.

The XPS spectra of Ce 3d are obtained in Fig. 10 b, which
mainly contained the Ce 3d5,, and Ce 3ds, spectra. The result
indicated that Ce 3d orbit was represented by the multiple of v
and u. The v, v", and v'" and u, 1", and u'" peaks belonged to
Ce** species, and v/ and u’ belonged to Ce** species (Sun et al.
2018c). From these peaks, it showed that the Fe(;)-Ce)-
MnO,7/ACFy catalyst was mainly in the Ce** oxidation state
and Ce** and Ce* coexist on the catalyst surface. It was
reported that the Ce** could promote the oxygen storage and
release by the valence state transformation of Ce** and Ce**
(Lu et al. 2018). After doping of Ce, the content of Mn** and
Ce** increased, while the doping of Fe had a little effect on the
valence changes of Ce.

The Fe 2p spectra of the Fe(;,-Ce(3)-MnO,7// ACFy catalyst
are shown in Fig. 10 c. By peak-fitting deconvolution, the
spectrum peaks of Fe 2ps,, and Fe 2p;,, located at 710.5 eV,
715.1 eV, and 722.1 eV are attributed to Fe** (Li et al. 2015a,
2015b). In addition, the Fe** peaks (712.6 eV) are presented in
the Fe 2,3, peak. As shown in Table 3, Fe®* is the main
present form of Fe element with a relative surface content of
76.7%. The result was consistent with H,-TPR profiles (Fig.
8). The strong interaction between Fe and Mn led to the
change of Fe** and Fe**, which promoted the generation of
oxygen vacancy on the surface of the catalysts, thereby facil-
itating the low-middle SCR activity (Lu et al. 2018).

O ls XPS spectrum is shown in Fig. 10 d. The peak at
529.8 eV £ 0.2 eV belonged to lattice oxygen (Op); the peak
at 531.3 eV = 0.1 eV was part of chemisorbed oxygen and
weakly bonded oxygen species (O,); the binding energy of
533.0 eV £ 0.1 eV was considered to be oxygen in surface-
adsorbed water species (O,,). Table 3 shows the relative atom-
ic ratio of oxygen species calculated through the peak area.
The content of Og in Ce3-MnO,7//ACFy (26.7%) was
higher than that in MnO,/ACFy (12.3%). Ce doping not only
improved the redox performance of the MnO,/ACFy catalyst
but also facilitated the adsorption-desorption reversible cycle
of Og. The concentration of O in Fe(;y-Ce(3)-MnO,7/ ACFy
(46.5%) was higher than that in MnO,/ACFy (39.0%) and
Ce3-MnO,7/ ACFy (35.8%), while the concentration of Og
decreased to 14.6%. Studies have shown that surface-
chemisorbed oxygen was more active owing to the higher

mn
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mobility (Jiang et al. 2018; Zhang et al. 2013). The high con-
centration of chemisorbed oxygen can promote the redox cy-
cle and enhance the oxidation of NO to NO, (Cao et al. 2015;
Shen et al. 2017). Through above analysis, it is found that Fe
had a positive effect on the transformation of gas-phase oxy-
gen to chemisorbed oxygen.

The water resistance and stability of the catalysts
The gas boiler is one of the main sources of stationary NO,,

which has low smoke temperature and higher water vapor
content. The exhaust flue gas emitted from the gas boiler

528 530 532 534 540

Binding Energy (¢V)

536 538

containing water vapor (H,O) is one of the important factors
leading to the poisoning of catalysts at low-middle tempera-
ture. Figure 11 shows the NO, conversion of MnO,/ACFy,
Ce(3)-MnOx(7)/ACFN, and Fe(l)-Ce(3)-MnOX(7)/ACFN cata-
lysts in the existence of 10 vol% H,O. Before getting into
the H,O resistance test, the catalytic activity was maintained
at 175 °C for 40 min. The NO, conversion of MnO,/ACFy,
Ce(3)-MIle(7)/ACFN, and Fe(l)-Ce(3)-MnOx(7)/ACFN cata-
lysts was 80.0%, 87.2%, and 90.5%, respectively. When
10 vol% H,O was added into the flue gas, the NO, conversion
immediately decreased to 60.0%, 68.1%, and 76.0% for the
MHOX/ACFN, CC(3)-MH(7)/ACFN, and Fe(l)-ce(3)-MnOx(7)/

Table 2 The NH; desorption

amount of different catalysts Catalysts NH; desorption amount (mmol g ')
ACFy 0.24 (248 °C) 0.07 (325 eV) 0.30 (400 °C) 1.31 (650 °C)
MnO,/ACFy 0.68 (166 °C) - 1.28 (387 °C) -

Ce(3)-MHOx(7)/ACFN
Fe( 1 )-Ce(3)-MHOx(7)/ACFN

0.94 (163 °C)
1.02 (161 °C)

0.70 (375 °C)
0.60 (371 °C)

1.88 (707 °C)
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Table 3 XPS analysis of catalyst

surface elements Catalysts Relative atomic ratio (%)
Mn 2p Ce 3d Fe2p Ols
Mn* Mn’* Mn®t Ce™  Ce** Fe* Fet O, O O,
MnO,/ACFy 476 365 159 - - - - 390 123 488
Ce3-MnO,7/ACFy 486  34.0 174 634 366 - - 358 267 375

Fe()-Ce3-MnO,7/ACFy 531

33.9 13.0 63.1 369 767 233 465 146 389

ACFy catalysts in 5.5 h, respectively. The H,O was removed
from the flue gas after undergoing 5.5 h, and the catalytic
activity of the catalysts was recovered to its the original level.
The H,O exhibited a reversible effect on the activities of the
catalysts. It is possible that H,O had the competitive adsorp-
tion with NH3, which lead to a decrease in catalytic perfor-
mance (Tang et al. 2018). Figure 12 presents the difference of
functional groups in the fresh Fe(,)-Ce3)-MnO,7/ACFy cat-
alyst and H,O-resisted Fe(,)-Ce3-MnO,7/ACFy catalyst.
The band at 3440 cm™ ' belonged to the surface ~OH group,
which proved the presence of H,O (Wu et al. 2007). The band
around 1640 cm™' was caused by the surface C=O species.
The band around 1199 cm ™" was attributed to the coordinated
NH; on Lewis acid sites (Li et al. 2018a, 2018b). It is obvi-
ously found that the peak around 1199 cm™' became weaker
after the introduction of H,O, which indicated the competitive
adsorption between Lewis NH; and H,O. The band at 1400
cm ! was assigned to NH," adsorbed on Bronsted acid sites
(Yu et al. 2017). The intensity of NH," peak became strong
when H,O was injected into the gas, indicating that the intro-
duction of H,O brought about more NH; absorbed in
Bronsted acid sites. Meanwhile, it can be found that the peak

100

NOx conversion (%)

i == Added in 10%H,0

Cut off — |

20 +
—=— MnOx/ACF

—— Ce(3)—MnOx(7)/ACF\,
—h— Fe(”—Ce(l)—MnOxm/ACFN

0 ft——"————T—TT T T
0 50 100 150 200 250 300 350 400 450 500
time (min)
Fig. 11 The water resistance of the MnO,/ACFy, Ces)-MnO,7/ACFy,
and Fe(;)-Ce3)-MnO,7/ACFy catalysts. Reaction conditions: [NO] =
[NH3] = 500 ppm, [O,] = 5%, 10 vol% H,O, W/F = 0.5 mg (mL
min "), and a flue rate of 200 mL min ' in N, balance gas

intensity at 1400 cm ' just increased slightly, so it is inferred
that the addition of Fe slowed down the interaction between
H,O and Brensted acid sites, thus improving the water resis-
tance of the Fe(;)-Ce(3)-MnO,7/ACFy catalyst.

The stability of catalysts has an important application value
in the field of practical industrial denitration, so we conducted
the stability test of the Fe(;)-Ce3,-MnO,7/ACFy catalyst, and
Fig. 13 depicts the test result at 175 °C. The NO, conversion
maintained a stable level of about 90.0% during the tested 10 h
and then decreased slightly. It is speculated that the stability
was closely related to the surface properties of catalysts.

Conclusion

The metal doping type and molar ratio have a significant im-
pact on the NH3-SCR activity of catalysts. For Ce-MnO,/
ACFy catalysts, the doping of Fe significantly broadened the
temperature window of catalysts. Excellent catalytic perfor-
mance of the Fe(;)-Cey-MnO,7//ACFy catalyst mainly at-
tributed to the interaction among Mn, Ce, and Fe. A high
concentration of Mn**, Ce**, Fe**, and chemisorbed oxygen
can enhance catalytic activity. The characterization results

S
g
2
172}
.2
g
g 1640 1
& 1400
3440
Fresh Fe“)—CE:B)—MnOxm/ACFN
— H,0 resisted Fe‘”—Cem—MnOxm/ACFN

T T T T T T T T T T T T T T

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 12 FI-IR spectra of the fresh and H,O-resisted Fe(;)-Ce(3-MnO,(7/
ACFYy catalyst
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Fig. 13 Stability test of the Fe(;)-Ce(3)-MnO,7/ACFy catalyst

exhibited that Fe-doped Ce3)-MnO,,7/ACFy could promote
the dispersion of active components, improve the redox per-
formance, and increase the acid amount. Meanwhile, the
15 wt% Fe(;)-Ce3)-MnO,7/ACFy catalyst showed good wa-
ter resistance and stability at 175 °C. This research is of great
significance to the application of activated carbon fibers in the
field of industrial denitrification, especially the denitrification
of gas-fired boilers.
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