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Basic oxygen furnace steelmaking leads to the production of CO-rich off-gas. When CO and NO are combined in
off-gas, selective catalytic reduction by CO (CO-SCR) effectively achieves the synergistic removal of both pol-
lutants. In this paper, CuCeg.75Zr¢.250y, MnCeq 75Zr 250y, and FeCeg75Zro 250y catalysts are prepared and
evaluated for their CO-SCR activity, and the results show that the reaction system needs to be anaerobic; thus, the
CO-SCR reaction can be dominant. The Tgy values of CuCeq 75Zro.250y and FeCeq 75Zro 250y are 200 °C and
223 °C, respectively. The activities of these two catalysts are higher than that of MnCey.75Zr0.250y (Tgo = 375 °C).
Linear nitrate and bridged bidentate nitrate are the main intermediate species involved in NO conversion on the
catalyst surface, and bidentate CO%’ coordination is the main intermediate species involved in CO conversion on
the catalyst surface. CuCeo 75Zro.250y has high lattice oxygen mobility and is more likely to react with NO and
CO. In the presence of oxygen, most CO is oxidized by O, which increases continuously to 100%, 100%, and 98%
for CuCeq 75Zro 250y, FeCeo.75Z10.250y, and MnCeo 75Zr¢.250y, respectively; additionally, CO is oxidized by Oo,

and the CO-SCR reaction cannot be carried out.

1. Introduction

Basic oxygen furnace (BOF) steelmaking has been widely employed
as an efficient technology to produce good-quality steel from pig iron,
where a supersonic jet of pure oxygen is blown from the top into the
metal bath at a high speed to elevate the temperature to promote the
intense reactions of decarburization and combustion [1]. As a conse-
quence, the off-gas produced from steelmaking contains a column of
mostly carbon monoxide (CO) and some carbon dioxide (CO2), which
emerges from the mouth of the converter. The off-gas produced during
steelmaking intermissions is first cooled by a gasification cooling stack
coupled with water spray to remove the residual sensible heat and then
discharged into the atmosphere via a direct fired burner because the CO
concentration is relatively low, and explosions occur easily in the CO/O
mixture [2].

The increased pressures of profitability and environmental concerns

have triggered awareness of potential technologies that could utilize CO-
rich off-gas [3]. The typical method is post-combustion of CO induced by
air, which takes place inside the bath or prior to reaching the gasifica-
tion cooling stack. Unfortunately, the combustion temperatures may
exceed 1800 °C [4,5], leading to dissociation reactions in the post
combustion zone that yield thermal nitrogen oxides (NOyx) as a second-
ary pollutant [6]. Selective catalytic reduction is currently accepted for
NOy removal from stationary sources, requiring the use of ammonia
(NH3) as a reducing agent [7,8]. NHj3 is a toxic gas with a risk of
chemical accidents during storage and transportation. By comparison,
CO in the converter off-gas is not effectively removed, which poses a
certain safety hazard. The selective catalytic reduction of NOy by CO
(CO-SCR) is expected because of the coexistence of CO and NOy in off-
gas [9-11]. Such a technology can simultaneously remove two kinds
of waste gas without using NH3, which avoids the initial investment cost
of NHj3 injection technology transformation and the potential risk
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brought by NHs. Thus, it has research value and importance.

Catalysts employed in CO-SCR mainly include noble metal oxides
and transition metal oxides. Researchers have focused on Ir-based noble
metal catalysts. Under the condition of low oxygen (1% O-), Ogura et al.
[12] proved that NO is selectively reduced by CO on Ir/SiO; in an
oxidizing atmosphere containing 1%-10% Oy within the temperature
range of 300 °C-500 °C. According to Doi et al. [13], Ir/SiO and Ir/
CeO-, are the catalysts with the highest and lowest activity, respectively,
among all the catalysts tested because the effect of the silica support
stabilizes the Ir species in the active reducing state produced in the re-
action via Ir-carrier synergism. Inomata et al. [14] compared the CO-
SCR activity of Ir-based catalysts using metallic oxides as supports,
and the results indicated that Ir/WOj3 exhibits a better denitrification
activity than Ir/SiOg, Ir/NbyOs, and Ir/TagOs catalysts at low temper-
ature. Although several noble metal catalysts have good catalytic ac-
tivity for CO-SCR, their high cost and poor high-temperature resistance
limit their wide use in industry. Therefore, studying transition metal
catalysts with high activity to develop CO-SCR technology is an
important research direction [15,16].

Owing to the considerable catalytic activity and stability of cerium-
based composite oxides, they have been recognized as substitutes for
precious metals in SCR [17-19]. Liu et al. [20] proposed that the
dispersion of active sites can be enhanced by CeO,. Guo et al. [21]
showed that a Ce-doped Ni-Al-Oy catalyst has excellent CO-SCR per-
formance. At a doping amount of 20%, the NO conversion can reach
95% at 250 °C. Dong et al. [22] showed that the Fe* of the Fex03-CeOy/
Tip.5Sng 502 catalyst is the main active site for CO-SCR. Copper is rich in
electrons, as the d-orbitals are almost completely occupied by electrons
[23]. Hence, copper ions are prone to constitute a stabilized bond with
CO and exhibit excellent CO adsorption properties. The Cuy/CeO2-Fe2O3
(Cuy/CF) catalyst was studied by Cheng et al. [24], where copper oxide
is an active component of Cu,/CF. Kong et al. [25] developed a CuMn-
CeLa-O/y-Alp03 catalyst, which showed that Ce or La doping can
enhance the structural defects of CuO and MnOy, resulting in more ox-
ygen vacancies and improving the activity of catalysts. In an activity
experiment of CuO/MnOy-y-Al,O3 catalysts, the support Mn/Al ratio
and manganese oxidation state had remarkable influences on the CO-
SCR activity [26]. However, most transition metal catalysts are still
tested under oxygen-free conditions, and discussion on the influence
mechanism of Ce solid solution in CO-SCR reaction is rare. No relevant
report is available on the synergistic effect of active components such as
Cu, Mn, and Fe as independent active sites and the Ce support.

To clarify the catalytic performance of transition metal catalysts in
aerobic environments and the surface reaction mechanism of Ce solid
solution catalysts, CuCeo.75Zr0.250y, MnCeo.75Zro.250y, and FeCeq 75Z-
ro.250y catalysts were prepared in this paper. Their physicochemical
properties and catalytic activity were studied, and the characterization
technologies included X-ray diffraction (XRD), Raman spectroscopy, X-
ray photoelectron spectroscopy (XPS), temperature-programmed
reduction of hydrogen (H,-TPR), and CO- and Os-temperature-pro-
grammed desorption (TPD). The reaction intermediates were also
studied by infrared (IR) spectrum analysis. The good activity of
CuCeyg.75Zr.250y suggests that the impregnation of copper oxides on the
surface of Ce-Zr solid solutions is a feasible strategy for designing an
industrial catalyst for CO-SCR that would be helpful for pollutant
removal in the iron and steel industry.

2. Experimental specifications
2.1. Catalyst preparation

CuCeq.75Zr9.250y, MnCe 75Zrp 250y, and FeCeq 75Zro 250y catalysts
were synthesized by the sol-gel method. With respect to CuCeq 75Z-
19250y, Cu(NO3)2-3H20, Ce(NO3)3-6H20, and Zr(NO3)4-5H20 nitrates
were mixed in 400 mL of absolute ethanol and then placed in a magnetic
mixer, where the Cu:Ce:Zr molar ratio of 4:3:1 was determined based on
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Table 1

Element contents of catalysts detected by XRF.
Catalyst M (M = Cu, Mn, Fe)/wt% Ce/wWt% Zr/wt%
CuCeo.75Zr¢.250y 30.79 52.17 13.53
MnCey 75710250y 27.95 52.24 13.49
FeCeo.75Z10.250y 26.29 54.59 14.06

the optimization of the structure and activity from our previously pub-
lished work [27]. Bacterial cellulose was used as the pore-forming agent
for the catalysts. Five grams of bacterial cellulose was dissolved in the
current solution and then stirred at constant temperature (50 °C rec-
ommended) until the gel formed. It was then cooled to room tempera-
ture, and the time required for the aging of the catalyst was 48 h. Then,
the catalysts were dried at 80 °C for 12 h and then calcined at 550 °C for
4 h in a muffle furnace. Unlike the Ceq 75Zrg.250y and pure CeOy that
were prepared as reference samples, to guarantee validity and reli-
ability, MnCey 75Zro 250y and FeCeq 75Zro 250y catalysts with Mn:Ce:Zr
or Fe:Ce:Zr molar ratios of 4:3:1 were prepared according to the same
procedure that was used to prepare CuCeq 75Zro.250y. The elemental
contents of the catalysts were analyzed by X-ray fluorescence spec-
trometry (XRF), and the results are shown in Table 1.

2.2. Characterization

The catalyst sample was measured by XRD using a DX-2700 X-ray
diffractometer (Cu Ka radiation, A = 0.1541 nm, X-ray tube voltage: 40
kV, X-ray tube current: 30 Ma, scanning step: 0.06°, angle range:
10°-85°, and scanning speed: 2°/min). Raman spectra were acquired
using a HORIBA LabRAM HR Evolution spectrometer (HSES with 100
nm steps). XPS was carried out using a Perkin-Elmer PHI-1600 ESCA X-
ray photoelectron spectrometer. The X-ray source was a Mg anode target
(350 eV), and C 1 s (Eb = 284.8 eV) was used as the internal standard to
correct the binding energy of each species. A TP-5080B auto multiple-
purpose sorption instrument (Tianjin Xianquan Co. Ltd., China) was
used to carry out Ho-TPR. For each experiment, a 30 mg sample was
placed into a quartz reactor and out-gassed by pure He at 300 °C for 0.5
h. Then, the test sample was cooled to 40 °C followed by flowing 5% Hy/
He, and the Hy-TPR measurement was recorded with a heating rate of
10 °C/min and a final temperature of 1000 °C. CO- and NO-TPD were
also performed on the same instrument. Then, 5%/He CO or 5%/He NO
was adsorbed for 0.5 h after the pretreatment of each sample (30 mg)
with pure He. The adsorption temperature was 50 °C, and the samples
were exposed to Ny flow to remove physically adsorbed Oz or CO until
the baseline was stable. The testing temperature was then raised from
50 °C to 1000 °C with a heating rate of 10 °C/min. Hy, CO, and NO
consumption was quantitatively calculated by time integration of the
TPR and TPD profiles. In situ IR spectra were recorded on a Tensor 27 IR
spectrometer. Next, 15 mg of catalyst powder was prepared in thin self-
standing wafers and inserted in a heatable holder of the cell. After the
pretreatment of each sample by He, a spectrum was taken for use as a
background.

After our on-site measurement of off-gas composition, the CO con-
centration is approximately 5%-15%, and the concentrations of NO
(approximately 1.2%) and O (approximately 0.5%) are very low in the
off gases. Under our experimental conditions, the composition of the
experimental gas was determined to be 1%NO + 5%CO + 1%0, with He
as the balance gas. Each gas was drained into the gas mixing unit via a
separate pipeline. After the gas was fully mixed, it entered the in situ
reaction cell from the main pipe. Each pipe was equipped with separate
mass flow controllers, and the total rate of flow into the in situ reaction
cell was 40 mL/min. A series of time-dependent IR spectra was used
during SCR for each temperature interval (30 °C-400 °C).
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Fig. 1. XRD patterns of pure CeO,, Ceg75Zrp250y, CuCeg 75Zrg 250y,
MnCey 75Z1¢.250y, and FeCeo 75Zro 250y catalysts. The samples were calcined at
550 °C for 4 h.

2.3. Catalytic activity testing

The CO-SCR activity of the powder-type catalysts was evaluated in a
fixed-bed quartz microreactor with an inner diameter of 4 mm. The
catalysts were passed through a sieve to obtain grains sized 20-40 mesh,
placed at the center of the reactor (0.2 g), and packed with quartz wool
on both sides. The temperature information of the catalytic bed was fed
back by a K-type thermocouple. Mass flow controllers were used to
control the feed gas flow (NO + CO + Oy/He), and the total gas flow rate
was fixed at 200 standard cubic centimeters per minute. The detection of
outlet gas composition was completed by an online gas analyzer (Mai-
hak). The gas analyzer was customized for different test gases, and each
detector was connected in series to detect the tail gas. Reaction con-
version was calculated as follows:

Con.(%) = 2 100%
Cin

With respect to CO removal, cj, is the CO concentration at the inlet of
the reactor, coy; is the CO concentration outlet of the reactor, and the
concentration range of the CO detector was 0-20%. For the NO removal,
the concentration range of the NO detector was 0-500 ppm, cj, and Coyt
stand for the NO concentrations at the inlet and outlet of the reactor,
respectively. All activity tests in this paper were repeated at least twice
to ensure reproducibility, and data were recorded only when the SCR
reaction reached the steady state after 10 min of continuous operation at
each temperature.

3. Results and discussion
3.1. Crystal structure of the solid solution catalyst

Fig. 1 shows the XRD results of the prepared pure CeO,, Ceg 75Z-
10.250y, CuCep.75Zr9.250y, MnCeq 75Zrg 250y, and FeCeg 75Zrg 250y cata-
lysts, which present typical features of cubic fluorite-type CeO; crystals
(JCPDS 34-0394). The diffraction angles of the peaks for Ceg.75Zrg 250y
are broadened compared with those of CeO,. A careful comparison of
the peak positions of the respective angle values shows that Ceg 75Z-
ro.250y peak slightly shifts to higher angles. The reason for this phe-
nomenon is that these zirconium cations are well doped into the lattice
of CeO, to form a uniform solid solution. A slight shift in the diffraction
peaks of Ceg 75Zrg 250y can also be detected in the XRD patterns of
CuCey 75Zr0.250y, MnCe 75Zr¢.250y, and FeCeg 75Zrg 250y. Unlike that of
MnCey.75Zr¢.250y, the spectra of the CuCeg 75Zrg 250y and FeCeq 75Z-
10.250y catalysts clearly show the characteristic peaks of bulk CuO (35.5°
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Fig. 2. Raman spectra of pure CeO;, Ceg75Z19.250y, CuCeg 75Zr¢.250y,
MnCey.75Z10.250y, and FeCeg 75Z1¢.250y catalysts. The samples were calcined at
550 °C for 4 h.

and 38.7°, JCPDS 80-1268) and FeyO3 (33.2° and 54.1°, JCPDS 33-
0664), respectively. No diffraction peaks related to manganese and
metal oxides are detected for MnCeg 75Zrg 250y, indicating that these
metal species are well dispersed and exist in the form of amorphous
nanoparticles on the surface. The XRD results reveal that copper, man-
ganese, and iron are effectively inserted into the cerium-zirconium solid
solution, which contributes to the strong interaction among them.

3.2. Raman spectroscopy

Raman spectroscopy was employed to obtain surface information
about the catalysts to compensate for the lack of XRD data. In Fig. 2, the
Raman spectrum of CeO, exhibits the main band at 462 em !, which
corresponds to the Fo; symmetry vibration mode of the cubic fluorite-
type structure, and this band related to the first-order transition is the
only one allowed for a perfect crystal. Two weak peaks at 256 and 615
cm ! are also observed: the former is attributed to the rearrangement of
oxygen from the CeO; inherent fluorite lattice structure, and the latter is
attributed to the nondegenerate LO mode of CeO, resulting from
relaxation of the symmetry rules, which is often related to oxygen va-
cancies in the CeO, fluorite lattice [28]. Clearly, the characteristic Fag
peaks of CeO; shift to the left and become broader for CuCeo.75Zr¢.250y,
MnCey 75Zr9.250y, and FeCeq 75Zrg 250y. Such shifting occurs because of
lattice distortions in CeO» arising from copper, manganese, iron, and
zirconium addition. The incorporation of these cations into the CeOq
lattice leads to the formation of solid solutions, with the creation of
oxygen vacancies to compensate for the charge discrepancy. The ratio of
the areas of the peaks at 615 and 453 em ! (Ag1s/A4s3) Was semi-
quantitatively analyzed for the surface oxygen vacancy concentration in
the three catalysts [29], and the results are listed in descending order:
MnCeo,75Zr0,25Oy (1.72) > FeCeO,75Z1’0,25Oy (0.48) > CuCe0,752r0,25Oy
(0.29) > Cep.75Zr0 250y (0.28) > CeO3 (0.04).

3.3. XPS analysis

XPS analyses were carried out to investigate the chemical states and
atom concentrations on the surfaces of the catalysts. The Cu 2ps/2
spectrum of CuCeo.75Zr¢.250y (Fig. 3a) depicts a broad peak in the range
of 928-938 eV, indicative of the presence of various copper species,
where the major characteristic of Cu?" is a shake-up peak of 938-946
eV. Deconvolution performed on the peak shows that the characteristic
peak of Cu 2p3,> can be well fitted by two peaks corresponding to Cu™ at
933.0 eV and Cu?* at 934.3 eV with a Cu*:Cu®" atomic ratio of 0.52. In
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Fig. 3. XPS narrow spectra of Cu 2p (a), Mn 2p (b), Fe 2p (c), and Ce 3d (d) over the CuCe 75Zr¢.250y, MnCe 75Zr¢ 250y, and FeCeg 75Zr¢ 250y catalysts. Crude line:

original data; Smooth line: fitted data.
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Fig. 4. Hy-TPR profiles of CuCeo.75Zr¢.250y, MnCe.75Zr¢.250y, and FeCeo.75Z-
ro.250y catalysts. Pretreatment: pure He at 300 °C for 30 min; Sample quality:
30 mg; Experimental conditions: 5% Hy/He (30 mL/min), heating rate 10 °C/
min from 50 °C-1000 °C.

the spectrum of MnCeo.75Z1¢.250y, the Mn 2p3,, peak (Fig. 3b) can be
deconvoluted into three peaks, corresponding to peaks at 640.8, 642.0,
and 643.4 eV, which indicates that the manganese is in the oxidation
states of + 2, +3, and + 4 [30] with a Mn®":Mn®":Mn** ratio of
1:3.6:2.8. Fig. 3c shows the high-resolution Fe 2p XP spectra of
FeCeq 75Zrg.250y. The peaks at 711 and 725 eV are attributed to Fe 2p3/»
and Fe 2p; s, respectively, and the typical peak at 720 eV related to Fe
2ps,2 is attributed to the presence of Fe3* [31]. Hence, the Fe 2p3,5 XPS
spectra can be fitted to two peaks: the peak with a binding energy at
approximately 710.5 eV is derived from the iron species in FeO form,
whereas that at 712.4 eV is attributed to the Fe3O4 species. The
complexity of the Ce3d spectrum is a consequence of the hybridization
between the Ce 4f levels and the O 2p states. In Fig. 3d, the peaks
denoted as v correspond to Ce 3ds/, spin—orbit components, and those
categorized as u represent the Ce 3ds, spin-orbit components. The Ce**
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spectrum was fitted with six peaks at binding energies of v (882.2 eV), v,
(888.7 eV), v3(898.4 V), u (900.8 eV), uy (907.5 eV), and u3 (916.5 eV).
The XPS signal of Ce®>" was deconvoluted into two peaks with binding
energies at v; (884.9 eV) and ul (903.7 eV). Quantitative data show that
the Ce®'/Ce*" ratios for CuCeg75Zro 250y, MnCeq 75Zro 250y, and
FeCep 75Zrg 250y were 0.158, 0.164, and 0.282, respectively. The pres-
ence of higher Ce>* surface species illustrates the increment of surface
oxygen vacancies over the catalysts. Thus, the quantitative data agree
with those obtained by Raman analysis.

3.4. Temperature-programmed analysis of catalysts

H,-TPR was employed to investigate the redox behavior of the
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Fig. 5. O,-TPD profiles of CuCeg 75Zr¢.250y, MnCe 75Z1¢.250y, and FeCeg 75Z-
ro.250y catalysts. Pretreatment: pure He at 300 °C for 30 min; sample quality:
30 mg; experimental conditions: 5% O,/He (30 mL/min), heating rate 10 °C/
min from 50 °C-1000 °C.
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Table 2
Oxygen desorption capacity of the catalysts.
Catalyst a (pmol/g) B (pmol/g) y (pmol/g) Total (pmol/g)
CuCey.75Zr¢.250y 508 88 1939 2535
MnCeg75Zro25 Oy 532 63 712 1307
FeCeo.75Z10.25 Oy 375 59 135 569
Ceo.75Zr0.25 Oy 544 97 55 696
o
/\. 0.5 B
e _CuCeq 7571, ,:0,
3
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(7] M
c
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Fig. 6. CO-TPD profiles of CuCeg 75Zr¢.250y, MnCeg 75Zrg 250y, and FeCeg 75Z-
To.250y catalysts. Pretreatment: pure He at 300 °C for 30 min; sample quality:
30 mg; experimental conditions: 5% CO/He (30 mL/min), heating rate 10 °C/
min from 50 °C-1000 °C.

catalysts, and the results are displayed in Fig. 4. The catalysts were
categorized based on their reduction temperatures. Within the range of
reducing temperatures, the profile of CuCeq 75Zrp 250y exhibits three
peaks: o (163 °C), p (240 °C), and y (280 °C). The low-temperature o
peak suggests its enhanced catalytic reducibility, which can probably be
attributed to numerous copper ions being incorporated into cerium to
form a solid solution, thus weakening the Cu-O and Ce-O bonds. The f
peaks can be attributed to the reduction of highly dispersed CuOy
nanoclusters with a smaller size, whereas the y peak is due to the
reduction of crystalline CuO that has been detected by XRD. A similar
curve with three reduction peaks can be observed for FeCeg 75Zrg 250y
but has an evident shift toward higher temperatures than those of
CuCeyg.75Zr0.250y, corresponding to a, p, and y peaks at 427 °C, 532 °C,
and 846 °C, respectively. The redox peaks of MnCey.75Zrg 250y are be-
tween those of the other catalysts, where the o and p peaks overlap and
are located at 308 °C and 419 °C. Through quantitative analysis of the
Hy-TPR profiles, Hy consumption by CuCeq75Zr¢ 250y, MnCeq 75Z-
10,250y, and FeCeo.75Zr9.250y was determined to be 1.9, 1.3, and 2.7
mmol/g, respectively.

To further explore the surface oxygen species that participate in the
redox reactions, O2-TPD was performed. Fig. 5 shows that the o peak can
be attributed to the desorption of physically adsorbed oxygen (Ogp) on
the surface at low temperatures. The f peak in the range of
300 °C-500 °C is due to the desorption of chemically adsorbed species
(Oac), which may be associated with surface oxygen defects of the solid
solution and agrees with the XRD and Raman results. The o and p
desorption peaks demonstrate the latent possibility that these species
participate in redox reactions. The y peak at a higher temperature
(>500 °C) is assigned to the surface lattice oxygen (Oj,) that separated
from the solid solution. Although the desorption temperature of Oy, for
CuCeo.75Zr0.250y is 824 °C, which is higher than those for MnCeq 75Z-
10.250y, FeCeq 75Zrp 250y, and Ceg.75Zr9.250y, the abundant lattice oxy-
gen (1.939 mmol/g, Table 2) can be reduced at low temperatures.
Therefore, the role that O, plays in redox reactions should be further
investigated.
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Fig. 7. NO-TPD profiles of CuCeq75Zrg 250y, MnCeq 75Zrg 250y, and
FeCey 75Zr¢.250y catalysts. Pretreatment: pure He at 300 °C for 30 min; Sample
quality: 30 mg; Experimental conditions: 5% NO/He (30 mL/min), heating rate
10 °C/min from 50 °C-1000 °C.

The CO-TPD profiles of the catalysts are shown in Fig. 6. The o peak
at approximately 70 °C is attributed to desorption of physically adsorbed
CO from the solid solution surface, and the § peak centered within the
range of 363 °C-388 °C can be assigned to the desorption of chemically
adsorbed CO from the solid solution surface [32]. The bimetallic catalyst
has a stronger chemical adsorption capacity for CO. As discussed in
relation to the XPS results, the electron density of the active site atom in
the bimetallic catalyst increases due to the synergistic effect between
metals. CuCeo 75Zrg.250y is taken as an example to discuss this phe-
nomenon. In CO adsorption, the d-electron of copper atoms on the
surface of solid solution is donated to the unoccupied antibonding n*
orbital of CO, forming a d—r backbond with the copper species [33].
Owing to the synergistic effect of bimetals, the proportion of d-n back-
bonding increases as the d-electron density of surface active species
increases. Such a phenomenon can improve the ability of the metal to
adsorb CO, strengthening the Cu-C bond. Fig. 3a shows that the
desorption peak area on the bimetallic catalyst is larger than that on the
monometallic catalyst; hence, the bimetallic catalyst can increase the
chemisorption capacity of CO. Similarly, the main driving force of lattice
oxygen migration is the oxygen vacancy in the solid solution and the
higher surface area [34]. Therefore, among CuCeg 75Zr¢ 250y,
MnCey 75Zro. 250y, and FeCe.75Zr9.250y, the p peak of the CuCeo.75Z-
r0.250y catalyst, which has the most oxygen vacancies, tends to shift to
the low-temperature region compared with those of the two other
catalysts.

Fig. 7 shows the NO-TPD curves. The a peak below 100 °C is the
desorption peak of physical NO adsorption, and NO is detected in the tail
gas. A small amount of N,O is also detected in the gas before 250 °C, but
the IR absorption peak of N5O is not observed in the same temperature
range in the DRIFT analysis, which is due to the rapid desorption of N2O
and its inability to adsorb on the catalyst surface again [35]. The p peak
(240 °C-360 °C) is due to the desorption of NO by chemisorption. In this
temperature range, NO is not detected in the tail gas, which may be
because NO reacts with lattice oxygen and is then discharged in the form
of NO, and N3 [36,37]. The p peak of CuCeq 75Zr¢ 250y shifts to low
temperatures compared with those of the two other catalysts. The peak
temperature is 240 °C, indicating that CuCey.75Zro 250y, which has high
lattice oxygen mobility, is more likely to react with NO. In a comparison
of the NO-TPD curves of CuCeq75Zro 250y, MnCeq 75Zr¢.250y, and
FeCeo.75Zr.250y, the f peak of NO-TPD moves in the low-temperature
direction, which indicates that NO reacts with lattice oxygen more
easily than CO.



J. He et al.

1004

80 ! / /f T
60
f
40 / / Vas
20 / / / +CuCe0'75Zr0.250y

—o— FeCeo_75Zr0_250y
—h— MnCeOJSZrMSOy |

NO conversion (%)

0
l l
0 100 200 300 400 500
Temperature (°C)
100
(b)
80 ale
<~ 60
g
z 40 (
3
: A
20 A CuCe, ;5Zr,,50, |
—9— FeCe 75Zr 50,
0 gi’*/ —A— M“C90.7szr0.250y | |
| |

T T
(i} 100 200 300 400 500
Temperature (°C)

Fig. 8. CO-SCR activity for NO and CO conversions as a function of reaction
temperature for CuCeo 75Zro 250y, MnCeo.75Z10.250y, and FeCeg 75Zrg 250y cat-
alysts. Conditions: 0% O2 + 500 ppm CO + 500 ppm NO/N; atmosphere, flow
rate: 200 mL/min, weight of catalyst: 0.2 g.

3.5. Catalyst activity

The CO-SCR and CO oxidation reactions were investigated by placing
these catalysts in a quartz tube, through which the specific gas flowed.
By temperature-programmed control, the temperature was increased
from 25 °C to 500 °C at 10 °C/min. The activity testing data results are
shown in Fig. 8. CuCeo.75Zro.250y achieved 90% NO conversion at
220 °C (Tyo0), which is lower than FeCeg.75Zr¢.250y (Tngo = 271 °C) and
MnCey.75Zr0.250y (Tnoo = 351 °C), and CO decreased with the conver-
sion of NO in the activity test.

To further understand the activity of the catalyst in CO-rich off-gas, a
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CO-rich atmosphere experiment was carried out. CO-SCR is dominant
due to the absence of Oz in the 0% Oz + 10% CO + 500 ppm NO/N,
atmosphere (Fig. 9a). CuCeq75Zrg.250y (CCZ) and FeCeg 75Zro 250y
(FCZ) achieved 90% NO conversion at 200 °C and 223 °C (Tu90),
respectively, which are higher than that achieved by MnCeg 75Zr 250y
(MCZ, 375 °C). The CO conversion of CuCeq 75Zrg.250y, MnCeq 75Z-
ro.250y, and FeCeq 75Zrg 250y is induced at a slow rate, during which the
temperature starts at 25 °C and then increases until it reaches 400 °C.
During the CO-SCR of CO and NO (2CO + 2NO — 2CO; + Nj), con-
sumption of excess CO arises from its oxidation to yield CO3 by Oy, of
copper, manganese, and iron species over CuCeo.75Zr0.250y,
MnCeo 75Zr9.250y, and FeCeo 75Zr¢.250y. CO conversions of CuCeo.75Z-
10,250y and MnCeo 75Zrg 250y occur at temperatures higher than 400 °C
because most of the Oj; has been consumed, whereas an apparent in-
crease can be observed for FeCeg 75Zrg 250y. O2-TPD shows that the
catalyst gives rise to an Oy, desorption signal at temperatures > 500 °C,
suggesting that the structure of lattice oxygen formed in a solid solution
is very stable. A higher temperature is required for the thermal depletion
of Oj,. If a strong reducing agent is present in the experimental envi-
ronment (i.e., CO and Hy shown in H,-TPR), the depletion of Oy, is much
easier.

Competition between CO-SCR and CO + O, oxidation occurs in the
3%02 + 10% CO + 500 ppm NO/N; atmosphere (Fig. 9b), where the
latter becomes dominant. When the furnace temperature reaches the
ignition temperature (Tsg, CO conversion > 10%), as the oxidation rate
increases, the local temperature of the catalyst surface increases rapidly,
which further promotes the oxidation reaction, resulting in self-
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Fig. 10. Catalyst durability test for NO and CO conversions for CuCeg 75Z-
r0.250y, MnCe 75Zr¢.250y, and FeCeg.75Zro 250y catalysts. Conditions: 0% O2 +
1%CO + 500 ppm NO/N, atmosphere, flow rate: 200 mL/min, and weight of
catalyst: 0.2 g.

100

80

60 -

40+

20

NO and CO conversion (%)

0 aé—

FA—NoO (cC2)
|-o—NoO (FC2)
|-s—NO (MC2)
-a—co (cc2)
|-o—co (FCz)
|-o—co (Mc2)

0 100 200 300 400 500 600 100 200

300 400 500 6000 100 200 300 400 500

Temperature (°C)

Fig. 9. CO-SCR activity for NO and CO conversions as a function of reaction temperature for CuCeo 75Zr¢.250y, MnCeo.75Z1¢.250y, and FeCeq 75Zr¢ 250y catalysts.
Conditions: 0% O3 + 10% CO + 500 ppm NO/N, atmosphere (a); 3%0, + 10% CO + 500 ppm NO/N, atmosphere (b); and 5% O + 10% CO + 500 ppm NO/N,

atmosphere (c); flow rate: 200 mL/min; weight of catalyst: 0.2 g.

210



J. He et al.

Carbon Resources Conversion 4 (2021) 205-213

a (cuzp) P33 d (Ce3d) sa8 883
935 7'\ 9201 885
4000 | 6000 \/
Cu shake-up 917 907 889
M | J\pe W
- W w/
960 950 940 930 v v,| v,
— 642 uy Uy g\
s b (Mn2p) 41
pr 5000
N
> st /\ “
0 |
4 mMcz /
g . AN/
[=
= 660 655 650 645 640
C (Fe2p) m \/
W | A
EGZ. \ VAN
730 725 720 715 710 705 930 920 910 900 890 880 870

Binding energy(eV)

Fig. 11. XPS narrow spectra of Cu 2p (a), Mn 2p (b), Fe 2p (c), and Ce 3d (d) over the spent catalysts. Crude line: original data; Smooth line: fitting data.

sustaining CO combustion on the catalyst surface. Excess CO participates
during SCR after complete oxygen consumption because the oxygen
content added is below the stoichiometric value of 5% required for CO
oxidation. An intense exothermic reaction of CO oxidation results in the
temperature of the catalyst bed being higher than the controlled tem-
perature. In this case, for CuCeo.75Zrg.250y and FeCeq 75Zr¢. 250y, the
conversion rate NO rapidly reaches 90% at 114 °C and 190 °C along with
CO — CO; oxidation, but hysteresis is apparent in the curve for
MnCey.75Zr¢.250y, leading to 90% NO conversion at 361 °C. The oxygen
inhibition induced by the consumption of reducing agents is a chal-
lenging problem in the reduction of NO by CO over catalysts. When the
system is running in the 5% O3 + 10% CO + 500 ppm NO/N3 atmo-
sphere (Fig. 9¢), most CO is oxidized by O,, which increases continu-
ously to 100%, 100%, and 98% for CuCeo.75Zr¢.250y, FeCeo.75Zr¢.250y,
and MnCey.75Zr¢.250y, respectively, but CO-SCR appears at a low rate.
After the 150 min durability test (Fig. 10), no deactivation was found.

XPS analysis for the spent catalysts is given in Fig. 11. The charac-
teristic peak of Cu 2pg,, was fitted by two peaks (Cu™ at 933 eV and Cu?*
at 935 eV.). The Mn 2ps,/; peak was fitted by three peaks (Mn2* at 641
eV, Mn®" at 642 eV, Mn*" at 644 eV), and the Fe 2ps3/2 spectra were
deconvoluted to two peaks (FeO at 711 eV, Fe30, at 713 eV). The Cu™:
Cu?* atomic ratio increased to 1.08 after the reaction, and manganese
existed in the oxidation states of Mn?, Mn®*, and Mn*" in a 1:1.35:0.78
ratio, proving that Mn?* and Mn** were mostly converted to Mn>" in
the reaction. The XPS spectra of spent catalysts indicate that the Ce3t/
Ce*" ratios for CuCe0.75Zr¢.250y, MnCeq 75Zrg 250y, and FeCeq 75Z-
ro.250y have been changed to 0.17, 0.13, and 0.2, respectively. The
changes in the ce®t/Ce*" ratios for CuCe0.75Zrg 250y and FeCe0 75Z-
ro.250y are more obvious than those for MnCe0 75Zr 250y, suggesting
that the strength of the synergistic effect in Cu-Ce metals and Fe-Ce
metals is better than that in Mn-Ce metals. The CO-SCR reaction is a
gas-solid surface reaction, and the absorption/desorption of reactants
occurs on the atomic/molecular level of metal oxides. To ensure a uni-
form number of active sites in all catalysts, the same molar ratio of M:Ce:
Zr (M = Cu, Mn, Fe) was selected as 4:3:1. Then, the quality of Cu, Fe and
Mn is different due to the different molar masses of metals. The pro-
portion of d-r backbonding in CuO increases as the d-electron density of
surface active species increases owing to the synergistic effect of Cu-Ce
bimetals (the best ratio of Cu:Ce was 1:0.75). Such a phenomenon can
improve the ability of the Cu species (Cut/Cu®") to adsorb CO and NO.
In brief, the strength of the synergistic effect that is apparent on a
macroscopic scale is related to the catalytic performance.
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Fig. 12. IR spectra of the (a) CuCey.75Zr¢.250y catalyst and (b) FeCeg.75Zr¢.250y.
Pretreatment: pure He at 300 °C for 30 min; Sample quality: 20 mg; Experi-
mental conditions: 1% NO + 5% CO + 1% O,/He (40 mL/min).



J. He et al.

Carbon Resources Conversion 4 (2021) 205-213

CuCe 75721250y

@0 ©ce ¢cu @N @C | ) Oxygenvacancy

FeCeg.75Zro 250y
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3.6. In situ IR analysis

To further understand the adsorption state and reaction intermediate
process of CO-SCR and clarify the conversion rule of reaction in-
termediates, the CuCep.75Zr¢.250y catalyst with excellent activity and
the FeCeo.75Zr9.250y catalyst with moderate activity were selected to
carry out in situ IR experiments under different pre-adsorption condi-
tions. The in situ IR spectra in an atmosphere of 1% NO + 5% CO + 1%
O, are shown in Fig. 12. Fig. 12a shows the spectrum of the
CuCey 75Zr¢.250y catalyst. The peaks at different positions in the figure
are attributed to different intermediate species. The 1008 cm ™! peak is
attributed to the absorption of monodentate nitrates, the peak at 1278
cm ! is attributed to linear nitrates, the peak at 1535 cm ! is attributed
to chelating bidentate nitrates, and the peak at 1625 cm™" is attributed
to bridging bidentate nitrates. The intensity of the 1278 cm ™! absorption
peak is dominant, indicating that NO is mainly present in the form of
linear nitrates on the external surface of the catalyst solid solution. The
intensities of the peaks at 1008 and 1278 cm ™! gradually decrease with
increasing temperature. The intensity of the peak at 1535 cm ™! remains
stable, although it is small at 400 °C, which confirms that the stability of
chelated bidentate nitrates on the catalyst surface is higher than that of
other forms of nitrates. When NO evident conversion takes place on the
catalyst surface at 400 °C, the main intermediate species left are linear
nitrate and bridged bidentate nitrates [38-40]. When CO is adsorbed on
the CuCey 75Zr.250y catalyst surface, the monodentate carbonates rep-
resented by the peak at 1436 cm ™! and the bidentate carbonates rep-
resented by the peak at 1538 cm™! are the main intermediate species
[41]. The increase in temperature leads to a rapid decrease in the
bidentate carbonate absorption peak that disappears at 300 °C. A weak
absorption peak attributed to monodentate ligand CO3~ at 1436 cm™?
remains at 400 °C, which indicates that the intermediate species of CO
conversion on the catalyst surface is mainly bidentate CO3~, and
bidentate CO3~ is more easily decomposed on the catalyst surface than
monodentate CO%’. In summary, CO to CO; on the CuCeq.75Zrg.250y
catalyst surface is deduced to have two main paths (Fig. 13): The first
route should be that CO chemisorption occurs first on the CuCeq 75Z-
r0.250y surface, which combines with lattice oxygen provided by
CuCeq.75Zr9.250y to form a carbonate structure (CO%7). With the in-
crease of reaction temperature, co%” decomposes into CO and enters
the gas phase, and the lattice oxygen defect in the solid solution is filled
by the oxygen in the environment to form lattice oxygen. Another route
includes selective catalytic reduction of NO by CO. NO combines with
oxygen species on the catalyst surface to form an N-O coordination
structure, and the CO molecule is adsorbed on copper sites to form a
Cu™*-CO complex. As the temperature rises continually, the two inter-
mediate species react to produce Ny and CO [42,43].

For the FeCey.75Zr¢.250y catalyst (Fig. 12b), the absorption peak of
chelated nitrate at 1535 cm ™! still has an evident intensity at 400 °C,

212

which indicates that the stability of chelated nitrate on FeCeg 75Zrg 250y
is higher than that of CuCeo.75Zr¢.250y, and the reduction rate of the
absorption peak area of linear nitrate at 1278 cm ™! is less than that of
CuCeq.75Zr0.250y. This finding can explain why the catalytic activity of
FeCeq.75Zr0.250y is lower than that of CuCeq 75Zrg.250y. The peak in-
tensity of carbonates on the surface of FeCeo.75Zr¢.250y is much lower
than that of CuCeq 75Zro 250y. Therefore, unlike the conversion path of
CuCey.75Zr9.250y, CO mainly binds to Ce®" on the surface of FeCeg 75Z-
10250y and then further reacts with nitrate on the catalyst surface to
convert COy (Fig. 13)[44,45].

4. Conclusion

In this paper, catalysts CuCeq75Zro.250y, MnCeg.75Zr.250y and
FeCeo.75Zrg.250y were prepared, and their physicochemical properties
and catalytic reaction mechanism for selective reduction of NO by CO
were studied. CO-SCR reaction experiments were carried out over cat-
alysts CuCeq 75Zro.250y, MnCeq 75Zr9 250y and FeCeq 75Zrg.250y. Under
the condition of 0% O3 + 10% CO + 500 ppm NO/N,, the CO-SCR re-
action was dominant due to the Oy-free reaction atmosphere. The tem-
peratures at which 90% (Tgg) NO conversion by CuCeq 75Zrg 250y and
FeCeq 75Zrg.250y was reached are 200 °C and 223 °C, respectively. The
activities of these two catalysts are higher than that of MnCeg 75Zrg 250y
(Tgo = 375 °C). The oxygen inhibition induced by the consumption of
reducing agents is a challenging problem in the reduction of NO by CO
over catalysts. When the fed gas was 5% O2 + 10% CO + 500 ppm NO/
N, most CO was oxidized by O, which increased continuously to 100%,
100%, and 98% for CuCep75Zro.250y, FeCeg.75Zr9 250y, and
MnCey.75Zro.250y, respectively, but CO-SCR occurred at a low rate. For
the CO-SCR reaction over CuCeq 75Zr 250y, linear nitrate and bridged
nitrate are the main intermediate species in the NO reduction on the
catalyst surface, and the intermediate species of CO oxidation on the
catalyst surface is mainly bidentate coordinated CO3~. Compared with
the two other catalysts, CuCey.75Zr¢.250y, which has a high lattice oxy-
gen mobility, is more likely to react with NO and CO.
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