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Abstract: In this paper, the effect of KMnO, modification on the performance of CO oxidation over
a CuCeOy/FeyOs catalyst in industrial flue gas was studied. X-ray diffraction (XRD), scanning
electron microscopy (SEM), temperature-programmed reduction by H, (H,-TPR), Fourier transform
infrared spectroscope (FTIR), and Raman spectra were employed to reveal the relationship between
the structural properties and the performance of the catalyst. The results show that the catalytic
activity could be increased by KMnO, modification. CuCeOy/Fe,O3 modified with 0.07 mol/L
KMnOy exhibited high activity, with a CO conversion of 78.2% at 160 °C. The modification of KMnOy,
reduced the grain size and promoted the uniform dispersion of active particles. In addition, the
number of oxygen-containing functional groups increased, which could anchor metal particles and
provide active oxygen species for CO oxidation.

Keywords: CuO-CeO, /Fe;O3; low temperature; CO oxidation; KMnO4 modification

1. Introduction

In industrial production, the combustion of fossil-fuel-generated flue gas contains a
certain amount of CO, which is harmful to both mammals and plants [1,2]. With environ-
mental protection policies becoming increasingly stricter, it is important to find a way to
eliminate CO. The catalytic oxidation of CO to nontoxic CO; is gaining increasingly more
attention due to its simple operation and low energy consumption. Precious metal catalysts,
such as Au, have high catalytic activity for CO oxidation [3,4]. However, this process is
also limited by the fact that it is difficult to apply it to the removal of CO from industrial
flue gas.

Transition metals and rare-earth oxides have a certain low-temperature activity for CO,
and the development of high-performance non-precious metal catalysts for industrial flue
gas CO treatment has become a hot topic in recent years [5-7]. Among them, the unique
reverse I1 bond of CuO has been found to be beneficial for the adsorption and activation
of CO, while CeO; and Fe;O3 have excellent oxygen storage and release capacities and
redox performance, which can provide reactive oxygen species for CO oxidation [8-12].
Cu-Ce/Fey03 catalysts have shown high low-temperature catalytic activity, making them
the most likely replacements of precious metal catalysts at present [13-17]. However, the
active particles of Cu-Ce/Fe,Os catalysts tend to sinter easily during application, resulting
in a decrease in catalytic activity. Therefore, it is necessary to suppress the aggregation and
growth of Cu-Ce/Fe; O3 catalysts.

Studies have shown that modifying the catalyst could inhibit the sintering of active
particles and improve their dispersibility. Shang et al. [18]. proposed the modification
of a Co304-CeO; catalyst with formic acid. After modification, the pore structure and
active sites of the catalyst increased, and 100% CO conversion was achieved at 150 °C.
Tian et al. [19]. modified a Fe;O3/activated carbon (AC) catalyst with KMnOy,, which
enriched the oxygen-containing functional groups on the catalyst, increased support defects,
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and made the Fe species uniformly dispersed on the surface. Wang et al. [20]. reported that
KMnO;-modified Fe/CNTs exhibited higher activity and better stability, which could be
due to small nanoparticles and weak carrier-metal interactions. However, the effect of the
KMnOy4 modification on the Cu-Ce/Fe,O3 catalyst is still unclear.

In the present work, the modification of a Cu-Ce/Fe;O3 catalyst with KMnO,4 was
proposed to catalyze CO oxidation at a low temperature. The mechanism by which KMnO4
affected the performance was studied, which provided ideas for the development of high-

performance non-precious metal industrial flue gas CO treatment catalysts.

2. Experiment
2.1. Raw Materials

The names and the purities of the reagents used in the experiment are shown in Table 1,

and the experimental equipment and devices are shown in Table 2.

Table 1. Main reagents used in the experiment.

Reagent

Chemical Formula

Remarks

Cerium nitrate
Copper nitrate
Ferric nitrate
Ammonia
Nitric acid
Sulfuric acid
Potassium permanganate
Polyvinyl alcohol
Potassium bromide
Nitrogen
Oxygen
Sulfur dioxide
Carbon monoxide

Ce(NO3 )3 ‘6H20
Cu(NO3),-3H,0
Fe(NO3 )2 -9H20
NH;-H,0
HNOj3
H,S04
KMIIO4
Cz H4On
KBr
N,

O,

S0,

CcO

Analytical-grade reagent
Analytical-grade reagent
Analytical-grade reagent
Analytical-grade reagent
Analytical-grade reagent
Analytical-grade reagent
Analytical-grade reagent
Analytical-grade reagent
Analytical-grade reagent
High-purity gas (99.9%)
High-purity gas (99.9%)
N3-50; (1.05%)
N»-CO (1.03%)

Table 2. Instruments and equipment used in the experiment.

Name Model
Electronic analytical balance AL204
Electric blast-drying oven DZF-6020A
Magnetic stirrer DF101-S
Constant-temperature water bath THZ-82
Vacuum tube furnace GSL-1400X
X-ray photoelectron spectrometer Thermo ESCALAB 250XI
X-ray diffractometer D8 ADVANCE A25
Scanning electron microscope VEGA 3 XMU/XMH
Fourier transform infrared spectroscopy Nexus870
Chemisorber AutoChem 11 2920
Confocal laser Raman spectrometer LabRAM HR
Pore size analyzer JW-BK222

It can be seen in Table 1 that all raw materials were of pure reagent grade and that the
gas was a high-purity gas, which could allow for experimental errors to be avoided and
guarantee the accuracy of the experimental results.

Table 2 presents all the experimental instruments used in this work to complete the
catalyst preparation and characterization.

2.2. Catalyst Preparation
2.2.1. Load Material Pretreatment

Fe,O3: Dissolve 4 g of ferric nitrate in deionized water, add excess ammonia water
under stirring to obtain precipitation, adjust the pH of the solution to 9.0, stir magnetically
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for 1 h, then perform suction filtration, and rinse with deionized water until neutral. After
drying at 80 °C for 8 h, the solid was calcined at 400 °C for 4 h in an air atmosphere to
obtain the product Fe,Os.

2.2.2. Modified Potassium Permanganate

Fe,O3 composites with a mass of 4 g were added to 200 mL of a potassium perman-
ganate aqueous solution at a range of concentrations, namely, 0.03 mol/L, 0.05 mol/L,
0.07 mol/L, and 0.09 mol/L. The solution was magnetically stirred at 70 °C for 30 min,
filtered, and washed until the filtrate was nearly colorless. The treated Fe,O3 was recorded
as 3K/Fe;O3, 5K/Fey O3, 7K/ Fep O3, and 9K/ Fe, O3, respectively.

2.2.3. Supported Copper Cerium

During the impregnation process, an aqueous solution of copper nitrate and cerium
nitrate was used to dissolve Cu/Ce at a molar ratio of 1:1 in a certain amount of distilled
water, and the total weight of the metal oxides was controlled to be 10 wt%. After impreg-
nation, the samples were magnetically stirred at room temperature for 8 h, then dried at
120 °C for 12 h, and subsequently calcined at 300 °C under a N, atmosphere for 3 h. The
obtained catalysts denoted as CuCeO-xK/Fe;O3 catalysts were prepared in the same way:.

2.3. Catalyst Characterization
2.3.1. Powder X-Ray Diffraction (XRD)

The phase structure of the catalyst was detected using a D8 ADVANCE A25 diffrac-
tometer on the instrument-sharing platform of Xi’an University of Architecture and Tech-
nology. The scan range was 20 (5-70°), with Cu K« radiation (A = 0.154 nm) at a scan rate
of 6° /min.

The microscopic topography of the catalyst was collected by using a VEGA 3 XMU/XMH
scanning electron microscope (CIQTEK, Hefei, China). A small number of catalyst samples
were evenly dispersed on the surface of a conductive adhesive and fixed on the sample
stage for gold spraying to obtain high-quality scanning electron microscope images.

2.3.2. Ny Adsorption/Desorption

The pore structure characteristics of the catalyst samples were measured by using a
JW-BK222 physical adsorption analyzer. The samples were degassed at 300 °C for 3 h before
the experiment, and N; adsorption/desorption experiments were carried out at liquid
nitrogen temperature (—197 °C). The specific surface area of the catalyst was calculated
by using the BET (Brunauer-Emmett-Teller) equation, and the pore size distribution and
total pore volume of the catalyst were analyzed by using the BJH (Barrett-Joyner-Halenda)
method.

2.3.3. Temperature-Programmed Reduction and Desorption

Temperature-programmed reduction and desorption (H,-TPR and CO-TPD, respec-
tively) were determined using an AutoChem II model 2920 instrument (One Micromeritics
Drive, Norcross, GA, USA). The mass of the catalyst sample was 50 mg. First, the catalyst
sample was placed in a nitrogen atmosphere at 300 °C for 1 h to desorb the gas on the
catalyst surface. On this basis, the sample was cooled to room temperature, the gas was
adjusted to a 10% H;/ Ar mixture with a gas flow rate of 50 mL/min, and the temperature
was increased to 900 °C at a heating rate of 10 °C/min. Temperature-programmed desorp-
tion was performed to adjust the gas to a 10% CO/Ar mixture, and the remaining steps
were the same.

2.3.4. Fourier Transform Infrared Spectroscopy (FT-IR)

The surface functional groups of the catalysts were measured using a Nexus 870
spectrometer (Nicolet, Beijing, China). The steps were as follows: First, samples of the same
mass were mixed and ground with KBr according to a mass ratio of 1:200, and then the
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mixture of the same mass (50 mg) was formed into a sheet under a pressure of 10 MPa for

infrared testing. The measurement range was 500-4000 cm .

2.3.5. Raman Spectroscopy (Raman)

The Raman spectrum was tested on the instrument sharing platform of Xi’an Uni-
versity of Architecture and Technology, using a LabRAM HR micro-confocal laser Raman
spectrometer with a spectral scanning range of 200-2000 cm .

2.4. Catalytic Activity Measurement

The catalyst activity test was performed on a fixed flow bed equipped with an 8 mm
quartz tube. For each test, 400 mg of the catalyst was taken. The reaction temperature
was heated from 80 °C to 160 °C at a heating rate of 5 °C/min. The conversion rate of
CO was tested at 10 °C as an interval point, and each temperature point waited for the
concentration of CO to remain stable for 30 min before heating up to the next point. The
CO conversion rate was calculated by using the following formula:

Xeo = (1 - f%’f”) x 100% 1)

m

where CO;,, and CO,,; represent the CO concentrations (vol%) at the inlet and outlet of the
gas mixture, respectively.

3. Results and Discussion
3.1. Catalyst Activity

The relationship between CO conversion and temperature is shown in Figure 1.
The CO conversion increased with an increase in the temperature for all catalysts. The
CuCeOy/Fe;Os5 catalyst exhibited the worst catalytic activity, and the CO conversion at
160 °C was only 62.3%. It could be seen that the performance of the CuCeOy/Fe;Oj3 cata-
lyst improved significantly after it was modified by KMnOj,. The CO conversion initially
increased with an increase in the concentration of KMnQy, and then it decreased. The
CuCeOy-7K/FeyO5 catalyst showed the highest activity, corresponding to 47.9% and 85.1%
CO conversion at 80 °C and 160 °C, respectively. By further increasing the concentration
to 0.1 mol/L, the CO conversion at 160 °C decreased to 78.2% for the CuCeOy-9K/Fe, O3
catalyst, which may be due to the fact that effective active sites were covered by excessive
Mn species.

100
~ 80
X
=1
o=
Z 60 -
%)
>
g
Q 40 +CUCCOX/F9203
= —e— CuCeO -3K/Fe,0,
" —v— CuCeO -5K/Fe,0,
—4— CuCeO -TK/Fe,0,
CuCe0,-9K/Fe,0,
0 1 I 1 1 1 " 1 1 1

80 100 120 140 160
Temperature (°C)

Figure 1. CO conversion of CuCe-xK/FepOj3 catalysts.
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3.2. Structural and Textural Properties
3.2.1. XRD Analysis

The XRD patterns of the catalysts are shown in Figure 2. The CuCeOx-xK/Fe;O3
catalyst mainly presented the diffraction peaks of the Fe,O3 hematite phase at 24.07°,
33.14°, 35.53°, 40.98°, 49.52°, and 54.14°. The weak diffraction peaks at 32.1°, 35.50°, 38.73°,
and 48.8 could be attributed to the presence of CuO. CeO, diffraction peaks in the catalyst
appeared at 28.59°, 33.02°, and 47.4°. The cubic fluorite-type structure of CeO, did not
change during calcining. It could be seen that the intensities of the diffraction peaks of CuO
and CeO; were low, indicating that Cu and Ce species were highly dispersed on Fe,Os.
In addition, the intensities of the diffraction peaks of the metal oxides were weaker after
KMnO,4 modification. According to the Scherrer formula, L = KA/B-cos6, this could indicate
that the sizes of the active particles decreased, confirming that the growth of the particles
was inhibited by KMnO4 modification. No diffraction peak related to Mn species was
observed. The possible reasons for this are as follows: a high dispersion with a small size,
low crystallinity, the formation of a solid solution, a low Mn content, and/or a mixture of
these. The unit cell parameter ag was calculated for the different catalysts, and the results
are listed in Table 1. It could be observed that the unit cell parameter ag of the catalysts
decreased after they were modified with KMnOj.

* Ce0,, V CuO, ¢ Fe,0, CuCeO,/Fe,0,
CuCeO,-3K/Fe,0,

CuCeO,-5K/Fe,0,
CuCeO,-7K/Fe,04

_ CuCeO,-9K/Fe,0,

= . e

N X

.‘? * t v

7 v v .

= . * %l % *
)

=

=

—

200" 50 60 70

Figure 2. XRD patterns of the CuCe-xK/Fe;Oj3 catalysts.

3.2.2. BET Analysis

According to the linear classification of the adsorption isotherm by IUPAC [21], it
could be judged that the N; adsorption/desorption isotherms of the CuCeOx-xK/Fe;O3
catalyst in Figure 3 belong to type IV. Moreover, the monolayer adsorption stage of this
linear type appeared at the relative pressure. The adsorption curves were separated from
the desorption curves at a higher relative pressure, and the rate of change of the curve
gradually became gentle. When the relative pressure was close to the saturated vapor
pressure, the curves increased due to the adsorption of macropores. Moreover, there was a
relatively hysteretic loop in the relative pressure range of 0.45~0.95, which was a typical
mesoporous adsorption isotherm, and the desorption isotherm failed to coincide, indicating
that the sample contained a large number of mesopores.

It is worth noting that catalytic activity is closely related to the specific surface area
and pore size due to the adsorption and diffusion of reactant molecules and products.
The corresponding BET surface area and the total pore volume of the CuCeOy-xK/Fe,O3
catalysts are summarized in Table 3. The specific surface area and pore volume of the
CuCeOy-xK/Fe; O3 catalyst decreased with an increase in the KMnOj, concentration, while
the pore size showed the opposite trend. With an increase in the KMnO, concentration
from 0.03 mol/L to 0.9 mol/L, the specific surface area decreased from 35 m?/g to 27 m?/g,
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and the pore volume decreased from 0.070 m3/g to 0.061 m®/g. The strong oxidation
property of KMnOjy cleared the impurities in the pore channels of the catalyst, resulting in
the increase in the pore size, while some Mn species entered the pore channels, reducing
the specific surface area and pore volume of the catalyst.
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Figure 3. The N, adsorption/desorption isotherms of CuCeOy-xK/Fe;Oj3 catalysts.

Table 3. The pore structure properties of the CuCe-xK/Fe,Oj3 catalyst.

Samples Sg (m?/g) Vp (m®/g) Pore Size (nm)
CuCeOy /FeyO3 36 0.076 8.022
CuCeO-3K/FeyO3 35 0.070 7.774
CuCeO«-5K/Fey O3 33 0.067 7.786
CuCeOy-7K/Fe;O3 29 0.064 7.936
CuCeOx-9K/Fe,O3 27 0.061 8.395

3.2.3. SEM Analysis

The SEM images of the CuCeOx-xK/Fe;O3 catalysts are shown in Figure 4. It can
be seen in Figure 4a that the surface of CuCeOy/Fe,O3 was smooth. In Figure 4b—d, it
can be seen that the surface of the catalysts became rough with an increase in the KMnO,
concentration. Moreover, the active particles were highly dispersed on Fe,O3 with a small
size. This may be due to the strong oxidation of KMnQy resulting in the formation of more
defects on the surface of Fe,O3, which was conducive to the anchoring of active particles,
subsequently promoting dispersion.

3.2.4. Raman Analysis

The Raman spectrum of the CuCeOy-xK/Fe,Oj3 catalysts is shown in Figure 5. Vi-
bration peaks appeared at 227 em~ 1,246 em™1,296 cm™1, 411 em 1, 498 em !, 611 em !,
and 661 cm~!, which match the characteristic peak of Fe;O3. Among them, the peaks at
227 cm~! and 498 cm ! correspond to the Al g vibrational mode. The peaks at 246 cm ™!,
296 cm~1, 411 em™ !, and 611 cm ™! correspond to the Eg vibrational mode, and the peaks
at 661 cm™~! are related to the disorder effect or the presence of Fe;O3 nanocrystals. In
addition, it could be seen that the Raman peak of the catalyst around 661 cm~! moved
to the low wavenumber of 658 cm ™!, indicating that the interaction between Cu and Ce
could be strengthened by the addition of potassium permanganate, thereby enhancing the
liquidity of the oxygen vacancies.
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Figure 4. SEM images of CuCeOy/Fe;O3 (a), CuCeOy-3K/Fep;O3 (b), CuCeOx-5K/Fe;O3 (c),
CuCeOx-7K/Fey 03 (d), CuCeOx-9K/Fe, O3 (e).

CuCeO,-9K/Fe,04 |
——CuCeO,-TK/Fe,0, f |
‘CuCeO,-5K/Fe,0, Il
CuCeO,-3K/Fe,0, ./ \

|
CuCe0,/Fe,0, VA

Intensity (a.u.)

. . ) ) ) ) . .
200 400 600 800 1000 1200 1400 1600 1800
Raman Shift (cm™)

Figure 5. Raman spectrum of the CuCeOy-xK/Fe,Oj3 catalysts.

3.3. Redox Properties
3.3.1. FT-IR Analysis

The FT-IR spectra of the CuCeOx-xK/Fe;Oj3 catalysts are shown in Figure 6. It can
be seen that the infrared spectra of the catalysts before and after KMnO4 modification
are generally consistent. No new peak appeared, indicating that the modification did not
change the type of oxygen-containing functional groups. The absorptions in the spectra
were attributed based on the literature [22-24]. The bands at 1400 cm ! and 3416 cm !
could be attributed to the H-O bending vibration in phenols and carboxyls. The peaks
at 1130 cm™~! belong to C-O stretching vibrations. C-H stretching vibrations could be
observed at 3010 cm~!. The bands at 1617 cm ™! could be assigned to the presence of C=O
stretching vibrations, which could improve the electrochemical performance by enhancing
the electron transfer rate. The bands at 3128 cm ™! could belong to -CH, -CH,, or -CH3
groups. The bands at 458 cm ! and 543 cm ! could be assigned to the bending vibrations
of metal oxides. The intensities of the peaks of oxygen-containing functional groups,
such as H-O, C=0, and those on the surface of the CuCeOx-xK/Fe,O3 catalyst, were
enhanced significantly compared to those of CuCeOy/Fe;Os, confirming that the number
of oxygen-containing functional groups could be increased after KMnO, modification. The
oxygen-containing functional groups could bind to metal particles and act as anchoring
sites to prevent the aggregation of active components. In addition, oxygen-containing
functional groups could serve as oxygen sources to provide reactive oxygen species for CO
oxidation, directly improving catalytic activity.
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Figure 6. FT-IR profile of the CuCeOy-xK/Fe,O3 catalysts.

3.3.2. Hp-TPR Analysis

The redox characteristics of catalysts are also one of the main factors affecting the
catalytic oxidation activity of CO. H,-TPR is usually used to study the redox characteristics
of catalysts. As shown in Figure 7, the catalysts exhibited two reduction peaks, which were
attributed to the reduction of different Cu species. The peaks at the low temperatures (x),
which was 198 °C and 126 °C for CuCeOy/Fe;O3 and CuCeOy-7K/Fe; O3, respectively,
indicate the reduction of Cu species that were highly dispersed on the catalyst surfaces.
Moreover, the peaks () at 257 °C and 217 °C for CuCeOx/Fe;O3 and CuCeOy-7K/Fe; O3,
respectively, could be attributed to the reduction of Cu species in the strong interaction of
the Cu-Oy-Ce structure. According to the previous literature [25], the reduction of pure
CuO occurs at 380 °C, which is higher than the reduction of Cu species over CuCeOy /Fe;Os.
This may have been due to the formation of interactions between Cu-Ce-Fe-O oxides, which
facilitate the reduction performance. It could be seen that both the « and 3 of CuCeOx-
7K/FepOs shifted to a lower temperature than those of CuCeOy /Fe; O3, confirming that the
reduction performance of the catalysts could be improved by the KMnO, modification. This
may have been due to the trace Mn species resulting from the beneficial synergistic effect
with CuO, CeO,, and Fe,03, which promoted the reduction of Cu species. In addition, the
area of 3 for CuCeOy-7K/Fe;O3 was much larger than that for CuCeOy /Fe;O3, proving that
the interaction between Cu and Ce was enhanced after the modification to form more Cu-
Ox-Ce species. The CuCeOx-7K/Fe,O5 catalyst with a greater number of Cu-Ox-Ce species
exhibited higher activity, indicating that the Cu-Ox-Ce species were more active structures
than the highly dispersed Cu species, consistent with the previous research [14,26,27].
No reduction peak of manganese oxide was observed, which may be due to the low Mn
content.

3.3.3. CO-TPD Analysis

In Figure 8, it can be seen that the CO molecules could react with reactive oxygen
species only after being adsorbed at the active sites and activated. Therefore, CO adsorption
is the key step in the reaction. It can be seen in Figure 8 that there is a narrow desorption
peak at 100~200 °C and a broad desorption peak at 250~550 °C for the CuCeOx-xK/Fe;O3
catalyst, which are related to different CO adsorption modes. According to previous re-
search [28], part of CO combines with lattice oxygen to form surface carbonates at low
temperatures, and it then breaks down and releases CO,. Another part of CO reacts with
lattice oxygen to generate bicentate carbonate, which decomposes into CO; at higher tem-
peratures. The peak of the CuCeO4-xK/Fe;Oj3 catalyst exhibited a large area, which proved
that there were a large number of CO adsorption active sites on the surface. In addition,
the low desorption peak temperature indicates that the decomposition of carbonate species
was easy on CuCeOx-xK/Fe;Os.
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Figure 7. H,-TPR spectrum of CuCeOx-xK/Fe,Oj catalysts.

333°C
s
8
3
=
2
w2
(=]
3
|

164°C
E 1 | 1 1
100 200 300 400 500 600

Temperature (°C)

Figure 8. CO-TPD profile of CuCeOx-xK/Fe,Oj3 catalyst.

4. Conclusions

A CuCeOy/Fe;O;5 catalyst was modified by KMnQOy to remove CO in industrial
flue gas. The CuCe-7KMn/Fe,O;3 catalyst modified with KMnOy, at a concentration of
0.07mol/L obtained the highest activity, which corresponded to 85.1% CO conversion at

160 °C.

(1) The modification of KMnOy inhibited the growth of the particles and promoted the
uniform dispersion of the active components.

(2) The number of oxygen-containing functional groups increased after KMnO, modi-
fication, which could provide anchoring sites for metal oxides and provide reactive
oxygen species for CO oxidation as an oxygen source.

(3) The KMnO4 modification improved the redox performance of the catalyst and in-
creased the number of active sites for CO adsorption.
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