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In this study, to evaluate the effects of two methods for activation of nitric acid, air thermal oxidation and Ce
doping were applied to a Cu—Ni/activated carbon (AC) low-temperature CO-SCR denitration catalyst. The
Cu-Ni-Ce/ACq; catalyst was prepared using the ultrasonic equal volume impregnation method. The
physical and chemical structures of Cu-Ni—-Ce/ACq; were studied using scanning electron microscopy,
Brunauer—Emmett-Teller analysis, Fourier-transform infrared spectroscopy, X-ray diffractometry, X-ray
photoelectron spectroscopy, CO-temperature (TPD) and NO-TPD
characterisation techniques. It was found that the denitration efficiency of 6Cu—-4Ni—5Ce/AC, can reach
99.8% at a denitration temperature of 150 °C, a GHSV of 30 000 h~* and 5% O,. Although the specific
surface area of the AC activated by nitric acid was slightly lower than that activated by air thermal

programmed desorption

oxidation, the pore structure of the AC activated by nitric acid was more developed, and the number of
acidic oxygen-containing functional groups was significantly increased. Ce metal ions were inserted into
the graphite microcrystalline structure of AC, splitting it into smaller graphene fragments, whereby the
dispersibility of Cu and Ni was improved. In addition, many reaction units were formed on the catalyst
surface, which could adsorb more CO and NO reaction gases. With the increase in Ce doping, the
relative proportions of Cu?*/Cu™, Ni**/Ni™ and surface adsorbed oxygen (Oa) in the Cu—Ni-Ce/ACq
catalyst increased. In addition, after the introduction of Ce into Cu-Ni/AC, the amount of weak and
medium acids significantly increased. This may be due to the Ce species or its influence on the Cu/Ni
species. Further, the active sites of the acid were more exposed. According to the results of the study,
a composite metal oxide CO-SCR denitration mechanism is proposed. Through the oxidation—reduction

reaction between the metals, the reaction gas of CO and NO is adsorbed and the incoming O, is
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Accepted 13th May 2021 converted into (Oa), which promotes the conversion of NO into NO,. The CO-SCR reaction is

accelerated, and the rate of low-temperature denitration was increased. Overall, the results of this study
DOI: 10.1039/d1ra023529 will provide theoretical support for the research and development of low-temperature denitration

rsc.li/rsc-advances catalysts for sintering flue gas in iron and steel enterprises.

alternative to NH;-SCR is required.*” The selective catalytic
reduction method (CO-SCR), in which CO is used as a reducing
agent, is considered to be a denitration technology that can be

1. Introduction

The nitrogen oxides (NOx) produced by stationary and mobile

sources are among the main sources of air pollution, and they
have caused many environmental problems, such as acid rain
and photochemical smog.'* At present, the ammonia selective
catalytic reduction (NH3-SCR) denitration technology is the
most effective method for removing NOx.** However, this
technology has limitations, such as NH; leakage, catalyst
poisoning, pipeline corrosion and air preheating. Therefore, an
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promoted and applied on a large scale, as it can simultaneously
remove the CO and NO in industrial exhaust gases. In addition, it
is believed that the development of low-temperature CO-SCR
denitration catalysts will have various applications. In the
process of low-temperature CO-SCR denitration catalyst carrier
research, it was found that carriers affect the interactions among
NO, CO and metal oxides and that they play a vital role in
improving metal dispersion and enhancing catalytic performance.
Activated carbon (AC) has received extensive attention in the
research of low-temperature SCR denitration catalyst supports, due
to its abundant oxygen-containing functional groups and huge
specific surface area.®® The surface properties of AC have a signif-
icant impact on its catalytic performance. Further, the use of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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HNO;, H,S0,, H,0,, microwaves and other activation methods to
treat AC can change its surface chemical properties, thereby
affecting its catalytic activity.">"* For example, Zhou et al.** studied
the influence of HNO; activation on AC and found that a large
number of ester and carbonyl types of oxygen-containing func-
tional groups were formed on the surface of activated carbon. Li
et al. used air thermal oxidation activation (973 K) to pretreat AC,
and the results showed that the specific surface area and pore
volume of activated AC increased."

In recent years, activated AC-loaded precious metal nano-
particles, such as Pt, Pd, Ru and Au, have been identified as
ideal catalysts for NO + CO model reactions and CO reduc-
tion.™"” However, the high price, resource scarcity and low heat
stability of precious metals limit their wide application as
supported precious metal catalysts.'® Therefore, some alter-
natives to noble metal catalysts have attracted a lot of attention
in the design of low-cost and high-efficiency catalysts. Among
them, transition metals, such as Cu, Ni and Ce, are very
attractive choices. Copper and nickel have high catalytic activity
for CO-SCR reactions. The active sites activated by NO mole-
cules may be related to the Cu species,*® and the active sites of
CuO show easy redox effects with reactants.”>** The good redox
performance, sufficient surface oxygen vacancies and high
oxygen storage/release capabilities of NiO have attracted special
attention,”** and it is also widely used in CO-SCR denitration
catalysts. In previous works,*?¢ it was found that in the process
of copper-nickel coordinated loading, in addition to affecting
the selectivity and denitrification activity of NO gas, Cu can prevent
the formation of carbon deposits and the sintering of Ni nano-
particles and reduce the reduction temperature of NiO. In addi-
tion, it showed excellent low-temperature denitration activity,
which may be due to the synergy between bimetallic oxides. Other
studies have found that the doping of cerium can promote the
transfer rate of metal ions from low valence states to high valence
states and also increase the relative atomic ratio of Cu®" and Ni**,
Since the conversion between Ce'/Ce®" forms oxygen defects,
CeO, has significant oxygen storage capacity and excellent redox
performance. By promoting the oxidation of NO to NO,, it can
increase the catalytic activity of CO-SCR. Ce doping may have
a positive effect on the denitration performance of the AC catalysts
supported by copper and nickel. However, after Ce doping, the
specific interaction denitration mechanisms between copper,
nickel and cerium need to be further revealed.

In this research work, two activation methods of air thermal
oxidation and nitric acid were used to activate the activated
carbon support to improve the catalytic performance of CO-
SCR. The Cu-Ni/AC,, catalyst was doped with cerium by the
ultrasonic initial wet impregnation method to obtain the Cu-
Ni-Ce/ACy; composite oxide catalyst. The doping of Ce
improves the NOx conversion rate, the tolerance and thermal
stability in the presence of oxygen. SEM, BET, FTIR, XRD, XPS,
CO-TPD, NO-TPD characterization techniques were used to
further study the effects of two activation methods and Ce
doping on Cu-Ni-Ce/AC,,. After the activation of nitric acid,
although the specific surface area of the activated carbon carrier is
reduced, due to the corrosion of nitric acid, more small pores are
created for metal to enter, and through the oxidation of nitric acid,
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the surface acidic oxygen-containing functional groups increase
significantly. The doping of Ce plays a variety of roles in the CO-
SCR reaction, including promoting the dispersion of Cu and Ni,
increasing the ratio of Cu** and Ni**, increasing the adsorption of
CO and NOx in the presence of oxygen and producing more
surface adsorbed oxygen (Oc) content, thereby providing more
active sites for the CO-SCR reaction.

2. Experiment
2.1 Catalyst preparation

The AC particles (coconut shell AC, particle size of 20-40 mesh,
Henan Gongyi Lantian Water Purification Technology Co., Ltd.)
were washed with deionised water to remove ash and sus-
pended matter. Then, they were dried in a drying oven at 110 °C
for 12 h to obtain the AC divided into two parts. One part was
placed in a tube furnace and fired in an air atmosphere at
350 °C for 2 h to obtain AC,. The other part was soaked in an
equal volume of 30% HNO; solution, heated under reflux with
magnetic stirring in a three-necked flask at 80 °C for 2 h and dried
in a drying oven at 110 °C for 12 h to prepare AC;. With
Cu(NO3),+3H,0, C;Hs0,Ni-4H,0 and Ce(NO;);-6H,O (AR, Tian-
jin Kemiou Chemical Reagent Co., Ltd.) as precursors with
different molar ratios, they were mixed and dissolved in a certain
amount of deionised water, and the mixed solution was immersed
in AC, under ultrasonic vibration for 160 min. Then, the sample
was dried at 110 °C for 12 h and then finally calcined at 450 °C
under nitrogen protection for 4 h. The resulting catalysts were
marked as Cu-Ni—Ce/AC, and Cu-Ni-Ce/AC,, where the molar
ratios of the Cu-Ni oxide to Ce oxide were 10 :3,10: 4 and 10 : 5,
and the molar ratio of the Cu oxide to Ni oxide was 6 : 4, the mass
of copper element accounts for 6% of the catalyst.

2.2 Catalytic performance

A catalyst performance test was carried out in a fixed bed reactor,
and the denitrification activity was measured using 10 g Cu-Ni-Ce/
AC,, at different temperatures. Before denitration, N, was flushed
in situ at 200 °C for 1 h. The furnace temperature was adjusted to
150 °C, the reaction temperature was determined and the simu-
lated flue gas was passed into the reactor. The simulated flue gas
(NO) flow rate was 4 mL min ', and the CO flow rate was 40
mL min~". O, was 5%, N, was the balance gas, the total gas flow
rate was 1000 mL min~" and the GHSV was 30 000 h™". The final
exhaust gas was detected using a Testo-340 flue gas analyser
(Germany Testo Instruments) for 60 minutes. The conversion rate
of NOx was calculated using the following formula:

(& - C
n= in(NO) out(NO+NO>) % 100%
Cin(No)

where, Ci,(no) is the NO concentration at the reactor inlet, ppm;
Cout(vo+no,) i1 the NO + NO, concentration at the reactor
outlet, ppm; and 7 is the denitration rate, %.

2.3 Catalyst characterisation

The surface microstructure change of Cu-Ni-Ce/AC,; was
observed using Scanning electron microscope test (SEM, Tescan
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VEGAS SBH), nitrogen adsorption and a desorption tester, and
the N, adsorption isotherm was used to observe (BET, QDS-evo).
The specific surface area, pore volume and average pore diameter of
Cu-Ni-Ce/AC, ; were measured at 77 K, and the micropore volume
was calculated using the Dubinin-Radushkevich method. Before the
N, adsorption, each sample was degassed under vacuum at 200 °C
for 4 h. The Cu-Ni-Ce/AC,; surface functional group changes were
measured using Fourier transform infrared spectroscopy (FTIR,
Nicolet iS 10) in the range of 4000-400 cm™ " internal determination.
The load metal oxide was estimated using a rotating target X-Ray
Diffraction (XRD, TTR18 kW Cu target) to analyse the crystal phase
pattern of Cu-Ni-Ce/ACy;, and the surface atomic state of the cata-
lyst was analysed using X-ray Photoelectron Spectroscopy (XPS,
PHI5000 Versaprobe-II) was measured using AlKo. X-ray (v = 1486.6
eV) radiation at 50 W. The binding energy (BE) was calibrated using
a Cl1s BE value of 284.8 €V. The temperature programmed adsorption
and desorption of the CO analysis (CO-TPD, Autochem II 2920) was
carried out in a flow reactor equipped with a thermal conductivity
detector (TCD). The TPD of CO and NO was carried out in a flow
reactor equipped with a TCD. 0.1 g catalyst was heated from room
temperature to 300 °C in He flow (30 mL min~") for 60 min and then
cooled to room temperature in the He atmosphere. Then, the gas was
subjected to 5 vol% NO/He and 10 vol% CO/He for the NO-TPD and
CO-TPD detection and it was kept for 30 min. Afterwards, the catalyst
was purged by flow for 30 min to remove the physically adsorbed CO
and NO. Finally, the sample heating to 800 °C (NO-TPD) and 600 °C
(CO-TPD) at a rate of 10 °C min~* was performed in He flow. TCD
was used to continuously monitor the consumption of NO and CO.

3. Results and discussion
3.1 Catalyst CO-SCR denitration activity

To explore the effects of the different activation methods and
different Ce doping levels on the CO-SCR denitration activity of
the Cu-Ni-Ce/AC,; catalyst, take 10 g of catalyst to test the
denitration performance of simulated sintering flue gas within
1 h. It can be seen from Fig. 1 that the activation method has

100
95
90
85
80
75

6Cu-ANI/AC,
70

6Cu-4Ni-3Ce/AC,

65

NOy conversion(%)

6Cu-4Ni-4Ce/AC,
6Cu-4Ni-SCe/AC

60 K

6Cu-ANI/ACY

S5

6Cu-4Ni-3Ce/AC,

50 |- 6Cu-4NI-4Ce/AC,

6Cu-4Ni-SCe/AC,
45 1 1 I 1 1 1
0 10 20 30 40 50 60

Time (min)

Fig. 1 NOx conversion with different Cu—Ni—Ce/AC catalysts.
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a significant effect on the CO-SCR denitrification activity of Cu-
Ni-Ce/AC,; with the same loading. When the Ce doping
amount is a fixed value, the activity of the air thermal oxidation
activation catalyst is significantly lower, and the denitration rate
is lower than that after nitric acid activation, which is activated
by air thermal oxidation, was lowest. This may be due to the
activation of nitric acid to form new oxygen-containing func-
tional groups, which promotes the adsorption and oxidation of
NO.” Also, due to the strong oxidation of nitric acid, more pores
were formed for the metal ions on the surface of the AC, which is
beneficial to the dispersion of the metal oxides in AC. It can be seen
from Fig. 1 that under the premise of the same activation method,
the low-temperature CO-SCR activity of the Cu-Ni/AC catalyst is
improved by the doping of cerium. When there is no cerium
doping, the lowest denitration rate of the catalyst is only 67.9%,
when the cerium doping amount is 5%, the denitration rate can
reach 99.8%. Because Ce doping improves the selectivity of N, and
has certain resistance in the presence of O,, compared with the
previous Cu-Ni/AC, the denitration rate in the presence of oxygen is
significantly improved. According to relevant literature reports,* Ce
metal ions can be inserted into the graphite microcrystalline
structures of AC and then split them into smaller graphene frag-
ments, thereby forming a large number of reaction units on the
catalyst surface, so the ratio of the adsorbed oxygen (O« on the
surface increases. Overall, the reducibility of the catalyst was
enhanced, thus promoting the CO-SCR reaction.” Therefore, under
the premise of nitric acid activation, the 6Cu-4Ni-5Ce/AC; catalyst
can reach the highest denitration rate of 99.8%.

3.2 SEM analysis

The SEM of Fig. 2 shows the morphology of the Cu-Ni-Ce/AC, ;
catalyst. Fig. 2a, ¢ and e shows the Cu-Ni-Ce/AC, activated
using air thermal oxidation, where Fig. 2b, d and f shows the
catalyst activated using nitric acid activation. After comparing
Cu-Ni-Ce/AC,, it can be seen that the nitric acid activation
destroyed the physical structure of the original activated
carbon, caused corrosion to it and generated new pore struc-
tures, which is important for the adsorption of reaction gases
and for the effect of metal oxides. The loading process was
advantageous, and it could also provide more necessary places
for the denitration reaction.* From Fig. 2c and d, it can be seen
that the amount of metal oxides supported by AC; was signifi-
cantly more than that supported by AC,, and the spherical
particles of the metal oxides were significantly smaller. This is
because more metal ion channels are created after the activa-
tion of nitric acid. It can be seen from Fig. 2d and f that when
the Ce loading was small, large spherical clusters could be
observed on the surfaces of AC, and AC;. As the Ce loading
increased, the spherical metal oxide particles became even
smaller. This special spherical structure change can be attrib-
uted to the mixed crystal effect.** Due to the doping of Ce, the
exerted tensile force on the grain boundaries of the copper-
nickel metal oxides reduced the particle size of the spherical
structure and improved its dispersibility on the AC,** which
increased the number of active sites for denitration and made
the denitration effect more significant.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra02352g

Open Access Article. Published on 21 May 2021. Downloaded on 11/1/2025 10:22:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Fig. 2 SEM micrographs of different catalysts: (a) 6Cu—4Ni-3Ce/ACq
(e) 6Cu—4Ni-5Ce/ACy; (f) 6Cu-4Ni-5Ce/AC;.

3.3 BET analysis

The specific surface area and average pore volume of the cata-
lysts prepared using different activation methods and the Ce
doping amounts are listed in Table 1, which shows that the
specific surface area of the AC after the nitric acid activation
treatment was less than that after the air thermal oxidation
treatment. However, it can also be seen that the average pore
size of the AC after the nitric acid activation was reduced and
that its average pore volume increased. This is because nitric
acid activation takes away the ash in original pores while
creating new pores. It is also worth noting that with the increase
in Ce loading, the specific surface area of the catalyst activated
using the two activation methods increased. This is because the
co-doping of metal could reduce the loss of the catalyst's
specific surface area during the calcination process.** As shown
in Fig. 3a, the average pore size of the catalyst materials acti-
vated using the two activation methods was mainly

Table 1 Specific surface area and pore structure of Cu—Ni—Ce/ACq

Specific surface Pore volume Pore size
Cu-Ni-Ce/ACy, (%)  (m*g™!) (em® g™ (nm)
6Cu-4Ni-3Ce/AC, 756.406 0.362 2.231
6Cu-4Ni-4Ce/AC, 704.329 0.394 2.256
6Cu-4Ni-5Ce/AC 704.329 0.388 2.218
6Cu-4Ni-3Ce/AC, 654.713 0.421 2.223
6Cu-4Ni-4Ce/AC, 681.449 0.389 2.194
6Cu-4Ni-5Ce/AC, 701.959 0.378 2.210

© 2021 The Author(s). Published by the Royal Society of Chemistry

; (b) 6Cu—4Ni-3Ce/AC,; (c) 6Cu-4Ni-4Ce/ACy; (d) 6Cu—4Ni-4Ce/ACy;

concentrated around 0.92 nm, indicating that the pore size
distribution of all the samples was relatively uniform. Fig. 3b
shows that the relative pressures of the adsorption-desorption
curves of Cu-Ni-Ce/AC were between 0.35 and 0.95 and that they
were very similar and can be classified as type IV isotherms with
H1 type hysteresis loops,® which shows. These catalysts have highly
ordered microporous channel structures that are similar to those
of the SEM results. To a certain extent, the specific surface area and
pore structure of the catalyst affected its SCR denitration activity,
and the larger specific surface area and abundant pore structure
were beneficial for mass transfer, adsorption and activation of the
reactants during the reactions.* Therefore, increasing the contact
area between reaction gases and catalyst surfaces and improving
the internal pore structures of catalysts can effectively promote
denitration reactions.

3.4 FTIR analysis

The chemical properties of the surface of the AC were mainly
determined by the type and number of surface functional
groups, and the AC surface mostly had oxygen-containing
functional groups, such as carboxyl, hydroxyl, carbonyl,
ketone and ether groups.®® After the AC was impregnated with
a mixed solution of copper nitrate, cerium nitrate and nickel
acetate, the functional groups changed during the roasting
process, releasing H,0, CO, CO, and other gases. Fig. 4 shows
the FTIR spectrum after the nitric acid activation, air thermal
oxidation and loading of metal oxides. According to previous
studies,*®**% the infrared band of 3600-3200 cm ™" is assigned
to the -OH stretching vibration, the infrared band of 1740-
1480 cm ™' is attributed to the stretching vibration of C=0 or

RSC Adv, 2021, 11, 18458-18467 | 18461
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C=C and the infrared band of 1300-1000 cm " is attributed to
the stretching vibration of C-O-C or C-O. It can be seen from
Fig. 4 that compared with the air thermal oxidation activation
method, the AC after activation with nitric acid is 3454 cm™*
(-OH tensile vibration), 1635 cm ™" (-C=O tensile vibration)
and 1093 ¢cm™' (-CO tensile vibration) is obviously in an
enhanced state, and two new absorption peaks appeared at
1700 cm™ ' (-C=O0 stretching vibration) and 1400 cm™* (-CH)
after nitric acid activation. It can be inferred that after the nitric
acid activation, more acidic oxygen-containing functional
groups that can easily react with NO were formed on the AC
surface, such as carboxyl groups, lactone groups and hydroxyl
groups.®® It can also be seen from Fig. 4 that under the premises
of different activation methods, with the increase in Ce loading,
the peak absorption intensities at 3454 cm™ ' (-OH stretching
vibration) and 1700 c¢cm™' (-C=O stretching vibration)
continued to increase. The increase in the oxygen-containing
functional groups provided more active sites for the deni-
tration reaction, could provide more high adsorbed oxygen (Oa)
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Fig. 4 FTIR spectrum of the Cu-Ni—Ce/ACq, catalysts.

18462 | RSC Adv, 2021, 11, 18458-18467

View Article Online

Paper

= 6Cu-4Ni-3Ce/ACy
—— 6Cu-4Ni-4Ce/ACy
—— 6Cu-4Ni-5Ce/ACy
—— 6Cu-4Ni-3Ce/ACy
—— 6Cu-4Ni-4Ce/ACy

~ 6Cu-4Ni-5Ce/ACy
1 ! 1 1 L
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure(P/P)

(a) Pore size distribution chart (b) N, isotherm adsorption—desorption curve.

for the first stage of the denitration reaction and promoted the
progress of the CO-SCR denitration reaction.

3.5 XRD analysis

Fig. 5 shows the XRD patterns of the Cu-Ni-Ce/AC, ; catalysts
under different Ce doping levels. CuO had a monoclinic phase
diffraction peak of 42.4°, 61.3° at 26, and NiO had a monoclinic
phase diffraction peak of 43.8°, 76.0° at 2¢. A small amount of
Ce (@ = 0.3-0.5) was added to the Cu-Ni/AC sample, leading to
the reduction of the diffraction peaks of CuO, NiO and the
related copper-nickel metal oxides. These results indicate that
the cerium doping inhibited the crystallisation of these two
phases. When the cerium loading was relatively small, there
were no diffraction peaks related to Ce, indicating that Ce is
amorphous or poor in crystallinity.***° From the XRD diagram,
it can be seen that a small amount of Cu,O was on the (111) and
(211) crystal planes corresponding to the 26 of 36.5° and 52.7°.
This is due to the reaction of C and CuO during the calcination
process, which led to the conversion of Cu>* into Cu". It can be
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WO 1 ) n
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Fig. 5 XRD pattern of the Cu—Ni—Ce/ACq; catalysts.
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seen from Fig. 5 that after the nitric acid was activated, the
crystallisation performance of the metal oxides became signif-
icantly better than that of the coconut shell AC after the air
thermal oxidation. The highly dispersed state and the peak after
the air thermal oxidation activation were narrow and sharp,
indicating that the supported metal oxide agglomeration was
more serious. The reason for this was explained using SEM. Due
to the corrosion and pore expansion effects of nitric acid, the
precursor solution was easier to pass through the rich pore
structure into the inside of the AC, so the metal oxides
decomposed during the roasting process and had higher dis-
persibility. The diffraction peak at 20°-30° indicates the pres-
ence of layered graphite crystallites, while the diffraction peak
at 40°-45° reflects the graphite-like layer structure. The graphite
microcrystalline structure on the surface of the catalyst helped
oxidise NO to NO, in an oxidising atmosphere at low tempera-
tures,”* and the simultaneous presence of NO and NO,
induced a ‘fast SCR’ reaction of NO, NO, and CO, which
significantly improved the denitration efficiency.®

3.6 XPS analysis

The Cu-Ni-Ce/AC,, catalysts activated using the two methods
were characterised using XPS before and after denitration. The
results of Cu2p, Ni2p, Ce3d and O1s of the samples are shown
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in Fig. 6. Fig. 6a depicts the O1s spectra of the different samples.
Due to the special surface structure of AC, the surface oxygen
species could be divided into three components: lattice oxygen
(OB), surface adsorbed oxygen (Oa) and oxygen species in the
hydroxyl group (Oy).** According to previous studies,* Oa. was
derived with a BE of 531.1-530.4 eV from hydroxyl species or from
the O,>~ and O™ on a catalyst's surface, which are defective oxides.
Also, the Oy-derived catalyst surface with a BE of 533.5-535.5 eV
the adsorbed H,0, and the BE of 529.06-530.4 eV usually comes
from the lattice oxygen of metal oxides. As shown in Fig. 6d, after
nitric acid was activated and doped with Ce, the ratio of Oa. (Oo/Oc
+ OB + Oy) increased more obviously. On one hand, as shown in
the FTIR diagram, this is due to the production of more hydroxyl
groups after the nitric acid activation. On the other hand, oxygen-
containing functional groups, such as carbonyl and carbonyl
groups, because Ce substances cause charge imbalance, vacancies
and unsaturated chemical bonds on catalyst surfaces, which is
conducive to the generation of Oa..** According to the literature, Oa
is the most active oxygen species. Due to its high mobility, it plays
a key role in CO-SCR denitration reactions. In addition, Oo can
promote the oxidation of NO and the production of amides.*
Therefore, the use of nitric acid activation and the addition of Ce
can increase the ratio of Oa. on catalyst surfaces, thus facilitating
CO-SCR reactions.
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As shown in Fig. 6b, the components at (~932.1 eV) and
(~951.5 eV) can be attributed to the peaks of Cu2p;/, and Cu2p;;,
», of Cu,0 at (~933.8 eV) and (~953.8 eV), which correspond to
the Cu2p;,, and Cu2p,,, peaks of CuO.*® For the catalyst acti-
vated using nitric acid, the ratio of Cu®*/Cu” was higher than
that of in the case of air thermal oxidation activation, and with
the increase in Ce doping, the ratio of Cu®" also increased. This
is due to the AC surface formation during the activation of nitric
acid. More oxygen-containing functional groups were added,
which led to a decrease in the degree of reduction of the metal
oxides during the catalyst calcination.**** As shown in Fig. 6c,
the two peaks at (~854.6 eV) and (~855.8 eV) correspond to
Ni**2p;;, and Ni**2p;,,* respectively, at (~873.3 eV) and
(~874.5 eV). Also, the two peaks correspond to Ni**2p,/, and
Ni**2py,, respectively. Due to the increase in Ce doping, the
intensity of the Ni** peak also increased.

Fig. 6d shows the Ce3d XPS spectra of all the samples con-
taining Ce. Each spectrum was parsed into eight peaks. The
peaks at ul and v1 represent the initial electronic state of
3d™°4f' corresponding to Ce®*". According to previous studies,
the peaks labelled u, u2, u3, v, v2 and v3 indicate the 3d"'%4f°
state of Ce*".*°* It is well known that the conversion between
Ce® and Ce*" produces reactive oxygen vacancies (4Ce*" + 0>~
— 2Ce*" +2Ce*" + [ + 0.50,, where [J represents an adsorbed
oxygen vacancy).”> Thus, it can be inferred that the higher the
proportion of Ce®*, the higher the density of the adsorbed
oxygen vacancies. To highlight this problem, the ratio of Ce**/
(Ce** + Ce™) was calculated according to the peak area in the
XPS spectrum, and it was then demonstrated, as shown in
Fig. 6d. In all the samples, the 6Cu-4Ni-5Ce/AC; catalyst had
the highest Ce®" ratio (32%), indicating that it contains the most
adsorbed oxygen vacancies, which is conducive to the adsorp-
tion of NO and contributes to the CO-SCR denitrification
activity.”*>?

3.7 CO-TPD and NO-TPD analyses

Based on the above characterization results, the Cu-Ni-Ce/AC, ;
catalyst under the conditions of air thermal oxidation and nitric
acid activation was analyzed for CO-TPD and NO-TPD. CO-TPD
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View Article Online

Paper

analysis is used to study CO adsorption and desorption on the
surface of the catalyst. The results are shown in Fig. 7a. The CO-
TPD curve of Cu-Ni-Ce/AC, ; contains two peaks, which shows
different types of active ingredients, which have different
adsorption strengths than CO. From the figure, it can be found
that the analytical peak temperature of CO after nitric acid
activation is significantly lower than that of the catalyst
prepared after air thermal oxidation. This is because the pore
structure of the AC surface becomes more developed after nitric
acid activation, the gas easily enters the catalyst and reacts with
the metal oxide at low temperature. Different Ce loadings
affected the CO-TPD analytical behaviour of the catalyst. An
analytical peak of CO was observed at 145 °C. This low-
temperature desorption peak was attributed to the desorption
of CO on the CuO/Cu,0 position on the surface,*** and the XPS
results proved this situation. There was a large CO desorption
peak at 258.1 °C, and with the increase in the Ce content, this
peak shifted to 189.5 °C. Compared with 6Cu-4Ni-3Ce/AC,,
6Cu-4Ni-5Ce/AC, showed a lower desorption temperature,
which might be attributed to the high Ni,O; on the catalyst
surface. Compared with the other Cu-Ni-Ce/AC, ; catalysts in
the CO oxidation and NO + CO reactions, the catalyst activity of
6Cu-4Ni-5Ce/AC; was higher.>**”

NO-TPD analysis is used to study the adsorption of NO on the
catalyst surface. NO is adsorbed on different adsorption sites.
As shown in Fig. 7b, the catalyst activated by nitric acid has
three desorption peaks at 262.1, 337.3 and 621.7 °C. It can be
seen that only two absorption peaks appear after air thermal
oxidation activation. The reason is that after the activation of
nitric acid, the oxygen-containing functional groups increase,
and the oxygen adsorption sites of NO increase, which leads to
the adsorption of NO at low temperatures. With the increase of
Ce doping, the position of the desorption peak moved to low
temperature. It can also be inferred that the Ce addition
improved the adsorption capacity of NO at low temperature,
which is consistent with the research performed by previous
scholars.”®*® The desorption peak above 400 °C was attributed
to the decomposition of the nitrite and nitrate with the higher
thermal stability.®>** It was reported that with the increase in
the Ce content, more nitrates and nitrites were formed on the
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(a) CO-TPD profiles of catalysts with Cu—Ni—Ce/ACq 1; (b) NO-TPD profiles of catalysts with Cu-Ni—Ce/ACq ;.
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Denitration reaction process

DN ‘CQOQCuQNi u;“) Ce

Fig. 8 Denitration mechanism diagram of the Cu—Ni—Ce/AC catalyst.

catalyst surfaces, which can participate in low-temperature NO
+ CO reactions. The NO-TPD results showed that the increase in
Ce doping can increase the ability to adsorb and decompose NO
at low temperatures, thereby improving the catalytic activity of
CO-SCR. The reason is that catalysts with high Ce doping have
more unpaired electrons. The electrons feedback and the dilu-
tion to the vacant antibonding orbitals of the adsorbed species
weakened the NO bond.*® As described by XPS, more adsorbed
oxygen vacancies are formed with higher Ce*" concentrations,
where the adsorbed oxygen vacancies are combined by the
weakened NO bond, achieving the denitration effect.

3.8 Analysis of the denitration mechanism

Based on the above characterisation observations, the adsorp-
tion and catalytic mechanisms of the catalyst were proposed. As
shown in Fig. 8, the CO-SCR low-temperature denitration reac-
tion on the surface of the Cu-Ni-Ce/AC,; catalyst is a repre-
sentative heterogeneous. The reaction can be divided into the
following five steps. (1) The CO, NO and O, reactant gases are
continuously diffused from the outside of the catalyst to the
outer surface of Cu-Ni-Ce/AC. Since AC has a large specific
surface area and a rich pore structure, a large amount of reac-
tant gas could be cached inside the catalyst. A large number of
reaction units were produced on the graphite microcrystalline
structure.* (2) The reaction gas is adsorbed on the catalyst
surface and in an adsorbed state on the active sites of the
catalyst surface and then activated by the active sites to form
activated molecules. A large number of acidic oxygen-
containing functional groups were detected by FTIR, and
defects could be detected in the XPS map. The adsorbed oxygen
(Oa) preferentially adsorbed NO. It is generally believed that the
presence of the Cu®" and oxygen-containing groups can
enhance the adsorption of CO.**** The oxidation-reduction

© 2021 The Author(s). Published by the Royal Society of Chemistry

Cu-Ni-Ce/AC,,

Ix, @co i No & co,

reaction between Ni** and Ni** (4NiO + 50, — 2Ni,0; + 40°7)
could convert O, into adsorbed oxygen (Oa), and Ni had a good
oxygen storage/release capacity, which could significantly
promote the adsorption of NO on the catalyst surface. (3) The
reaction between NO and CO (NO + CO — N, + CO,). During the
denitration process, an oxidation-reduction reaction between
copper, nickel and cerium (Cu®" + Ce** — Cu" + Ce*', Ni** +
Ce*" — Ni** + Ce™) occurred. As shown in the XPS diagram,
after the Ce doping amount increased, although the oxygen
species on the surface of the catalyst did not increase, the Cu-
Ni-Ce/AC,; surface's adsorbed oxygen content significantly
increased due to the high mobility of the surface adsorbed
oxygen, which promoted the oxidation of NO to NO,, thus
converting the standard SCR reaction to a fast SCR reaction
(NO, + CO — N, + CO,).” (4) The gases (N, N,O and CO,)
generated from the surface of the catalyst were desorbed and
diffused to the inner surface through the AC channels. (5) The
generated gas was diffused from the inner surface of the AC to
the outer surface of the Cu-Ni-Ce/AC, ; catalyst. Based on the
above conclusions, with the increase in Ce doping, the valence
states of the copper and nickel ions on the Cu-Ni/AC catalyst
surface increased and the adsorbed oxygen O(a) on the surface
increased, particularly with the increase in the surface acidic
functional groups and in the number of reactions. Gas
adsorption and the accumulation of all the factors made 6Cu-
4Ni-5Ce/AC obtain a significant CO-SCR denitration efficiency.

4. Conclusion

In this study, a Cu-Ni-Ce/AC low-temperature CO-SCR denitri-
fication catalyst was prepared using the ultrasonic equal volume
co-impregnation method. Also, the nitric acid and air thermal
oxidation activation methods, different Ce doping amount pairs
and the activated carbon-supported metal catalyst structure
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were studied. Moreover, the effect of the CO reduction on the
NO catalytic performance was investigated. On this basis, the
following conclusions could be drawn. (1) In the presence of
a denitration temperature of 150 °C, a GHSV of 30 000 h™' and
5% O,, the denitration efficiency of 6Cu-4Ni-5Ce/AC; could
reach 99.8%. (2) Although the specific surface area of the AC
activated by nitric acid was slightly lower than that activated by
air thermal oxidation, the pore structure of the AC activated by
nitric acid was more developed, the AC pore structure after
nitric acid activation is more developed and the number of
oxygen-containing functional groups increases significantly. (3)
By increasing the amount of Ce doping, uniformly dispersed Cu
and Ni metal oxides can be obtained, the average valence state
of Cu and Ni metal ions and the adsorbed oxygen content on the
surface all increase, especially with the increase of surface acid
sites, a large number of reaction units are formed on the surface
of the catalyst, and the adsorption is more CO and NO reactive
gas. (4) Based on the results of this research, a mechanism was
proposed to convert the incoming O, into (Oa) through the
oxidation-reduction reaction between metals, promote the
conversion of NO into NO,, accelerate the CO-SCR reaction and
improve the denitration efficiency. Based on the above research,
this paper hopes to optimise the preparation conditions of
copper-nickel-cerium catalysts and to explore the best CO-SCR
denitration efficiency so as to provide a theoretical reference for
the research and development of CO-SCR low-temperature
denitrification catalysts for sintering flue gases in iron and
steel enterprises.
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