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Abstract: In this study, a series of CuCl,-modified MnO -CeO, nanorods were synthesized for the oxidation of Hg’. The addition
of CuCl, resulted in an enhancement in the catalyst’s Hg’ oxidation ability, and Hg’ oxidation efficiency reached >97% from
150 to 250 °C. In the MnO -CeO, catalysts, Mn"" played the role of the active species for Hg” oxidization, but in the CuCl,-doped
catalysts CI™ also contributed to Hg" oxidation, conferring the superior performance of these samples. The introduction of SO,
led to a decrease in the availability of Mn*", and the Hg’ oxidation efficiency of MnO -CeO, decreased from about 100% to
about 78%. By contrast, CuCl,-promoted samples maintained a Hg’ oxidation efficiency of about 100% during the SO,

deactivation cycle due to the high reactivity of CI".
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1 Introduction

Mercury is recognized as one of the most danger-
ous pollutants of the environment and human beings
owing to its characteristics of neurotoxicity and bio-
accumulation (Baltrus et al., 2008; Jampaiah et al.,
2019a). Coal combustion has been identified as the
major anthropogenic source of mercury emissions (Ye
et al., 2022b). In flue gas, mercury is generally pres-
ent in the forms of particle-bound mercury (Hg"), oxi-
dized mercury (Hg™), and elemental mercury (Hg’)
(Ye et al., 2021). The former two species can be elimi-
nated via wet flue gas desulfurization (WFGD) and
dust removal units, while the high volatility and low
solubility of Hg’ make it difficult to be removed using
existing pollution control devices (Chalkidis et al.,
2019). Therefore, improving the efficiency of Hg’
elimination is an important step towards effectively
reducing mercury emissions.
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Among various techniques for Hg’ abatement,
the catalytic oxidation of Hg’ to Hg™ is gaining popu-
larity owing to the high solubility of Hg*, which can
be effectively removed by subsequent desulfurization
systems, thereby facilitating the elimination of Hg’
from flue gas (Wu et al., 2017). The catalyst activity
is crucial to the effectiveness of removal of Hg’ from
the entire system. Some catalysts, such as CeO,-CoO -
TiO, (Li et al., 2020), CeO,-WO,/TiO, (Yang et al.,
2017b), MnO,-CeO,/TiO, (Li et al., 2012), MnO -
CeO/activated carbon (Wu et al., 2017), and CuCl,-
Co0O/TiO,-CeO, (Li et al., 2017) have shown promis-
ing prospects for Hg’ elimination. The superior oxy-
gen storage capacity of CeQO, can optimize the physi-
cochemical properties of other components in the cat-
alysts through synergistic effects, which positively af-
fect the formation of reactive oxygen species and ac-
celerate the oxidation of Hg". Consequently, a satisfac-
tory Hg" oxidation efficiency of >95% can be achieved
within a certain temperature range.

Based on variable flue gas conditions in real coal-
fired power plants (Liu et al., 2020), many of the afore-
mentioned catalysts can actively operate in low-Hg’-
concentration working gas (tens of pg/m’) (Table S1
of the electronic supplementary materials (ESM)).
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However, their effectiveness in eliminating Hg’ from
high-Hg’-content gases (hundreds of pg/m’) is uncer-
tain. Additionally, exposure to SO,-containing flue gas
can lead to the sulfation of active agents, resulting in
the formation of inert metal sulfates that significantly
interfere with the Hg’ elimination process (Wang et al.,
2014; Ma et al., 2019). Therefore, developing a cata-
lyst that exhibits superior activity under Hg’-rich and
SO,-containing conditions is an urgent task with prac-
tical significance.

In a previous study we discovered that MnO -
CeO, nanorods exhibited a Hg" removal efficiency
of >90% in simulated flue gas with an Hg" concentra-
tion of 350 pug/m’ (Ye et al., 2023b). Compared with
nanocube-shaped counterparts, samples with a nanorod
micro-topology exhibited enhanced Hg’ abatement ca-
pability. CuCl, is an active agent for Hg’ oxidation,
particularly in SO,-containing flue gas. The active
chlorine species produced from CI” can facilitate Hg"
oxidation reactions, which endow CuCl,-containing
catalysts with satisfactory activity in the presence or
absence of SO, (Li et al., 2013; Liu et al., 2015). Given
this knowledge, doping highly active CuCl, may si-
multaneously enhance the Hg’ oxidation ability and
SO, resistance of MnO -CeO, catalysts. This could be
significant for reducing mercury emissions but is yet
to be reported in the literature.

In this study, CuCl,-promoted MnO,-CeO, cata-
lysts were prepared using a combination of hydrother-
mal and wet impregnation methods. The Hg’ oxida-
tion activity and SO,-resistance of the catalysts series
were investigated using virgin MnO_-CeO, used as a
reference. The catalytic physicochemical properties
were characterized using transmission electron micros-
copy (TEM), X-ray diffraction (XRD), N,-adsorption-
desorption, and X-ray photoelectron spectroscopy (XPS),
to understand the mechanisms behind the enhance-
ment of Hg’ oxidation capability and SO, tolerance.

2 Materials and methods
2.1 Chemicals

Ce(NO,),-6H,0 (analytical reagent (AR): =99.0%;
100 g), Mn(NO,), aqueous solution (mass fraction:
50%; AR: 49.0%—51.0%; 500 mL), NaOH (AR: >96.0%;
500 g), and CuCl,-2H,0 (AR: 299.0%; 100 g) were
obtained from Sinopharm Chemical Reagent Co.,
Ltd. (China).
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2.2 Catalyst preparation

MnO,-CeO, nanorods were synthesized using the
hydrothermal technique of Ye et al. (2023b). The re-
sulting product was then dried overnight at 80 °C and
calcined at 450 °C for 4 h. CuCl,-modified MnO -CeO,
nanorods were prepared via the wet-impregnation
method (Ye et al., 2020). Finally, the sample was cal-
cined at 450 °C for 4 h in air (Fig. S1). The samples
were labeled based on the CuCl, loading amount. For
instance, MC denotes the virgin MnO,-CeO, mixed
oxide, and SC-MC refers to the MnO,-CeO, catalyst
modified with 5% CuCL,.

2.3 Catalyst preparation

The catalytic performance of the catalyst series
was tested in a fixed bed reactor. The working gas,
with a total flow rate of 600 mL/min, comprised 5%
0,, 350 pg/m’ Hg’, 400 ppm (1 ppm=1x10"°) SO,
(when used), and nitrogen gas (N,). Hg” vapor was
generated through a mercury permeation tube placed
in a water bath at 50 °C. In each test, 60 mg of the cat-
alyst was used, corresponding to a gas hourly space
velocity of 600 L/(g-h). Because the Hg" removal
unit was located between the air pre-heater and the
dust removal device, the temperature of the flue gas
was always <250 °C. Considering the variable opera-
tion loads in real power plants, we evaluated the cata-
lyst Hg’ oxidation ability within the temperature
range of 150-250 °C. The inlet (4,) and outlet (4,,)
concentrations of Hg” were monitored using an online
mercury analyzer. The Hg’ removal efficiency (1) was
determined by

_ % % 100%. )

in

2.4 Characterization

The textural structure parameters of the catalyst
series were investigated by N, adsorption characteriza-
tion, using an ASAP 2460 Version 3.01 Surface Area
and Porosimetry Analyzer from Micromeritics, USA.
The crystal information of the catalyst series was de-
termined by XRD using a PANalytical B. V. spec-
trometer from PANalytical B.V.,, the Netherlands. The
scan range was set as 10°-90° and the step size was
0.003°. The micro-topological structures of the investi-
gated samples were observed using an FEI Tecnai F20



682 | J Zhejiang Univ-Sci A (Appl Phys & Eng) 2024 25(8):680-686

TEM from FEI, USA. The valence state of each element
was determined by XPS using an ESCALab220i-XL
electron spectrometer from VG Scientific, USA. The
C 1s line at 284.6 ¢V was used for the binding energy
calibration.

3 Results and discussion

3.1 Transmission electron microscopy and X-ray
diffraction analysis

The micro-topological structures of the serial
CuCl,-promoted catalysts are shown in Fig. 1. The
virgin MC appeared as nanorods with an aspect ratio
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Fig. 1 TEM images: (a) MC; (b) 5C-MC; (c¢) 10C-MC;
(d) 20C-MC; (e) XRD patterns of the catalyst series. MC:
virgin MnO_-CeO, mixed oxide; SC-MC, 10C-MC, and
20C-MC: MnO_-CeO, catalysts modified with 5%, 10%,
and 20% CuCl,, respectively

of 20—40. After CuCl, modification, rod-shaped prod-
ucts with a relatively low aspect ratio of <10 were
observed, which were attributed to the grinding be-
havior during the catalyst preparation stage. Fig. le
illustrates the crystal structures of the catalyst, show-
ing XRD diffraction peaks identical to those of fluo-
rite CeO,, indicating that the introduced CuCl, existed
in an amorphous state on the MnO -CeO, surfaces.

3.2 N,-adsorption-desorption analysis

The N,-adsorption-desorption isotherms of the
catalyst series are shown in Fig. S2a. The N, adsorp-
tion value for all the samples showed a steep increase
at a relative pressure region of P/P>0.8. The appear-
ance of H3-typed hysteresis loops confirmed the pres-
ence of slit-like mesoporous structures in these cata-
lysts (Sing, 1985). Additionally, a relatively broad pore
size distribution was obtained for all the catalysts
based on the results in Fig. S2b. The specific surface
area, average pore diameter, and total pore volume of
the catalyst series are shown in Table 1. After 5%
CuCl, was doped, the specific surface area of the cata-
lysts decreased by about 30%. As the loading amount
of CuCl, increased to 10%, the specific surface area
decreased to 44 m’/g, which was 44% lower than that
of the virgin MC nanorods. Further increases in the
CuCl, doping showed negligible variations in the
specific surface area of the catalysts. This behavior
slightly interfered with the catalyst-reactant interac-
tion and in turn had significant impacts on the Hg’ ox-
idation reactions (Ye et al., 2023b).

Table 1 Specific surface area, average pore diameter, and
total pore volume of the catalyst series

Specific surface  Average pore  Pore volume

Sample area (m’/g) diameter (nm) (cm’/g)
MC 78 17.2 0.50
5C-MC 53 22.6 0.44
10C-MC 44 21.0 0.35
20C-MC 43 20.8 0.31

3.3 X-ray photoelectron spectroscopy analysis

The surface atom environment of the catalyst se-
ries was investigated using the XPS technique. In the
case of manganese (Mn) atoms, the curve-fitted two
sub-bands at about 645 and about 642 eV were suc-
cessively evaluated with Mn* and Mn™, respectively
(Fig. S3a) (Ye et al., 2023a). The doping of 5% CuCl,



led to a decrease in the relative content of Mn* from
about 24.4% to about 22.1%. As the CuCl, loading
amount increased, this value steadily decreased to
18.2% (Table 2). The change was attributed to interac-
tions between the existing Mn species and the loaded
CuCl,, which subsequently altered the atom environ-
ment of Mn. Similarly, the doping of CuCl, also con-
tributed to a decrease in the content of Ce* from
85.5% to 82.1%. The photoelectron peaks were cen-
tered at about 916, 907, 900, 898, 888, and 882 eV
(Fig. S3b) (Jampaiah et al., 2019b). The results indi-
cated that extraneous Cl interacted with Ce* species
to form CeCl;-like compounds, leading to an increase
in the relative concentration of Ce* (Jiang et al.,
2018). In the case of the copper (Cu) atoms, deconvo-
lution of the XPS spectra revealed three sub-peaks
(Fig. 2a). The peak with a binding energy of about
628.2 eV corresponds to Cu’, while those in the high-
er binding energy region were revealed by the pres-
ence of Cu” (Zhou et al., 2018). These findings fur-
ther confirmed the interactions between CuCl, and
MnO, or CeO.,. Notably, the relative content of Cu" de-
creased from 16.9% to 7.2% as the amount of CuCl,
increased, indicating that the decreased ratio of CuCl,
strongly interacted with MnO,-CeO, binary oxide (Ji
et al., 2016). Fig. 2b shows the CI 2p spectra of the se-
rial samples. The resulting two sub-bands were attrib-
uted to the spin-orbit splitting of Cl 2p,, and CI 2p,,,,
confirming the presence of chloride species in the
form of CI” over the catalysts (Zhou et al., 2018).

Table 2 XPS data of the catalyst series

Relative content (%)

Sample Mn* Ce** Cu’
MC 24.4 14.5 -
5C-MC 22.1 16.0 16.9
10C-MC 20.9 17.4 14.1
20C-MC 18.2 17.9 7.2

3.4 Performance results

Fig. 3 shows the activity results of the examined
catalysts. The virgin MnO,-CeO, exhibited about 100%
Hg’ removal efficiency at 150 °C. As the reaction tem-
perature increased, the Hg" removal efficiency de-
creased, suggesting that higher temperatures signifi-
cantly influenced the Hg’ oxidation reactions. The
trend was attributed to interference in the adsorption
of Hg’, leading to insufficient reactant availability for
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Fig. 2 XPS spectra: (a) Cu 2p; (b) Cl 2p. References to
color refer to the online version of this figure
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Fig. 3 Hg’ removal efficiency of the catalyst series

the subsequent oxidation stage and finally resulting in
an inhibited high-temperature Hg’ oxidation ability
(Yang et al., 2011; Ye et al., 2022a). With the doping
of CuCl,, the catalyst Hg’ removal efficiency main-
tained about 97% throughout the investigated temper-
ature range, indicating an enhancement in the Hg® re-
moval capability of CuCl,-promoted catalysts.
Considering that SO, is typically present in real
coal-fired flue gas, investigating its influence on
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catalyst performance is essential. An Hg’ removal effi-
ciency of MC and 5C-MC of about 98% during the 5-h
reaction cycle in the absence of SO, was observed, in-
dicating the satisfactory stability of the two catalysts
(Fig. 4). In this study, SO, was introduced into the re-
action system, and the Hg’ removal efficiency of MC
steadily decreased over the reaction time. These find-
ings confirmed that SO, had an inhibitory effect on
the Hg" oxidation reactions, which was explained by
the competitive adsorption of SO, and Hg’ onto the
catalyst active sites and the formation of inert metal
sulfates (Galloway et al., 2018). In contrast, the CuCl,-
promoted catalyst appeared to be resistant to sulfur
deactivation owing to the negligible decrease in the
Hg" removal efficiency after 5 h of exposure to the
SO,-containing flue gas. The results indicated that the
CuCl,-doped MnO,-CeO, catalysts have satisfactory
sulfur resistance.
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Fig. 4 SO,-tolerance of MC and 5C-MC catalysts

Considering the catalytic oxidation reaction of
Hg’ was similar to the increased valence state of the
Hg atoms from 0 to +2, the catalyst redox properties
played a significant role in this process. According to
the XPS results, Mn* was the active species in the vir-
gin MnO,-CeO, nanorods (Fig. S4 and Table 3). After
doping with CuCl, in addition to Mn*", the CI” anion
contributed to the oxidation of Hg’, as shown by the
decrease in the Cl content of the spent MC sample
(Table 3 and Fig. S5). Under the action of oxygen and
high-valence-state metal cations, Cl” was activated
into active chlorine species (Cl"), which exhibited su-
perior reactivity and accelerated the Hg" oxidation
process (Fig. 5) (Li et al., 2017; Yang et al., 2017a).
Although the addition of CuCl, led to a decrease in
the specific surface area and the content of active

Table 3 Measured data of the experiments in six states

Relative content (%) CI/(Mn+

Sample Mn* Ce¢* Cu* CetCu)
MC 244 14.5 - -
Spent MC (without SO,) 20.0 15.0 -
Spent MC (with SO,) 139 223 -
5C-MC 22.1 16.0 169 0.14
Spent 5C-MC (without SO,) 18.2 16.1 16.6  0.11
Spent 5C-MC (with SO,) 170 187 164  0.04
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Fig. 5 Mechanisms of the enhanced Hg' oxidation capability
and SO,-tolerance of CuCl,-doped MnO,-CeO, catalysts.
References to color refer to the online version of this figure

Mn"*, this negative effect was more than offset by the
promotional impact of the introduced highly active
CI". Consequently, the CuClL-doped catalysts had an
enhanced Hg’ oxidation ability (Ye et al., 2023b).
Furthermore, in the presence of SO, in the reac-
tion systems, apart from the main reaction of Hg’ oxi-
dation, a side reaction involving the formation of inert
metal sulfates occurred (Zhang AC et al., 2015; Zhang
D et al,, 2018). Thus, the performance of the catalyst
in the SO,-containing flue gas was related to the domi-
nance of either the main reaction or the side reaction
(Zhang et al., 2018). According to the XPS results in
Table 3, after the reaction in the SO,-containing flue
gas, a decrease in the content of Mn* was observed
compared with the sample without SO, poisoning,
indicating the formation of MnSO,-like compounds
on MnO -CeO, surfaces (Zhou et al., 2022). This de-
crease reduced the availability of active species and
subsequently inhibited the oxidation stage of Hg®,
which contributed to a decreased Hg’ oxidation effi-
ciency in the presence of SO,. The CuCl,-doped sample
also showed a decrease in the content of Mn*" after



the SO, deactivation cycle compared with the catalyst
after Hg’ oxidation in the clean working gas, indicating
the occurrence of a side reaction resulting in the for-
mation of inert sulfate salts. Thus, Mn" contributed
slightly to Hg’ oxidation (Li et al., 2017). However,
the added CI" compensated for this through its signifi-
cant contribution to the Hg” oxidation reaction (Fig. 5).
Subsequently, the consumption of CI” was accelerated,
resulting in a lower amount of chlorine species re-
maining on the catalyst surface (Table 3). Thus, the
presence of CI” played a significant role in obtaining
the relatively high Hg’ oxidation efficiency in the ab-
sence or presence of SO.,.

From an economic perspective, the improved Hg’
oxidation efficiency resulting from the addition of
CuCl, indicates that a reduced amount of catalyst was
needed to meet the Hg’ emission standards. Further-
more, the enhanced SO,-tolerant ability indicates that
the catalysts’ lifespan was prolonged, reducing the
need for replacements and lowering operational costs.
These advantages provide guidelines for the effective
reduction of mercury emissions from flue gas with
high Hg’ content (hundreds of pg/m’) and a signifi-
cant amount of SO, (hundreds of ppm). This method
is also beneficial for achieving the goal of effectively
reducing mercury emissions from industrial sources.

4 Conclusions

In this study, we successfully modified MnO,-
CeO, nanorods with CuCl, to simultaneously improve
the Hg’ oxidation capability and SO,-tolerance of the
catalysts. The following conclusions were drawn:

1. The addition of CuCl, enhances the catalyst’s
Hg’ oxidation capability, with Hg" oxidation efficiency
at >97% throughout the investigated temperature range
for CuCl,-doped samples. In the presence of 400 ppm
SO,, the Hg" oxidation efficiency of MnO,-CeO,
steadily decreased from about 100% to about 78%
after 320 min, whereas the CuCl,-doped catalysts
maintained about 100% Hg’ oxidation efficiency dur-
ing the SO, deactivation cycle.

2. For the MnO,-CeO, catalyst, Mn*" served as
the active species for Hg" oxidization. However, with
the addition of CuCl,, the introduced CI” with high re-
activity was mainly responsible for accelerating the
oxidation of Hg’, resulting in enhanced Hg’ oxidation
capability of the CuCl,-doped catalysts.
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3. In the presence of SO,, the decreased avail-
ability of Mn*' largely explained the decreased Hg’
oxidation efficiency of the MnO,-CeO, catalyst. How-
ever, with the addition of CuCl,, CI” ensured the effec-
tive oxidation of Hg’, thereby maintaining a high Hg"
oxidation efficiency during the SO, deactivation cycle.
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