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ABSTRACT

MnyCoy/Zr,-AC prepared by impregnation method was investigated on the simultaneous removal of HCHO and
Hg®. The samples were characterized by BET, SEM, XRD, H; pulse chemisorption, Hy-TPR, XPS, Hg-TPD and in-
situ DRIFTS. Thereinto, the optimal Mnj,3C0g/Zr1¢-AC achieved 99.87% HCHO removal efficiency and 82.41%
Hg0 removal efficiency at 240 °C, respectively. With increased surface area and pore volume, Zr-AC support
facilitated higher dispersion of MnOx-CoOy. Moreover, the co-doping of MnOy-CoOx endowed the sample with
more active oxygen species and higher reducibility, which further facilitated the removal of HCHO and Hg’.
Chemisorption was proved to predominate in Hg® removal, and oxidation also worked as Hg>" was detected in
outlet gas. Besides, HCHO predominated in the competition of active oxygen species, especially for lattice ox-
ygen, thus suppressed the Hg® removal. According to in-situ DRIFTS, HCHO removal proceeded as HCHO,gs —
DOM - formate species — CO3 + H0, and was boosted by active oxygen species. Furthermore, Mn;,3Cog/Zr10-

AC was proved with excellent regeneration performance, indicating its potential in practical application.

1. Introduction

With the implementation of ultra-low emission since 2014, the
emission of SO, and NOy from coal-fired power plants has been
controlled effectively in China (Wang and Zhang, 2019). Volatile
organic compounds (VOCs) and mercury, following with SO,, NOy and
particulate matter (PM), have gained more and more emphasis in recent
decades due to their high volatility, chemical stability and accumulation
(Chietal., 2017; Gelles et al., 2020). As one of the largest anthropogenic
mercury emission source, coal combustion also contributed to 0.24 Tg
VOCs, and accounted for almost 1.1% of total VOCs emission in China in
2010, which were mainly consisted of aldehydes (formaldehyde and
acetaldehyde), alkanes and alkenes, aliphatic and aromatic hydrocar-
bons (toluene, xylenes, ethylbenzene and benzene) and chlorinated
hydrocarbons (Garcia et al., 1992; Yan et al., 2016; Liu et al., 2020).
Besides posing a great threat to human health, these pollutants are also
responsible for a wealth of air pollutions, such as the formation of sec-
ondary organic aerosol with high toxicity due to their adhesion to PM,
the photochemical smog and haze (Du et al., 2018b; Zhao et al., 2018).

In particular, HCHO, with the intrinsic “irritant-teratogenic-carcino-
genic” effect, is listed as the second toxics that should be preferentially
controlled in China (He and Ji, 2010; He et al., 2019a). Different from
particle bound mercury (ng) and oxidized mercury (Hg2+), elemental
mercury (Hg?) possesses high volatility and low water solubility, thus is
regarded as the key of mercury removal (Zeng et al., 2017). However,
there is the lack of mature technologies for the removal of VOCs and
Hg®. To further reduce the air pollution, effective and promising tech-
nology for VOCs and Hg? elimination should also be taken into account
to meet more restrictions for VOCs and mercury emissions (Yang et al.,
2019; Zhou and Diao, 2020).

To date, various technologies, including adsorption (Yu et al., 2013;
Wu et al., 2015), catalytic oxidation (Liu et al., 2016; Zhao et al., 2016),
photocatalytic oxidation (Chen et al., 2014; Zhang et al., 2014), plasma
removal (An et al., 2014; Zhu et al., 2016) and so on, have been inves-
tigated on the individual removal of HCHO and Hg®. However, there still
exist some problems, such as limited adsorption capacity, high reaction
temperature required and the generation of harmful byproducts, for
aforementioned technologies (Yu et al, 2013). Alternatively,
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considering the environmental friendliness and energy saving, the
combination of adsorption and catalytic oxidation is highly desirable for
HCHO and Hg® elimination.

At present, the most widely used adsorbents and catalysts are mainly
in the forms of powders and particles with smaller size (Zhou et al.,
2017; Yiet al., 2018). Although obtaining a higher contact area with gas
reactants and thus an enhanced removal performance, the application of
such adsorbents and catalysts are still restricted by the difficulty in the
following dust removal apparatus and regeneration for the powders, as
well as inevitable aggregation of the particles (Yu et al., 2013; Qin et al.,
2017). To overcome the barriers mentioned above, cylindrical activated
coke (AC) materials come into consideration. As a carbonaceous mate-
rial, AC not only has the affinity for activated carbon, which possesses
various surface functional groups and tunable porous structure, but also
exhibits superiority in practical industrial application due to its higher
mechanical strength, better regeneration performance and lower cost
than activated carbon and some other mineral materials (Zhao et al.,
2016; Zhu et al., 2020). And with more mesopores and macropores, AC
is regarded as better support for loading active components and superior
adsorbent for macromolecules. Besides, the hydrophobicity of AC pre-
vents the sample from HyO-poisoning when applied in the flue gas
containing water vapor (Wu et al.,, 2015). As a result, AC has been
investigated as the efficient adsorbents/catalysts for the removal of SO,
H,S, NOy, Hgo and VOCs (Zhao et al., 2016; Qie et al., 2020). Herein, AC
was chosen for the removal of VOCs and Hg® on the basis of existing
desulfurization and denitration device using activated coke, which was
beneficial for the cost saving and maintenance of equipment in practical
application. However, as the decisive factors of the adsorption capacity
and catalytic activity, different pore structures and surface functional
groups of AC were desired when treating diverse air pollutants (Fang
et al., 2017). Generally, the limited surface functional groups and pore
structure of virgin AC could not always meet the need for the efficient
removal of diverse air pollutants. Therefore, it is important to explore
how to adjust and improve the property of AC to some extent. As re-
ported, loading with noble metal or transition metal oxides could endow
the carbon-based materials with an increased adsorption and oxidation
capacity through the optimization of its physicochemical properties
(Chen et al., 2018). Hence, modifying AC with transition metal oxides,
with lower cost and stronger resistance to chlorine poisoning superior to
noble metal, seems to be the practicable approach to enhance the ac-
tivity of AC (Piumetti et al., 2015).

Among the transition metal oxides, manganese oxide revealed
excellent activity in the elimination of Hg0 (Li et al., 2020), CO (Ma
etal., 2019), hydrocarbon (Finocchio and Busca, 2001), aromatic (Wang
et al., 2021) and Cl-VOCs (Kan et al., 2017). On one hand, as an oxygen
storage material, manganese oxides could generate abundant active
oxygen species through the valence states transformation (Du et al.,
2018a). On the other hand, the variable valences of manganese
contribute to the electrons of manganese oxides with high mobility,
which could provide the mobile-electron environment to facilitate the
catalytic reaction (Liang et al., 2016). Nevertheless, the application of
manganese oxides was still limited by its lower resistance to SOz
poisoning in practical industry (Jiang et al., 2016). According to pre-
vious researches, the incorporation of cobalt oxides could weaken the
SO, adsorption strength on the catalyst surface, and conduce to an
enhanced SO resistance (Jiang et al., 2018). Moreover, Kan et al. (2017)
demonstrated that the Co doping contributed to the generation of more
lattice defects and oxygen vacancies, which gave rise to higher oxygen
mobility. Meanwhile, the Mn-Co co-doping catalysts could provide more
active oxygen species in the removal of HCHO and Hg® due to the
storage and release of oxygen through the synergy between
Mn**/Mn®*/Mn?* and Co®*/Co?" couples. Therefore, modifying with
Mn-Co oxides should be feasible to endow the AC with effective removal
of HCHO and Hg’.

In addition, the dispersion of active components doped was also
considered to be of utmost importance for the physico-chemical

Journal of Hazardous Materials 408 (2021) 124830

properties of samples, including the surface area, morphology structure
and reducibility, which determined the activity (Zhu et al., 2013). In
general, more highly-dispersed the metal oxides are, higher activity the
sample possesses. However, there is always the agglomeration of active
components formed on AC surface when loaded with a higher content of
metal oxides (Du et al., 2018a). In this respect, zirconium oxide, as
n-type semiconductor, arouses wide concerns because of its applicability
in the improvement of surface area of support and dispersion of active
components (Huang et al., 2013b). Wang et al. (2017) prepared the
CuO-Ce04,/TiO5-ZrO- for simultaneous removal of Hgo and NO, and the
results indicated that the doping of ZrO, on support of CuO-CeO5/TiO,
could benefit the great surface area and weakened crystallinity of TiOo,
and then improved the dispersion of metal oxides. And Agrell et al.
(2003) found that the ZrO, prevented the sintering of Cu crystallites
effectively, and endowed the catalysts with a higher thermal stability.
Moreover, ZrO; is also a promising promoter due to its enhancement on
reducibility and oxygen storage capacity, which facilitates its potential
in practical application (Sato et al., 2013). Unfortunately, to the best of
our knowledge, ZrO,-doped AC with high surface area as the support for
mixed Mn-Co oxides has been rarely investigated for the simultaneous
removal of HCHO and HgP.

In this study, MnOy-CoOy supported on ZrO,-doped AC was prepared
for the simultaneous removal of HCHO and Hg®. The effect of ZrO, and
MnOy-CoOy addition on the activity of AC sample was addressed. The
correlation between the activity of MnyCoy/Zr,-AC and surface chemical
property, textural and structural characteristic was also investigated by
numerous characterizations, including BET, SEM, XRD, H; pulse
chemisorption, Ho-TPR and XPS. In addition, the mechanism of HCHO
and Hg0 removal over MnyCoy/Zr,-AC, as well as the interaction be-
tween HCHO and Hg®, were also proposed with the aid of in-situ DRIFTS
and Hg-TPD.

2. Experimental
2.1. Sample preparation

The MnyCoy/Zr,-AC samples were synthesized by stepwise equiva-
lent volume impregnation method. The AC was firstly doped with ZrOo,
and followed by the impregnation of MnOx-CoOx. Thereinto, x was
denoted as the molar ratio of Mn/(Mn+Co) in the range of 0-1, and y
and z, set as 0-10, presented the mass percent of Mn-Co oxides and ZrO,
on sample, respectively. For example, 3.0330 g Zr(NO3)4-5H50, 1.5913
mL 50 wt% Mn(NOs3), solution and 0.9949 g Co(NO3)3+-6H20 were
dissolved into deionized water for 20 g virgin AC to prepared Mny,3C04/
Zr4-AC. Please refer to the synthesis of MnyCoy/Zr,-AC in the Supporting
Information for further details.

2.2. Characterization of samples

The prepared samples were characterized by numerous technologies,
including Ny adsorption-desorption, scanning electron microscopy
(SEM), X-ray diffraction (XRD), Hy pulse chemisorption, Hj
temperature-programmed reduction (H,-TPR), X-ray photoelectron
spectroscopy (XPS), mercury temperature-programmed desorption (Hg-
TPD), and in situ diffuse reflectance infrared Fourier transform spec-
troscopy (in-situ DRIFTS). More detailed characterization methods are
provided in the Supporting Information.

2.3. Experimental setup and procedure

As shown in Fig. 1, the continuous-flow fix-bed reactor was used to
evaluate the simultaneous removal performance of HCHO and Hg? over
MnyCoy/Zr,-AC, which included a simulated flue gas supplying system, a
reactor section, and a reaction gas analyzing system. Gaseous HCHO was
generated by a peristaltic pump to inject 38 wt% formaldehyde solution
into polytef tube wrapped with heating tape. Before mixed with other
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Fig. 1. Schematic diagram of the experimental setup.

gas components, the gas-phase HCHO was carried by 100 mL/min Ny
through the condenser to blow the water vapor off. An elemental mer-
cury permeation tube (VICI Metronics, USA) placed in a temperature-
controlled water bath was used to generate Hg® vapor with 100 mL/
min high purity Ny as the carrier gas. 20 g sample was placed into a
quartz tube (ID = 55 mm), which was inserted into a temperature-
programmed tube furnace, under an atmosphere consisting of 100.0
+ 0.5 pg/m® Hg®, 120.0 + 2.0 ppm HCHO, 0-6% O, 0-8 vol% H,0 and
balanced Nj. Besides, all gas flows were controlled by mass flow con-
trollers at a total flow rate of 500 mL/min, corresponding to a gas hourly
space velocity (GHSV) of 3000 h~! that was higher than the practical
GHSV used in activated coke tower. An online RA-915M mercury
analyzer (LUMEX Ltd, Russia) was employed to monitor the concen-
tration of Hg® continuously. The concentration of inlet and outlet HCHO
was measured using PGM7340 analyzer (RAE, USA), and a PGA-650
analyzer (Phymetrix, USA) was used to detect the concentration of
CO4 resulting from the oxidation of HCHO. At the beginning of the test,
the desired concentration of HCHO and/or Hg® was detected to keep
stable for 30 min, and then the simulated flue gas was introduced to pass
through the sample for 6 h. And all experiments were repeated for three
times to ensure the accuracy and reliability of experimental results. In
particular, a blank test was conducted to eliminate any interference of
the reactor.

The HCHO removal efficiency (Egcyo) and CO; selectivity (S¢) was
calculated by the following equations:

AHCHO  HCHO,, — HCHO,,

Bueno(®) = fcno, = fcho, < 0% )
co

Sc(%) = 2 x 100% (2

HCHO,, — HCHOu,(

where HCHOj, and HCHO,,; represents the inlet and outlet concentra-
tion of HCHO, respectively. In all case, the carbon balance was near
100%.

The reaction rates of HCHO conversion were calculated to compare
the catalytic activity of samples. However, it’s hard to determine the
accurate amount of surface active sites. Hence, we herein used the re-
action rates with respect to the mass of Mn-Co oxides. The reaction rate
(racHo, pmolycuo/g/s) was denoted as

HCHOi“ X EHCHO X Q

FHCHO = 3
m

where Q (L/s) presents the total gas flow, and m (g) is the mass of sample
used in the experiment.

The Hg® removal efficiency (Er), the Hg® adsorption efficiency (Eads)
and the Hg0 oxidation efficiency (Eoy;) were calculated as the equations
below:

0 0 0
- AH};fn _ Hen H—gngom x 100% @

in

Er
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Bl = o285 100% ©)
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Hg’"  Hg,, — Hg,
Eoxi = H—gﬁl = W x 100% 6)
Er = Eugs + Eoxi ()

where Hg?, and Hg?, is the Hg® concentration detected in the inlet flue
gas and outlet flue gas, respectively. Besides, the Hg?' in the outlet gas
was measured by the mercury speciation conversion system, in which
resulted Hg?" could be converted into Hg® by 10% SnCl, solution as
reductant (Zeng et al., 2017). And Hg:fm was the outlet concentration of
Hg® passed through the mercury speciation conversion system.
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To estimate the regeneration performance of sample, recycle
experiment was conducted with a higher GHSV of 6000 h™!. After
treated with the feed gas for 4 h, the sample was heated at 400°C under
pure Ny for 1 h. When the reactor was cooled down to 240 °C, another
cycle was started under the same treatment condition. And the recycle
test was repeated for five cycles. Additionally, the abatement of HCHO
and Hgo was expressed as the ratio of outlet (C) and inlet (Cy) concen-
tration (C/Cy), respectively.

Fig. 2. The performance of simultaneous removal of (A) HCHO and (B) Hg® over virgin AC, Zrs-AC and Mn,Co4/Zr4-AC samples (Reaction condition: 120 ppm
HCHO, 100 pg/m3 Hgo, 6% O, 8 vol% H,0, total flow rate 500 mL/min, 20 g sample, reaction temperature 120-270 °C).
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3. Results
3.1. Catalytic performance

3.1.1. Effect of molar ratio of Mn/(Mn+Co)

The dependences of HCHO and Hg® removal on reaction temperature
for simultaneous removal of HCHO and Hg® over virgin AC, Zrs-AC and
Mn,Co4/Zr4-AC were investigated in this work. As depicted in Fig. 2, the
removal performance of virgin AC was firstly investigated, and only
lower than 18.47% and 18.81% for HCHO and Hg® removal efficiency
was reached at the whole temperature window, respectively. In contrast,
both the dopant of ZrO; on AC support and the further incorporation of
MnO4-CoOy on Zr-AC outstandingly accelerated the removal of both
HCHO and Hg®. It was noticed that both HCHO and Hg° removal were
influenced by the molar ratio of Mn/(Mn+Co) to a large extent, which
exhibited a growth trend and then decreased sharply with increasing
molar proportion of MnOy. Obviously, the co-impregnated Zrs-AC
owned the activity superior to single metal oxide modified Zr4-AC,
highlighting the beneficial synergy between MnOy and CoOy. Thereinto,
Mny,/3C04/Zr4-AC, with Mn/(Mn+Co) molar ratio of 2/3, exhibited the
highest HCHO and Hg® removal efficiency at the overall tested tem-
perature window. On the other hand, diverse trends changing with re-
action temperature were observed for HCHO and Hg® removal on
MnyCo4/Zr4-AC. HCHO removal showed a general positive correlation
with reaction temperature. After an initial decrease, the activity for Hg®
removal increased until the temperature elevated up to 240 °C, and the
further increased temperature led to a slight deterioration. Notably,
compared with lower temperature, the positive effect of co-modification
on activity became more evident at higher temperature for both HCHO
and Hg® removal. Therefore, 240 °C was chose as the optimal temper-
ature for the simultaneous removal of HCHO and Hg0 over MnyCoy/Zr,-
AC.

Interestingly, Cos/Zrs-AC possessed higher removal efficiency than
Mn;Co4/Zr4-AC at lower temperature, while the activity of MnjCo4/Zr4-
AC was superior to that of Cos4/Zrs-AC when temperature elevated to
240 °C. As demonstrated by Piumetti et al., only the surface adsorbed
oxygen of catalyst might reach the equilibrium with the gas-phase ox-
ygen at low temperature; as temperature rose, the bulk oxygen, instead
of the outer layer of catalyst, would exchange with gas-phase oxygen
(Chen et al., 2018). Therefore, the bulk oxygen in Mn;Co4/Zr4-AC might
be easier to be activated than that of Cos/Zr4-AC, and the surface oxygen
of Co4/Zr4-AC might be more active. In conclusion, the synergy between
active oxygen species of MnOy and CoOyx should be responsible for the
superior catalytic activity of MnyCo4/Zr4-AC (0 < x < 1), and it will be
discussed in detail afterwards.

3.1.2. Effect of loading value

The content of active components is relevant to the dispersion, ag-
gregation and crystallinity of metal oxides over support, as well as its
redox property (Zhu et al., 2013). As illustrated in Fig. 3, the effects of
the loading value of Mn-Co oxides and ZrO5 on simultaneous removal of
HCHO and Hg’ were investigated, respectively. In terms of
Mny,3Coy/Zr4-AC series samples, the modification of 4% ZrO; on AC led
to an increase of 23.02% and 18.12% for HCHO and Hg® removal
compared with virgin AC, respectively, indicating the significant pro-
motion effect of ZrO,. As the loading value of Mn-Co oxides increased,
the HCHO removal efficiency increased with a decreased growth rate,
especially when y > 4. However, the curve of Hg® removal efficiency
reached the maximum of 71.85% for Mny,3Cog/Zrs-AC and then
decreased. When investigating the catalytic activity of Mng,3Cog/Zr-
,-AC, both HCHO and Hg® removal possessed a positive correlation with
the loading value of ZrO,. Among all examined samples, Mny,3Cog/Z-
r10-AC possessed the highest activity with 99.87% HCHO removal effi-
ciency and 82.41% Hg® removal efficiency at 240 °C, respectively.
Moreover, to probe into the inherent activity of Mny,3C0g/Zr10-AC,
physical mixture of Mn-Co oxides and Zrjp-AC was prepared as
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Fig. 3. The catalytic activity of Mny,3Coy/Zrs-AC and Mny,3Cog/Zr,-AC sam-
ples in the simultaneous removal of HCHO and Hg’ (Reaction condition:
120 ppm HCHO, 100 ug/m> Hg®, 6% 0, 8 vol% H,0, total flow rate 500 mL/
min, 20 g sample, reaction temperature 240 °C).

comparative sample. As shown in Fig. S1, with the same content of
active components, both HCHO and Hg® removal efficiency of physical
mixture were lower than half of those on Mny,3C0g/Zr1¢-AC, indicating
the existence of strong metal oxides-support interaction (SMSI).

3.1.3. Effect of Oz and H20

High removal efficiency is not the only criterion to identify effective
adsorbent-catalyst for simultaneous removal of HCHO and Hg’. In
addition, whether the desired reaction pathway has proceeded also
should be taken into consideration, where Oy and H,0 play an essential
role for both adsorption and oxidation (Vi et al., 2018). Inevitably, the
removal performance, especially the oxidation, of HCHO and Hg? over
Mny,/3Cog/Zr1p-AC was conducted with different Oy concentration at
60-270 °C. As shown in Fig. 4, under pure N3, both the removal of
HCHO and Hg0 on Mny,3Cog/Zr19-AC were mainly in the form of
adsorption at lower temperature, and the oxidation gradually
strengthened with the increasing temperature, especially for HCHO
removal. In general, the injection of 8 vol% H»O significantly facilitated
the CO; selectivity and HCHO removal efficiency, except for the weak-
ened HCHO removal efficiency at 60-90 °C resulted from the competi-
tive adsorption between HCHO and H30. Conversely, the competition
for the active sites dominated in the Hg® removal with the presence of
8 vol% water, while a mild enhancement on Hg® oxidation was also
detected. The positive effect of HO addition might be due to the gen-
eration of hydroxyl groups via the its dissociation on saturated sites. As
reported, the hydroxyl radical (-OH) from water vapor could not only
make for the quick oxidation HCHO via adsorbing at the vicinity of
active sites, but also directly act as the active sites for the HCHO
adsorption and the subsequent oxidation into formate species (Chen
etal., 2019; Yan et al., 2019). In addition, the stimulative desorption of
products, such as CO,, with the aid of additive water and surficial -OH
also worked during enhanced HCHO removal (Wang et al., 2018).
Likewise, oxidation of Hg® by the formed -OH might be responsible for
the slightly enhanced Ey;. Besides the facilitation on the generation of
—OH expressed as O, + HoO — O* + 20H, the presence of Oy could
generate the lattice oxygen and replenish the chemisorbed oxygen
consumed during reaction, as demonstrated by the highest activity in
term of simultaneous removal of HCHO and Hg® with the co-existence of
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Fig. 4. (A) HCHO removal and (B) Hgo removal, where Hg0
adsorption and Hg® oxidation was presented by the column
filled with solid color and the column filled with oblique
line, respectively, over Mn,,3C0g/Zr19-AC as a function of
the reaction temperature in simulated flue gas with different
0, and H,O concentration, and the error bars in (B) were for
Er. (C) Arrhenius plots of HCHO oxidation at different
temperature over Mny,3C0g/Zr19-AC (Reaction condition:
120 ppm HCHO, 100 pg/m? Hg®, 0-6% 0O,, 0-8 vol% H,0,
total flow rate 500 mL/min, 20 g sample, reaction temper-
ature 60-270 °C).
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6% Oy + 8 vol% H,0 (Du et al., 2018a).

The acceleration of H,O and O is also reflected in the activation
energies (Ea) measured in lower temperature range (90-150 °C) and
higher temperature range (180-240 °C), which was calculated accord-
ing to the slopes of Arrhenius plots of HCHO oxidation. As shown in
Fig. 4C, the addition of 6% Oy + 8 vol% H20 decreased the Ea from
26.64 KJ/mol to 22.26 KJ/mol at lower temperature, and the decrease
became more apparent at higher temperature. This is consistent with the
performance test showing that the promotion effect of H,O and O3 on
the activity of Mny,3Cos/Zr19o-AC was strengthened with increasing re-
action temperature. Interestingly, although the presence of 8 vol% H20
resulted in the decrease of Ea at higher temperature, a slightly higher Ea
in comparison of that under pure Ny was detected at low temperature,
which indicated that due to water vapor, the activity of sample exhibited
higher sensitivity to temperature at lower temperature.

3.1.4. Interaction between HCHO and Hg” removal

As described in Fig. 5, the relationship between HCHO removal and
Hg0 removal over Mny,3Cog/Zr19-AC was investigated at 120-270 °C. It
was clearly observed that irrespective of reaction temperature, there was
only a slight decrease of HCHO removal efficiency conduced from the
addition of 100 ug/m® Hg®. Inversely, both Hg® adsorption and Hg°
oxidation decreased sharply with additive HCHO, and more serious in-
hibition was observed for Hg® adsorption. It indicated that HCHO played
a dominant role in the simultaneous removal of HCHO and Hg?, in which
HCHO, with 3-order higher concentration (120 ppm) than Hgo (100 pg/
m>), was in the superiority for the competition of active sites and active
oxygen species. Additionally, with increasing reaction temperature, the
inhibition on Hg® removal caused by additive HCHO was weakened. The
enhanced Hg® oxidation as temperature rose should be responsible for it.
With increasing reaction temperature, the competition between HCHO
and Hg® transformed from adsorption sites to active oxygen species. And
the addition of 6% O3 and 8 vol% H20 was sufficient to replenish the
consumed active oxygen species. Therefore, the suppression on Hg’
removal was obviously weakened at higher temperature.

3.2. Textural and structural properties

3.2.1. Morphological structure
Table 1 summarizes the porous structure of virgin AC and MnxCoy/
Zr,-AC samples in terms of specific surface area, pore volume and

Fig. 5. The interaction between HCHO removal and Hg° removal over Mnj,
3C0g/Zr19-AC, where Hg0 adsorption and Hg0 oxidation was presented by the
column filled with solid color and the column filled with oblique line, respec-
tively (Reaction condition: 0-120 ppm HCHO, 0-100 pg/m> Hg®, 6% O,, 8 vol
% Hy0, total flow rate 500 mL/min, 20 g sample, reaction tempera-
ture 120-270 °C).

Journal of Hazardous Materials 408 (2021) 124830

Table 1
Textural properties of virgin AC and Mn,Coy/Zr,-AC samples.
Sample BET surface Pore volume Pore “Dispersion
area (mz/g) (cm3/ 2) diameter (%)
(nm)
Virgin AC 237.62 0.121 2.038 -
Zrs-AC 269.05 0.137 2.040 -
Zr,0-AC 316.20 0.148 1.873 -
Co4/Zr4-AC 278.11 0.147 2.109 4.38
Mn; 6Co4/ 305.33 0.145 1.905 -
Zrs4-AC
Mn; /3Co4/ 336.02 0.155 1.847 4.58
Zr4-AC
Mng,3C04/ 284.50 0.145 2.037 6.67
Zrs-AC
Mn;Coy/Zry- 271.23 0.136 2.012 2.12
AC
Mny,3Cog/ 288.68 0.140 1.936 -
Zr190-AC

# The dispersion of active metal measured by H, pulse chemisorption.

average pore size. After the modification of ZrO,, the major increase in
both specific surface area and pore volume with respect to virgin AC was
observed, and became more apparent with the increasing content of
ZrO,. Similar changes produced by the thermal treatment of support
with Zr(NO3)4-5H20 were also found in Huang’s work (Huang et al.,
2013b). As shown in Fig. 6A, with the modification of ZrO,, more nar-
row channels were formed over virgin AC, and then gradually evolved
into the spongy structure for Zr;o-AC (Fig. 6A(iii)), thus leading to its
higher surface area. The promotional effect on specific surface area and
pore volume might be ascribed to the decomposition of zirconium ni-
trate and chemical attract of oxygen, as well as the formation of new
micropores during the calcination. Besides the increased surface area of
support, there was also a lower agglomeration formed on Mny,3Cog/Z-
r10-AC due to ZrO, doping (Fig. 6A(iv)—(v)). Therefore, richer porous
structure and higher dispersion might partly contribute to the enhanced
activity of sample with ZrO, addition as shown in Fig. 3.

As shown in Table 1, the similar acceleration on surface area was also
found for the impregnation of MnOy and/or CoOx with the loading value
of 4%. Besides, the co-impregnated samples possessed higher surface
area than single metal-impregnated samples, and followed this trend:
Ml‘l]/3C04/ZI‘4-AC > Mn1/6C04/Zr4-AC > Mn2/3C04/Zr4-AC > Coy4/Zr4-
AC > Mn;Co4/Zrs-AC, which was not consistent with the order of cat-
alytic performance. It indicated that there existed a synergy effect be-
tween metal oxides, and the surface area was not the only decisive factor
for the activity of samples. What’s more, Mnj,3C04/Zr4-AC showed a
larger pore size than other MnyCo4/Zr4-AC samples, which could facil-
itate the diffusion of gas reactants into the interior of sample. Note that
there was a decrease in both specific surface area and pore volume for
Mnjy,/3Cog/Zr19-AC as compared to Zr;p-AC, which might be caused by
the resulting agglomeration of Mn-Co oxides and the blocking of mi-
cropores due to the entrance of Mn-Co oxides.

The strong interaction between MnOy and CoOyx also could be
revealed from SEM images. As depicted in Fig. 6B, the morphology
structure of MnyCo4/Zr4-AC was affected significantly by the molar ratio
of Mn/(Mn+Co). Compared with Co4/Zrs-AC and MnjCo4/Zrs-AC, the
active components were dispersed homogeneously and existed as
smaller nano-particles over co-doping samples. Notably, Mny,3C04/Zry4-
AC possessed the highest dispersion and smallest nano-particles. When it
came to Mn; ,3C04/Zr4-AC, a network comprising of connected robs was
observed on the surface, accounting for its highest surface area among
MnyCo4/Zr4-AC samples.

3.2.2. Textural characterization

Fig. 7A shows the XRD patterns with respect to MnyCo4/Zrs-AC with
different molar ratio. For the sake of comparison, the pattern of virgin
AC with the characteristic peaks ascribed to C (20 = 26.603°, 44.464°)
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Fig. 6. (A) SEM images (x10,000) of (i) virgin AC, (ii) Zrs-AC, (iii) Zr;0-AC, (iv) Mn,,3Cog/AC, (V) Mny,3C0g/Zr10-AC. (B) SEM images (x10,000) of (i) Co4/Zr4-AC,
(ii) Mn; 6C04/Zr4-AC, (iii) Mn;,3C04/Zr4-AC, (iv) Mny,3C04/Zr4-AC, (v) Mns,6C04/Zr4-AC, (vi) Mn;Co4/Zr4-AC.
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Fig. 7. XRD patterns of (A) virgin AC, Zr4-AC and MnyCo,/Zr4-AC and (B) Mny,3Coy/Zr,-AC with different loading value of Mn-Co oxide and ZrO,, respectively.

and SiO5 (20 = 28.899°, 32.220° and 36.040°) was also included. After
the dopant of active components, only the peak at 26.603° with a weaker
intensity in terms of C was observed, indicating the existence of SMSI
between AC and loaded metal oxides, which was in accordance with BET
and SEM. The peaks at 36.492°, 42.387° and 61.497° were observed on
Co4/Zr4-AC, which were assigned to planet facet (111), (200) and (220)
of CoO (PDF-ICDD 48-1719), respectively. Besides, for Mn;Co4/Zr4-AC,
the peaks at 36.883° and 43.583° were indexed to ramsdellite type
MnO,, and corresponded to the plane facet (210) and (401) (PDF-ICDD
44-0142), respectively. It was noted that the additional peaks belonged
to Co304 (20 = 36.852°, with planet facet (311), PDF-ICDD 42-1467)
and Mn3O4 (20 = 36.449°, with planet facet (202), PDF-ICDD 24-
0734) were detected over Mnj, 3C04/Zrs-AC and Mns 6Co4/Zr4-AC,

respectively, which might be formed via the redox between MnOx and
CoOy.

The relationship between loading value and phase composition of
Mny,/3Coy/Zr,-AC was also investigated by XRD, as shown in Fig. 7B.
New peaks at 44.440° and 71.363° corresponding to Mn3O4 ((220), PDF-
ICDD 24-0734) and MnO, ((013), PDF-ICDD 44-0142) were observed
on Mnjy,3Cog/AC. With ZrO;, doping, most of peaks were presented with
a broader range and lower intensity, and the trend became more obvious
with increased ZrO, loading, indicating the effect of support on crys-
tallization of Mn-Co oxides. Moreover, as revealed from Fig. 6A, Mny,
3Cog/Zr19-AC possessed higher dispersion and lower size of active
components than Mny,3Cog/AC. Therefore, the broader peak meant the
decrease in the crystal size, and the lower intensity proved the
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weakening on crystallization by ZrO,, which has also been reported by
Zhang et. al (2016). On the other hand, when increasing the loading
value of Mn-Co oxides on Zrs-AC to 10%, the peaks became more
intense, indicating its deteriorative dispersion. And the decrease of
specific surface area and pore volume for Mng,3Cog/Zr19-AC compared
with Zryo-AC could be interpreted.

3.3. Surface chemical properties

3.3.1. Hydrogen temperature-programmed reduction

H,-TPR analysis was performed to evaluate the reducibility of active
components and the activity of oxygen species on the MnyCoy/Zr,-AC
with the total loading value of 8%. As shown in Fig. 8, two peaks with
the maximum at around 605 and 715 °C were observed on Zrg-AC,
which was ascribed to the reduction of surface oxygen and the gasifi-
cation of the AC support, respectively (Du et al., 2018a). It is worth
mentioning that almost no reduction of ZrOy occurred below 900 °C
according to previous researches (Zhao et al., 2018). With the dopant of
cobalt oxides, two additional peaks assigned to the successive reduction
of Co304 to CoO (at 328 °C) and CoO to metallic cobalt (at 434 °C)
appeared (Bai and Li, 2014). And the peaks at 380 and 434 °C on
Mn;Cog4/Zrs-AC were related to the reduction of MnO, or Mny03 to
Mn304 and the further reduction to MnO (Todorova et al., 2010).
Evidently, for both two samples, the reduction of surface oxygen and
gasification of C shifted to lower temperature, further implying the ex-
istence of SMSI. Besides, with higher peak area and lower reduction
temperature for reduction of surface oxygen, the surface adsorbed ox-
ygen on Co4/Zrs-AC was more active than that on Mn;Cos/Zrs-AC,
which was consistent with the study of Piumetti et al. (Fig. 2) (Chen
et al., 2018).

In the case of the Mn-Co co-doping sample Mny,3Cog/AC, the curve
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was deconvoluted into five peaks. In addition to the reduction of surface
oxygen and gasification of C, three other peaks were assumed as the
reduction of Co304 (293 °C), the overlapping of the reduction of CoO to
metallic cobalt and Mn*" to Mn3®" (444 °C), and the reduction of Mn>*
to Mn?* (498 °C). Interestingly, compared with Co4/Zrs-AC and
Mn;Co4/Zr4-AC, a slight shift of reduction peaks to higher temperature,
especially for Mn species, was also observed for Mny,3Cog/AC. As shown
in Fig. S2, the intenser peaks of Mny,3Cog/AC indicated its higher
crystallinity than Mn;Coy4/Zr4-AC and Co4/Zr4-AC. In general, a smaller
size and higher dispersion always contribute to a lower reduction tem-
perature, thus a stronger reducibility (Zhu et al., 2013). Therefore, the
formed bulk metal oxides on Mny,3Cog/AC should be responsible for the
higher reduction temperature. On one hand, higher loading content of
Mn-Co oxides would facilitate the formation of agglomeration on
Mny,3Cog/AC. On the other hand, the addition of ZrO, gave rise to a
higher dispersion of supported active components for Cos4/Zrs-AC and
Mn;Coy4/Zr4-AC (Figs. 6 and 7). For Mny,3C04/Zr4-AC, all peaks shifted
to lower reduction temperature to a larger extent, leading to its lowest
reduction temperature among all measured samples. Besides, compared
with Co4/Zr4-AC, the reduction peaks at 458 and 565 °C showed the
tendency to overlap and gradually formed one peak, and Bai et al.
ascribed the phenomenon to the activation of surface lattice oxygen (Bai
and Li, 2014). In our study, the surface lattice oxygen of Mn;Coy4/Zr4-AC
was more active than that of Cos/Zrs-AC, as shown in Fig. 2. Therefore,
it was deduced that the incorporation of MnOx on Mny,3C04/Zr4-AC
facilitated the activation of lattice oxygen. Moreover, the higher
dispersion of Mn-Co species on Zrs-AC might also conduce to it. As
summarized in Table 1, Cos/Zr4-AC exhibited a higher active metal
dispersion of 4.36% relative to MnjCoy4/Zrs-AC, and the addition of
CoOx on MnOy modified Zr-AC significantly enhanced the dispersion of
active components on the surface of Zr-AC. Thereinto, Mny,3C04/Zr4-AC

Fig. 8. H,-TPR profiles of prepared samples.
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possessed the highest dispersion of 6.67%, which verified the results of
SEM. In conclusion, the highest reducibility of Mny,3C04/Zr4-AC was
mainly attributed to the following aspects: (i) the promotional effect of
MnOy on the mobility of lattice oxygen; (ii) the formation of surface
oxygen with higher activity and the higher dispersion of MnO,-CoOy on
Zr-AC with the aid of CoOy; (iii) the further enhancement of the activity
of lattice oxygen due to the higher dispersion of active components
caused by ZrOo.

3.3.2. X-ray photoelectron spectroscopy

To gain information on the atomic states and chemical composition
of outermost layers of MnyCoy/Zr,-AC, XPS was carried out for the fresh
samples. Fig. 9A showed the O1s XPS profiles of samples, in which three
peaks were fitted. The peaks at around 530.2 eV, 531.2-531.7 eV and
532.2-532.4 eV were attributed to the lattice oxygen (Or) that bonded
with metal atoms in the form of 0%", surface adsorbed oxygen, hydroxyl
groups and oxygen vacancies (Opy), and oxygen species in surface
adsorbed water (Ow), respectively (Wang et al., 2017; Du et al., 2018a).
In comparison of Cos/Zrs-AC, it was found that with the dopant of Mn,
the binding energy of O 1s decreased slightly, in which the
electron-transfer from O to Mn or Co worked (Wang et al., 2009).
Meanwhile, co-modified Zrs-AC possessed a higher content of
(OL+O0n), especially for Opy. Thereinto, Mny,3C04/Zr4-AC possessed
the highest Opy content of 53.87%, which was consistent with the ac-
tivity tendency in HCHO and Hg® removal (Fig. 2). And with higher
crystallinity, Mn;,3C04/Zr4-AC  possessed a higher Op than
Mny,3C04/Zr4-AC, as found by Tang et. al (2014). Moreover, with the
same loading of MnOy and CoOy, the proportion of Opy increased from
31.16% for Mny,3Cog/AC to 66.92% for the sample supported on
Zr10-AC, revealing that Zr*" contributed to accelerating the formation of
Oopg. Similar results that Zrtt doping facilitated the formation of surface
—OH groups on catalysts was also reported by Huang et. al (2017). From
the above, it could be deduced that both the synergy of Mn-Co oxides
and the addition of ZrO, should be beneficial to the generation of more
OoH-.

The XPS spectra of Mn 2ps,, (Fig. 9B) were fitted into three peaks
located at 641.1-641.2 eV, 642.5-642.8 eV and 644.5-644.9 eV, cor-
responding to Mn2+, Mn®* and Mn4+, respectively (Fang et al., 2017). As
shown in Table 2, Mn;Co4/Zr4-AC owned the Mn**/Mn>" ratio of 0.76,
which was lower than the ratio of 0.84 calculated from H,-TPR. The
difference might be due to that the detection of XPS was just limited to
the atoms on sample surface. Besides, Mn**/Mn>" increased to 0.90 and
1.01 for Mny,3C04/Zr4-AC and Mnj ,3C04/Zr4-AC, respectively, whereas
an elevated (Mn*'+Mn®")/Mn?* for the Mny/5C04/Zr4-AC and a
decreased one for Mn; ,3C04/Zr4-AC was detected. It indicated that the
acceleration on the formation of Mn atoms with higher valence varied
with the molar ratio of Mn/Co. What’s more, the promotion effect on
Mn>* and Mn** was also found for the modification of ZrOs.

As shown in Fig. 9C, the species of Co>* (780.2 =+ 0.1 eV for Co 2p3,2
and 795.9 + 0.1 eV for Co 2pj /2), Co?* (782.1 £ 0.1 eV for Co 2ps,/2 and
797.7 + 0.1 eV for Co 2p;,2), along with the shake-up satellite peaks
(787.6-787.7 eV and 803.4-805.5 eV) were detected on all prepared
samples (Zhu et al., 2013). The incorporation of MnOy led to an increase
on the molar ratio of Co®*/Co?*, which rose from 0.39 for Co4/Zr4-AC to
0.82 and 0.63 for Mn; /3C04/Zr4-AC and Mng,3C04/Zr4-AC, respectively.
Following the electronic equilibrium, the lower Co>*/Co?* but higher
Mn*"+Mn3H)/Mn?* of Mny/3C04/Zrs-AC indicated the existence of
redox cycle between MnOy and CoOy during the sample preparation.
However, the inverse phenomenon was observed for the modification of
Zr0,, which promoted the generation of Co?*. Fitting with its higher
peak area of Co>" reduction in Ho-TPR, Mny,3C0g/AC possessed higher
Co®" content than Mny/3C04/Zrs-AC. Besides, Co>*/Co?t decreased
from 0.83 for Mny,3Cog/AC to 0.44 for Mny,3Cog/Zr;10-AC.
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Fig. 9. XPS analysis of fresh Mn,Co4/Zrs;-AC and Mn,,3Cog/AC samples: (A)
fitted O 1 s photoelectron peaks; (B) fitted Mn 2p photoelectron peaks; (C) fitted
Co 2p photoelectron peaks.

4. Discussion
4.1. Physicochemical property-activity relationships

From the integrated characterizations discussed above, it was
revealed that the modification of ZrO, on AC and the loading of Mn-Co

mixed oxides on support affected many subsequent physico-chemical
properties of MnyCoy/Zr,-AC, including the surface area, pore
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Table 2
XPS relative intensity of fresh Mny,Co4/Zr4-AC and Mn,,3Cog/AC samples.
Relative intensity Mny,Coy/Zrs-AC Mny,
x=1 x=2/ x=1/ x=0 sCos/AC
3 3
oL (%) 38.88 30.23 37.67 49.71 43.61
Oon (%) 32.44 53.87 42.81 26.58 31.16
Ow (%) 28.68 15.90 19.52 23.71 25.23
Oon/OL, 0.83 1.78 1.14 0.53 0.72
"Mn?* (%) 24.09 21.30 30.14 - 33.07
"Mn®* (%) 43.21 41.44 34.82 - 30.74
"Mn** (%) 32.70 37.26 35.04 - 36.19
"Mn**/Mn3* 0.76 0.90 1.01 - 1.18
(°0.84)
b(Mn*t +Mn+)/ 3.15 3.70 2.32 - 2.02
Mn2+
Co*" (%) - 61.44 54.99 72.12 54.55
Co*t (%) - 38.56 45.01 27.88 45.45
Co*t/Co*t - 0.63 0.82 0.39 0.83
(0.42)
IMn/Co (in mole) - 1.94 0.46 - 1.82

> The XPS relative intensity and molar ratio of Mn atoms with difference
valence in Mn 2p3 5.

¢ The molar ratio calculated by H,-TPR.

4 The molar ratio of Mn/Co measured by XPS.

structure, morphology, crystalline phase, valence state, reducibility and
so on. As the key factors for the activity of samples, it is necessary to
anatomize the effect of respective element on the simultaneous removal
of HCHO and Hg®.

As displayed in Table 1 and Fig. 6, there existed some essentially
structural and morphological differences between the samples with Zr-
AC support and the samples with AC support. Compared with virgin
AC, a higher surface area and larger pore volume, due to the generation
of narrow channels, was observed on Zr-AC. And higher surface area of
Zr-AC support contributed to the subsequent dispersion of Mn-Co oxides
on its surface, as testified by that the molar ratio of Mn/Co on Mny,3Cog/
Zr10-AC surface measured by XPS was closer to the nominal value than
that of Mny,3Cog/AC (Tables 2 and 3). Moreover, the ZrO5 doping on AC
further led to a higher dispersion of Mn-Co oxides compared with that on
MnxCoy/AC, and thus a lower crystallinity detected by XRD.

Analogously, MnyCoy/Zr-AC also possessed many structural and
morphological distinctions with each other, mainly due to the molar
ratio of Mn/(Mn+Co) and the loading value of Mn-Co oxides. With the
loading of 4% Mn-Co oxides, an increase of BET surface area and pore
volume was observed, while it was inverse for the doping of 8% Mn-Co
oxides on account of the formed agglomeration. Besides, the cooperation

Table 3
XPS relative intensity of fresh and used Mny,3Cog/Zr;0-AC treated with HCHO +
Hg®, HCHO and Hg®, respectively.

Relative intensity Fresh sample Used sample

HCHO + Hg° HCHO Hg®

0oL, (%) 21.30 25.17 28.74 22.71
Oon (%) 66.92 50.82 44.50 52.82
Ow (%) 11.78 24.01 26.76 24.47
"Mn?* (%) 24.23 23.74 29.77 27.58
"Mn®* (%) 37.29 48.25 44.53 46.31
"Mn** (%) 38.48 28.01 25.70 26.11
Co*t (%) 69.05 57.35 45.33 55.75
Co>* (%) 30.95 42.65 54.67 44.25
Co>*/Co*t 0.45 0.74 0.83 0.79
Hg 4f7/2 (%) - - - 12.66
Si 2p (%) - 80.90 - 58.97
Hg 4f5/2 (%) - 19.10 - 28.37
4Mn/Co (in mole) 2.02

b The XPS relative intensity and molar ratio of Mn atoms with difference
valence in Mn 2p3 5.
4 The molar ratio of Mn/Co measured by XPS.
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of MnOy and CoOy also endowed the sample with a higher BET surface
area for MnyCo4/Zr4-AC. In general, larger surface area and pore volume
can always provide more adsorption sites to be in favor of the adsorption
of gas reactants, as well as the mobility of gas-phase oxygen and surface
active oxygen in samples, thus a superior activity (Xu et al., 2015b).
However, it is not always the case here. Although with a lower surface
area and pore volume than Mn;,3C04/Zr4-AC, both the highest disper-
sion and smallest nano-particles were obtained for Mny,3C04/Zr4-AC,
and the highest HCHO and Hg® removal efficiency were also reached.
Overall, the structure and morphology could not be the decisive factor
determining the activity of MnyCoy/Zr,-AC.

As depicted in Fig. 4, the HCHO removal on Mny,3Cos/Zr19-AC
mainly proceeded as oxidation, accompanied with a small portion of
adsorption which decreased with elevated temperature. Differently,
adsorption was proved to predominate in Hg® elimination on Mny,3Cog/
Zr10-AC through the mercury speciation conversion test, and only lower
than 24.83% of mercury oxidation was detected. As known to all,
structural property is decisive to the physisorption of reactants, while
the chemisorption behavior is mainly dependent on the surface active
oxygens species and active sites (Zeng et al., 2017). To further determine
the adsorptive behavior of Hg® on sample, Hg-TPD was carried out
(Fig. S3). The Hg-TPD profile was divided into three regions, corre-
sponding to weakly adsorbed HgO (318 °C), strong bonded HgO
(384 °C) and O-HgO (469 °C), whereas no peak relevant to the physical
adsorption of Hg® was observed (Liu et al., 2019). Obviously, Hg®
removal over MnyCoy/Zr,-AC was mainly in the form of chemisorption,
in which the surface active oxygen and active sites is crucial. The diverse
mechanism of HCHO and Hg® removal could account for their different
tendency varied with reaction temperature, in which physisorption is an
exothermal process while chemisorption and oxidation is endothermal
reaction (Zeng et al., 2017). Therefore, the surface chemical property
was of significant importance for the activity of MnyCoy/Zr,-AC in terms
of the simultaneous removal of HCHO and Hg®.

According to Ho-TPR (Fig. 8), with lower reduction temperature and
larger peak area, Mny,3C04/Zr4-AC exhibited the higher reducibility (Li
et al., 2016). In combination with above studies, the formed lattice
oxygen with high mobility and surface oxygen with high activity via the
synergy between MnOy and CoOx, the higher dispersion and smaller
particle size with the aid of ZrO, should be mainly responsible for it. The
high reducibility of sample was reported to conduce to its excellent
activity (Liang et al., 2016). On one hand, the enhanced reducibility
would promote the active oxygen to transfer on the gas-solid interface,
and thus facilitate the combination of active oxygen and adsorbed re-
actants during the simultaneous removal of HCHO and Hg. On the other
hand, lattice oxygen with high mobility made it easier for gas-phase
oxygen to migrate between surface lattice oxygen and oxygen va-
cancies, which was conductive to the formation of surface active oxygen
species, and has been proved to give an important contribution to the
oxidation activity of samples (Zhu et al., 2017).

In addition to redox capability, the activity of sample was also closely
connected with the atomic valence states of surface active components.
As demonstrated by XPS results, both the ZrO, addition and co-
modification of Mn-Co oxides promoted the formation of both O, and
Oon, especially for Ogy. The relationship between the Ogy/Op of
MnyCoy/Zr,-AC and the catalytic activity of samples for HCHO was
summarized in Fig. S4. With the highest Oon/Or, Mny,3C0s/Zr19-AC
exhibited the lowest T1¢ and Tsg, as well as Tgg of 209 °C, which was
even lower than the Tsy of MnjCo4/Zrs-AC and Co4/Zrs-AC. Higher
Oon/0OL, the sample possessed, lower Tqo and Tsp were, and higher ac-
tivity the sample exhibited. The positive correlation between the activity
of sample and Ogy/Oy, was also found for Hg0 removal on MnyCoy4/Zr4-
AC. Therefore, the higher Opy concentration could promote both
adsorption and oxidation of HCHO and Hg’, and thus endowed the
sample with higher catalytic activity (Wu et al., 2015; Wang et al.,
2017). High Ogy concentration generated on Mny,3C04/Zr4-AC might be
contributed to the following two aspects. One was that Mn** and Co®*,
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as the direct oxidizer participated in HCHO and Hg® removal, could
produce more surface adsorbed oxygen species. The other was the ex-
istence of metal atoms with lower valences, such as Mn®*, Mn?" and
Co?*. 1t is well-known that once the reduced metal oxides appear, ox-
ygen vacancies will be generated to maintain electrostatic balance ac-
cording to the following process (Fang et al., 2018):

4Mn** /Mn** + 0% > 4Mn** /Mn** + 2e7/V, + 1/20,

- 2Mn*" /Mn** + 2Mn** /Mn** + V, + 1/20, (8

4Co’" + 0" > 4Co® +2e” /V, +1/20, 5 2Co™ + 2Co*" + V, + 1/20,
C))

where V,, presents an oxygen vacancy. When at the existence of mo-
lecular oxygen and water vapor, the dissociation of H,O into hydroxyl
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groups by oxygen vacancy, as well as the generation of active oxygen
species via the occupation of V, by gaseous oxygen with a lower
chemical adsorption energy, tend to participate in the interaction be-
tween catalyst surface and reactant (Fang et al., 2018; He et al., 2019b).
Besides, the presence of V, also could enhance the mobility of lattice
oxygen (Huang et al., 2017). It is worth noting that the sample with
higher Co®" rather than Co®', such as Mny ,3C04/Zr4-AC  and
Mny,3Cog/Zr19-AC, exhibited higher activity, which was not consistent
with previous studies (Zhu et al., 2013; Bai and Li, 2014). In this sense,
the promotion of Co?* on the generation of oxygen vacancy should be
responsible for it. Moreover, the storage and release of surface active
oxygen species through the redox cycle Mn*"/Mn3* +

Co*t & Mn®"/Mn?** + Co®', as testified by XRD and XPS, was also
beneficial for the superior activity of MnyCoy/Zr,-AC as the continuous
provider of active oxygen species for the oxidation of adsorbed HCHO
and Hg’.

Fig. 10. XPS analysis of fresh and treated Mny,3Cog/Zr10-AC: (A) fitted O 1 s photoelectron peaks; (B) fitted Mn 2p photoelectron peaks; (C) fitted Co 2p photo-

electron peaks; (D) fitted Hg 4f photoelectron peaks.,.
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Fig. 10. (continued).

4.2. Proposed mechanism

To explore the change of the surface components during HCHO and
Hg0 removal on Mnjy,3C0g/Zr19-AC, XPS was conducted for fresh and
treated samples, as shown in Fig. 10 and Table 3. In comparison with
fresh Mny,3Cog/Zr19-AC sample, a sharp increase of Oy, as well as a
rapid decrease of Ogpy, was observed for all three treated samples,
implying the consumption of surface active oxygen and the formation of
adsorbed water during the reaction. Remarkably, the content of lattice
oxygen increased slightly, rather than decreased as reported in previous
studies, whether the sample was treated with HCHO and/or Hg0 (Chen
etal., 2018; Yietal., 2018). Besides, the lowest Ogy and O;, was detected
on Mny/3C0g/Zr10-AC treated with HCHO and Mnj/3C0g/Zro-AC

14

treated with Hg® alone, respectively. It could be concluded that the
adsorbed HCHO was oxidized by Ogy preferentially, and more lattice
oxygen participated in Hg® removal. In terms of Mn species, the ten-
dency of decreased (Mn*t+Mn3t)/Mn?®" was observed for
Mny,3Cog/Zr4-AC treated with HCHO or Hg®, while the sample treated
with HCHO + Hg® possessed an increased (Mn**+Mn3")/Mn?*, but
decreased Mn** content. It indicated that Mn atoms with higher
valence, especially for Mn**, was reduced, and provided active oxygen
for the removal of HCHO and/or Hg’. On the contrary, the ratio of
Co3"/Co®" increased after treatment, which in turn accounted for the
increase of Oy, (Fig. 10A). It could be concluded that the redox cycle
Mn*"/Mn®" + Co?*" + Mn®"/Mn?" + Co®" occurred as a provider of
active oxygen, through storing and releasing oxygen atoms, for the
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simultaneous removal of HCHO and Hg®.

Hg 4f XPS spectra of Mny,3C0g/Zr1p-AC treated with Hg0 were
examined to identify the species of adsorbed mercury. As displayed in
Fig. 10D, apart from the peak corresponding to Si 2p at 102.6 eV, two
peaks relevant to Hg 4f were fitted for Mny,3Cog/Zr10-AC treated with
Hg0 (He et al., 2020). Obvious peaks at 101.4 eV and 104.3 eV were
ascribed to Hg 4f;,5 and Hg 4fs /o, respectively, demonstrating HgO as
the main mercury species adsorbed on the sample surface (Zhang et al.,
2017). And consistent with Hg-TPD, the peak associated with Hg0 at
~99.9 eV was absent. The desorption of adsorbed Hg® from the sample
surface or its low concentration below the detection limit of XPS mea-
surement should be responsible for it. After simultaneous removal of
HCHO and Hg®, the peak relevant to HgO was only detected at 104.3 eV
with a lower relative intensity of 19.10%, indicating the weakened
adsorption of Hg® as shown in Fig. 5. To further identify how HCHO
affect the Hgo removal, Hg-TPD was also conducted for Mny,3Cog/Z-
r10-AC treated with Hg® (Fig. S3). Without HCHO, all three peaks, with
the sharply increased peak area, shifted to a lower desorption temper-
ature. Generally speaking, lower temperature the desorption peak
appeared at, weaker interaction forces between the mercury and
adsorption sites were, and easier the adsorption of mercury on active
sites were (Xu et al., 2015a). Notably, the absence of HCHO led to a
sharp increase for the proportion of HgO bonded with Op, which
increased from 14.13% to 30.18%. The least increase of Op over
Mny,3C0g/Zr10-AC treated with Hg® also confirmed the phenomenon.
And a lower proportion of 15.19% and 0.86% was observed for
strongly-bonded HgO and weakly-adsorbed HgO on Mny,3Cos/Zr19p-AC
treated with Hg?, respectively. It indicated that the HCHO gave prefer-
ence to competing the lattice oxygen with Hg?, followed by the chem-
isorbed oxygen.

To give a further analysis on the removal process of HCHO, the in-
situ DRIFTS spectra of Mny,3Cog/Zr1¢-AC obtained in a flow of HCHO
+ Oz + Hy0/N3 at 240°C were shown in Fig. 11. Upon exposure to
120 ppm HCHO + 6% Oz + 8 vol% Hy0/Na, the peaks ascribed to
molecularly adsorbed HCHO appeared at 1015 ecm™! (Huang et al.,
2013a). With prolongation of reaction time, the intensity of peaks
increased initially and then a slight decrease was observed after 30 min.
The bands at 2900, 1058 and 805 cm~! were assigned to vs(CHy),
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®(CHy) and v(C-O) of dioxymethylene (DOM), respectively (Rasko et al.,
2004; Lochar, 2006; Ma and Zhang, 2016). It could be inferred that
HCHO was molecularly adsorbed on the sample surface at first, and
followed by its quick oxidation into DOM through the combination of
electrophilic carbon of the carbonyl group with the nucleophilic surface
oxygen, as reported by previous researches (Lochar, 2006; He and Ji,
2010). And the dynamic equilibrium between the formation and further
oxidation of DOM was reached after 40 min. When the reaction pro-
ceeded for 5 min, the formate species, derived from DOM oxidized by
active oxygen on the sample surface, was also found. The slight
adsorption bands at 1620 and 1380 cm™! were associated with the
vas(CO0) and v4(COO) of formate species, respectively (Xu et al., 2015a).
As reported (Durand et al., 2010), formate species could be adsorbed on
the sample surface through bidentate (chelating), bridging and mono-
dentate configuration, which could be distinguished by the frequency
separation between v,5(COO) and vs(COO). In this work, the frequency
separation of 240 cm ™! manifested the formate species was bonded to
the sample in a bridging configuration (Barros et al., 2005). The
increased intensity of bands relevant to formate species demonstrated
the accelerated oxidation of DOM, as well as the accumulation of
formate species, on sample surface until reach the equilibrium after
reacted for 30 min. It is worth noting that the equilibrium between the
formation and further oxidation of formate species was reached more
quickly than that of DOM. Moreover, the peaks at 3478 cm ! and
2330-2350 cm ™! revealed the further oxidation of formate species to
H>0 and CO5 (Busca et al., 1987; Chen et al., 2013). The adsorbed CO5
was observed when reacted 5 min, and up to the maximum at 40 min.
And the following decrease with progress of reaction might be attributed
to the desorption of CO; from the sample to some extent, which was
consistent with the CO5 detected in outlet gas (Fig. 4). The consumption
of surface hydroxyl (-OH) was also observed as the negative band at
3700 cm ™!, which was continuously supplemented via the activation of
adsorbed Hy0 molecules by active oxygen species (Busca et al., 1987).
The peaks relevant to the formation of a metal-oxo band between car-
boxylic group (COO-) and Mn or Co ions at 685 cm ™! demonstrated the
MnOy and CoOy could act as the active sites for HCHO removal (Bahri
et al., 2017). In combination with the formed species occurred during
HCHO removal, it could be concluded that the oxidation of

Fig. 11. Dynamic changes of in situ DRIFTS for the Mn,,3C0g/Zr1o-AC sample as a function of reaction time in a flow of 120 ppm HCHO + 6% O, + 8 vol% H;0/Ny

at 240 °C.
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intermediates, especially the oxidation of DOM into formate species, was
the rate-limiting step during the whole catalytic oxidation of HCHO. And
the accumulation of intermediates would occupy the active sites, and
thus caused the deactivation of sample. In-depth study concerning how
to accelerate the oxidation of intermediates will be conducted in our
future study.

Based on above discussion, the mechanism of simultaneous removal
of HCHO and Hg® on MnyCoy/Zr,-AC was proposed. In previous studies
(Piumetti et al., 2015; Liu et al., 2016), VOCs removal on metal
oxides-supported sample followed a Mars-Van Krevelen (MVK) mech-
anism, in which VOCs molecules reacted with active oxygen on different
redox sites over sample surface. During the process, the oxidation of
VOC molecules by the active oxygen of the sample, that is the reduction
of samples, and then the re-oxidation of sample through the supplement
of active oxygen by gas-phase oxygen and water vapor were involved. As
shown in Fig. 12, HCHO was molecularly adsorbed on sample surface
through the active sites, including Opy and active oxygen in Mn-Co
oxides at first. Then the adsorbed HCHO was oxidized into DOM
through active oxygen species (O*) attracting carbonyl group of adsor-
bed HCHO, and followed by the further oxidation of DOM into formate
species, which bonded to the sample in a bridging configuration. Finally,
the formate species was oxidized into CO5 and H,0, and desorbed from
sample. During the reaction, the redox cycle between Mn and Co pro-
ceeded and provided continuous O*, and the consumed active oxygen
species were supplemented by the gaseous O, and H,0. In terms of Hg®
removal, the adsorbed Hg® was oxidized into HgO through bonding with
O*, and a spot of HgO desorbed from sample. Moreover, the adsorbed
HCHO was oxidized by Ogy preferentially, while more lattice oxygen
participated in Hg® removal. In aforementioned pathway, porous
structure with higher surface area and larger pore size, well-dispersed
Mn-Co oxides, higher reducibility, higher content of Mn atoms with
higher valence and Co?*, and abundant active oxygen species, including
lattice oxygen with higher mobility, more surface adsorbed oxygen and
hydroxyl groups, as well as oxygen vacancies that could be filled by
gas-phase oxygen and water vapor to form active surface oxygen,
conduced to the superior activity of Mny,3Cog/Zr10-AC for the simulta-
neous removal of HCHO and Hg®.

Journal of Hazardous Materials 408 (2021) 124830
5. Regeneration performance

As a critical criterion for practical application, the stability of sample
was evaluated through recycle experiment of Mny/3Cog/Zr1p-AC. As
found in Fig. 13A, decreasing outlet concentration of HCHO was
observed in the initial regeneration cycles as compared to that obtained
for fresh sample, and the highest activity was reached for the sample
regenerated after three recycle. Then a slight decrease of 4.40% and
4.63% in HCHO removal efficiency occurred in the following 4th cycle
and 5th cycle, respectively. Differing from HCHO removal, a moderate
deactivation with a decrease in Hg® removal from 82.56% to 72.97%
was detected after five recycle. Probably the collapse of some micro-
pores during the regeneration should be responsible for the observed
decrease in activity, especially for Hg® adsorption. Additionally, the
irreversible occupancy of some active sites also contributed to the
deactivation. It was manifested that the sample Mnj/3Cog/Zrp-AC
exhibited an excellent activity and stability in the simultaneous removal
of HCHO and Hg’.

6. Conclusion

The performance of MnyCoy/Zr,-AC was evaluated for simultaneous
removal of HCHO and Hgo. The optimal Mny,3C0g/Zr10-AC exhibited
enhanced activity for the simultaneous removal of HCHO and Hg with
99.87% HCHO removal efficiency and 82.41% Hg° removal efficiency at
240°C, and superior stability through the recycle experiment. The
mechanism on promotional removal of HCHO and Hg0 over MnyCoy/Zr,-
AC was systematically investigated by Ny adsorption-desorption, SEM,
XRD, Ho-TPR, Hj pulse chemisorption, XPS, Hg-TPD and in-situ DRIFTS.
As an effective support, Zr-AC possessed a higher surface area and pore
volume, and conduced to the highly-dispersed active components and a
higher reducibility, which was further strengthened by the following
modification of Mn-Co oxides. Besides, the co-dopant of Mn-Co oxides
not only led to lattice oxygen with high mobility, abundant surface
adsorbed oxygen species, Mn atoms with higher valence, and a higher
Oon/O1, but also constituted the redox cycle
Mn**/Mn3* + Co®** & Mn3"/Mn%* + Co®" as the provider of active
oxygen for simultaneous removal of HCHO and Hg®. XPS and Hg-TPD
indicated that Hg® removal mainly proceeded as the combination of
chemisorption, occupying the dominant position, and oxidation. In-situ

Fig. 12. The proposed mechanism on the simultaneous removal of HCHO and Hg® over MnyCoy/Zr,-AC.
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Fig. 13. Recycle performance of Mny/3Cog/Zr10-AC towards the simultaneous removal of (A) HCHO and (B) Hg’. (Reaction condition: 120 ppm HCHO, 100 pg/m*
Hgo, 6% O,, 8 vol% H,0, total flow rate 500 mL/min, 10 g sample, reaction temperature 240 °C).

DRIFTS proved that the DOM and formate intermediates were formed
and then were oxidized into COy and HyO. Moreover, HCHO gave
preference to competing the lattice oxygen with Hg®, and thus sup-
pressed the Hg® removal. The work might provide some scientific
guidance for developing efficient AC-based catalysts for the simulta-
neous control of HCHO and Hg®.
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