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The effect of CoOx addition on the performance and structure of V,05/Zr0O,-CeO, catalyst for simulta-
neous removal of NO and Hg? in simulated flue gas was investigated by various methods including SEM,
BET, XRD, XPS, H,-TPR and FT-IR. It was found that the introduction of CoOx not only greatly enhanced
the redox properties of catalysts, but also increased the catalytic performance for simultaneous removal
of NO and Hg®. The CoOx-modified V,05/Zr0,-CeO, catalyst displayed excellent catalytic activity for
NO conversion (89.6%) and Hg? oxidation (88.9%) at 250 °C under SCR atmosphere. The synergistic effect
among vanadium, cobalt, and the ZrCe support could induce oxygen vacancies formation and promote
oxygen mobility via charge transfer. Besides, CoOy could assist vanadium species in rapidly changing the
valence by the redox cycle of V5* +Co2* « V4* +Co3*. All the above features contribute to the excellent
catalytic performance through CoOy addition.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Coal-fired power plants are one of the biggest anthropogenic
source of NOx and mercury emissions because of high level of coal
consumption. As major air pollutants, nitrogen oxides (NOx) con-
tribute to photochemical smog, acid rain, ozone depletion, and
greenhouse effects [1]. Besides, mercury is one of the most haz-
ardous environmental toxins and can be threat to both human
health and the environment due to the extreme toxicity, persis-
tence, and the bioaccumulation [2,3]. Therefore, how to control NOx
and mercury emissions from flue gas is becoming hotspot.

Up to now, various technologies and methods have been used
to control NOy and elemental mercury (Hg®) emissions from coal
plants, such as catalytic oxidation, activated carbon injection (ACI)
capture, selective catalytic reduction (SCR), and photochemical
oxidation [4-6]. Among available technologies, selective catalytic
reduction of NOx with NH3 (NH3-SCR) has been considered as one
of the most promising technologies for simultaneous removal of
NO and Hg?, the core of which is to convert NO and Hg? to N,
and Hg?*, respectively [7-9]. The reasons are that integration of
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multiple treatment processes into a single unit could overcome
the shortages of single-pollutant control technologies, including
large occupying area, high operation cost and expensive equipment
investment. Consequently, many novel and effective SCR catalysts
have been studied for simultaneous removal of NO and Hg® [7-13].
However, according to our previous study [8], the V,05/Zr0,-CeO-
catalysts are not effective enough for Hg® oxidation under SCR
atmosphere, which may led to decreased interest in developing
highly active and low-cost NH3-SCR catalysts for simultaneous
removal of NO and HgP. Therefore, it becomes more important
to develop highly efficient NH3-SCR catalysts for simultaneous
removal of NO and Hg? under SCR atmosphere.

Recently, cobalt-based catalysts were widely used for NO
removal and showed the promising activity for NOx reduction
[14-17]. At the same time, cobalt-based catalysts with excellent
Hg® oxidation catalytic activity have also been attracting wide
attention [18-20]. For example, Liu et al. [20] found that the CoOx
supported on titania was effective for Hg® oxidation within the tem-
perature window of 120-330°C. Zhang et al. [21] reported that the
presence of CoOx led to a better dispersion and more amorphous
species of MnOyx over TiO,, which would result in a better Hg? oxi-
dation. Co—Ce mixed oxides supported on commercial cylindrical
activated coke granulars showed excellent mercury removal abil-
ity [19]. Moreover, the high activity of CoOx seemed to be resulted
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from the relatively low AH of vaporization of O, from lattice oxy-
gen atom, which meant that the lattice oxygen was readily to be
released at the relative low temperature range [22]. Typically, the
combination of CeO, with other metal oxides often affects the
oxygen mobility and the oxidation state of the element that is com-
bined, which would effectively improve the elements’ redox ability
[23]. The literature reported that CoOx/CeO, catalysts were very
active for CO oxidation and their high activities were ascribed to
finely dispersed and high valence state CoOx which resulted from
the synergistic interaction between cobalt oxides and ceria [24,25].
Previous researches also showed that the synergetic effect between
V and Ce could result in the high catalytic performance [8,12,26,27].
Besides, Co and V are known to have variable valences, which is crit-
ical to the potential for intervalence charge transfer [28]. Inspired
by these results, it was deduced that the combination of V, Co and
Ce in one catalyst might facilitate the better catalytic performance
for simultaneous removal of NO and Hg® due to the synergistic
interaction among these three metal oxides. Unfortunately, the
use of cobalt species to modify the performance and structure of
V,05/Zr0,-Ce0; catalyst for simultaneous removal of NO and Hg?
has rarely been reported. In particular, the structure-activity rela-
tionship of the CoOx-modified V,05/ZrO,-CeO, catalyst is still not
very clear.

Accordingly, this work investigated the effect of cobalt oxide
modification on the performance and structure of V,05/ZrO,-CeO,
catalyst for simultaneous removal of NO and Hg?® in simulated
flue gas. A series of CoOx-modified V,05/ZrO,-Ce0O, catalyst with
various amounts of cobalt were synthesized and characterized by
SEM, BET, XRD, XPS, H,-TPR and FT-IR. Additionally, the synergistic
effect among vanadium, cobalt, and the ZrCe support (V-Co-ZrCe)
was also explored in light of the tests results and characterization
techniques.

2. Experimental section
2.1. Catalyst synthesis

A series of CoOx-modified V,05/ZrO,-CeO, were synthesized
via impregnating the ZrO,-CeO, (ZrCe) support (ZrCe support was
prepared as our previously published reported [8]) with a mixture
solution including the requisite amount of ammonium metavana-
date and/or cobalt nitrate hexahydrate for 12 h. Subsequently, the
impregnated materials were oven dried at 105°C overnight and
calcined at 500 °C for 3 h. Finally, all the samples were sieved with
100-120 mesh size. The obtained catalysts are labeled as VCoy/ZrCe
(“x” refers the molar ratio of Co/(Zr+Ce); x=0.05, 0.10, 0.15, 0.20,
0.25). The V5,05 content was set a relatively low level (the molar
ratio of V/(Zr +Ce) was 0.01). The Co loading was described as the
molar ratio of Co/(Ce +Zr). Typically, the molar ratio of Ce/Zr on all
catalysts was 0.6.

2.2. Characterization

The surface morphology of the catalyst was analyzed by scan-
ning electron microscopy (SEM) (Hitachi S-4800, Hitachi Limited,
Japan). Brunauer-Emmett-Teller (BET) surface area and pore anal-
ysis were performed using a Micromeritics Tristar I 3020 analyzer
(Micromeritics Instrument Crop, USA). X-ray diffraction (XRD) pat-
terns were carried out on X-ray diffractometer (Rigaku rotaflex
D/Max-C,Japan)with Cu-Karadiation (\ = 1.5406 A°). X-ray Photo-
electron Spectroscopy (XPS) analysis was taken on a K-Alpha 1063
system (Thermo Fisher Scientific, UK) with an Al Ka X-ray source.
Fourier Transform Infrared Spectroscopy (FT-IR) was determined
using a FTIR-8400S IRprestige-21 (SHIMADZU, Japan) apparatus.
In order to remove any adsorbed species, the samples were pre-

treated at 250°C in pure N, with a total flow rate of 500 mL/min
for 30 min before each experiment. After that, NH3 adsorption was
conducted at room temperature for 60 min in a 700 ppm NH3/N;
flow (500 mL/min). Finally, the FT-IR experiments were carried out
immediately. For NO+0, (700 ppm NO, 6% O,/N>), and SO, +H,0
+0, (300 ppm SO-, 8 vol.%H, 0, 6% 0, /N, ) were collected at the sim-
ilar procedure as the NH3 adsorption. Temperature-programmed
reduction of H, (H,-TPR) measurements were carried out on an
AutoChem 2920 automated chemisorption analyzer (Micromeritics
Instrument Crop, USA). Prior to the experiments, the samples were
pretreated by a pure N, flow at 300 °C for 30 min and then cooled
to room temperature. Afterward, reduction performance was then
recorded under 5 vol.% Hy + 95 vol.%Ar stream (40 mL/min) from 50
to 750°C at a heating rate of 10°C/min.

2.3. Catalytic performance test

The activity tests for simultaneous removal of Hg® and NO
were evaluated using a bench-scale experimental system, which
was similar to that used in our previous study [8]. 0.25g cata-
lyst was placed into the fixed bed quartz reactor (i.d. 10 mm) with
quartz wool. The simulated flue gas (SFG) consisted of 700 ppm
NO, 700 ppm NH3, 6% O, 300 ppm SO, (when used), and balance
N,. The Hg® permeation tube (VICI Metronics, USA) was used to
generate 70.0 pg/m3 Hg® vapor carried by pure N;. The tempera-
ture of the teflon tubes that water vapor and Hg? passed through
were kept at 120°C to prevent water vapor and Hg® condensa-
tion. The total flow rate was 500 mL/min, and the corresponding
gas hour space velocity (GHSV) was 100,000 h—!. The reaction tem-
perature was conducted from 100 to 400 °C. SCR atmosphere was
defined as 700 ppm of NO, NH3/NO=1, 70.0 wg/m>3 Hg®, and 6%
0O, balanced in N,. After the catalytic reaction practically reached
steady-state condition, the Hg® and NO concentrations in the inlet
(HgO%;,/NO;,) and outlet (Hg®ou¢/NOoyt ) were analyzed by an online
RA-915M mercury analyzer (LUMEX Ltd, Russia) and a flue gas
analyzer (MGA5, Germany), respectively. According to previous
studies [21,29,30], in order to avoid the possible bias because of Hg?
physical adsorption, 0.25 g VCoy/ZrCe catalysts were saturated with
70.0 wg/m3 Hg® under N, atmosphere at room temperature. Less
than 10 min was needed for the adsorption experiment, suggesting
that the Hg physical adsorption capacity of VCox/ZrCe catalysts
was negligible. Accordingly, the NO conversion efficiency and Hg?
oxidation efficiency was defined in Eqgs. (1) and (2), respectively:
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3. Results and discussion
3.1. Catalytic performance tests

3.1.1. Effect of CoOx addition on catalytic performance

The catalysts with different cobalt loadings were prepared to
investigate the effect of CoOx (Co) modification on the performance
of VCox/ZrCe catalyst. And the simultaneous removal performances
of NO and Hg® over VCoy/ZrCe catalyst under different reaction
temperature in SCR atmosphere are shown in Fig. 1. It was found
that V/ZrCe catalyst exhibited the lowest activity. VCoq 19/ZrCe
catalyst displayed excellent catalytic activity for NO conversion
(89.6%) and Hg? oxidation (88.9%) at 250 °C under SCR atmosphere.
Interestingly, when Co loading was lower than 0.10, catalytic activ-
ity for simultaneous removal of NO and Hg? gradually increased
with increasing Co loading. However, further increase of Co load-



392 L. Zhao et al. / Applied Surface Science 437 (2018) 390-399

100
| (@)
~ 80F
=
- L
Q
=
D
é 60 -
° —a— V/ZrCe
& —e—VCo, /ZrCe
= s
g 40 | —A—VCo,, /ZrCe
S | —v—VCo,,/ZrCe
o
= ol —<—VC0020/ZrCe
—»—VCo,,/ZrCe
0 1 1 " 1 n 1 n 1 n 1 i 1
100 150 200 250 300 350 400
T (°C)
100 (b)
80 -
g
>
Q
8
=
k5 —&— V/ZrCe
8 —e—VCo, JZrCe
k5
'—E 40 —4A—VCo, /ZrCe
° —v— VCo, JZrCe
on
T —4—VCo,, /ZrCe
20 —»—VCo,,/ZrCe
1 L 1 1 1 1 1 1 1 L 1 2 1
100 150 200 250 300 350 400
T (°C)

Fig. 1. Effect of CoOx modification on simultaneous removal of NO and Hg’®
over VCoy/ZrCe catalysts in SCR atmosphere. (Reaction condition: 70.0 pug/m? Hg°,
700 ppm NO, NH3/NO: 1, 6% 02, 250 mg of sample, total flow rate 500 mL/min, GHSV
100,000h~1).

ing resulted in the catalytic activity slightly decrease. The possible
reason was that the active particle agglomeration over the exter-
nal surface of samples caused blocking of the micropores, which
was supported by SEM and BET results. Nevertheless, the catalytic
activity over all VCox/ZrCe was still higher than that of V/ZrCe.
This suggested that Co modification could significantly improve the
catalytic activities for simultaneous removal of NO and Hg?. As evi-
denced by H,-TPR and XPS, the reason for activity enhancement
might be associated with the synergetic interaction among vana-
dium, cobalt, and the ZrCe support. On the one hand, the redox
cycle (V>* +Co%* « V4" +Co3*) could assist ZrCe support in supply-
ing oxygen. On the other hand, CeO, could increase the number
of reducing Co3*, and then improve the reduction of Co3* to Co?*
by facilitating the desorption of adsorbed oxygen species [31,32].
Furdermore, The SO, and H, O tolerance of Co-modified V/ZrCe cat-
alysts for simultaneous removal of NO and Hg? was studied as well.
Results indicated that the catalysts showed remarkable SO, and
H, 0 resistance (Figs. S1 and S2).

3.1.2. Effect of O,
The effect of O, concentration on simultaneous removal of Hg?
and NO was investigated and the results are displayed in Fig. 2. It
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Fig. 2. Effect of O, concentration on simultaneous removal of NO and Hg® over
VCoo.10/ZrCe catalysts. (Reaction condition: 70.0 wg/m3 Hg®, 700 ppm NO, NH3/NO:
1, 0-12% 05, 250 mg of sample, total flow rate 500 mL/min, GHSV 100,000 h~1).

was clear that O, had significantly effect on the catalytic activity.
There was almost negligible NO conversion (about 20.8%) and Hg®
oxidation (about 23.3%) without O, (700 ppm NO, 700 ppm NH3,
70.0 g/m3 HgO) at 250 °C. Based on the results of H,-TPR, XPS and
FT-IR in this work, lattice oxygen may participate in NO conversion
and Hg? oxidation. Although some previous studies have proposed
that the presence of NH3 had a serious adverse effect on Hg® oxi-
dation due to the consumption of surface oxygen [3,8,27,33], the
introduction of CoOx could enhance oxygen mobility by improv-
ing the electron transfer on VCoq 1¢/ZrCe catalyst, which will be
discussed later. That is, CoOx-modified V,05/Zr0,-Ce0, catalysts
could easily capture gas—phase O, on the catalyst surface. The sur-
face oxygen not only supplied abundant chemisorbed and lattice
oxygen but also improved the formation of highly reactive surface
nitrates [29,34]. Therefore, when 6%0, was added, there was a great
increase of the catalytic activities for simultaneous removal of Hg?
and NO. It also could explain why CoOx-modified V,05/ZrO,-CeO,
catalysts displayed excellent catalytic activity for NO conversion
(89.6%) and Hg® oxidation (88.9%) under SCR atmosphere. How-
ever,when O, concentration further increased to 12%, no significant
increase in catalytic activity was found, demonstrating that 6% O,
was sufficient for NO conversion and Hg? oxidation.
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3.2. Effect of CoOx addition on the structural properties of
catalysts (SEM, BET, XRD)

3.2.1. SEM

The SEM experiments were undertaken to obtain more details
about the effect of CoOx modification on the structure of catalysts.
As shown in Fig. 3, the microstructure of the V/ZrCe catalyst was
greatly influenced by the introduction of CoOx. For V/ZrCe catalyst,
the surface was smooth and the size was uniform. However, a slight
increase in the particle size was noticed after the addition of CoOx,
and the particle size increased with the increase of Co loading. For
VCog,05/ZrCe and VCog 19/ZrCe catalyst with low Co loading, a few
depositions formed, and the dispersion of activity species on the
support surface was excellent, which was supported by XRD results.
However, for VCoq 15/ZrCe, VCog 50/ZrCe and VCoq5/ZrCe catalyst
with high CoOy loading, an apparent agglomeration of the activity
species was observed. According to the literature [35], the strong
interaction between the loading components and the ZrCe support
could induce growth or aggregation of support crystallites during
the calcination process. Therefore, the results could be inferred that

' éoo'n m‘

Table 1
The surface area, pore volume and pore diameter of the different catalysts.

Catalysts BET surface area Pore volume Average pore
(m?/g) (cm3/g) diameter (nm)
V/ZrCe 54.2 0.0642 4.74
VCoqs/ZrCe 58.2 0.0713 4.90
VCog.19/ZrCe 46.4 0.0518 4.47
VCog.15/ZrCe 38.9 0.0511 5.26
VCog20/ZrCe 35.7 0.0485 5.44
VCog2s5/ZrCe 36.4 0.0494 5.42

the strong interaction may exist among vanadium, cobalt and the
ZrCe support.

3.2.2. BET

The textural properties of catalysts are listed in Table 1. It could
be found that VCoq gs/ZrCe was of a highest surface area (58.2 m?/g)
and pore volume (0.0713 cm3/g) among the samples. However, the
surface area and pore volume decreased with the increasing of Co
loading. Some researchers reported that the BET value is related to

Fig. 3. SEM images of(a)V/ZrCe, (b)VCOq,9s/ZrCe, (c)VCOq.10/ZrCe, (d)VCOq.15/ZrCe, (e )VCOg20/ZrCe, (f)VCOq25/ZrCe.
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Fig. 4. XRD patterns of various catalysts.

the external surface area of the particles, which means that high
surface area corresponds to small particle size and vice versa [36].
Combined with the SEM result, the particle size increased with the
increasing of Co loading due to the strong interaction among vana-
dium, cobalt, and the ZrCe support. In addition, at higher Co loading,
the aggregation of active components would block the micropores
of carriers during the impregnation process and reduce the surface
area as well (shown in Fig. 3).

3.2.3. XRD

The XRD technique was implemented to study the effect of CoOx
modification on the crystal structure of catalysts. As shown in Fig. 4,
the XRD peaks for ZrCe almost did not shift after the introduction
of CoOy, indicating that the ZrCe support still maintained the cubic
fluorite structure of CeZrO4 (PDF-ICDD 54-0017) [37]. It was most
likely that some vanadium and cobalt species might not incorpo-
rate into the bulk lattice of ZrCe binary oxide support to form a new
solid solution. Besides, for those samples, the characteristic diffrac-
tion peaks of crystalline vanadium oxide did not appear, which was
probably due to well dispersion or amorphous structure on the ZrCe
support. It was worth noting that no diffraction peaks for crystalline
Co304 (PDF-ICDD 09-0418) [38] were detected when Co loading
was less than 0.10, suggesting that cobalt oxide species show well
dispersion. However, with further increasing the Co loading, the
characteristic peaks of crystalline Co304 were observed. It might
be because that cobalt oxide species were aggregated, which was
also supported by SEM results.

3.3. Effect of CoOy addition on the redox properties (H,-TPR)

As illustrated in Fig. 5, Hy-TPR techniques were conducted to
study the effect of Co modification on the redox properties of
catalysts. Some researchers have reported that no any reduction
peak shown below 900°C over pure ZrO, [37,39]. Therefore, the
TPR peaks for V/ZrCe catalyst at this temperature region could be
mainly assigned to the reduction of vanadium and cerium species.
It could be seen that the TPR profile of V/ZrCe showed three obvious
reduction peaks at around 218, 385 and 538 °C. Due to the increas-
ing polymerization degree of VOy species, the first peak at 218°C
was assigned to the facile reduction of VOx species, and the peak
at 385°C could be attributed to the reduction of polymeric VOx
species formed by connecting isolated VOx species with bridging
oxygen [40]. The peak at 538 °C would be ascribed to the reduction
of Ce** to Ce3* [41]. For VCog 10/ZrCe catalyst, five peaks appeared
atapproximately 294,376,460, 534 and 654 °C. According to the lit-

460

Intensity (a.u)

V/ZrCe

100 200 300 400 500 600 700
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Fig. 5. H,-TPR profiles of various catalysts.

eratures [42-44], the shoulder peak at 294 °C and 376 °C should be
the stepwise reduction of cobalt oxide species, which could be cor-
responded to the reduction of Co3* jons to Co2* and Co%* to metallic
cobalt, respectively. The peak at 460 °C was ascribed to reduction of
V>* to V4* [26,45]. The peak at 534 °C was caused by the reduction
of Ce** to Ce3* [41]. The peak at 654 °C could be attributed to the
reduction of lattice oxygen [46]. These results demonstrated that
the addition of CoOyx greatly enhance the redox ability of catalyst.
Combined with the results of XPS, it could be inferred that synergis-
tic effect existed among vanadium, cobalt, and ZrCe support. Higher
the redox properties of VCoq 19/ZrCe catalyst could promoted the
mobility of surface oxygen because of the strong synergetic effect
among vanadium, cobalt, and ZrCe support.

3.4. Surface oxidation state of catalysts (XPS)

The XPS spectra of Co 2p, V 2p, Ce 3d, O 1s and Hg 4f are shown
in Fig. 6. The used VCoq 19/ZrCe catalyst had been tested under
SCR atmosphere at 250°C. Some researchers have reported that
the Co 2p region consisted of a spin-orbit doublet with Co 2p1/2
and Co 2p3/2 [21,47]. As depicted in Fig. 6(a), the binding energy
of 780.4 eV was assigned to Co 2p3/2, which was characteristic of
a mixed-valence cobalt system (Co3* and Co2*) [31]. As the 2p3/2
binding energies of Co* are relatively close to that of Co3*, the two
oxidation states of cobalt could be distinguished by a distinct shake
up satellite at about 786.4 eV [24]. It was found that two peaks at
780.2 and 782.3 eV were assigned to Co3* and Co2* species, respec-
tively [32]. According to the peak areas, the oxidation states of Co3*
were the primary form. After the reaction, the main peak of Co
2p3/2 state shifted to lower binding energy, implying that the inter-
action between cobalt species and vanadium species/support led
to chemical shift. More significantly, the Co%*/Co3* ratio increased
from 0.4 to 1.8 after the reaction, demonstrating that some Co3* was
reduced to Co?* during the reaction. Concerning the V 2p spectra
(seeninFig.6(b)),itwas apparent that the chemical valence of vana-
dium on the surface of V/ZrCe catalyst was mainly in a 4+ oxidation
state, and a small quantity of a 5+ co-existed. After the introduc-
tion of cobalt oxide, V°* oxidation states increased. Interestingly,
the V4*/V>* ratio of VCog9/ZrCe catalyst increased from 0.9 to
1.6 after the reaction, suggesting that the reduction of V>* to V4*
was occurred. The generation of V4* together with observation of
Co?%* species was demonstrative of synergetic effect between vana-
dium and cobalt via charge transfer (i.e., V>* +Co2* & V4" + Co3"),
which further confirmed the earlier deduction from H,-TPR. CoOx
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Fig. 6. XPS spectra of V/ZrCe and VCoq 10/ZrCe catalysts over the spectral regions of Co 2p, V 2p, Ce 3d and O 1s before the test; and Co 2p, V 2p, Ce 3d, O 1s, and Hg 4f after
the test (Reaction condition: 70.0 pg/m? Hg®, 700 ppm NO, NH3/NO: 1, 6% O, 250 mg of sample, 500 mL/min total flow rate and GHSV 100,000h~").

could assist vanadium species in rapidly changing the valence by
the redox cycle of V>* + Co2* & V4" + Co3*.

As shown in Fig. 6(c), the Ce 3d spectrum can be resolved into
eight components. The bands labeled u, uy, us, v, v and v3 were
ascribed to Ce#*, while the peaks labeled u; and v; were corre-
sponded to Ce3* oxides [48,49]. It could be seen that Ce** and

Ce3* co-existed in the surface of V/ZrCe catalysts, and the valence
of cerium was predominant in a 4+. When CoOx was added into
the catalysts, the Ce 3d peaks slightly shifted to higher binding
energy. Besides, the Ce3*/Ce*" ratio increased from 0.1 to 0.2. This
revealed that the Ce3*/Ce*" ratio on the sample was enhanced by
the introduction of cobalt oxide. In general, the presence of Ce3*
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favors the formation of oxygen vacancies (Vo) and promotes the
adsorption and activation of oxygen species [50,51]. The oxygen
vacancies has been proposed to occur by the following equation:
Vo+0, +e~ — adsorbed oxygen [52]. After the reaction, the inten-
sity of u; and v for Ce3* increased, and the ratio of Ce3*/Ce#* further
increased to 0.3. It has been reported that oxygen species could be
stored/released by ceria via the redox shift between Ce3*/Ce**, lead-
ing to the increase of surface mobile oxygen [8,53]. Taken together,
these observations can be speculated that a synergistic effect exists
among vanadium, cobalt, and the ZrCe support, which could induce
oxygen vacancies formation and enhance oxygen mobility.

Fig. 6(d) shows O 1s XPS spectra of the V/ZrCe, fresh VCoq 1¢/ZrCe
and the used VCog 19/ZrCe catalyst. For V/ZrCe catalyst, the peak at
around 529.2 eV was indicative of the lattice oxygen (denoted as
(Og)), whereas the peak at around 530.5eV was corresponded to
the chemisorbed oxygen (denoted as (O )) [54,55]. Remarkably, the
introduction of CoOy led to the chemical shift of O, and Op signals
to higher binding energy. It was evident that binding energy of Og
and O, moved from 529.2 to 530.0eV and from 530.5 to 531.3 eV,
respectively. This may be due to the electronic state interaction of
V-Co-ZrCe, which might facilitate the reducibility of active species
and the formation of oxygen vacancies. Moreover, the ratio of Og,
calculated by Og/(Oq +Og), over fresh VCog 10/ZrCe (60.8%) was
higher than that over V/ZrCe (28.5%), demonstrating that the intro-
duction of Co to V/ZrCe favorably supplied Og rather than Oq. It
was noteworthy that the ratio of Og on the VCop 10/ZrCe catalyst
decreased from 60.8% to 56.7% after the reaction, suggesting that
the adsorbed Hg® was mainly oxidized by the lattice oxygen species.
At the same time, the ratio of Oy/(Oq +0p) increased from 39.2%
to 43.3%. This should be because of the presence of Ce3* over the
VCog 109/ZrCe catalyst that favored the formation of oxygen vacancy
in the oxide surface. Additionally, it was hypothesized that the syn-
ergistic effects among vanadium, cobalt and ZrCe support might
lead to the active oxygen migration from ZrCe support to vanadium
and cobalt sites. Therefore, combined with all above results, the
addition of cobalt oxide could enhance the redox of catalyst due to
the redox equilibrium V°* + Co%* <> V4* + Co3* and assist ZrCe sup-
port in supplying oxygen because of the interaction of V-Co-ZrCe,
thereby synergistically enhancing the activity for NO conversion
and Hg? oxidation.

Fig. 6(e) depicts the Hg 4f XPS patterns. The peak at 99.4eV
was attributed to Hg® [56]. Two characteristic peaks at 101.9 and
105.8 eV for Hg 4f can be ascribed to HgO [57,58]. The peak at
103.5 eV was corresponded to Si 2p of SiO, in quartz wool [59,60].
It illustrated that the majority of mercury species existed as HgO
on the surface of VCoq 19/ZrCe. Combining the results of this work
and the previous studies [8,61,62], a likely reaction of Hg® oxidation
followed the Mars—Maessen mechanism.

3.5. FT-IR study

FT-IR characterization of VCog 1o/ZrCe catalyst at different gas
compositions for 60 min was used in this section to further investi-
gate the NH3 and NOy adsorption abilities. Fig. 7 displays the FT-IR
spectra results of NH3 and NO+ 0, adsorption over VCoq 1¢/ZrCe
catalyst. As shown in Fig. 7(a), the sample under different gas com-
positions showed two distinct bands that were due to the Co—O
stretching vibration of cobaltic oxide. The first band at 567 cm~!
was the characteristic vibration of Co3* in octahedral holes and the
second band at 661 cm~! was attributed to the vibration of Co%* in
tetrahedral holes [42,63,64]. This result further demonstrated that
some Co3* was reduced to Co?* during the reaction, which was
further confirmed the results of H,-TPR and XPS.

As shown in Fig. 7(b), after adsorption of NH3, the catalyst exhib-
ited the largest amount of NH3 linked to Lewis acid sites and NH4*
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Fig. 7. FT-IR spectra taken upon VCoq1o/ZrCe catalysts.

bound to Bronsted acid sites, which was beneficial for NO conver-
sion. It could be seen that the bands at 1630cm~! and 1216cm™!,
1099 cm~! were ascribed to asymmetric and symmetric bending
vibrations of N—H bonds in coordinated NH3 linked to Lewis acid
sites, respectively [65,66]. Furthermore, the bands at 1425 cm™!
and 1340cm! attributed to asymmetric and symmetric bending
vibrations of NH4* species on Brensted acid sites were also detected
[66-68]. The weak bands in the range of 1511-1556 cm~! were con-
jectured as the intermediate products of NH3-SCR reaction such
as amide species (—NH,), indicating partial oxidation (or dehydro-
genation) of the adsorbed NH3; would took place over the catalyst
[69,70].

In (NO+0;) FT-IR curve, several bands at 1740, 1688, 1643,
1546, 1511, 1460, 1422, 1327 and 1087 cm~! were observed. The
bands at 1688 and 1643 cm~! were attributed to bridging nitrate
[71]. The broad peak in the range of 1546-1511 cm~" could be cor-
responded to NO,-containing species, like nitrito (O—bound NO;)
and nitrato (NO3) species [66]. Three bands at 1327 cm~! (M—NO,
nitro compounds)[72], 1460 cm~! (monodentate nitrates)[73] and
1422 cm~! (monodentate nitrates) [73] could be assigned to the
reaction of produced NO, with surface oxygen [34]. The band at
1087 cm~! was corresponded to anionic nitrosyl NO— species [74].
The discussion of FT-IR above showed that the adsorbed N species
existed mainly as nitrates species which could take part in redox
reaction sufficiently [34,75].
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3.6. Mechanism for simultaneous removal of NO and Hg? over
VCOOV 1 Q/ZTCE

On the basis of literatures [8,34,69,76,77] and the results above,
a possible mechanism for simultaneous removal of NO and Hg?
over CoOx-modified V,05/Zr0,-Ce0, catalyst is showed in Fig. 8.
On the one hand, Co3*/Co?* redox could improve V°>*/V4* redox
via the redox equilibrium of V>*+Co2* & V4" +Co3*, which was
beneficial to the simultaneous removal of NO and Hg®. On the
other hand, the strong interaction among vanadium, cobalt, and
the ZrCe support was also greatly contributed to the higher activ-
ity. When some vanadium and cobalt species incorporated into the
surface/subsurface lattice of the ZrCe support, it made cubic flu-
orite structure of CeZrO4 more defective, hence forming oxygen
vacancies with high mobility at catalysts surface.

For Hg? oxidation, our present works suggested that the process
of Hg? oxidation over CoOx-modified V,05/Zr0,-Ce0, catalysts
followed the Mars—-Maessen mechanism. In this process, gas-phase
Hg® (Hgo(g)) was firstly adsorbed over catalysts surface to gener-
ate Hg® ,q), then V,05 and CoOy offer the lattice oxygen for Hg aq)
oxidation. The reduced V,05 and CoOx was re-oxidized by Oy in
flue gas. The redox equilibrium of V°* + Co%* < V4* + Co3* promoted
the reducibility of vanadium species, and ZrCe support could easily
captured the O, ) to refresh the reduced V,0s and CoOx because
of abundant oxygen vacancies on its surface. Based on the discus-
sion above, the mechanism for Hg? oxidation could be described as
follows:

Hg%(g) — Hg(ad) (3)
Hg%(ad)+0g — HgO(4q) (4)
V305 — V504+0p (5)
Co304 — 3C00+0g (6)
1
V204+5 0y(g) = V205 (7)
3C00+%02 — C0304 (8)
V,05+3C00 < V504+C0304 9)

For NO conversion, the possible SCR reaction on the catalysts
could be illustrated as follows:

0,(g) — O*(ad) (10)
NH;(g) — NHj(ad) (11)
NHs(g) — NH,"(ad) (12)

2NO(g) + 02(g) — 2NOy(ad) (13)
2NHj3(ad) + NOy(ad) + NO(g) — 2N; +3H,0 (14)
2NH4*(ad) + NOy(ad) + NO(g) — 2N, +3H,0 + 2H* (15)
NHs(ad) + O*(ad) — NHgy(ad) + OH(ad) (16)
NO(ad) + NHy(ad) — NH,NO(ad) — Ny(g) + H0(g) (17)

Initially, gaseous NH3 was adsorbed onto Lewis and Bregnsted
acid sites over the catalyst surface to generate coordinated
NH3, NH4*, and other intermediates from NH;3 oxidation. At
the same time, NO could be oxidized by labile oxygen to form
NO,-containing species in the presence of O,. According to the lit-
erature [34,78], the lattice oxygen on the surface of catalyst acted
as a “transfer station” in the NH3-SCR, especially in the oxida-
tion of NH3, while the main function of the gaseous oxygen in
the flue gas was filling the vacancies on the surface of catalyst.
In this work, the labile oxygen/lattice oxygen was released from
the valence state change of V,05 and CoOx. The ZrCe support acted
as the oxygen storage promoter. Then the adsorbed NH3 or NH,4*
species could react with gaseous NO to form the key intermediate
species (NH,;NO), which finally decomposed into N, and H,O. In
addition, —NH; could react with NO to form intermediate species
(NH;NO) as well. Afterward, the gaseous O, in the flue gas was
filled the vacancies of ZrCe support again before the beginning of
next reduction-oxidation cycle.

4. Conclusions

The major aim was to investigate the effect of CoOx modifica-
tion on the performance and structure of V,05/ZrO,-CeO, catalyst
for simultaneous removal of NO and Hg? in simulated flue gas.
A series of CoOx-modified V,05/Zr0,-CeO, catalysts were syn-
thesized and characterized by SEM, BET, XRD, XPS, H,-TPR and
FT-IR. Results suggested that CoOx-modified V,05/ZrO,-CeO, cat-
alyst exhibited superior NO conversion (89.6%) and Hg® oxidation
(88.9%) at 250°C under SCR atmosphere. The addition of cobalt
species not only enhanced the redox properties of catalysts, but
also promoted the catalytic performance for simultaneous removal
of NO and Hg®. The valence of vanadium species could rapidly
change via the redox cycle of V>* + Co2* «» V4" + Co3*. In particular,
the introduction of cobalt species could induce oxygen vacancies
formation and improve the oxygen mobility due to the strong inter-
action among vanadium, cobalt, and the ZrCe support. These factors
were favorable for the remarkable catalytic performance through
CoOx addition.
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