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A series of V/ZrCey catalyst synthesized by a co-precipitation method was employed to investigate the
simultaneous removal of NO and elemental mercury (Hg®) in simulated flue gas. The catalysts were
characterized using BET, SEM, XRD, H,-TPR, XPS, and FT-IR. V/ZrCes with CeO,/ZrO, molar ratio of
0.6 showed excellent SCR activity (87.3%) and high Hg® oxidation efficiency (77.6%) in SCR atmosphere
(NH3/NO=1).The results indicated that the Hg® had little impact on NO conversion, while the coexistence
of NO and O, would be beneficial for the Hg® oxidation. Hg® oxidation was inhibited in SCR atmosphere

s%vsvords" owing to the presence of NHs. The characterization results demonstrated that the superior performance
Elemental mercury of V/ZrCey¢ catalyst might be attributed to lower crystallinity, better texture properties, strong redox
NH3-SCR ability and high reactive nitrate together with NH; species. The redox equilibrium (Ce3* + V>* <> Ce#* +V4*)
Ce0,-Zr0, contributed to the NO conversion and Hg® oxidation. The bidentate sulfates formed by adsorbed SO, could

provide new acid sites for NH3 adsorption and increase the amount of NH4*, which reduced the poisoning
effect of SO, and H, 0. Based on the experimental results, a mechanism for the simultaneous removal of NO
and Hg® was proposed for the V/ZrCeq g catalysts: 2NH3/NH4*(ad)+NO,(ad) + NO(g) — 2N + 3H,0 + [2H*,

Nitrogen oxide

Hg(ad)+ OB — HgO(ad).

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Coal combustion is a major anthropogenic emissions source of
NOy and elemental mercury (Hg?), which are considered as signifi-
cant atmospheric contaminants and have attracted broad attention
in recent years [ 1-3]. NOx could lead to worsening local air quality,
regional acid rain pollution and photochemical smog [4,5]. Mer-
cury can be a threat to both human health and the environment
due to the extreme toxicity, persistence, and the bioaccumulation
[6,7]. Consequently, various environmental laws and regulations
for the prevention and control of NOx and Hg? pollutions have been
enacted [8,9].

By far, the most successful and mature processes for control-
ling NOx and HgP are selective catalytic reduction (SCR) [10,11]
and activated carbon injection (ACI) systems [12,13], respectively.
However, the separate NOy and Hg? control technology results in
the low efficiency of apparatus, large equipment investment, and
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high operation cost [5]. As a result, the cost-effective methods that
can remove NOy and Hg? simultaneously need to be investigated.
Recent studies indicated that catalysts employed in the selective
catalytic reduction (SCR) of nitrogen oxides can promote the oxida-
tion of Hg? [14-16]. Hence, SCR catalysts are one of the promising
materials for simultaneous removal of NO and Hg?, in which the
key is to reduce NO by NH3 and oxidize Hg® to the soluble Hg2".
Although some metal oxides catalysts, such as Mn-Ce/Ti-PILCs,
Ce0,-Mo003, CeO,-MnOy/TiO;, and V,05-Ce0,/TiO,, have been
investigated for simultaneous removal of NO and Hg® [1,17-19],
a systematic investigation on the influence mechanism of SO, as
well as a connection between Hg? oxidation and NO conversion
have rarely been reported.

Over the past few years, supported vanadium catalysts have
attracted considerable attention due to their excellent advantages
including high activity, selectivity and resistance to sulfur dioxide.
In general, the nature of support was found to play a huge influence
on the physicochemical and catalytic properties of the supported
vanadium oxide catalysts [20]. Accordingly, scholars have tried a
variety of vanadium based catalyst with different supports, such as
alumina, zirconia and titania. As a typically support of SCR catalysts,
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TiO, may not be ideal owing to its low specific surface area and poor
thermal stability [21]. Due to unique physiochemical properties,
ZrO, is widely used for catalysts, particularly employed as cata-
lyst carrier in the SCR of NOx by NH3 [22]. CeO,, can be utilized as
catalyst support, promoter or even active species, possesses consid-
erable oxygen storage capacity owing to the redox cycling between
Ce3* and Ce*", which has been already widely used as a crucial
component in three-way catalysts (TWCs) [23]. In addition, there
is a synergetic interaction between V505 (V) and CeO, (Ce), which
could result in the high SCR performance and enhance the activity
of Hg? oxidation [16,24]. However, pure CeO, showed poor stabil-
ity and was susceptible sintering at high temperatures [25]. The
insertion of ZrO, (Zr) into CeO, can improve the thermo-stability,
mobility of lattice oxygen and the density of oxygen vacancies,
because part of Ce** in CeO, is replaced by Zr** to form the cubic
fluorite structure of CeZr mixed oxides. Therefore, there is reason
to believe that CeZr supports may have good performance in SCR
catalytic systems. Recently, CeZr-based catalysts were studied for
SCR of NO with NH3 [22,25,26]. For example, the V,05/Ce0,-ZrO,
(V/CeZr) catalysts showed high activity and selectivity for reduc-
tion of NO with NH3 [22]. However, V,05/ZrO,-Ce0O, (V/ZrCe) has
seldom been reported for simultaneous removal of NO and HgP.

The aim of this study was to understand the catalytic mechanism
for simultaneous removal of Hg® and NO over V,05/Zr0,-Ce0O, and
to clarify the effect mechanism of SO, on the reaction. A connection
between Hg? oxidation and NO conversion was also systematically
investigated. The physicochemical properties of the catalysts were
systematically examined using some characterization methods
including scanning electron microscopy (SEM), X-ray diffraction
(XRD), Brunauer-Emmett-Teller (BET), temperature-programmed
reduction of H, (H,-TPR), X-ray Photoelectron Spectroscopy (XPS),
and Fourier transform infrared spectroscopy (FT-IR).

2. Experimental
2.1. Synthesis of catalyst

Zr0,-Ce0,, binary oxide supports were synthesized using a co-
precipitation method. A certain amount of Ce(NOs3);-6H,0 and
ZrO(NOs3),-2H,0 were used as precursors and dissolved in de-
ionized water; the solutions were subsequently heated at 80 °C and
stirred 30 min. After the solution cooled to room temperature, an
aqueous solution of ammonia was added drop-wisely with vigor-
ous stirring until the pH rose to 10. The resulting precipitates were
stirred for 3h and aged for 1h at room temperature; after being
filtered, the solid product was dried at 80°C overnight, and then it
was calcined at 500°C for 4 h in air. The obtained ZrO, —CeO, sup-
ports are denoted as ZrCey, where x represents the molar ratio of
Ce0,/Zr0O, (x=0.2,0.4, 0.6, 0.8, 1.0). The support materials of CeO,
(Ce) and ZrO,, (Zr) were prepared with the same process.

A series of V/Ce, V/Zr and V/ZrCex catalysts were prepared by
impregnating the support powders of Ce, Zr and ZrCex with ammo-
nium metavanadate solution for 12 h, and the molar ratio of V/Ce,
V/Zr and V[ZrCex was all 0.03. Then the samples were dried at 105 °C
overnight and calcined at 500 °C for 3 h. Finally, the samples were
crushed and sieved to 100-120 mesh.

2.2. Characterization

The catalyst microstructure was analyzed were determined by
scanning electron microscopy (SEM) (Hitachi S-4800, Hitachi Lim-
ited, Japan). The separated areas for each catalyst were magnified
to 100,000 x.

The Brunauer-Emmett-Teller (BET) surface area, pore volume
and average pore diameter of catalysts were obtained from N,

adsorption isotherm using a Micromeritics Tristar Il 3020 analyzer
(Micromeritics Instrument Crop, USA). The specific surface area was
calculated the N, desorption plots of the catalysts.

The crystalline phases of the catalysts were determined by X-ray
diffractometer (Rigaku rotaflex D/Max-C, Japan) in the scattering
angles (20) rang of 10-80° with Cu-Ka radiation (1=1.5406 A°).

X-ray Photoelectron Spectroscopy (XPS) data were obtained on
a K-Alpha 1063 system (Thermo Fisher Scientific, UK) with an Al
Ka X-ray source. The binding energy (BE) was calibrated by C 1s at
284.6eV.

The Fourier Transform Infrared Spectroscopy (FT-IR) was
recorded on a FTIR-8400 S IRprestige-21 (SHIMADZU, Japan) appa-
ratus. The IR spectra were recorded with 20 scans at a spectral
resolution of 2 cm~1!. Prior to each measurement, the samples were
treated at 250°C in pure N, for 30 min to remove any adsorbed
species, and cooled to room temperature. The total gas flow was
500 mL/min. The adsorption of NH3 was carried out at room
temperature for 1 h using a gaseous feed of 700 ppm NH3/N,. Sub-
sequently, the FT-IR experiments were conducted immediately. A
similar procedure was applied to study the NO + O, (700 ppm NO,
6% 03/N3), SO; +05 (300 ppmS0,, 6% O2/N,), and SO, +H,0+0,
(300 ppmSO0,, 8 vol.% H, 0, 6% 0, /N5) co-adsorption by treating the
samples, respectively.

Temperature-programmed reduction of H, (H,-TPR) was per-
formed on a AutoChem 2920 automated chemisorption analyzer
(Micromeritics Instrument Crop, USA) with approximately 1 g cat-
alyst to analyze the redox properties of the catalysts. In order to
eliminate the adsorbed volatile impurity, the catalysts were pre-
treated in pure N, at 300°C for 30 min and then cooled to room
temperature, performed in a flow of Hy (5vol.%) in Ar (40 mL/min)
from 50 to 750 °C with a heating rate of 10 °C/min.

The temperature programmed desorption of ammonia (NH3-
TPD) was carried out using TP-5080 automatic chemical adsorption
instrument (Tianjin Xian Quan, China). Prior to the experiment,
the 200 mg sample was pretreated at 500°C with a gas flow of
He (30mL/min) for 30 min. Then the samples were cooled down
to 100°C and exposed to NH3 until saturation was reached, fol-
lowed by flushing with pure He at the same temperature to avoid
physisorption of NHs. Afterwards, the NH3-saturated samples were
heated up to 600 °C at a heating rate of 10°C/min in He.

2.3. Catalytic performance test

A schematic diagram of the experimental setup is shown in
Fig. 1. The catalytic activity measurement for the removal of NO
and Hg® was carried out at atmospheric pressure in a fixed bed
continuous flow quartz reactor with i.d. 10 mm 0.25 g catalyst was
placed in the reactor. The composition of simulated flue gas (SFG)
including 700 ppm NO, 700 ppm NHj3, 6% O3, 300 ppm SO, (when
used), and N, (as balance) were precisely controlled by mass flow
controllers (MFC). SCR atmosphere was defined as 6% O,, 700 ppm
of NO, and 280-700 ppm of NH3 balanced in N;. 70.0 p.g/m3 Hg®
was generated by a Hg? permeation tube (VICI Metronics, USA).
In order to avoid Hg® and water vapor condensation, all teflon
tubes that Hg® and water vapor passed through were wrapped with
a temperature-controlled heating tape and heated up to 120°C.
8 vol.% H,0 (when used) was exactly controlled by peristaltic pump
and injected into the teflon tube. 100 mL/min pure N, took along
the water vapor to mix with the SFG. The gas was introduced into
the reactor with the inlet flow rate at 500 mL/min, corresponding to
a gas hourly space velocity (GHSV) of 100,000 h~—!. The steady-state
tests were conducted from 100 to 400 °C. The NO and Hg® concen-
trations at the inlet (NO;,/Hg%;,) and outlet (NOgy¢/Hg%0yut) of the
reactor were measured respectively by a flue gas analyzer (MGA5,
Germany) and an online RA-915 M mercury analyzer (LUMEX Ltd,
Russia). Before proceeding to the mercury analyzer, acid gases and
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Fig. 1. Schematic diagram of the experimental setup.

NH3 were removed by the conditioning unit which converged to a
10% NaOH solution. At the same time, water vapor was removed
by the condenser. An adsorption experiment conducted at room
temperature, and 0.25 g of V/ZrCey catalysts were saturated with
70.0 wg/m3 Hg® under N, atmosphere in less than 10 min, indicat-
ing that the Hg? physical adsorption capacity of the V/ZrCex catalyst
was negligible [27-29]. The decrease of Hg® concentration during
an experiment was attributed to Hg® oxidation. Accordingly, the
Hg? oxidation and NO conversion were respectively defined in Egs.
(1)and (2):

Hgb — Hg?
NHg(%) = gmiogom x 100% (1)
Hgin
NO;,—NO
%) = ——n__Trout . 100% 2
nNo(%) NO,, (2)

3. Results and discussion
3.1. Catalytic performance

3.1.1. Catalytic activity of V/ZrCey catalysts

The simultaneous removal performances of NO and Hg? in SCR
atmosphere (NH3/NO =1) were investigated at the temperature of
100-400°C and the results are shown in Fig. 2. It was clear that the
catalytic activity was influenced by the molar ratios of Ce/Zr. For
the V/ZrCey catalysts with different Ce/Zr ratios, the Hg? oxidation
and NO conversions first increased and then decreased again as
the Ce/Zr ratio increased. The V/ZrCe( g catalyst exhibited the best
Hg® oxidation and NO conversion. At 250°C, Hg® oxidation effi-
ciency and NO conversion was 77.6% and 87.3%, respectively. The
possible reason was that the V/ZrCeq g exhibited the largest BET sur-
face area (as shown in Table 1) during the Ce/Zr ratios increasing
from 0.2 to 1.0, which might affect the Hg? oxidation efficiency and
NO conversions of V/ZrCe. Compared with the V/Zr catalysts, the
addition of Ce widened the operating temperature window for the
reaction as well as considerably improved catalytic performance
(250-300°C). It can be deduced that Ce added to V/Zr enhanced the

Table 1
BET surface and pore parameters of the different catalysts.

Catalysts BET surface Pore volume Average pore
area (m?/g) (cm3/g) diameter (nm)
V/Zr 41.6 0.0745 7.16
V/Ce 41.3 0.0976 9.45
V/ZrCeq, 47.4 0.0445 3.75
V/ZrCep4 48.7 0.0458 3.77
V/ZrCepg 58.5 0.0708 4.84
V/ZrCeps 56.7 0.0743 5.24
V/ZrCe o 51.5 0.0728 5.65

catalytic activity and influenced the catalytic activity at low reac-
tion temperatures. This owed to Zr-Ce mixed oxides, which was a
key component for NH3-SCR catalysts because of their favorable
attributes, such as high temperature phase stability, good redox
properties, and acidity [30]. Besides, according to the literature
[31], the synergetic interaction between Ce and V species enhanced
the reducibility of catalyst and thus improved the catalytic activity.
Although the Hg® oxidation in SCR atmosphere was unsatisfactory,
it is still encouraging because lower space velocity and the typical
flue gas with HCl would result in higher Hg? oxidation efficiency.

3.1.2. Effect of Hg® on NO conversion

The main objective of this work was to achieve simultaneous
removal of Hg® and NO using V/ZrCe catalysts. In real applica-
tions, gas-phase mercury is the typical components of flue gas.
Thus, the effect of Hg® on NO conversion efficiency was studied.
Based on the results in Fig. 3, NO conversion efficiency at differ-
ent Hg? concentration exhibited similar trends. It was obvious that
NO conversion efficiency increased with the increase of reaction
temperature from 100 to 250 °C and then decreased slightly from
300 to 400°C. Besides, NO conversion efficiency at different Hg?
concentration was nearly the same to each other, which indicated
that the addition of Hg® had little impact on NO conversion. It
might be because the Hg® concentration (less than 140 pg/m3) was
extremely small compared to NO concentration (700 ppm).
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Fig. 4. Effects of SCR gas components on Hg® oxidation over V/ZrCegs cata-
lysts at 250°C. (Reaction condition: 70.00 pg/m? Hg?, 0%-12%0,; 0~ 700 ppm NO,
0~ 700 ppm NH3, NH3/NO: 0.4~ 1, 250 mg of sample, 500 mL/min total flow rate
and GHSV 100000 h-1).

3.1.3. Effect of SCR gas components on Hg® oxidation

3.1.3.1. Effect of O,. Effects of SCR gas components on Hg® oxi-
dation over the V/ZrCeyg catalyst are summarized in Fig. 4. O, is
critical for the oxidation of Hg9. Hg® oxidation was observed to be
83.2% at 6% O,, which was higher than the Hg? oxidation of 68.1%
under pure N, gas flow. The loss of Hg® on the V/ZrCegg catalyst
in pure N, atmosphere was due to the reaction between Hg? and
the surface oxygen which could act as oxidants to sustain HgO for-
mation on the surface of sample [32]. Based on the H,-TPR and XPS
results discussed later, the oxygen on the surface of the catalyst not
only supplied abundant chemisorbed and lattice oxygen, but also
enhanced the oxidation of NH3 and the formation of highly reactive
surface nitrates. Therefore, when 6% O, was introduced, gas-phase
0O, regenerated the lattice oxygen and replenished the chemisorbed
oxygen, which facilitated Hg? oxidation. However, when O, con-
centration further increased to 12%, no obvious increase of Hg?
oxidation was detected. This result suggested that 6% O, was suf-
ficient for Hg? oxidation.

3.1.3.2. Effect of NO. The HgY oxidation of the V/ZrCegg catalyst
increased from 68.1% to 79.3% with the addition of 350 ppm NO.
It indicated that the activity of V/ZrCeg g catalyst for Hg? oxidation
was enhanced with the presence of NO. This was probably because
a fraction of NO reacted with the surface oxygen of catalyst to form
NOy species which can cause Hg® oxidation [33]. Besides, a Hg?
oxidation of 76.1% was observed when NO concentration further
increased to 700 ppm, which was still higher than that observed
in pure N, atmosphere. However, 350 ppm and 700 ppm NO bal-
anced in N, was lower than that observed under 6% O, atmosphere.
It was hypothesized that part of the NO reaction consumed the sur-
face oxygen which resulted in a slight decrease of Hg? oxidation.
Hence, once 6% O, was added, gas-phase O, replenished the surface
oxygen, which was sufficient for NO conversion and Hg? oxidation.
Therefore, the coexistence of NO and O, would be beneficial for the
Hg?® oxidation.

3.1.3.3. Effectof NHs. Inthis study, NHs is as areducing agentin the
SCR reaction. The V/ZrCe catalysts, which are developed for simul-
taneous removal of NO and Hg?, would probably be used under SCR
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conditions where NH3 is present. Therefore, it is necessary to study
the effect of NH3 on Hg® oxidation. 350 or 700 ppm of NH3; was
added into pure N, exhibited a significant inhibitive effect on Hg?
oxidation. However, the Hg? oxidation efficiency increased from
39.3% to 65.0% when 6% O, was introduced into the gas flow con-
taining 700 ppm NHs3. Some researchers [34,35] believe that the
adsorbed NH3 most probably reacted with the surface oxygen to
form NH; and OH. The reaction process is as follows:

NH3(g) — NHs(ad) (3)
NH3(ad)+0*(ad) — NHy(ad)+OH(ad) (4)

where O is active surface oxygen of catalyst. The consumption of
surface oxygen by NH3 was mostly responsible for the decrease
of Hg? oxidation. The presence of gas-phase O, could offsets the
greater part of the inhibitive effect of NH3 because the consump-
tion of surface oxygen can be replenished. Besides, the effect of
NH3/NO ratio on Hg? oxidation was also investigated. The Hg® oxi-
dation efficiency increased from 77.6% to 85.7% with the decrease
of NH3/NO ratio from 1.0 to 0.4. It would be deduced that the SCR
reaction consumed NHs3, which could offsets a part of the inhibitive
effect of NH3 on Hg? oxidation. Furthermore, the surplus NO should
facilitate Hg® oxidation when the NH3/NO ratio was smaller than
1.0[36].In general, Hg? oxidation was inhibited in SCR atmosphere
owing to the presence of NHs3. Nevertheless, it is still an inspiring
Hg?® oxidation in typical flue gas with HCI.

3.1.4. Effect of H,0 and SO, on simultaneous removal of NO and
Hg?

Because the combustion exhaust contains water vapor and SO,
in practical applications, the influence of H,0/SO, on the activ-
ity over V/ZrCe( g catalyst was investigated. As shown in Fig. 5, the
addition of 8 vol.% H, O had a negligible inhibition effect on NO con-
version and Hg® oxidation. The Hg? oxidation and NO conversion
remained above 72.9% and 82.6% respectively for the entire 8 h, sug-
gesting that V/ZrCeq¢ catalyst exhibited strong resistance to H,O
poisoning at 250 °C. The effect of 300 ppm SO, over V/ZrCeg g cat-
alysts activity is also shown in Fig. 5. The NO conversion showed
a slight decline over time and decreased to 82.0% when SO, was
introduced into the reaction atmosphere. After removing SO, the
NO conversion was partially restored. This result indicated that
SO, inhibited the catalytic activity slightly at 250 °C, which may be

attributed to the deposition of ammonium sulfate/bisulfate on the
surface. It is interesting to note that Hg® oxidation efficiency was
first increased and then slightly decreased over time in the pres-
ence of SO,. This indicated that promotional effect of SO, on Hg?
oxidation was obtained. It was very likely that SO, reacted with the
surface oxygen to form SO3 that were responsible for the enhanced
Hg? oxidation [37]. A promotional effect of SO, on Hg? oxidation is
presented as follow:

SO, + %Oz — SO3 (5)
Hgo+%02 +S03 — HgS0, (6)

Fig. 5 (inset) shows the influence of H, O and SO, on the catalytic
performance of catalyst. When 8 vol.% H,O and 300 ppm SO, were
added into the SCR atmosphere (NH3/NO=1), a slight decline of
the NO conversion was observed over time. The Hg? oxidation did
not show any decrease for the first 2 h. However, further increasing
the reaction time resulted in a slight decline of Hg® oxidation and
decreased to 72.4%. It might be because H,SO4 can form when SO-,
0,, and H,0 co-exist, which will likely affect the behavior of Hg?
on the surface of catalyst [37]. Then the H,SO4 reacted with HgO to
form HgSO4. After the removal of SO, and H,O0, the catalytic activ-
ity recovered but not returned to the original level yet. It implied
that the ammonium sulfate/bisulfate which blocked the active sites
led to a slight decrease of catalytic activity. However, the catalytic
activity was still maintained at a relatively high level during the
measured period. Combined with the result of upper experiment,
the V/ZrCe( g catalyst has excellent H, O and SO, durability, which s
very competitive for practical application on simultaneous removal
of NO and Hg?.

3.2. Structural properties

3.2.1. BET

The BET specific surface area, pore volume and pore size of the
catalysts are shown in Table 1. The BET surface area of V/ZrCex
was larger than that of V/Zr and V/Ce. Besides, with increasing the
molar ratio of Ce/Zr, a marked increase in the BET surface area
was observed. In particular, V/ZrCeq g catalyst displayed the largest
surface area, which was in consistent with the best catalytic per-
formance. The material owning higher BET specific surface area
could provide more surface active sites for the reactants [38,39],
by which the catalytic activity could be promoted. Besides, it was
concluded that some synergistic effect must exist between the Ce
and Zr oxide species. The V/ZrCey catalysts with higher surface area
may be attributed to a transformation of the bulk, regular crystals
to an amorphous or crystallite structure during co-precipitation, as
shown by XRD. Meanwhile, the amorphous or crystallite structure
usually has a higher surface area than the crystallized structure
[40].

3.2.2. XRD and SEM

Fig. 6 shows the XRD patterns and the SEM images of the pre-
pared samples. To identify the crystal structures of catalysts, XRD
was characterized. As shown in Fig. 6(a), the main peaks of V/Ce
in the diffraction profiles can be attributed to CeO, with the cubic
fluorite structure (PDF-ICDD 43-1002) [4]. The diffraction peaks
of the V/Zr showed monoclinic ZrO, (PDF-ICDD 36-0420) [41].
For the V/ZrCex catalysts, the diffraction peaks were obviously
attributed to the cubic fluorite structure of CeZrO4 (PDF-ICDD 54-
0017), indicating that the CeO,-ZrO, solid solution was formed
[42]. Interestingly, no XRD lines corresponding to crystalline vana-
dia were noted. It can be assumed that the impregnated vanadium
oxide was in a highly dispersed or amorphous state on the sur-
face of the support. Besides, full width at half maximum (FWHM)
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enlarges and the peakintensity decreased on V/ZrCey catalysts. This
indicated that the formation of CeO,-ZrO, solid solution affected
the structure of the catalyst, and it weakened the crystallinity
and reduced the crystalline size. It was reported that amorphous
or crystallite materials with enormous structure distortion would
provide more active sites for catalytic reactions than crystalline
materials, which was probably responsible for the high catalytic
activity [43]. These results also indicated that the ZrCeyx support
was beneficial for the dispersion of active components and resulted
in high NO conversion and Hg? oxidation.

SEM studies were conducted to investigate the surface morphol-
ogy of the catalysts. As displayed in Fig. 6(b)-(d), the nanoparticles
of the V/Ce evenly dispersed without agglomeration, whereas the
agglomeration was observed over the V/Zr catalyst. The particle size
of V/ZrCeq ¢ catalysts observed with SEM was smaller than that of
V/Zr and V/Ce, which could be due to the interaction between Ce
and Zr during preparation process of V/ZrCeq¢ catalyst. The SEM
image of V/ZrCe( g catalysts at high magnification showed homoge-
neous distribution of nanoparticles with an average size of around
5-25nm. Such results indicated that Ce can prevent the aggrega-
tion of Zr particles. Combined with the BET and XRD results, it could
be inferred that the combination of Ce and Zr significantly affected
texture properties of catalysts, which played an important role in
catalytic activity.

3.2.3. NH3-TPD

The NH3-TPD curves for various catalysts are shown in Fig. 7.
After deconvoluting, three main ammonia desorption peaks was
observed over the entire desorption temperature range. A small
peak was located at 159.4-191.2°C, and two large ammonia des-
orption peaks were located at 225.6-250.7 °C and 295.7-340.7 °C,
respectively. According to the literatures [23,38,44,45], the peak at
159.4-191.2°C should be assigned to NH3 desorbed by the weak

acid sites; the peak at 225.6-250.7 °C was ascribed to the desorp-
tion of coordinated NH3; bound to Brgnsted acid sites; the peak at
295.7-340.7 °C was ascribed to the desorption of coordinated NH3
bound to the Lewis acid sites. Compared with the V/Zr catalysts,
the addition of Ce caused broadening of desorption peak. Besides,
V/ZrCeq, had the smallest desorption peak, the intensity of des-
orption peak enhanced with the Ce/Zr ratio varying from 0.2 to 0.6.
However, the intensity declined with further increasing Ce/Zr ratio.
V/ZrCe( ¢ had the biggest desorption peak area, denoting that it had
the most acid amount. Combined with the BET results, the biggest
desorption peak area of V/ZrCeyg may be caused by the biggest
surface area.

3.3. Redox properties

3.3.1. H,-TPR

As illustrated in Fig. 8, H,-TPR analysis was conducted to study
the redox property of V/Zr, V/Ce and V/ZrCeyg catalysts. Some
researchers reported that pure ZrO, does not show any reduc-
tion peak below 900°C [42,46]. Therefore, V/Zr catalysts showed
a major broad peak with maximum at 456 °C, which can be likely
corresponded to the reduction of V>* to V3* [22]. V/Ce exhibited the
reduction peaks at around 550 °C, which was assigned to the reduc-
tion of surface oxygen [4]. And the noticeable and broad shoulder
peak at 716°C was ascribed to the reduction of lattice oxygen [4].
The peaks of V/ZrCeyg at 580°C were assigned to the reduction
of ceria-zirconia mixed oxides [47,48]. Meanwhile, it can be seen
that the peak area of V/ZrCeyg was larger than that of V/Zr and
V/Ce catalyst, which indicated that redox ability of V/ZrCegg was
greatly improved. Higher redox ability of V/ZrCeg g could enhance
the mobility of surface oxygen due to the strong synergetic effect
among Zr, Ce and V species. It was believed that the synergetic
effect led to severe structural distortion and affluent oxygen defects
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[49,50]. Combined with the results of XPS, the good reducibility
owing to the increase of the amount and the kinds of reactive
oxygen species, can provide a facile redox process that would con-
tribute to enhancing the catalytic activity [51].

3.3.2. XPS

XPS measurements were carried out over the fresh and used
V/ZrCeg g catalyst to provide information about the surface inter-
action and the chemical state of elements on the surface of catalysts.
The used V/ZrCeq g catalyst was carried out on the fixed bed reac-
tion system under SCR atmosphere with or without SO, at 250°C.
As shown in Fig. 9(a), the O 1s peak was fitted into two sub-bands:
the peakataround 529.2-530.3 eV was attributed to the lattice oxy-
gen 0%~ (denoted as (O3)), while the one at around 531.3-532.3 eV
corresponded to the chemisorbed oxygen (denoted as (Oa)) such
as 0,2~ or O~ [52]. However, O 1s of V/Ce and V/Zr shifted to
the low binding energy direction. Besides, the binding energy (BE)
value of the V/Ce catalyst was lower than those of the V/Zr and
V/ZrCe g catalysts, showing that Ce donated more electrons to oxy-
gen species. The BE of Of3 peaks tended to shift towards higher BE
(approximately 1.0 eV) over V/ZrCeg g catalysts, which was related
to the partial conversion of Ce#* into Ce3* species [53]. The ratio of
Of3, calculated by Of3/(0Oa+0O[3), over V/ZrCeq g (36.9%) was higher
than that over V/Ce (30.6%) and V/Zr (24.0%), demonstrating that
the amount of lattice oxygen species on V/ZrCegg catalysts was
increased. Oxygen species can be stored/released by ceria via the
redox shift between Ce#*/Ce3* [54], leading to the increase of sur-
face mobile oxygen, which was beneficial to the redox properties.

Fig. 9(b) depicts the XPS spectra in the V 2p region for the
V/ZrCe g catalysts. Two peaks at 518.0 and 519.8 eV for the fresh
V/ZrCeg ¢ catalysts corresponded to the oxidation states V4* and
V>*, respectively [55]. Binding energy of V°* on catalyst surface
increased after the reaction without SO,, while binding energy
of V4* slightly decreased, suggesting that some V>* was reduced
toV4* [56]. Furthermore, the V>*/V4* ratio decreased from 1.2 to
1.0, which also indicated that V4* species increased after reaction
without SO,. According to the previous studies [16], Hg® in flue
gas can react with V,05 on catalyst surface and then form V4*
species and HgO. That was the reason why V4* content increased.
It’s worth noting that the catalysts were found to be reported for
V3* (514.5eV), V4* (516.4eV) and V>* (518.3 eV) after the reaction
with SO,.Dunnetal. [57] proposed that SO, oxidation to SO3 occurs
on V,0s, and at the same time the valence of V°* ions changes to
V3*, However, the content of V>* has remained fairly constant com-
pared to the fresh catalyst. The catalyst would maintain excellent
catalytic performance for relative long time. This could be because
V>* were re-oxidized by oxygen molecules (Oy(g)) or adsorbed oxy-
gen species on the surface (0,q) [58]. In addition, we found that
the conversion of SO, to SO3 over V/ZrCe catalyst was less than 1%
during the experiment, which was negligible. SO3 could react with
Hg? to produce HgSO4. The reactions could be described as:

S0,+V>*-0- — SO3 + V3" (7)
3+ 1 5+
V=+(502(gor Ogq) — V-0~ (8)

The XPS results of Ce 3d for V/ZrCeg g are shown in Fig. 9(c). The
bands labeled u, u”, u”, v, v/ and v” are assigned to Ce**, whereas
the peaks labeled v’ and Vv’ are ascribed to Ce?* ions. It was evident
that the coexistence of Ce** and Ce3* over the fresh V/ZrCeq ¢ cat-
alysts offered the possibility of oxygen storage and release, which
enhanced the catalyst activity. Based on the peak areas, Ce** oxide
was the primary form, which was considered to be beneficial for the
oxidation reactions [59]. The presence of Ce3* could create charge
imbalance, the vacancies and unsaturated chemical bonds on the
catalyst surface, leading to more surface oxygen species formed
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[60]. Combined with results of XRD, XRD patterns did not exhibit
extra peaks, indicating no phase segregation occurred. Liu et al.
[61] found that the enhancement of homogeneous Ce and Zr atoms
could ease the valence change of Ce (Ce** — Ce3*). After the reaction
without SO, the ratio of Ce#*/Ce3* decreased from 5.0 to 3.3 com-
pared to the fresh catalyst, indicating that some Ce** was reduced
to Ce3* during the reaction. The generation of V4* together with
Ce3* is indicative of the redox equilibrium (Ce3* + V>* « Ce?* +V4*),

The redox couple Ce**/Ce3* could transfer electrons to V>*, which
was the enhancement of reduced vanadium species. The ratio of
Ce**/Ce3* increased to 6.1 after the reaction with SO,, which may
be due to the oxidation of Ce3* by O, in the presence of SO,.

HgP oxidation by V/ZrCegg catalysts may be attributed to the
Mars-Maessen mechanism [62,63]. The Hg 4f XPS patterns are
shown in Fig. 9(d). The characteristic peak at 99.0 eV was ascribed
to HgO [64]. The peak at 101.3and 105.2 eV corresponded to Hg 4f
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7/2 and Hg 4f 5/2, respectively, and were assigned to HgO [65,66].
The peak at 103.4 eV was attributed to Si 2p of SiO, in quartz wool
[65]. This indicated that the main species of mercury was HgO on
the surface of V/ZrCe ¢ after the test without SO,. The adsorption
of Hg occurred on the surfaces of V/ZrCe g catalysts followed by a
subsequent heterogeneous oxidative transformation of Hg® to HgO
by reactive surface oxidants [62]. At the same time, the Hg 4f peaks
of V/ZrCe( ¢ after the test with SO, shifted to the low binding energy
direction, which centered at about 99.1 and 102.8 eV. Combined
with the XPS results in the S 2p region, the results were further
confirmed that the oxidized mercury may transform to HgSO4 in
the presence of SO,. The S 2p peaks mainly centered at 167.4 and
169.3 eV, which may be ascribed to SO42~ and HSO,~, respectively
[67]. During the reaction, the formation of SO42~ was also sup-
ported by the spectra of V 2p region.

3.4. FT-IR characterization: study of NHz and NOyx adsorption
abilities and influence of H,0 and SO,

The FT-IR spectra of V/ZrCegg catalyst at different gases for
60 min are showed in Fig. 10. As shown in Fig. 10a, several bands
attributed to different form of NH3 molecule were observed on the
catalyst surface. The bands at 1005cm~1, 1047 cm~!, 1125cm™!,
1267 cm~! and 1627 cm~! can be attributed to asymmetric and
symmetric bending vibrations of NH3 coordinated on Lewis acid
sites [34,68], while the band at 1425cm~! can be assigned to
asymmetric and symmetric bending vibrations of NH4* species
on Brensted acid sites [25,69,70]. The band at 1510cm~! and
1557 cm~! were assigned to amide species (-NH;) [68]. This indi-
cated that the V,05 had an ability to oxidize (or dehydrogenize)
NH3 into NH,, which was considered as the intermediate of the
SCR reaction [71,72]. Fig. 10b shows the FT-IR spectra results of
NOy adsorption over V/ZrCeq g catalysts. After NO + O, adsorption,
several weak bands were detected at 1022, 1094, 1263, 1396,
1516 and 1625cm~!. The bands at 1022 and 1094cm~! were
attributed to anionic nitrosyl NO— species, which can be oxidized
to nitrate or nitrite species in the presence of oxygen [73]. The
bands at 1263 and 1625 cm~! were ascribed to bridging nitrate
[74], while the band at 1396cm~! can be attributed to M-NO,
nitro compounds [75]. Besides, a series of successive peaks in the
range of 1500-1580cm~! could be assigned to NO,-containing
species, like nitrito (O-bound NO,) and nitrato (NO3) species [76].
Some researchers [77,78] demonstrated that the adsorbed nitrates
species could participate in the redox reaction sufficiently. At the
same time, the FT-IR spectra of SO, and H,O adsorption were
also conducted. As shown in Fig. 10c, several bands at 1630, 1266,

1100, and 1015 cm~! were detected on the catalyst. The band at
1630cm~! was assigned to Syoy of H,0, suggesting that surface
water was formed [79]. Three absorption bands between 1000 and
1300cm~! were also discernible on the catalysts, suggesting that
the bidentate sulfates formed [80,81]. Chang et al. [81,82] held the
opinion that the bidentate sulfate could provide new acid sites for
NHs3 adsorption and the emerging sites were mainly Lewis acid
sites. Moreover, the formation of bidentate sulfate would greatly
increase the amount of NH4* [83]. These would alleviate the inhi-
bition of ammonium sulfate/bisulfate deposition on the catalyst. It
is noteworthy that similar bands also appeared after H,O + SO5 + O,
treatment. The major difference was that two new absorption
bands at 1516 and 1461 cm~! appeared when SO,, O, and H,0
co-exist. These bands were attributed to the vibrations of the sur-
face hydroxyl species (OH), demonstrating that gaseous H, 0 and O,
were prone to forming active oxygen and hydroxyl on the surface
[80].

3.5. Mechanism discussion

From the above studies, the reaction over the surface of V/ZrCeg g
catalysts included both Hg® oxidation and NO conversion. The
cerium can occupy two oxidation states [CeO, (Ce**)<« Ce,03
(Ce3")), allowing ceria from the CeO,—ZrO, support to accom-
modate more surface lattice oxygen species. The existence of
redox equilibrium (Ce3* +V>* « Ce*" +V4*) could be beneficial to
the NH3-SCR reaction and Hg? oxidation. On one hand, combining
the results obtained in this study and the literature [84], Hg® oxida-
tion mainly occurs via a Mars—Maessen mechanism. Hg? (g) firstly
absorbed on the surface of the catalysts to form Hg(ad), then V,05
and CeO, offered the lattice oxygen for the oxidation of Hg(ad).
The reduced V,04 and Ce,03 can be converted back to their orig-
inal state by O, in the gas. The redox equilibrium enhanced the
reducibleness of vanadia species. In addition, SO, participated in
the Hg? oxidation reaction and HgSO, was generated. NO could
be oxidized into NO, by surface oxygen, and NO, could react with
Hg® to form Hg(NO3),. The oxidation mechanism of Hg® can be
described as follows:

Hgs — Hg’4q (9)
Hg,q+0g — HgO,q (10)
V505 — V,0,4+0g (11)
2Ce0y — C6203+0/3 (12)
1
V204+§Oz(g) — V505 (13)
Ce,03 + %oz(g) — 2Ce0, (14)
V,05+Cey03 <> V,0412Ce0, (15)

On the other hand, Both Lewis and Brensted acid sites exist
on the surface of V/ZrCeq g catalysts, leading to the appearance of
coordinated NH3, NH4*, —NH, and other intermediates from NH3
oxidation. NO can be oxidized to NO, and intermediate nitrate on
the catalyst surface in the presence of oxygen. The adsorbed NH3
or NH4* would react with the NO, species generated at the surface
to form intermediate species, which further react with gaseous NO
or adsorbed NO to form N,. Furthermore, —NH, could react with
NO to form N,. Based on the XPS and FT-IR spectroscopic results as
well as the earlier reports [68,85], the possible mechanism for the
SCR reaction of NO by NH3 can be facilitated as follows:

Oyg) — 0" (ad)(16)

NH3(g) — NH4*(ad) (17)
2NO(g)+02(g) — 2NO(ad) (18)
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2NH;(ad)+NO,(ad) + NO(g) — 2N; + 3H,0 (19)
2NH,4*(ad)+NO,(ad) + NO(g) — 2N5 + 3H,0+2H* (20)
NO(ad)+NH,(ad) — NH,NO(ad) — N (g)+H,0(g) (21)

4. Conclusions

A series of V/ZrCex catalyst was prepared by a co-precipitation
method for simultaneous removal of NO and Hgl. V/ZrCeyg
exhibited superior NO conversion (87.3%) and Hg? oxidation effi-
ciency (77.6%) in SCR atmosphere (NH3/NO=1) at 250°C. The
catalyst also exhibited a better SO, and H,O durability due to
the formed of bidentate sulfates. The addition of Hg® had little
impact on NO conversion because of the smaller Hg® concen-
tration. NH3 consumed the surface oxygen, hence inhibiting Hg?
oxidation. However, gas-phase O, regenerated the lattice oxy-
gen and replenished the chemisorbed oxygen, which facilitated
Hg® oxidation. NO and SO, had a promoting effect on Hg? oxi-
dation in the presence of O,. In addition, the characterization
results showed that the features of V/ZrCepg, such as lower
crystallinity, better texture properties, strong redox ability and
high reactive nitrate together with NH3 species, were favorable
for the superior catalytic performance. The redox equilibrium
(Ce3* +V>* & Ce** +V4*) was beneficial to the Hg? oxidation and
NO conversion. Based on the results, the catalytic mechanism for
simultaneous removal of Hg® and NO over V,05/Zr0,-Ce0O, was
proposed: 2NH3/NH4*(ad)+NO,(ad)+NO(g) — 2N, +3H,0+/2H",
Hg(ad)+ OB — HgO(ad).
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