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Abstract:

Simultaneous oxidation of Hg® and NH3-SCR of NO by catalyst is one of the key methods for
co-purification of coal-fired flue gas. Till now, the interaction between the oxidation of Hg® and
NH3-SCR of NO and its mechanism have not clarified. In this study, a series of nanophase

Ce . Zr,Mn O, was prepared for the simultaneous oxidation of Hg” and NH3-SCR of NO at low
temperature. The catalysts were characterized using surface area analysis, X-ray diffraction,
temperature-programmed techniques, and several types of microscopy and spectroscopy. The
experimental results indicated that the Ceo.47Zr022Mno 3102 exhibited superior Hg® removal
efficiency (> 99%) and NO conversion efficiency (> 90%) even at 150 °C, and it also exhibited a
good durability in the presence of SO> and H>O. The excellent performance of
Ceo.47Z10.22Mng 3102 on co-purifying Hg® and NO was due to the stronger synergistic effects of
Ce-Zr-Mn in Ceo.47Z10.22Mno 3102 than that of the others, which was illustrated by the
characterization results of XPS, XRD, and FT-IR. Moreover, it was found that the NO
conversion of Ceo 47Zr022Mno 3102 could be slightly influenced by Hg and was decreased about
4% to the max, while that of Hg® could rarely be affected by the selected catalytic reduction
process of NO. It might be due to the co-purification mechanism of NO and Hg’. The mechanism
of the simultaneous oxidation of Hg? and NH3-SCR of NO was mainly due to the synergetic
effect on the mobility of surface oxygen and the activation of lattice oxygen of
Ceo.47Z10.22Mng 310,. The effect of the oxidation of Hg® on the NH3-SCR of NO was mainly due
to the absorbed Hg®/Hg?* on the surface of Ceo.47Zr022Mno 3102, which attenuated the formation
of NH3(ad), “NH2(ad), and NH4" on its acid sites. Similarly, the NH3-SCR of NO process could
hardly influence the oxidation of Hg® when NO and Hg? were co-purified.
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Introduction

The emission of NO «, which consists of over 90-95% NO, and elemental mercury (Hg") from
coal combustion has attracted broad attention in recent years (Zhao et al. 2016b; Zheng et

al. 2007). NO x can cause a series of environmental problems, such as acid rain, photochemical
smog, and haze formation (Lian et al. 2014; Wang et al. 2015). Mercury can do harm to both the
environment and human health because of its extreme toxicity, persistence, and bioaccumulation
of its compounds (Yuan et al. 2012). Therefore, it is very important to co-purify NO ,and

Hg? from flue gas for human health and environmental protection (Zhao et al. 2015; Xie et

al. 2013).

Until now, selective catalytic reduction (SCR) has been considered to be the most effective
process used to remove NO. For Hg removal, activated carbon injection (ACI) systems are the
most effective available technologies (Sjostrom et al. 2010; Liu et al. 2017). However, the large
activated carbon consumption of ACI and the high investment and operating costs involved in
controlling the two emissions separately have led researchers to develop a new technology to
purify NO and Hg? simultaneously (Fang et al. 2013; Zhang et al. 2017a). The catalysts used in
SCR of NO have the co-benefit of facilitating Hg® oxidation (Chi et al. 2017; Zhang et al. 2015c;
Zhang et al. 2013, 2017a, b). However, most of the catalysts used in SCR systems show the best
catalytic activity in NO conversion around 300 to 400 °C, which was not the best temperature for
Hg® oxidation. Furthermore, the conversion of SO to SO3 is high, and the selectivity of N> is
low in the high-temperature range (Yang et al. 2011; Ettireddy et al. 2007; Smirniotis et al.
2001). Therefore, a catalyst that can simultaneously remove NO and Hg? at low temperature
needs to be investigated.

Recently, CeO2 was extensively researched in Hg” oxidation and NO conversion because it
showed good capability of storing and releasing oxygen (Bin et al. 2014; Fan et al. 2012). The
conversion process between Ce*" and Ce** under oxidizing or reducing conditions can produce
highly reactive oxygen vacancies and unsaturated chemical bonds, which have high activity to
participate in catalytic reaction (Liu et al. 2013; Wen et al. 2011). With the addition of Zr, the
dispersion of CeO> and MnO; can be improved (Song et al. 2016). Moreover, the insertion of
ZrO; into CeO, improves the mobility of lattice oxygen and the density of oxygen vacancies,
because part of the Ce*" in CeO; is replaced by Zr*" to form the cubic fluorite structure of Ce-Zr
mixed oxides (Zhao et al. 2016a). MnO; has also shown high activity for NO reduction with
NH3 at low temperatures (Ettireddy et al. 2007). Besides, doping metal oxides can enhance

NO . conversion and N> selectivity of manganese oxide-based catalysts in low-temperature NHs-
SCR (Boningari and Smirniotis 2016; Li et al. 2011). Recently, Ce-Ti-, Ce-Zr-, and Ce-Mn-
based catalysts were studied for Hg® oxidation, NO conversion, and simultaneous removal of NO
and Hg® (Wang et al. 2015; Chi et al. 2017; Reddy et al. 2015; Ding et al. 2015; Lei et al. 2008).
For example, Zhao et al. investigated the simultaneous removal of NO and Hg® from flue gas
over Mn-Ce/Ti-PILCs (PILCs, pillared interlayered clays) catalysts (Wang et al. 2015). He et al.
found that MnO , /TiO >, MnO , /Ce03-Ti0Oz, and CeO>-TiO2 materials exhibit excellent NO
removal performance and high Hg” adsorption capacities both in single-component (NO or Hg?)
tests and in combined NO and Hg” removal experiments at 175 °C (He et al. 2013). However,
Ce-Zr-Mn mixed oxides focusing on the synergistic effects of Ce and Mn have seldom been



reported for co-purifying NO and Hg? at low temperature. Moreover, the interaction between
Hg? and NO when they are simultaneously purified and the mechanism have not been clarified.

Therefore, series of nanophase Ce » Zr , Mn ; O catalysts were prepared for the simultaneous
oxidation of Hg® and NH3-SCR of NO at low temperature in this study. Based on the
performance on co-purifying of NO and Hg® at low temperature and the characterization of the
physicochemical properties of the catalysts, the interaction of the oxidation of Hg® and the NH3-
SCR of NO and its mechanism were specially studied in this study.

Experimental
Catalyst preparation

The Ce x Zr, Mn ; O; catalysts employed in this study were synthesized in one-pot.
Ce(NO3)3-6H20, ZrO(NO3)2, and Mn(NO3)2-4H>0 were used as precursors and were dissolved
in deionized water. The solutions were heated in a water bath at 80 °C with continuous stirring
for 1 h to attain uniform mixing. After the solution cooled to room temperature, an ammonia
solution was added dropwise into the obtained solution under vigorous stirring until the pH
arrived at 10. The resulting precipitates were stirred for 3 h and then aged for 1 h, and finally
filtered, washed, and dried at 80 °C overnight. Then, the samples were calcined at 500 °C for 5 h
in a muffle furnace. The mixed metal oxide solids were prepared in five different molar ratios:
Ceo.12Zr0.17Mno.7102, Ceo.16Z10.22Mno 6202, Ceo 23Z10.32Mno 4502, Ceo 37Z10.26Mno 3702, and
Ce0.47Z1r022Mno 310a.

Catalyst characterization

The Brunauer-Emmett-Teller (BET) surface area, average pore size, and pore volume of the
catalysts were obtained from the adsorption and desorption of N at liquid nitrogen temperature
(— 196 °C) using a Micromeritics Tristar I 3020 analyzer (Micromeritics Instrument Corp.,
Norcross, GA, USA). The specific surface area was calculated by the BET method, and the pore
volume and average pore size were evaluated by the Barrett-Joiner-Halenda method.

The transmission electron microscopy (TEM) images of the samples were collected on a JEOL
JEM-2100 electron microscope (JEOL Ltd., Tokyo, Japan) at 200 kV to evaluate the particle size
and morphology of the catalysts.

Fourier transform infrared (FT-IR) spectroscopy was performed using a Bruker Equinox 55 FT-
IR spectrometer (Bruker Optics, Ettlingen, Germany) to measure the surface groups of the
catalysts. The spectral region between 400 and 4000 cm™! was scanned with a 2-cm™! resolution.

X-ray diffraction (XRD) measurements were carried out by a Rigaku D/max-2500 powder
diffractometer (Rigaku, Tokyo, Japan) with Cu Ka radiation (40 kV, 200 mA). The scanning
range was 10° to 80° (26), with a step size of 0.02° and a scanning rate of 8° min .



X-ray photoelectron spectroscopy (XPS) measurements were carried out using an ESCALAB
250Xi (Thermo Fisher Scientific, MA, USA) with a monochromatic Al Ka X-ray source
(1486.6 eV). The binding energies were calibrated using the C1s photoelectron peak at 284.6 eV.

Temperature-programmed reduction of H, (H2-TPR) and the temperature-programmed
desorption of NH3 (NH3-TPD) were conducted on a Micromeritics AutoChem I1 2920
(Micromeritics Instrument Corp.) with 200-mg samples to obtain surface acidity.

Catalytic activity test

The catalytic activity measurements for Hg® oxidation and NO conversion were carried out in a
fixed-bed reactor. The schematic diagram of the experimental setup is shown in Fig. 1.
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Figure 1. Schematic diagram of the experimental setup

A catalyst sample was loaded in the quartz reactor in each test. The ability of the catalyst to
remove NO and Hg’ was investigated at a temperature from 100 to 300 °C under 40,000 h™! gas
hourly space velocity. The total flow rate of the simulated flue gas passing through the fixed-bed
reactor was kept at 933 mL/min, including 10% O, 1000 ppm NO (when used), 1000 ppm

NH3 (when used), 1000 ppm SO, (when used), 5 vol% H>O (when used), and N as the balance
gas. The inlet Hg® concentration was approximately 42 pg/m>. The flow rates of simulated flue
gas compositions were accurately controlled by a mass flow controller (MFC). Note that NO
changed into NO; during the test, so NO  was used to value the efficiency of NO conversion.
The NO ,and Hg? concentrations at the inlet and outlet of the reactor were metered by a flue gas
analyzer (Nova plus RCU, MRU, Neckarsulm, Germany) and an online mercury analyzer (VM-
3000, Mercury Instruments, Karlsfeld, Germany), respectively. Each sampling test and analysis
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was performed three times to reduce the error and uncertainty. The NO reduction efficiency
(Eno) and Hg? oxidation efficiency (Eng) were calculated from the difference in NO ,and
Hg® concentrations between the inlet and outlet as Eqgs. (1) and (2):

NO,;, — NO 1

Eno (%) = X”;vo —X% % 100% D
xin

Hg® — Hg® 2

Eng(%) = —g”‘H ZJout 1009 @

in

where NO,in and Hg were the concentrations of NO ,and Hg? at the inlet of the reactor, and
NOsout and Hg?) were the concentrations of NO , and Hg® at the outlet of the reactor,
respectively.

Results and discussion
Performance of Ce x Zr , Mn ; O catalysts

Simultaneous Hg’ oxidation and NO conversion. The prepared Ce  Zr, Mn ; O, catalysts were
first used to simultaneously remove NO and Hg’ in a SCR atmosphere at a temperature from 100
to 300 °C, and the results are shown in Fig. 2.

As shown in Fig. 2a, the simultaneous efficiency of NO conversion in the SCR atmosphere first
increased and then decreased when the temperature rose. The catalysts had the highest efficiency
of NO conversion around 150 to 200 °C. In Fig. 2b, the simultaneous efficiency of Hg’ oxidation
remained higher than 90% from 100 to 300 °C, although the catalysts had different molar ratios
of Ce, Zr, and Mn. This indicates that all the catalysts provided good Hg? oxidation at low
temperature.

The Ceo.12Z10.17Mno.7102, Ceo.23Z10.3:Mng 4502, and Ceo.47Z10.22Mng 310; catalysts reached the
highest simultaneous efficiencies of NO conversion at 200 °C. However,

Ce0.23Zr0.32Mno 4502 and Ceo.12Zro.17Mno.7102 performed worse in NO conversion than
Ce0.47Z10.22Mng 3102 below 150 °C. It was obvious that Ceo 47Zr022Mno 3102 had the best
performance in NO conversion among the five catalysts at low temperature. As for simultaneous
efficiencies of Hg" oxidation, Ceo.16Z10.22Mn.6202 and Ceo.47Zr022Mno 3102 both showed good
Hg® oxidation efficiency from 100 to 250 °C compared to the others. The only difference was
that the Hg? oxidation efficiency of Ceo.16Z10.22Mno 6202 at 100 °C was approximately 1% lower
than that of Ceo.47Zr022Mno3102. The simultaneous efficiencies of Hg® oxidation over
Ceo.47Z10.22Mng 3107 remained at 100% below 250 °C. It indicated that

Ceo47Z1022Mn 3102 performed high activity and stability in Hg® oxidation at low temperature.
Therefore, the Ceo.47Z1r0.22Mno.3102 nanocomposite had excellent performance in simultaneous
Hg? oxidation and NO conversion.
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Figure 2. Co-purifying of Hg’ and NO over different catalysts in simulated flue gas
(NH3/NO = 1): the simultaneous efficiency of a NO conversion and b Hg? oxidation (reaction
conditions 42.0 ug/m* Hg’, 1000 ppm NO, NH3/NO: 1, 10% O, gas hourly space velocity
40,000 h™")

As shown in Fig. 2a, the simultaneous efficiency of NO conversion in the SCR atmosphere first
increased and then decreased when the temperature rose. The catalysts had the highest efficiency
of NO conversion around 150 to 200 °C. In Fig. 2b, the simultaneous efficiency of Hg’ oxidation
remained higher than 90% from 100 to 300 °C, although the catalysts had different molar ratios
of Ce, Zr, and Mn. This indicates that all the catalysts provided good Hg’ oxidation at low
temperature.

The Ceo.12Zr0.17Mno.7102, Ceo.23Z10.32Mno 4502, and Ceo 47Z10.22Mno 310 catalysts reached the
highest simultaneous efficiencies of NO conversion at 200 °C. However,
Ce0.23Z10.32Mno.4502 and Ceo.12Zro.17Mng 710> performed worse in NO conversion than
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Ce0.47Z10.22Mng 3102 below 150 °C. It was obvious that Ceo 47Zr022Mno 3102 had the best
performance in NO conversion among the five catalysts at low temperature. As for simultaneous
efficiencies of Hg® oxidation, Ceo.16Zr0.22Mno 6202 and Ceo 47Z1022Mno 3102 both showed good
Hg? oxidation efficiency from 100 to 250 °C compared to the others. The only difference was
that the Hg? oxidation efficiency of Ceo.16Z10.22Mng 620> at 100 °C was approximately 1% lower
than that of Ce.47Z192:Mng3102. The simultaneous efficiencies of Hg® oxidation over
Ceo0.47Z10.22Mno 3107 remained at 100% below 250 °C. It indicated that

Ceo.47Z1022Mng 310, performed high activity and stability in Hg® oxidation at low temperature.
Therefore, the Ceo.47Z10.22Mno.3102 nanocomposite had excellent performance in simultaneous
Hg® oxidation and NO conversion.

A long-duration test was further performed at 200 °C to investigate the performance of
Ce0.47Z10.22Mno 3102, and the results are shown in Fig. 3.
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Figure 3. Effect of time on the simultaneous removal of Hg® and NO over Ceg.47Zr0.22Mng 310> at
200 °C (reaction conditions 42.0 pg/m* Hg®, 1000 ppm NO, NH3/NO: 1, 10% O, gas hourly
space velocity 40,000 h™!)

The simultaneous efficiencies of NO conversion and Hg? oxidation progressively reduced as
time went on, especially for NO conversion efficiency. The simultaneous efficiency of NO
conversion decreased from 100 to 94% after 40 h. Hg? oxidation efficiency slightly decreased
from 100 to 99%, remaining high through 40 h. These results indicate that the
Ceo.47Z1022Mn 3102 had high simultaneous efficiencies of NO conversion and Hg? oxidation for
a long duration.

Effect of H>0 and SO: on simultaneous Hg" oxidation and NO conversion. In real applications,
water vapor and SO; are inevitable in the combustion exhaust. The effects of H2O and SOz on

the simultaneous removal of Hg’ and NO over the Ceo.47Zr022Mng310; catalyst at 200 °C were
tested. The results are shown in Fig. 4.
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Figure 4. Effect of HO and SO» on simultaneous Hg® oxidation and NO conversion over
Ceo.47Z1022Mno 3102 at 200 °C: a the effect of SO2, b the effect of H>O, and c the effect of H,O
and SO; (reaction conditions 42.0 pg/m?® Hg’, 1000 ppm NO, NH3/NO: 1, 10% Oz, 1000 ppm
SO, [when used], 5 vol% H,O [when used], gas hourly space velocity 40,000 h™!)
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From Fig. 4a, the addition of 1000 ppm SO> had negative effects on both Hg’ oxidation and NO
conversion. The efficiency of Hg® oxidation dropped from 100 to 92% after 8 h of SO., and the
efficiency of NO conversion dropped from 99 to 83%. After removing SOz, the two efficiencies
returned to higher levels, but less than the original values. The inhibition by SO, was possibly
due to the formation of ammonium sulfate, which would cover the active surface sites and
influence the catalytic activity, and the competitive adsorption of SO, and Hg”/NO (Liu et

al. 2017; Reddy et al. 2015; Zhang et al. 2015a).

As shown in Fig. 4b, the addition of 5 vol% H>O also had adverse effects on the simultaneous
removal of Hg” and NO. When 5 vol% H>O was added in the simulated flue gas, the efficiency
of Hg" oxidation decreased. Correspondingly, the efficiency of NO conversion decreased from
99 to 86%. It was probably due to the competitive adsorption between H>O and NH3 for the
reaction sites (Ding et al. 2015; Qu et al. 2013a). When H>O was cut off from the flue gas, the
removal efficiencies of NO and Hg? could be remarkably enhanced.

Figure 4c shows its catalytic performance with both SO> and H>O components together.

Hg? oxidation efficiency decreased from 100 to 90%, while NO conversion efficiency decreased
from 99 to 82% after 8 h treatment of SOz and H>O. After SO; and H>O were simultaneously cut
off, both Hg” oxidation efficiency and NO conversion efficiency were partially restored. It
suggested that Ceo.47Z10.22Mno 310, exhibited good resistance to SO> and H>O poisoning at

200 °C.

Effect of Hg” on NO conversion. The NO conversion efficiency of the Ceo 47Zr92:Mng 3102 under
different Hg concentrations is shown in Fig. 5.

100 = 1
—l=— 0 pg'm

—— 42 pgim’ |

a0 |

a0 |-

NO conversion(%a)

0 |-

&0 -

100 150 200 280 300
Temperature ("

Figure 5. Effect of Hg® oxidation on NH3-SCR of NO over Ceg47Zr022Mng 310>

The NO conversion efficiency without Hg® was a bit higher than that with 42 pg/m?® Hg’.
However, the NO conversion efficiency with 42 pg/m? Hg” was the same as that without Hg" at
200 °C. With increasing temperature, the two NO conversion efficiencies both increased at first
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and then decreased. In addition, the gap between the two efficiencies narrowed from 100 to

200 °C and broadened from 200 to 300 °C. This indicates that the addition of 42 pg/m* Hg® had
only a small adverse effect on the NO conversion by the Ceo.47Z1022Mno 310> at low temperature.
In NH3-SCR reaction, NH3 is firstly adsorbed on the Ceo.47Z1r0.22Mno.310;> catalyst and then had
an effect on the NO conversion (Zhang et al. 2017a). With the addition of Hg’, the competitive
adsorption between Hg and NH3 might be the main cause of the lower NO conversion
efficiency.

Effect of SCR gas on Hg’ oxidation. The main intent of this work was to investigate the function
of Ce « Zr ,Mn . O catalysts in the simultaneous removal of Hg® and NO in simulated flue gas. In
practical applications, SCR gas is indispensable in NO conversion. The effect of SCR gas on
Hg? oxidation by the Ceo47Zr92:Mng 310> catalyst is shown in Fig. 6.
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Figure 6. Effect of NH3-SCR of NO on Hg? oxidation over Ce.47Z1r022Mng 3102 (with SCR gas:
42.0 pg/m* Hg®, 1000 ppm NO, 1000 ppm NH3, 10% O2; or no SCR gas: 42.0 pg/m>® Hg’, 10%
O2; gas hourly space velocity 40,000 h™')

The efficiency of Hg’ oxidation remained high from 100 to 300 °C in both treatments (in the
presence/absence of SCR gas). The only difference was that the efficiency of Hg? oxidation with
SCR gas was 99% at 300 °C, which was only 1% lower than that without SCR gas. Therefore,
the SCR gas in the test had little impact on the Hg? oxidation by the Ceo.47Zr92:Mng310; at low
temperature.

Characterization of the catalysts

BET. Table 1 lists the BET surface area, pore volume, and average pore size of the catalysts. The
BET surface areas of the catalysts ranged from 95.06 to 119.73 m?/g. In particular,
Ce037Z1026Mno 3702 had the largest BET surface area of 119.73 m?/g among the five catalysts,
and its pore volume of 0.32 cm?/g and average pore size of 9.35 nm were also the largest.
However, the BET surface area of Ceo.47Zr0.22Mno 3102, which had the best catalytic
performance, was only 96.23 m?/g. This might be attributed to the synergistic effects of Ce, Zr,
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and Mn oxide species, which probably influenced the catalytic performance much more
significantly than the specific surface area (SSA), although higher SSA could provide more
surface active sites (Reddy et al. 2015; Ozkan et al. 1994).

Table 1. Surface structure properties of Ce » Zr, Mn . O, catalysts

Catalyst BET surface area (m?/g) Pore volume (cm’/g) Average pore size (nm)
Ceo.12Z10.17Mng 7102 105.93 0.22 7.61
Ceo.16Z10.22Mng 6202 95.06 0.19 7.66
Ceo.23Z103:2Mng 4502 113.49 0.26 8.29
Ceo.37Z1026Mng 3702 119.73 0.32 9.35
Ceo.47Z1022Mng 3102 96.23 0.20 7.81

TEM. Figure 7 shows the TEM images of the Ceo.47Z10.22Mno.310; catalyst at 200-, 100-, 20-, and
10-nm resolution. Many crystal grains with similar tiny size combined together, forming the
Ce07-Zr02-MnO; solid solution. The average diameter of the catalyst was around 8 nm. It
indicated that the diameter of the catalyst reached the nanometer grade, which could contribute
to the high catalytic performance by providing more surface active sites (Zhang et al. 2017a).
This finding is consistent with the BET results, which suggested that the porous structure and
small particle size of Ceo.47Z10.22Mno 3102 were beneficial for gaseous reaction (Ma et al. 2017).
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Figure 7. Transmission electron microscopy images of the Ceo.47Zr0.22Mno310; catalyst

XRD. The powder XRD patterns of Ce x Zr, Mn ; O; catalysts with different components are
shown in Fig. 8.
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Figure 8. X-ray diffraction patterns: a Ce-Zr-MnO; catalysts, b fresh Ceo.47Z10.22Mno3102 (none)
and used catalyst after the test with HO + SO, or without H,0 and SO, (NO + Hg?)

As illustrated in Fig. 8a, all peaks are indexed and referred with the Powder Diffraction Files
(PDF). The diffraction peaks at 28.6°, 33.2°,47.9°, 56.8°, 59.6°, 69.5°, 76.7°, and 79.1°
correspond to the (111), (200), (220), (311), (222), (400), (331), and (420) crystal planes of
CeO: (PDF# 01-0800). The diffraction peaks at 30.4°, 35.5°, 50.3°, 50.9°, 59.6°, 60.4°, 63.1°,
73.3°, and 74.6° could be indexed to the respective crystal planes (111), (200), (202), (220),
(113), (311), (222), (004), and (400) of ZrO, (PDF# 02-0733). The diffraction peaks at 12.2°,
18.6°, 36.8°, 54.9°, and 65.7° correspond to the respective crystal planes (110), (200), (211),
(431), and (112) of MnO> (PDF# 18-0802). When the proportion of cerium in the

Ce Zr,Mn ;O catalyst increased, the diffraction peaks of CeO2 became more obvious, which
might be due to the better crystallization of cerium oxide (Reddy et al. 2005). The characteristic
peaks of ZrO2 and MnO» were inconspicuous, indicating that the impregnated ZrO> and

MnO, were in a highly dispersed or amorphous state in the solid solution (Zhang et al. 2015¢).
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Crystalline metal oxide species, like CeO», would provide more active sites for catalytic
reactions than amorphous materials with structure distortion properties, which was ascribed from
that increased CeO; proportion resulted in increased catalytic activity (Reddy et al. 2005).

Figure 8b shows the powder XRD patterns of the fresh Ceo.47Zr0.22Mno.310; catalyst, the one after
the simultaneous Hg” oxidation and NO conversion test, and the one tested with the presence of
H>0 and SO», respectively. The three patterns are substantially the same, which indicates that
there is no obvious difference in the crystal structures between before and after used samples. In
other words, the catalyst remained stable during the simultaneous Hg" oxidation and NO
conversion test, even with the effects of H,O and SOs..

XPS. To further investigate the chemical states of the elements on the catalysts’ surface, the
catalysts were characterized by XPS. The surface atomic characteristics of Ce, Zr, Mn, and O
were measured and are shown in Fig. 9.

As shown in Fig. 9(al) to (el), the O 1s XPS spectra of the fresh Ce-Zr-Mn-O; catalysts were all
divided into two peaks. The peaks around 529.3-529.5 eV can be regarded as the lattice oxygen
(Op), and the binding energy peaks around 531.1-532.0 eV are attributed to chemisorbed oxygen
(Oq) (Zhang et al. 2017a; Chi et al. 2017). The effect of oxygen on activity and selectivity is
noteworthy in both SCR and ammonia oxidation reactions (Ettireddy et al. 2012). It has been
shown that O, can be regarded as the most active oxygen, which benefits the reactive oxidation
process (Song et al. 2016; Yang et al. 2006). Og, as the lattice oxygen species, can easily bond
with adsorbed mercury to form HgO in the adsorption and oxidation reaction of Hg’ over the
surface of catalysts (Zhang et al. 2015¢c; Yang et al. 2015). It can also be stored and released by
ceria via the redox shift between Ce*" and Ce** (Bin et al. 2014). This situation could generate
additional chemisorbed oxygen on the surface of the catalyst, which might affect the redox
properties and nitrogen oxide/ammonia adsorption capacity of the catalysts (Liu et al. 2013).
Among the five catalysts, the Oy/(Oq + Op) ratios were different, but they all had good
performance in the simultaneous removal of NO and Hg’. After the simultaneous removal of NO
and Hg" test, shown in Fig. 9(f1), both O, and Og decreased. This indicates that, with the
existence of ceria, the lattice oxygen can be changed into chemisorbed oxygen and benefit the
redox properties. The importance of ceria was also supported by the finding that
Ceo0.47Z10.22Mng 3102 performed best, although it had the lowest Oq/(Oq + Op) ratio. Moreover, this
illustrates the synergistic effects of cerium and manganese to promote catalytic activity.

Figure 9(e2) and (f2) shows the Ce 3d XPS spectra of fresh and used Ceo.47Z10.22Mno 3102,
respectively. u and v refer to the 3ds, and 3d7» spin-orbit components, respectively (Mullins et
al. 1998). The peaks labeled u1 and v are assigned to Ce*", while the peaks

denoted u, ua, us, v, v2, and vs represent Ce** (Fang et al. 2007; Gao et al. 2010). All of the
catalysts exhibited a total of eight peaks attributed to the Ce*" and Ce** oxidation states, while
the ratio of Ce**/(Ce** + Ce*") increased from 15 to 20% after use. This indicates that Ce*" was
the main form of cerium on the surface. In addition, Ce*" was reduced to Ce** during the test,
coincident with the decrease of the Oy/(Oy + Op) ratio shown in Fig. 9(f1) according to the
reaction 2Ce0; <> Ce203 + Op. However, the ratio of Ce**/(Ce** + Ce*") did not significantly
increase, perhaps because the Ce*" was oxidized into Ce*" again by the redox equilibrium.
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Figure 9. X-ray photoelectron spectroscopy spectra of the fresh or used catalysts over the
spectral regions of Ce 3d, Zr 3d, Mn 2p, and O 1s
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Figure 9 (continued). X-ray photoelectron spectroscopy spectra of the fresh or used catalysts
over the spectral regions of Ce 3d, Zr 3d, Mn 2p, and O 1s
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As shown in Fig. 9(e3), for Mn 2p of fresh Ceo.47Z1022Mno 3102, the two characteristic peaks at
644.0 and 641.5 eV correspond to the valences of Mn*" and Mn*", respectively (He et al. 2014;
Pappas et al. 2016); no Mn>" peak was observed. Figure 9(f3) shows that the atomic ratio of
Mn*"/(Mn** + Mn*") in the used catalyst was 15%, while the ratio was 21% in the fresh one. This
illustrates that the Mn*' changed into Mn>" during the test, which also indicates that electron
transfer occurred, accompanied by the formation of oxygen vacancies. The reduction of Mn*" to
Mn?* resulted from the Mn** adsorbed electrons in oxygen vacancies to form

Mn** (Mn** + ¢~ — Mn**), which probably contributed to the oxidation of NO and Hg® (Wang et
al. 2015; Boningari et al. 2015). Hence, the oxygen defect formation at MnO> surfaces might
play a key role in its catalytic activity due to the low oxygen vacancy formation energy providing
a favorable thermodynamic pathway for catalytic processes, such as 0.97 eV for (110), 1.09 eV
for (211), and 0.07 eV for (112) (Tompsett et al. 2014).

The Zr 3d binding energies of the fresh Ceo.47Zr0.22Mno.3102 are shown in Fig. 9(e4). The Zr 3d
spectra show two peaks, corresponding to Zr 3d3 at 184.2 eV and Zr 3ds at 181.8 eV, both of
which are assigned to Zr*" (Picasso et al. 2007; Younes et al. 2003). After the test, the Zr 3d of
used Ceo.47Z10.22Mno 3102, as shown in Fig. 9(f4), showed no difference as compared with the
fresh one, except for a shift of both peaks to higher binding energy values. All four elements’
peaks shifted to the higher binding energy values after the test, which might be associated with
more electron-attractive species adsorbed on the surface of the catalyst after the test (Xie et

al. 2013; Song et al. 2016).

The XPS results indicate that the redox reactions of Ce and Mn played major roles in the
simultaneous removal of NO and Hg’.

FT-IR. Figure 10 illustrates the FT-IR spectra of the five catalysts. For Ceo.12Zr0.17Mno.7102, the
band at 3400 cm ™! can be attributed to the hydroxyl groups adsorbed on the surface of the
catalyst (Ma et al. 2017; Schmitt and Flemming 1998). The band at 2934 cm ™! and some weak
bands around this wave number are due to the CH3/CH> groups (Schmitt and Flemming 1998;
Rivas et al. 2008). The adsorption peak at 1623 cm™! is attributed to the bridging bidentate
nitrates (Zhang et al. 2017a; Wang et al. 2017). Moreover, the absorption bands at 1532 cm™!
correspond to NOz-containing species (Zhang et al. 2017a; Zhao et al. 2016a). The bands at 1395
and 1047 cm ™! correspond to C—O and O—C—O bending vibrations (Schmitt and Flemming
1998). The appearance of all these bands could account for the adsorption of the H>O, CO»,
NOs~, NHj3, and other carbon-hydrogen compounds present in the air or from the preparation
(Padmanathan and Selladurai 2014; Santos et al. 2008). The strong intense band at 560 cm™! is
ascribed to the Mn—0, Ce—0O, and Zr—O hybrid vibrations (Reddy et al. 2005; Marzouk et al.
2017; Aghazadeha et al. 2016). The adsorption bands of Ceo.23Zr0.32Mno 4502 and
Ceo.16Z10.22Mno 6202 were analogous, despite small shifting of the peaks. Compared to the three
catalysts above, the peaks of Ceo.37Zr0.26Mno3702 and Ceo.47Zr022Mno 3102 were much more
abundant, while the peaks were similar to the others above 1000 cm™!. This difference could be
attributed to the different vibrations of Mn—O, Ce—O, and Zr—O. These results illustrate that the
metallic oxides were well dispersed on the surface of the catalysts, contributing to a high
catalytic activity (Li et al. 2015). Therefore, the large amount of active groups adsorbed on the
surface of the catalysts benefited the removal of NO and Hg’.
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Figure 10. Fourier transform infrared spectra of the five catalysts
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Figure 11. Temperature-programmed reduction of H» properties of the five catalysts

H>-TPR. The redox properties of the catalysts, which were obtained by H,-TPR, are shown in
Fig. 11.

The Ceo.23Z10.32Mno.4502 shows three peaks at 305, 405, and 523 °C, respectively. The peak at
305 °C was the strongest, which could be attributed to the reduction of Mn*" to Mn>". In
addition, the peak at 405 °C could correspond to the reduction of Mn** to Mn?* (Ma et al. 2017;
Xu et al. 2015). This agrees with the results from XPS showing that only Mn*" and Mn** existed,
whether the catalyst was used or not, as the test temperature was only 200 °C, which was much
lower than the reduction temperature of Mn>" to Mn?*. The weakest peak at 523 °C could be
interpreted as the reduction of Ce*" to Ce*" (Chi et al. 2017; Zhu et al. 2004). As for the
remaining four catalysts, the three characteristic peaks could also be observed. For the catalysts
of Ceo.16Z10.22Mno 6202 and Ceo 47Z10.22Mno 3102, the peaks were not obvious, indicating that the
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overlap reduction of surface Mn*" to Mn** and Ce*" to Ce** presents due to the interaction
between Mn and Ce oxides, which could highly support the strong synergetic effect on the
mobility of surface oxygen and the activation of lattice oxygen. Combined with the results of the
simultaneous removal of NO and Hg’, the catalysts had high catalytic efficiency of Hg’
oxidation at low temperature, mainly because of the reduction of Mn** to Mn>" at low
temperature. Moreover, all of the catalysts performed well at Hg® oxidation, perhaps because the
Hg® content was insignificant compared to the manganese content, even given the worst-case
reducibility. In addition, the first peak of Ceo.47Zr022Mno 3102 at 267 °C was the lowest one
among the five catalysts, which might have contributed to the best performance of
Ce0.47Z10.22Mng 3102 at low temperature.
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Figure 12. Temperature-programmed desorption of NH3 properties of the five catalysts

NH;3-TPD. NH3-TPD was performed to investigate the surface acidities of the Ce y Zr , Mn : O2
catalysts, and the profiles are shown in Fig. 12.

There were three broad peaks at 159-169, 201-215, and 247-268 °C, indicating the presence of
acid sites with different thermal stabilities (Wang et al. 2017). The first peaks at the lowest
temperature range (159-169 °C) could be assigned to physically adsorbed NH3, the peak at 201—
215 °C could be assigned to the desorption of NH*" from the strong Brensted acid sites, and the
peak at 247-268 °C was the ammonia strongly adsorbed on the Lewis acid sites (Watanabe et

al. 2009; Zhang et al. 2015b). The three broad peaks indicated that there were abundant acid sites
on the surface of the Ce » Zr, Mn ; O; catalysts, which benefited the NO conversion because

NH3 was well adsorbed (Peng et al. 2013; Qu et al. 2013b). Moreover, this result was consistent
with the excellent NO removal performance of the catalysts that when the temperature was
higher than 200 °C, the NH3 adsorbed in Bronsted acid sites have desorbed, so the SCR activity
became lower.

Interaction and mechanism discussion. For the Ceo.47Z1022Mno310; catalyst, the reactions on the
surface included both Hg? oxidation (Hg® was oxidized to Hg?") and NO conversion (NO was
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reduced by NH3), which were aided by the synergetic effect on the mobility of surface oxygen
and the activation of lattice oxygen. The synergistic mechanism could be described as follows:

Mn, 03 + 2Ce0, < 2MO, + Ce, 05 3)

1 “4)
C8203 + EOz(g) - 2C602

The redox equilibrium (Mn** + Ce*" «» Mn*" + Ce*") played an important role in promoting

Hg® oxidation and NO conversion by enhancing the reducibleness of CeO2 and MnO>. Cerium
could occupy two oxidation states (CeO: (Ce*") «» Ce203 (Ce*")), allowing ceria to
accommodate more surface lattice oxygen species. Consequently, the presence of

CeO: increased the redox properties of Zr, Mn : O2, since low oxygen vacancy formation energy
of MnO; provided a favorable thermodynamic pathway for the catalytic reoxidation by gas phase
oxygen. In addition, the synergetic effect resulted in a decrease of the energy that required for the
electron transfer between Ce and Mn active sites, promoting the adsorption and activation of
NH3 and NO, which could greatly improve the Hg” oxidation and NO conversion.

Separately, the SCR reaction of NO by NH3 on the Ceo.47Zr0.22Mno 3102 catalyst most probably
took place according to the following steps. Gaseous NH3 was firstly adsorbed on the
Ceo.47Zr0.22Mng 310; catalyst to form coordinated NH3(ad), ~NHa(ad), and NH4" since Brensted acid
sites and Lewis acid sites presented on the surface of the catalyst. With NO largely adsorbed on
Ceo.47Z10.22Mno 310; catalyst, the NO(qg) could be oxidized to NO», which subsequently coupled
with the intermediate species to react with NOgaq) to form N> and H>O. The proposed NH3-SCR
mechanisms could be facilitated as follows:

NH3(g) = NH3(aq) ©)

NH3(aq) + O(aqy & —NHz(aq) + OH(aq) (6)

NO(aqy + —NHa(aq) = NH;NO(aq) = Nagg) + H20g) 7)

2NO g + O3g) = 2NOjaq (8)

NOz(ady + OHgadqy = Oady + HNO3(aq) ©)
HNO,(aq) + NHs(aq) = NH4NO, = NH,NO o) + H,0 = Ny + 2H,0,g) (10)
NHj(g) = NHj 0 (11)
2NH 3y + NOpgag) + NO(g) — 2Nyg) + 3H,0() + 2H (12)

Meanwhile, based on the results obtained from H>-TPR and XPS, a likely reaction pathway for
Hg® oxidation was related to the Mars-Maessen mechanism. Gaseous Hg’ was firstly adsorbed
on the surface of the catalyst to form Hg’aa). Then, the lattice and surface oxygen reacts with



adjacently absorbed Hg® to form HgO(.q). The adsorbed mercury is present as both Hg’ and
Hg?" on these ceria-based materials (He et al. 2011). Some of HgO(aq) was captured by the
catalyst and the rest re-emits to the gas phase. In the presence of O», the redox equilibrium
induced the reduced Ce>O3 and Mn,0Os to be converted back to their original states. The possible
mechanism for Hg® oxidation could be proposed as follows:

Hg(()g) - Hg?ad) (13)
Hg?ad) + 2Ce0,(MnO0,) — Hg0(aq) + Ce,03(Mn;,03) (14)

As for the interaction between NH3-SCR and Hg’, it was shown in Figs. 5 and 6 that the NO
conversion of Ceo47Zr92:Mng 3102 could be slightly influenced by Hg®, while that of Hg® could
rarely be affected by the selected catalytic reduction process of NO.

It had been illustrated that the Hg? oxidation activity could be suppressed by NH3 in accordance
with the following reaction (Chi et al. 2017):

3Hg?* + 2NH; — 3Hg? + N, + 6H* (16)

However, the negative effect of NH3 on Hg oxidation was more obvious at high temperature
(>325 °C) (Chi et al. 2017). It was consistent with the result of the SCR gas effect, shown in
Fig. 6, that the efficiency of Hg? oxidation was only a bit suppressed at 300 °C.

In addition, the adverse effect of HgO to NO was more notable. In general, HgO, NH3, and NO
were firstly adsorbed on the Ceo.47Zr0.22Mno 310> catalyst from the results described above.
Therefore, it might be the competitive adsorption between Hg® and NH3 that resulted in the
decreasing of NO conversion. Gaseous NH3 was adsorbed on the Ceo.47Z10.22Mng 310> catalyst to
form coordinated NH3(ad), “NH2(ad), and NH4" with Brensted acid sites and Lewis acid sites
firstly, which played an important role in NO conversion. However, the adsorbed

Hg/Hg?* occupied the surface active sites of the catalyst, which might abate the formation of
NH3(ad), ~NHz(ad), and NH4" on acid sites, ultimately leading to the inhibition of NO conversion.
The NH3-TPD result (Fig. 12) showed the presence of acid sites with different thermal stabilities.
When the temperature rose to 200 °C, Lewis acid sites were the main active sites, which could
strongly adsorb ammonia. At that temperature, Hg® showed no influence in NO conversion.
When the temperature was higher than 200 °C, the ammonia which adsorbed on the Lewis acid
sites desorbs from the sites gradually, and the influence of Hg® to NO conversion also increased.
The results indicated that the inhibitive effect of the oxidation of Hg® on the NH3-SCR of NO
was mainly because that Hg"/Hg*? would occupy the NH3 adsorption sites except for the Lewis
acid sites.

Conclusions

In this study, series of Ce x Zr , Mn : O> nanosized catalysts were prepared for the simultaneous
oxidation of Hg® and NH3-SCR of NO at low temperature. Ceo.47Z1022Mno 3102 exhibited



superior Hg" removal efficiency (> 99%) and NO conversion (> 90%) even when the temperature
was below 250 °C. The oxidation of Hg” could slightly have an impact on the NH3-SCR of NO,
while the effect of NH; and NO in the SCR system was negligible to the oxidation of Hg’. The
catalyst also exhibited good SO and H>O durability during the simultaneous removal of Hg® and
NO, as the simultaneous efficiencies of NO conversion and Hg® oxidation could be partially
restored after removal of SOz and H>O. The excellent performance of Ceo.47Zr0.22Mno3102¢ was
mainly due to the stronger synergistic effects of Ce-Zr-Mn, the effective formation of the CeO>-
Zr02-MnO: solid solution, the abundant active groups adsorbed on the catalyst surface, and the
useful texture properties, with high dispersion of cerium, zirconium, and manganese. The
mechanisms of the simultaneous oxidation of Hg® and NH3-SCR of NO over
Ceo47Z1022Mno 3102 were suggested that Hg® oxidation and NO conversion were aided by the
synergetic effect on the mobility of surface oxygen and the activation of lattice oxygen.
Especially, the interaction between NH3-SCR and Hg® oxidation was inferred that adsorbed
Hg/Hg?* occupied the surface active sites of the catalyst, which might abate the formation of
NH3(ad), ~NHz(ad), and NH4" on acid sites. Ultimately, it led to the inhibition of NO conversion.
Similar, the negative effect of NH3-SCR of NO on Hg’ oxidation was not obvious at low
temperature.
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