Applied Surface Science 400 (2017) 227-237

Contents lists available at ScienceDirect Applied
Surface Science|

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Full Length Article

The catalytic performance and characterization of ZrO, support
modification on Cu0O-Ce0O,/TiO, catalyst for the simultaneous removal
of Hg® and NO

Teng Wang® ", Caiting Li*"*, Lingkui Zhao®°, Junyi Zhang ", Shanhong Li*",
Guangming Zeng*"

@ CrossMark

2 College of Environmental Science and Engineering, Hunan University, Changsha 410082, PR China
b Key Laboratory of Environmental Biology and Pollution Control (Hunan University), Ministry of Education, Changsha 410082, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 4 September 2016

Received in revised form 2 December 2016
Accepted 24 December 2016

Available online 26 December 2016

The different addition amounts of ZrO, on CuO-CeO,/TiO, catalyst synthesized by co-precipitation
method were investigated to research the simultaneous removal of Hg® and NO in simulated flue gas.
Results indicated that the CuCe/TiZr 15 catalyst exhibited the superior Hg® removal efficiency (72.7%) and
prominent NO conversion (83.3%). Hg? slightly restrained the NO conversion. Except for the effect of the
separate NH; and NO on Hg® removal, significances of the increased NH3/NO ratio on Hg® removal and
NO conversion were detected. The lower GHSV could give rise to the significant acceleration of Hg® and
NO removal. With the existence of SO, and H;O, the slightly prohibitive effect on Hg® and NO removal
was displayed. BET, XRD, SEM, H,-TPR, XPS, FTIR analysis were applied to characterize catalysts and
the results revealed the ZrO, modified support on CuO-CeO,/TiO, resulted in strong redox ability, great
mobility of surface oxygen and growing total amount of chemisorbed oxygen and lattice oxygen, which
favorably impacted on Hg® and NO removal. The introduction of Zr benefited great surface area, weak-
ened crystallinity of TiO, and then improved the dispersion of metal oxide species. More stable Lewis acid
sites to form coordinated NH3; were generated due to ZrO, additive, The synergetic effect through redox
equilibrium of Ce3* + Cu?* « Ce*t + Cut contributed to Hg® removal and NO conversion. In addition, the
simultaneous removal of Hg® and NO on CuCe/TiZrg 15 in terms of detailed mechanism was discussed.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction and other harmful air contaminants [ 1,4]. Hence, mercury and NOx

emission need to be constrained nowadays.

Coal-fired power plants have become one of the leading anthro-
pogenic emission sources and produce various air pollutants.
Among, elemental mercury (Hg®) and nitrogen oxides (NOy) are
central environmental issues, which have drawn great attention
recently. It is generally known NOx (NO, NO, and N,O) gener-
ate plenty of problems, including photochemical smog, acid rain,
greenhouse effects and ozone depletion [1,2]. Due to the volatility,
persistence, and bioaccumulation of mercury in the environment,
it is @ major air toxic contaminant [3]. The US Environmental Pro-
tection Agency (USEPA) on December 16, 2011 finalized the first
ever national standards and controlled the discharge of mercury
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Selective catalytic reduction (SCR) is proven to be the widely-
applied technique for NOx removal [5,6]. Various technologies have
been investigated for controlling Hg® [1,7], among which SCR is of
great interest for development. In consequence, the SCR catalysts
for simultaneous removal of mercury and NOx might be an effec-
tive approach to be investigated. The valuable process of the SCR
catalysts for reducing Hg® and NO was suggested by some recent
data. For example, CeO, modified V,05-WO3/TiO, catalysts were
studied for Hg? oxidation under different flue gas components (NO,
SO, NH3) [8]. Yan et al. [9] researched Hg® oxidation on SCR cat-
alysts modified by RuO, in lower level HCL Li et al. [4] studied
mercury conversion under SCR atmosphere (SCRA), that is, NO,
NH3 and O, over CuO-Ce0,/TiO, catalyst. Besides, a series of Ce-
doped V,05/TiO, catalysts was employed to remove Hg® and NO
simultaneously in bench scale tests [10]. Though, the traditional
commercial SCR catalysts still suffer from severe problems, such
as limited active temperature window and catalyst deactivation
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by SO, and H,0 [11-13]. TiO,, as one significant and conventional
support, is confined for its low resistance to sintering and surface
area [14]. Our object is aimed to achieve the ideal titania-based
support with optimizing thermal stability and high surface area for
simultaneous removal of Hg® and NOy. Although the binary sup-
port, such as Al,03-TiO, [15], TiO,-Sn0, [16] Ce0,-TiO, [8], was
found to present the improved catalytic properties, ZrO,-doped
TiO, support might be a better alternative to replace TiO, [17]. The
zirconia support was reported to supply the superior dispersion
of active sites and better oxidation abilities than pure TiO, [18].
The strong thermostability, redox properties and surface acidity on
the TiO,-ZrO, binary oxides were displayed [14,17,19]. The surface
area of catalysts could be increased by the addition of ZrO, [14].
The addition of Zr can inhibit the growth of TiO, crystallite size
[17]. Marcotte et al. [20] proved multi constituent zirconia-titania
oxides exhibited unprecedented catalytic properties of NH3-SCR
after aging test. The SO, tolerance could also be facilitated by the
weak acidity and basic sites on ZrO, surface [21]. Furthermore, the
CeOy-based catalysts own its high catalytic oxidation on account
of its large capacity storage and redox ability [13,14,22]. CuO has
been explored because of its high activity at low temperature,
non-toxic and relatively low price [23]. Yao et al. [23] studied the
catalytic activities, structural performance and acidic property of
CuO/Tig g5Ceq o5 for NH3-SCR at low temperature. Cu%* can enhance
SCR performance at the low temperature on CeO,-CuO catalyst
[24]. Besides, there existed the interaction between Ce and Cu
species, which could make for great Hg? removal and SCR activities.
However, little research on the roles of ZrO, doping CuO-Ce0O,/TiO,
catalyst for simultaneous removal of Hg® and NO were conducted.

This study investigated the ZrO, modified support on CuO-
Ce0,/TiO, catalysts prepared by co-precipitation method, which
could accelerate simultaneous removal of Hg0 and NO in the simu-
lated flue gas. The research proposed the efficiency of ZrO,-doped
catalyst on Hg® removal and SCR reaction in simulated flue gas.
Effects of simultaneous removal of Hg® and NO with the changes of
the adding quantity of ZrO, and reaction conditions (Hg0, NH3/NO,
GHSV, SO, and H,0) of individual Hg® and NO removal were
investigated. The physicochemical characteristics and structure
properties of catalysts with Zr additive were observed and char-
acterized using the essential characterizations including BET, XRD,
SEM, XPS, H,-TPR, and FTIR. What is more, the catalytic prop-
erties and characterization results were operated to reveal the
mechanisms of simultaneous removal of Hg® and NO over CuO-
Ce0,[Ti0,-Zr0, catalyst.

2. Experimental part
2.1. Preparation of catalyst

The co-precipitation method was applied to prepare TiO,-
ZrO, composite oxide carriers. The desired amount of Ti (SO4)2,
ZrOCl,-8H,0 were dissolved in the deionized water with continu-
ous stirring for 1 h which was thoroughly dissolved and presented
uniform mixing. After that, the ammonia solution was added drop-
wise into the obtained solution under vigorously whisking at room
temperature until the pH of solution arrived at 10 and the solution
was continued to be stirred for 3 h. The precipitate, after air aging for
24 h at room temperature, was collected by filtration subsequently
and dried overnight at 80 °C. Then the product was calcined for 5 h
at 400°C in a muffle furnace. The TiO,-ZrO, carriers were defined
as TiZr, (a=0, 0.05, 0.15, 0.25, 0.35), where a represented the
molar ratio of ZrO,/(TiO, + ZrO, ) (Zr/Ti + Zr). The support of TiO, or
ZrO, was prepared likewise. The CuO-CeO, [TiO,-ZrO, (CuCe/TiZr)
was prepared by the conventional impregnation method, which
are detailed in supplemental materials (Part1). CuO-CeO,/TiO,

(CuCe[Ti), CuO-Ce0,/ZrO, (CuCe/Zr) catalyst was prepared with
the same method.

2.2. Catalyst activity test

The simultaneous removal of Hg® and NO in simulated flue gas
was studied with a bench-scale experimental system. As showed
in Fig. 1, the simulated flue gas (SFG) consisting of 100 ug/m3 Hg?,
6% 05, 500 ppm NO, 500 ppmNH3, N, as the balance, was con-
trolled by mass flow controllers (MFCs). The total flow rate of
500 mL/min was commanded, which corresponded to a gas hourly
space velocity (GHSV) of approximately 50000 h—!. A Dynacal mer-
cury permeation device (VICI Metronics, USA) generated 100 ug/m3
steady Hg?. The effects of different flue gas compositions on Hg?
removal and NO conversion were investigated, so 0-800 ppm SO,
and 8vol.% H,O were also chosen when necessary. Among them,
0-800 ppm SO, was controlled by MFCs and H,0 was accurately
controlled by peristaltic pump and carried out by 100 mL/min pure
N, to the inlet of the SFG. The temperature-controlled heating tape
wrapped all teflon tubes that Hg® and water vapor got by and its
temperature was maintained at 120°C, which could prevent con-
densation of Hg® and water vapor. Each test containing 500 mg
catalyst was performed in a temperature controlled tubular fur-
nace in the temperature window of 100-350 °C and the catalyst was
packed into continuous flow quartz reactor with an inner diameter
of 10 mm. The concentration of Hg® and NO in the gas was respec-
tively detected by an online RA-915M mercury analyzer (LUMEX
Ltd, Russia) and a flue gas analyzer (MGA5, Germany). The out-
let Hg® concentration was measured within the 2h experiment,
which was similar to NO concentration. Half an hour later, the rel-
atively stable mercury concentration and NO concentration were
obtained in the next tests (1.5h). According to the average time
interval (10 min) in the next 1.5 h experiment, the ten topic mea-
sured data were selected and then averaged. The error was also
introduced to illustrate the credibility of data. To confirm mer-
cury speciation, there was a mercury speciation conversion system
when needed, which has been described in our previous study [25].
After this system, the flue gas ordinally entered a 10 wt% NaOH
solution where acid gases were caught and a condenser where H,O
can be eliminated. The Hg® removal efficiency (nug) and NO con-
version efficiency (mno) were defined as the following equation,
respectively:

Hg), Hgpy,
Hgg1

NO. NO
Mo (%) = — g x 100% ()

in

Mg (%) = x 100% (1)

Where Hg? and Hg),, represent the inlet and outlet Hg® concen-
tration (wg/m3) respectively, NO,, and NOoy represent the inlet
and outlet NO concentration (ppm) respectively. Since the mercury
including both Hg® and Hg2* went outside of reactor, partial Hg2*
might escape to the gas phase. The Hg? capture efficiency (Mpgr)
was introduced to be defined as the equation below:

Hgl Hggy

x 100% (3)
Hgl.?1

Nyr (9=
Where Hg] , represent the total concentration of mercury (HgT)
(ng/m3)at the outlet of reactor. The details of Hg® capture efficiency

are described in supplemental materials (Part 2) (Fig. S1).
2.3. Catalyst characterization

The Brunauer-Emmett-Teller specific areas (BET) of catalysts
were measured by N, adsorption isotherm on a Micromeritics Tris-



T. Wang et al. / Applied Surface Science 400 (2017) 227-237 229

MFC 3-Way Value Heating Tape
N b -
OZ
NO
B - - -AT~Hg Permeation
NHB[ i Water Bath Devee N
—®) ®
so2
()
vy MLL
i SC =

Electronic Balance

10%KCl

Hg Specication

Conversion System

10%NaOH

10%NaOH 10%SnClL,

T ——

Computer

Catalyst

00
0oo

s e 0

Flue Gas Analyzer

Condenser

B (|

Hg Specication

Comversion System

Fig. 1. Schematic diagram of the experimental setup.

tar 11 3020 analyzer (Micromeritics Instrument Crop, USA). Powder
X-ray diffraction (XRD) patterns of catalysts were achieved on a
Rigaku D/Max 2500 system (Japan) with Cu-Ka (40KV, 100 mA)
radiation in the 260 range from 10° to 80°. The microstructure
of catalysts was investigated via scanning electron microscopy
(SEM) (Hitachi S-4800, Hitachi Limited, Japan). X-ray Photoelec-
tron Spectroscopy (XPS) was detected on a K-Alpha 1063 system
(Thermo Fisher Scientific, UK) with an Al Ka X-ray source. The
Temperature-programmed reduction of H, (H,-TPR) was mea-
sured on an AutoChem 2920 automated chemisorption analyzer
(Micromeritics Instrument Crop, USA). The Fourier Transform
Infrared Spectroscopy (FTIR) was conducted on a FTIR IRInfinity-1
(SHIMADZU, Japan) apparatus. The IR spectra were recorded with
20 scans at a spectral resolution of 4cm~!. Prior to each measure-
ment of FTIR studies, powders of the samples were grinded and
mixed with KBr (200 mg, spectroscopically pure) before tableting
on a hydraulic press. In order to remove any adsorbed species, the
samples were pretreated at 250°C in pure N5 for 30 min and then
cooled to room temperature with a total gas flow of 500 mL/min.
The adsorption of NO + O, was performed at room temperature for
1 h using a gaseous feed of 500 ppm NO + 6% O, /N,. Subsequently,
the FT-IR experiments were conducted immediately. The reac-
tion conditions were as follows: NO + 0, (500 ppm NO, 6% O, /N3),
NH;3 +0, (500 ppm NHj3, 6% 03/N;), NO+NH3 +0; (500 ppmNO,
500 ppmNH3, 6% O3/N;), SO, +0, (300 ppm SO;, 6% O,/N3) and
H,0+0, (8 vol.%H,0, 6% 02/N2 )

3. Results and discussion
3.1. Catalytic performance

3.1.1. Effect of Zr into CuCe/Ti catalysts on Hg® and NO removal

A comparison of a series of the CuCe/TiZr catalysts on simul-
taneous removal of Hg® and NO at 100-350°C is shown in Fig. 2.
Hg® removal efficiency of CuCe/TiZr catalysts increased from 100 °C
to 250°C, while it partly decreased as the temperature continued
to rise to 350°C (Fig. 2(a)). Contrasted with CuCe/Ti catalyst, the
addition of Zr exhibited promotional effect on high Hg® removal
in nearly whole temperature window and could extend the reac-
tion window of catalyst. This enhancement of Hg® removal on
CuCe/TiZr was consistent with its increased surface area, as showed
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Fig. 2. Effect of Zr into CuCe/Ti catalysts on simultaneous removal of Hg® and
NO in the simulated flue gas. Reaction condition: 100.0 pg/m> Hg®, 500 ppm NO,
NH3/NO=1, 6% 02, N> as balance.
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by BET. Hg® removal in a wide temperature window remarkably
advanced as Zr content further increased to 0.15, which could sug-
gest that zirconia addition had restrained the efficiency loss at high
temperatures [17]. When the Zr/(Ti +Zr) ratio is above 0.15, Hg?
removal appeared lower than that observed on CuCe/Ti, especially
at high temperature. It was seen in Fig. 2(b) that a higher NO con-
version on CuCe/TiZrg 15 was presented compared to CuCe/Ti and
CuCe/Zr at 100-350°C (Fig. 2(b)). NO conversion decreased slightly
when Zr/(Ti + Zr) increased to 0.35. At 250 °C, CuCe/TiZrg 15 catalyst
showed the prominent Hg® removal efficiency (72.7%) and NO con-
version (83.3%). This could be due to plenty of merits of Zr added to
CuCe/Ti, that is, thermostability, high redox properties and uniform
dispersion of metal oxides promoted, as characterization results
indicated below and zirconia is vital to its catalytic performance.
In addition, the synergetic effect between CeO, and CuO was con-
ducive to effectively enhance Hg® and NO removal. On the Basis of
the above data, Zr doping was beneficial to Hg® and NO removal,
and CuCe/TiZrg 15 exhibited the excellent effect of Hg® removal and
NO conversion.

3.1.2. Effect of Hg® on NO conversion

HgP was the central element in the simulated flue gas, which
might influence the SCR catalytic activities. So the effect of Hg® on
NO conversion of CuCe/[TiZrg 15 is investigated in Fig. 3. When gas-
phase Hg? was got into the gas flow, NO conversion was similar
with that observed in the flue gas without Hg®. Hg had slightly
inhibitive effect on NO conversion probably in consequence of the
relatively smaller HgO concentration compared to NO concentra-
tion.

3.1.3. Effect of NO and NH3 on Hg® removal

This study mainly investigated the simultaneous removal of Hg?
and NO on CuCe/TiZr catalyst, and NO and NHj3 are the most indis-
pensable compositions in the simulated flue gas. Hence, it was vital
to achieve the influence of NO and NH3 on HgO removal (Fig. 4).
After the introduction of 250 ppm and 500 ppm NO, Hg0 removal
efficiency was 45.9% and 48.2% respectively, which were slightly
higher than that of 42.5% under pure N,. Without O,, part of NO was
reported to be weakly adsorbed on the catalysts surface, and gen-
erate NOx with surface oxygen [26]. Adding O, into N, +500 ppm
NO resulted in the increased Hg® removal efficiency (86.3%), which
could be due to the oxidation of more adsorbed NO to produce
ample active species and gas-phase O, replenished for consumed

100

M %)

Fig. 4. Effect of NO and NH3; on Hg® removal on CuCe/TiZro 15 catalyst respectively.
Reaction condition: 100.0 pg/m> Hg®, 6% 0,, 250, 500 ppm NO, 250, 500 ppm NH3
(when used), N, as balance, T=250°C.

surface oxygen [4,27]. So the coexistence of NO and O, could pro-
mote Hg® removal.

As shown in Fig. 4, the addition of 250 ppm NHj to pure N, made
Hg® removal efficiency drop to only 19.5%, which was sharply lower
than that observed under pure N,. HgO removal exhibited more
suppressive effect with a further increase of NH3 to 500 ppm. This
might be due to the consumption of surface oxygen by NH3 [4,28].
Gaseous NH3 was firstly adsorbed on the catalysts surface to form
coordinated NH3 and NH;, [8,22]. The possible process might be as
follows:

NH3(g) — NH3(qq) (4)
NHB(ad) + 0* —» NHZ(ad) + OH (5)

Where O* was active surface oxygen of catalysts. With adding 6%
0, to N, +500 ppm NH3, Hg? removal efficiency was restored to
66.6%, which could be mainly attributed to the compensation via
0O, that could alleviate the inhibition of NH3 [28].

3.1.4. Effect of NH3/NO ratio on Hg® and NO removal

The NH3/NO ratio is of great importance to influence NH3-SCR
reaction [13]. A shortage of NH3 may reduce NO conversion [13]
while the presence of NH3 would inhibit Hg® removal as indi-
cated above. Hg® and NO removal of CuCe/TiZrg 5 catalyst with
the change of NH3/NO ratio at 100-350°C are studied in Fig. 5.
Hg® removal efficiency at 250 °C decreased from 86.3% to 68.7% as
NH3/NO ratio rising from 0 to 1.2 (Fig. 5(a)). When the tempera-
ture surpassed 250°C, Hg® removal efficiency decreased sharply,
and sank to 22.2% with a further increase of the NH3/NO ratio to
1.2 at 350°C. By contrast, the absence of NH3 led to low NO con-
version (100-350°C), and the application of NH3/NO ratio from 0.1
to 1.2 made NO conversion increase from 39.7% to 85.2% at 250°C
(Fig. 5(b)). It was deduced that the increase of NH3/NO ratio had
pronounced effect on Hg® removal and NO conversion.

3.1.5. Effect of 0, on Hg? and NO removal

Oxygen is an essential factor for simultaneous removal of Hg?
and NO (Fig. 6). There was almost inappreciable Hg? removal with-
out Oy, which might be mainly ascribed to the lattice oxygen
of metal oxides [29]. According to H,-TPR and XPS results ana-
lyzed below, CuCe/TiZrg 15 owned abundant surface oxygen species
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and offered enough chemisorbed oxygen and lattice oxygen. Hg?
removal efficiency with 6% O, was about 72.7%, which was signifi-
cantly higher than that observed without O, (25.9%). O, could make
the lattice oxygen regenerate and chemisorbed oxygen replen-
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Fig. 7. Effect of GHSV on Hg® removal and NO conversion over CuCe/TiZrg 5 cata-
lyst. Reaction condition: 100.0 pg/m? Hg®, 500 ppm NO, NH3/NO =1, 6% O,, GHSV
25000h-1, 50000 h~!, 10,0000 h—!, N, as balance.

ish [4]. Previous studies [29,30] had proved O, participated in
the adsorption and oxidation of Hg%. A negligible change of Hg?
removal appeared after increasing O, concentration to 12%. NO
conversion with O, was obviously higher than that without O,
indicating that SCR reaction was facilitated by oxygen. Therefore,
6% O, for CuCe/TiZrg 15 could be sufficient for Hg? and NO removal.

3.1.6. Effect of GHSV on Hg® and NO removal

The performances of CuCe/TiZrg 15 catalyst are measured in a
wide GHSV range from 25000 to 100000 h—!. As shown in Fig. 7(a),
Hg® removal efficiency increased and the temperature window
became broader as GHSV decreased, which could be attributed to
much more contact time for catalysts exposed into reactant gases
[13]. Meanwhile, NO conversion in Fig. 7(b) dramatically increased
with the decreased GHSV. This suggested GHSV had prominent
effect on Hg® and NO removal.

3.1.7. Effect of SO, and H,0 on Hg® and NO removal

SO, and H,O are the primary constituents in flue gas, so the
effects of SO, and H,0 over CuCe/TiZrg 15 catalyst are considered
and shown in Fig. 8. The Hg® removal of SO, was indeterminate
and either promotional or inhibited [7,26]. The high Hg® removal
efficiency could be obtained with the addition of 200 ppm SO,
(Fig. 8(a)). However, When 800 ppm SO, was added to the sim-
ulated flue gas, a decrease of Hg® removal efficiency was observed.
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During the 12 h test, Hg? removal efficiency of 800 ppm SO, could
be maintained in the initial stage and gradually decreased over
time (in the supplemental materials) (Fig. S2). The results sug-
gested that SO, might possess both promotional and inhibitive
effects on Hg® removal, which was associated with the SO, con-
centration level [31]. Simultaneously, NO conversion of 800 ppm
SO, was 12% lower than without SO,. It markedly decreased in
the beginning and later achieved steady state. This was in agree-
ment with the previous study [32]. In NH3-SCR reaction with the
existence of SO,, several kinds of sulfate species might be formed
and reacted with ammonium. Ammonium sulfate or Ammonium
bisulfate could be eventually generated which led to the sediment
of ammonium sulfate or bisulfate on the surface and blockage of
active sites [32-36]. When 8 vol.% H,0 vapor was introduced, Hg®
removal efficiency dramatically decreased in the first 2 h, and later
achieved steady state (Fig. 8(b)).The available active sites for mer-
cury adsorption were occupied by H,O, which probably led to the
decrease of Hg? removal efficiency [37]. The addition of 8 vol.% H,O
caused an obvious decline of NO conversion, which might be related
to the competitive adsorption between H,0 and NH3/NOx [38]. In
summary, CuCe/TiZrg 15 catalyst exhibited a degree of resistance to
SO, and H,0.

3.2. Structure and texture

The BET surface area and pore volume of different catalysts are
summed up in Table 1. With the increased molar ratio of Zr/Ti +Zr,

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

Catalysts BET surface area Pore volume Average pore diameter
(m?[g) (cm®/g) (nm)

CuCe/Ti 35.71 0.0661 7.41

CuCe/Zr 57.72 0.0745 5.16

CuCe|TiZroos  45.95 0.0942 8.20

CuCe|TiZro1s  65.88 0.1160 7.04

CuCe|TiZrozs  71.66 0.1959 10.94

CuCe/TiZrg3s 76.74 0.1827 9.52
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Fig. 9. XRD patterns of various catalysts.

the surface area of a series of CuCe/TiZr catalysts obviously grew,
which was higher than that observed on CuCe/Ti and CuCe/Zr. The
CuCe/TiZrg 15 catalyst showed the larger surface area among the Zr-
containing catalysts, corresponding to the catalytic tests. It could be
concluded that the textural properties and large surface area were
strongly promoted by ZrO, in the favor of the great dispersion of
metal oxide species.

Power XRD was conducted to study the crystal structure of all
the catalysts shown in Fig. 9. There was a diffraction peak of the
anatase phase at 20 =25.3,37.8,48.0, 55.0, 62.6° on CuCe/Ti [39,40],
while CuCe/Zr showed the characteristic peaks of tetragonal ZrO,
phase at 260 =30.2, 35.1, 50.2, 60.1° [41,42] and only one diffraction
peak of momoclinic ZrO, phase at 26 =28.3° [43]. No characteris-
tic peaks ascribed to crystalline CuO and CeO, could be detected,
implying that copper and cerium oxides species presented high
dispersion on catalyst surface. By contrast, only the diffraction
peak of anatase was observed in the pattern of CuCe/TiZr catalysts.
The height of halfpeak breadth of anatase on CuCe/TiZr was much
lower contrasted with CuCe/Ti, suggesting that the crystal particle
of anatase of CuCe/TiZr was smaller than that of CuCe/Ti. Besides,
the diffraction peak observed decreased gradually and disappeared
with the increased amount of ZrO, addition. The appropriate ZrO,
doping could be concluded to weaken the crystallinity and reduce
the crystalline size, which was probably due to the interaction
between ZrO, and anatase support to form titanium-zirconium
composite oxide. This crystallinity might transform to the amor-
phous structure finally. This result was in agreement with the
growth of surface area, just as BET results showed. The amorphous
phase could make for high concentration of active components on
the surface of CuCe/TiZrg 15, leading to the optimal Hg® and NO
removal [44].

SEM characterizations were performed to investigate the mor-
phology of all the catalysts shown in Fig. 10. The active species were
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Fig. 10. SEM photographs of (a) CuCe/Ti, (b) CuCe/Zr, (c) CuCe/TiZr s, (d) CuCe/TiZrg 15, (e) CuCe/TiZrg s, (f) CuCe/TiZro 35. (A) 80,000 multiplier and (B) 10,000 multiplier.
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Fig. 11. H,-TPR profiles of the CuCe/Ti, CuCe/Zr, CuCe/TiZrg 15 catalysts.

aggregated over CuCe/Zr, whereas the large particles of CuCe/Ti
deposited uniformly. The particles became small as the Zr con-
tent increased and presented the homogenous distribution. With a
further increase of Zr/Ti+Zr ratio to 0.35, the particles displayed
massive agglomerate. The small particles of CuCe[TiZrg 5 pre-
sented the uniform distribution on catalyst surface, which was
consistent with superior catalytic activities.

3.3. Redox properties

H,-TPR experiments were performed in Fig. 11. Four reduction
peaks centered at 210.6, 390.9, 539.1 and 723.4°C were observed
for CuCe/Ti. The peak (210 °C) showed the existence of partial cop-
per ions on the octatomic ring window [40,45]. The peaks at 390.9,
539.1 °Cwere assigned to the reduction of the most easily reducible
surface oxygen of ceria species [43,46]. The broad peak (723.4°C)
was due to the reduction of the release of bulk oxygen [21]. Over
CuCe/Zr, a peak at around 178.7 °C was assigned to the reduction
of copper species of great dispersion which significantly interacted
with CeO; [47]. For CuCe/TiZrg 15, the broad reduction peak from
217.2 to 287 °C corresponded to the reduction of dispersed copper
oxide. Due to ZrO, additive, this peak shifted to the high temper-
ature in comparison with that of CuCe/Ti [48]. The large peak of
CuCe/TiZrg 15 centered at 449.3°C was assigned to the reduction
of surface Ce** to Ce3* and exhibited the low reduction temper-
ature [38]. CuCe/TiZrg 15 (532.3 °C) presented the lower reduction
temperature than CuCe/Ti (539.1°C), arising from great improve-
ment of the mobility of surface oxygen. The introduction of ZrO,
could give rise to more surface lattice oxygen and higher surface
reducibility [44]. Therefore, ZrO, could promote the interaction of
metal oxides species and then improve the redox ability of catalysts
[44].

The XPS spectra of Ol1s, Cu 2p, Ce 3d, Zr 3d, and Hg 4f
over the fresh CuCe/Ti and CuCe/TiZrg 15 catalyst as well as used
CuCe/TiZrg 15 catalyst were investigated respectively. The O1s spec-
tra are illustrated in Fig. 12(a). The O1s XPS spectrum was divided
into three peaks. The first peak at 527.7-530.0 eV can be attributed
to lattice oxygen (Og) [43,49,50], the second peak at about 531 eV
can be assigned to chemisorbed oxygen or/and weakly bonded oxy-
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Fig. 12. XPS spectra of the fresh CuCe/Ti, fresh and used CuCe/TiZro 15 catalysts over the spectral regions of O 1s, Cu 2p, Ce 3d, Zr 3d, Hg 4f. Reaction condition: 100.0 pg/m?

Hg?, 500 ppm NO, NH3/NO =1, 6% O, N, as balance, T=250°C.

gen (0q)[8,51], and the third peak at around 532 eV can be ascribed
to hydroxyl species and adsorbed water species (Oy) [49,52]. The
ratio of (Og +0q)/O1 (Or =04 +Og +Oy) of fresh CuCe/TiZro 15 cat-
alyst increased compared to fresh CuCe/Ti catalyst, which might
be ascribed to the production of surface oxygen species. On the
contrary, the ratio of Og/Or and Oq/Or decreased by 11% and 2%
respectively for used CuCe/TiZrg 15 catalyst, which indicated both
Og and Oq had participated in the oxidation [11,52]. O, took part in
the reaction via taking up the oxygen vacancies of catalyst surface
and Og and O, were compensated in the reaction [29].

Fig. 12(b) shows the Cu 2p spectra. It was reported [53,54] that
the higher Cu 2ps, band centered at 933.0-933.8 eV, the shake-up
peak at 940-944 eV, and the Cu 2p;; band (951-955 eV) were the
primary characteristics of Cu?*. Meanwhile, a lower Cu 2p3) band
at 932.2-933.1 eV and the inexistence of the shake-up peak were
ascribed to reduced copper species. Compared to fresh CuCe/Ti cat-
alyst, the fresh CuCe/TiZr 15 catalyst exhibited the appearance of a
shoulder peak at 933.1 eV which was characteristic of Cu*/Cu®. By
contrast with fresh CuCe/TiZrg 15 catalyst, a peak of reduced copper
species of used CuCe/TiZrg 15 catalyst at 932.8 eV showed slightly
broader, the reason of which might be that Cu?* participated in the
reaction, generating more Cu* species.

The obtained Ce 3d curves is shown in Fig. 12(c) The three bands
labeledasv,v" andv" represented Ce** 3ds,, while those marks as
u,u” andu” arose from Ce** 3d; . The other two peaks labeled as
u and v’ corresponded to Ce3* species. This showed Ce3* and Ce#*
were codependent and Ce** oxidation state was obviously predom-
inant. However, the 25.5% ratio of Ce3*/Ce** of CuCe/TiZry 15 was
higher than 13.6% of CuCe/Ti, suggesting that the adoption of Zr
benefits the generation of surface Ce3*. In addition, the existence
of Ce3*/(Ce3* +Ce?*) was confirmed to generate a charge imbal-
ance, more oxygen vacancies, and had powerful effects on the redox
capability, adsorption capacity of NO and NH3 [55]. Besides, the
change of the ratio of Ce**/Ce3* for the fresh (2.92) and used (5.06)
CuCe/TiZrg 15 catalyst might suggest Ce3* participated in the oxi-
dation reaction. Studies of CeO, had found its ability of storing and
releasing oxygen via the redox shift (2CeO, — Ce;03 + [0],Ce203 +

1/20, — 2Ce0;) [52]. This redox ability of CuCe/TiZrg 15 might be
also strongly improved by large amount of Cu2* ions. The increase of
CeX** oxidation state and decrease of Cu** oxidation state coexisted.
The synergistic effects of copper and ceria on catalyst surface might
occur, which was summarized by the equilibrium (Ce3* + Cu?*+ <
Ce*t + Cut).

The binding energies of Zr 3d for fresh CuCe/TiZrg 15 catalyst are
recorded in Fig. 12(d). The Zr 3d spectra consisted of a doublet with
Zr 3d3), located at approximately 184.8 eV and Zr 3ds,, centered at
about 182.1 eV. These peaks were assigned to Zr** [56], which was
bound to a more electron attractive groups [57].

The XPS spectrum of Hg 4f level is shown in Fig. 12(e). The Hg
4f spectrum of used CuCe/Ti catalyst centered at about 99.3 and
102.6 eV, which was ascribed to Hg® [58] and Si 2p [29] respec-
tively. The peak at 101.5 eV corresponded to Hg 4f for HgO [ 10]. This
suggested that the major produce of CuCe/Ti was HgO. Besides, the
binding energies of used CuCe/TiZrg 15 catalyst centered at 99.6,
101.4 and 102.4eV corresponded to the character of Hg®, HgO
and SiO, respectively [10]. The oxidized mercury formed was still
mainly HgO on CuCe/TiZrg 5. The 48.9% ratio of Hg® species of
CuCe/TiZrg 15 was higher than 25.1% of CuCe/Ti. This might suggest
CuCe/TiZrg 15 exhibited higher Hg® adsorption capacity, leading to
its superior Hg® removal.

3.4. FTIR

FTIR spectra of adsorption on the surface of CuCe/TiZrg 5 cat-
alyst at room temperature for 60 min are shown in Fig. 13. The
spectrum taken NO+0, adsorption was displayed in Fig. 13(a).
The bands at 1616, 1384cm~! corresponded to adsorbed or
gaseous NO, [59-61], and NO3~ respectively [60]. The bands at
1192, 1112 cm™! attributed to anionic nitrosyl NO ~ species were
observed. This was due to lanthanide metal oxides, such as CeO,,
on which NO was adsorbed [60,62] and transferred to nitrate or
nitrite species. A band appeared at 1051 cm~! which could corre-
spond to nitrate species on cerium oxides [60]. A broad absorption
between 3600 and 3000cm~! was due to the absorption of H-
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Fig. 13. FTIR spectra taken upon the CuCe/TiZry 5 catalyst. Reaction condition:
100.0 pg/m> Hg® 6% 0,, N, as balance, (a) 500ppm NO, (b) NH3/NO=1, (c)
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bonded hydroxyls [63]. FTIR spectra of NH3+0, adsorption are
shown in Fig. 13(b). The strong bands at 1622, 1188, 1114cm™!
were assigned to coordinated NH3; on Lewis acid sites, while the
band at 1400 cm~! could be ascribed to ammonium ions (NHI) on
Bronsted acid sites [56,59]. The band at 1053 cm~! can be assigned
to coordinatively adsorbed NH3 on Lewis sites [60]. In the NH
stretching region, distinct peaks were observed at 3232,3433 cm™!
[59,64]. 1t suggested that NH3 can be adsorbed stably on Lewis acid
sites and Bronsted acid sites. A priority for more adsorbed NH3 was
acquired by Lewis acid sites. Studied had showed [17] that ZrO,
doping generated the decrease of peaks ascribed to Brensted acid
sites and increase of Lewis acid sites, and the latter is more sta-
ble on catalyst surface. The FTIR spectra during the coadsorption
of NH3, NO and O, are presented in Fig. 13(c). Different bands of
1633,1190, 1114 cm~! were ascribed to coordinated NH3 on Lewis
acid sites. The band at 1398 cm~! was attributed to bridged nitrate
or additional NH} ions on Brgnsted sites, on account of H,O gen-
eration during the SCR reaction [65]. This indicated NO and NH3
could be adsorbed simultaneously. NH3 could be firstly adsorbed
during the competitive adsorption, and some NO could be oxi-
dized to the stable bridged nitrates. As showed in Fig. 13(d), several
bands were detected after coadsorption of SO, + O,. The features at
1186 and 1055 cm~! were attributed to bisulphate ion. The band at
1116 cm~! was assigned to sulphate ion [66]. The band at 993 cm !
may correspond to bisulphate and pyrosulphite anions [66]. The
generation of sulfates or sulfites on the surface could provide new
acid sites for the NH3 adsorption and the proliferating acid sites
might be mainly Lewis acid sites [51,67,68]. The band (1626 cm~1)
attributed to dygy of HyO was due to the reaction of SO, and sur-
face hydroxyl groups [69]. The spectra of CuCe/TiZrg 15 pretreated
by H,0+0; are shown in Fig. 13(e). The band at 1421 cm™! in
1800-1300cm~"! region corresponded to the presence of water
[70]. The band at 1126 cm~! might be associated with Ti-OH [17].
The slight effect on SCR activity might happen.

3.5. Mechanism for Hg® and NO removal over CuCe/TiZry ;5
catalyst

According to the XPS O1s results, both lattice oxygen ([O])
and chemisorbed oxygen (O(,q)) took part in the reaction. Redox
ability via the shift (2CeO, — Ce;03 + [0],Ce;03 + 1/20, — 2Ce0;)
could contain more surface lattice oxygen [52]. The redox equilib-
rium (Ce3+ + Cu?t « Ce*t + Cut) could be beneficial to NH3-SCR

reaction and Hg® removal. Under the present circumstance, Hg?
(Hg(og)) was preferentially adsorbed on the catalyst surface, and then
adsorbed Hg? (Hg?a d)) easily interacted with active oxygen forming
the adsorbed HgO (HgO(q)), which might partly escape into gas
phase (HgO(g)). Oy¢5) would supplement the chemisorbed oxygen
and lattice oxygen, and then reoxidized the reduced metal oxides.
Surface oxygen could oxidize NO to NO, that could react with Hg?
to form Hg(NO3),. The reaction of equations could be described as
follows:

O2(g) = 20(aa) (6)
2Ce0; — Ce;03 +[0] (7)
2Cu0 — Cuy0 +[0] (8)
2Cu0 + Ce303 < Cuy0 + 2Ce0y 9)
Hgly) — Hglua) (10)
Hgay + Otad) ~ HE0(aa) (11)
Hgl, ) + [0] - HgO(aq) (12)
Hg0(qq) — HgO(g) (13)
Cuy0 + %02 — 2Cu0 (14)
Ce,03 + %oz — 2Ce0, (15)

For NH3-SCR, Lewis acid sites (L") acted as crucial active sites
at low temperature. Ammonia coordinated to L and nitro com-
pounds were served as the preponderant species. The adsorbed NH3
(NH3qq)) would react with gaseous NO and adsorbed NO; that gen-
erated at the surface to form N. In addition, NHI ions on Brensted
sites could react with NO, which was converted into N5 finally. On
the Basis of XPS and FTIR data as well as the earlier reports [71], the
possible mechanism for NH3-SCR can be depicted as follows:

O2(g) = 20(aa) (6)
NO + O(gqy — NO(qaq) (16)
NH3(g) — NH3(qq) (17)
2NH3(qq) + NOy(ag) + NO(g) — 2N + 3H;0 (18)
NH3(g) — NHy (aa) (19)
2NH;} (aa) + NOa(aa) + NO(g) — 2N, + 3H,0 + 2H* (20)

4. Conclusions

The Zr modified support on CuCe/Ti catalyst prepared by co-
precipitation was applied for simultaneous Hg? and NO removal.
Superior Hg® removal efficiency (72.7%) and NO conversion (83.3%)
at 250 °C on CuCe/TiZry 15 were obtained. Hg? had slightly inhibitive
effect on NO conversion. Hg® removal facilitated by the addition
of NO was due to the NOx species generated from the reaction
between NO and surface oxygen, while the inhibitive effect on Hg?
removal was detected with the NH3 addition into the flue gas. The
increase of NH3/NO ratio distinctly affected Hg® removal and NO
conversion. Adding O, into simulated flue gas was a great boost for
the reduction of Hg? and NO. The presence of SO, and H, 0 exhibited
slightly prohibitive effect on Hg® and NO removal. The characteri-
zation results demonstrated the properties of CuCe/TiZry 15 have a
crucial effect on the catalytic performance of Hg? and NO: namely
of great surface area, high dispersion of active metal oxides, TiO,
crystallinity weakened, strong redox ability, and great mobility of
surface oxygen. Both chemisorbed oxygen and lattice oxygen con-
tributed to the oxidation reaction. Besides, the more Lewis acid
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sites appeared on the surfaces of CuCe|TiZrg 15 catalyst and gener-
ation of coordinated ammonia and nitro compounds was favorable
for catalytic performance. The redox equilibrium (Ce3*t + Cu?t «
Ce*t + Cu') contributed to Hg® removal and NO conversion. The
detailed mechanism of simultaneous removal of Hg® and NO on
CuCe/TiZrg 15 catalyst was proposed.
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