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ABSTRACT: Synergy for low temperature Hg
0
 oxidation under selective catalytic reduction (SCR) 

atmosphere was achieved when copper oxides and cerium oxides were combined in a CuO-CeO2/TiO2 

(CuCeTi) catalyst. Hg
0
 oxidation efficiency as high as 99.0% was observed on the CuCeTi catalyst at 

200 °C, even the gas hourly space velocity was extremely high. To analyze the synergistic effect, 

comparisons of catalyst performance in the presence of different SCR reaction gases were 

systematically conducted over CuO/TiO2 (CuTi), CeO2/TiO2 (CeTi) and CuCeTi catalysts prepared by 

sol-gel method. The interactions between copper oxides and cerium oxides in CuCeTi catalyst yielded 

more surface chemisorbed oxygen, and facilitated the conversion of gas-phase O2 to surface oxygen, 

which are favorable for Hg
0
 oxidation. Copper oxides in the combination interacted with NO forming 

more chemisorbed oxygen for Hg
0
 oxidation in the absence of gas-phase O2. Cerium oxides in the 

combination promoted Hg
0
 oxidation through enhancing the transformations of NO to NO2. In the 

absence of NO, NH3 exhibited no inhibitive effect on Hg
0
 oxidation, because enough Lewis acid sites 

due to the combination of copper oxides and cerium oxides scavenged the competitive adsorption 

between NH3 and Hg
0
. In the presence of NO, although NH3 lowered Hg

0
 oxidation rate through 

inducing reduction of oxidized mercury, complete recovery of Hg
0
 oxidation activity over the CuCeTi 

catalyst was quickly achieved after cutting off NH3. This study revealed the synergistic effect of the 

combination of copper oxides and cerium oxides on Hg
0
 oxidation, and explored the involved 

mechanisms. Such knowledge would help obtaining maximum Hg
0
 oxidation co-benefit from SCR units 

in coal-fired power plants. 

 

KEYWORDS: Mercury oxidation; Copper oxide; Cerium oxide; Selective catalytic reduction 
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Introduction 

Concerns about mercury pollution have been increasing since the notorious Minamata disease 

occurred in Japan in 1950s. According to the Global mercury assessment report 2013 ( United Nations 

Environment Programme, 2014), most of the anthropogenic mercury emission to air is from coal 

combustion, most notably in utility boilers. Because of the extreme toxicity, persistence, and 

bioaccumulation of methyl mercury transformed from emitted mercury (Pavlish et al., 2003), China and 

the United States (U.S.) already adopted national/federal mercury standards to limit mercury emission 

from coal-fired power plants by December 2011 (United States Environmental Protection Agency, 2011;  

Ministry of Environmental Protection of the People’s Republic of China, 2011). Moreover, the 

Minamata Convention on Mercury, which is a global treaty to protect human health and the 

environment from the adverse effects of mercury, was agreed at the fifth session of the 

Intergovernmental Negotiating Committee in Geneva, Switzerland, on 19 January 2013. With the global 

and regional regulations on Mercury taking effect, technologies with higher efficiency and lower cost 

are urgently needed for controlling mercury emissions from coal-fired power plants. 

 Mercury in coal combustion flue gas presents in three forms, i.e. elemental mercury (Hg
0
), oxidized 

mercury (Hg
2+

), and particulate bound mercury (Hgp) (Zhuang et al., 2004; Li et al., 2013). Among 

these mercury species, Hg
0
 vapor is most likely to escape from existing air pollution control devices 

because it is highly volatile and nearly insoluble in water (Galbreath and Zygarlicke, 1996). 

Unfortunately, Hg
0
 is the dominant mercury species emitted to the atmosphere, i.e. Hg

0
 accounts for 66-

94% of total mercury emitted from coal-fired power plants in China (Wang et al., 2010), and 67% for 

coal-fired power plants in Texas (Galbreath et al., 2005). In contrast, Hg
2+

 can be easily absorbed by 

wet flue gas desulfurization (WFGD) solutions, since it is less volatile and water-soluble. Therefore, 
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maximizing the amount of Hg
2+

 in the flue gas upstream of a WFGD system would offer a low-cost 

option for the control of mercury emission from coal-fired power plants (Senior, 2006).  

Metal oxide based selective catalytic reduction (SCR) catalysts, originally employed to remove 

nitrogen oxides (NOx) from flue gas, happen to be able to facilitate the oxidation of Hg
0
 to Hg

2+ 
(Presto 

and Granite, 2006). As such, SCR system combining with WFGD would be promising for mercury 

removal from coal combustion flue gas (Reddy et al., 2012). The efficiency of this method depends 

largely on the conversion of Hg
0
 to Hg

2+
 over SCR catalysts (Pritchard, 2009). Therefore, studies about 

Hg
0
 oxidation have been conducted over a variety of SCR catalysts (Richardson et al., 2002; Eswaran 

and Stenger, 2005; Senior, 2006, Cao et al., 2007; Pudasainee et al., 2010; Liu et al., 2011; Liu et al., 

2011; Gao et al., 2013). Among these SCR catalysts, vanadia (V2O5) based commercial SCR catalysts 

have been demonstrated to be highly active for Hg
0
 conversion (Gao et al., 2013). However, high 

operating temperature requirement for V2O5 based commercial SCR catalysts demands the SCR unit to 

be located upstream of a particulate matter control devices (PMCDs), where deactivation of these 

catalysts due to exposure to high concentration of particulate matter is severe. Ideally SCR catalysts 

should be active at low temperatures, which warrant them to be placed downstream of the PMCDs 

where flue gas is much cleaner  (Li et al., 2012).  

Ceria (CeO2) based catalysts have been demonstrated to be efficient for low-temperature selective 

catalytic reduction of NOx by ammonia (NH3) (Xu et al., 2008; Gao et al., 2010; Gao et al., 2010), due 

to the facile Ce
4+

/Ce
3+

 redox cycle which leads to higher oxygen storage capacity with reversible 

addition and removal of oxygen in the fluorite structure of ceria. In our previous study, a CeO2 based 

catalyst has also been demonstrated to be able to facilitate Hg
0
 oxidation even under low-rank coal 

combustion flue gas conditions (Li et al., 2011). Although CeO2 based catalysts exhibit excellent 
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performance in catalytic processes, incorporation of other metal oxides into the CeO2 lattice is generally 

agreed to obtain better redox properties than those of CeO2 alone (Shan et al., 2003). For example, 

copper and cerium binary oxides (CuO-CeO2) catalysts exhibited excellent catalytic activities toward 

NO reduction (Guo et al., 2014). Cyclic voltammetry investigations and temperature-programmed 

reaction studies confirmed that interactions between CuO and CeO2 played important roles in enhancing 

the catalytic activity (Bera et al., 2001; Shan et al., 2003). Besides, pristine CeO2 doesn't perform well in 

real catalysis due to the poor thermal stability (Zhang et al., 2012). Incorporation of copper into fluorite-

type crystal structure of ceria was reported to improve the thermal stability of ceria based catalyst and 

enhance the oxygen storage capacities simultaneously (Wang et al., 2005). Moreover, CeO2 based 

catalysts are sensitive to sulfur poisoning, because the highly active oxygen species of CeO2 is also a 

strong oxidizer for sulfur dioxide (SO2) (Casapu et al., 2009; Xu et al., 2009). By incorporating CuO into 

the formula, the CuO-CeO2 mixed oxides exhibited excellent SO2 resistance in selective catalytic 

reduction of NO with NH3 (Du et al., 2012). As expected, CuO-CeO2 binary oxides supported on titania 

(TiO2) exhibited superior catalytic activity for low temperature NOx reduction by NH3 (Gao et al., 2010; 

Li et al., 2015; Wu et al., 2015). In contrast, limited literatures reported the synergistic effect of the 

combination of copper oxides and cerium oxides (abbreviated in this paper as CuO and CeO2 

combination) in SCR catalyst for Hg
0
 oxidation and even less the mechanisms responsible for the 

synergistic effect. To obtain the co-benefit of low temperature SCR catalysts containing copper oxides 

and cerium oxides for Hg
0
 oxidation, a study on the synergistic effect of CuO and CeO2 combination for 

Hg
0
 oxidation under low temperature SCR atmosphere is urgently needed. 

In this study, Hg
0
 oxidation over CuO-CeO2/TiO2 (CuCeTi) catalyst prepared by a sol-gel method 

was studied under low temperature SCR atmosphere. The focus was obtaining and analyzing the 
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synergistic effect for Hg
0
 oxidation when copper oxides and cerium oxides were combined together. 

Comparisons of catalyst performances in the presence of different SCR reaction gases were 

systematically conducted over CuO/TiO2 (CuTi), CeO2/TiO2 (CeTi) and CuCeTi catalysts. The 

improved understanding of the synergistic effect of CuO and CeO2 combination on Hg
0
 oxidation would 

help optimizing catalyst design to obtain maximum co-benefit from SCR unit for removing Hg
0
 from 

coal combustion flue gas. 

Experimental Section 

Preparation and Characterization of Catalysts. The CuTi, CeTi, and CuCeTi catalysts were 

synthesized by a sol-gel method which has been reported in our previous study (Li et al., 2015). In detail, 

aqueous solution of butyl titanate (99.5 wt%, Aladdin) and anhydrous ethanol (analytical grade, 

Sinopharm) was dropwise (less than 0.5 mL min
-1

) added to another solution consisting of deionized 

water, anhydrous ethanol, nitric acid (analytical grade, Sinopharm), stoichiometric amounts of cerium 

nitrate (hexahydrate, 99.95 wt%, Aladdin) and/or copper nitrate (trihydrate, 99.5 wt%, Aladdin). The 

procedure was carried at room temperature under vigorous stirring to produce hydrolysis. After 3 h 

continuous stirring, the mixture was dried at 80 °C for 24 h, then calcined at 500 °C in the air for 4 h. 

Powder form catalysts were extracted by grinding the mixed-oxides and sieving through 80 meshes. The 

mass ratio of (CuO+CeO2)/TiO2 for the CuCeTi catalyst fixed at 0.6. The molar ratio of CuO/CeO2 for 

the CuCeTi was 0.2. For comparison, the mass ratio of CeO2/TiO2 for the CeTi catalyst was 0.6, and 

CuO content in the CuTi catalyst was the same as that in the CuCeTi catalyst.  

Brunauer-Emmett-Teller (BET) surface area measurement by N2 adsorption/desorption at -196 °C 

was performed on an ASAP-2020 (Micromeritics, USA) BET analyzer. Before the BET analysis, each 

sample was oven dried at 110 °C for 24 h, and degassed at 180 °C for another 12 h under vacuum 
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condition. Powder X-ray diffraction (XRD) measurements were carried out on an X'Pert PRO 

diffractometer (PANalytical, Holland) with Cu Kα radiation (λ=0.15406 nm). The tube voltage and 

current were 40 kV and 40 mA, respectively. X-ray photoelectron spectroscopy (XPS) spectra was 

recorded using an Escalab 250Xi (Thermo Fisher Scientific, USA), and Al Kα monochromate 

(hν=1486.6 eV) was used as the excitation source. All oven-dried samples were degassed in a vacuum 

oven for at least 12 h prior to the XPS analysis. The vacuum of the XPS equipment was maintained at 

10
-6

 Pa. Sample charging effects were eliminated by correcting the observed spectra with the C 1s 

binding energy (BE) value of 284.6 eV. Temperature programmed reduction experiments with hydrogen 

(H2-TPR) were conducted in a U-shaped tubular quartz reactor to study the reducibility of catalysts. 

Prior to the H2-TPR experiments, 0.10 g samples were pretreated at 300 °C in helium for 1 h. The 

samples were then cooled down to 50 °C in helium stream. Afterwards, the temperature of samples 

increased from 50 to 950 °C at a heating rate of 10 °C·min
-1

 under H2 (5 vol. %) /He flow with a total 

flow rate of 50 mL·min
-1

. H2 consumption during the experiments was monitored continuously by a 

PX200 thermal conductivity detector. 

Fixed-bed Experiments. The evaluation of Hg
0
 oxidation performances was conducted on a bench-

scale fixed-bed system shown in Figure 1. In each test, 0.20 to 0.80 g different catalysts were loaded 

into a borosilicate glass reactor with inner diameter of 10 mm. The glass reactor was placed in a 

temperature controlled tubular furnace to maintain the reaction temperature to be 200 °C. Cylinder gases 

were used to provide individual flue gas components, i.e., N2, O2, NO, and NH3. The gas flow rates 

were precisely controlled by mass flow controllers, and the total flow rate kept at 1000 mL·min
-1

. A 

constant Hg
0 

feed (75 g·m
-3

) was provided by a Dynacal Hg
0
 permeation device (VICI Metronics). The 

relatively high Hg
0
 concentration was employed to reduce experimental errors caused by the sensitivity 
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of the mercury analyzer and to allow experiments to be completed in a reasonable time scale. Hg
0
 

concentrations at both the inlet and outlet of the reactor were online monitored by a VM3000 mercury 

analyzer (Mercury Instruments Inc., Germany). To avoid the adverse effect of water vapor on Hg
0
 

measurement and any possible damage to the instrument, trace amount of water vapor in the gas flow 

was removed by silica before entering into the mercury analyzer. The exhaust gas was treated by 

chlorinate activated carbon before discharge. 

Firstly, 0.80 g of CuTi, CeTi and CuCeTi catalysts were used to investigate the synergistic effect of 

CuO and CeO2 combination on Hg
0
 oxidation under low temperature SCR atmosphere, which was 

defined in this study as 1000 ppm NO, 1000 ppm NH3, and 4% O2 balanced in N2 at 200 °C. For each 

catalyst, triplicate experiments were conducted, and their mean values and standard deviations were 

reported. To explore the involved mechanisms, Hg
0
 oxidation over 0.20 g of different catalysts was 

systematically studied in the presence of different gas components. CuCeTi catalyst with different 

dosages (0.20-0.80 g) was also adopted to study the effect of NH3 on Hg
0
 oxidation in the presence of 

NO. Before these experiments, an empty bed experiment was conducted, and the results of which 

demonstrated the interferences on Hg
0
 measurement by an empty reactor and gas components within the 

concentration range studied were negligible. 

At the beginning of each test, the gas stream bypassed the reactor and the inlet gas was monitored 

until the desired inlet Hg
0
 concentration ([Hg

0
]inlet) had been stabilized for at least 30 min. The gas flow 

was then passed through the reactor, and taken from the exit of the reactor to measure the outlet Hg
0
 

concentration ([Hg
0
]outlet). For calculating the Hg

0
 oxidation efficiency (Eoxi), [Hg

0
]outlet was recorded 

after the catalytic process had reached equilibrium, which was defined as having fluctuations of Hg
0
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concentration less than 5% for more than 30 min. At the end of each experiment, the inlet gas was 

sampled again to verify the [Hg
0
]inlet. Eoxi in this study was calculated by equation (1).  

𝐸oxi= ([Hg
0
]inlet- [Hg

0
]outlet)/[Hg

0
]inlet × 100%                      (1) 

Results and Discussions 

Characterization of catalysts. Among the three different catalysts, CuTi exhibited the lowest surface 

area of 66.8 m
2
·g

-1
. CeTi showed the highest surface areas of 101.4 m

2
·g

-1
, which is much higher than 

that of a CeTi catalyst prepared by wet impregnation method (Li et al., 2011). The addition of copper 

oxides slightly lowered the surface area of CeTi catalyst, and the surface area of CuCeTi was 95.0 m
2
·g

-

1
. 

The XRD patterns of CuTi, CeTi and CuCeTi catalysts have been presented in our previous study (Li, 

et al., 2015). No CuO characteristic peak on the XRD patterns of CuTi and CuCeTi catalysts suggests 

that copper species were well dispersed on the TiO2 support and/or incorporated into the lattice of CeO2 

(Avgouropoulos and Ioannides, 2006). For CeTi and CuCeTi catalysts, characteristic peaks 

corresponding to cubic CeO2 were observed to be weak and broad, indicating that CeO2 was well 

dispersed. Ti
4+

 could probably incorporate into the CeO2 lattice (Luo et al., 2000), and hence lowered 

TiO2 peak intensity for the CeTi and CuCeTi catalysts. Compare to the XRD pattern of CeTi catalyst, 

CeO2 peaks on the XRD pattern of CuCeTi catalyst became weaker, indicating there were interactions 

between copper oxides and cerium oxides. One possible interaction was that Cu
2+

 ions incorporated into 

ceria lattice, as the radius of Cu
2+

 ion (0.072 nm) is smaller than that of Ce
4+

 ion (0.101 nm) (Shan et al., 

2003). The defective structure of CeO2 lattice could promote the formation of more chemisorbed 

oxygen on the catalyst surface (Guo et al., 2014), which is the most active oxygen and plays an 
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important role in oxidation reactions such as Hg
0
 oxidation (Li et al., 2011) and NH3 activation (Qi and 

Yang, 2004). 

The XPS spectra of Cu 2p for CuTi and CuCeTi catalysts are displayed in Figure 2(a). As shown, 

both catalysts exhibited a peak of Cu 2p3/2 at 934.3 eV, a peak of Cu 2p1/2 at 953.7 eV, and a shake-up 

peak located in the binding energy range of 938-945 eV, which are the characteristics of Cu
2+

 species 

(Liu et al., 2011; Chen et al., 2013; Yao et al., 2014). Characteristic peaks at 932.2 eV for Cu 2p3/2 and 

peaks at 952.0 eV for Cu 2p1/2 were ascribed to the existence of Cu
+
 species on the CuTi and CuCeTi 

catalysts (Si et al., 2010; Si et al., 2011). The appearance of Cu
+
 species was probably owing to the 

redox cycles of Cu
2+

 + Ti
3+

↔ Cu
+
 + Ti

4+
, and Cu

2+
 + Ce

3+
↔ Cu

+
 + Ce

4+
 shifting to right (Yao et al., 

2013; Yao et al., 2014). The percent content of Cu
+
 can be determined by calculating the corresponding 

peak areas, and lists in Table 1. In comparison with the CuTi catalyst, more Cu
2+

 were reduced to Cu
+
 

on the surface of the CuCeTi catalyst, indicating there were interactions between cerium oxides and 

copper oxides when they combined together. 

The XPS spectra of Ce 3d for CeTi and CuCeTi catalysts are shown in Figure 2(b). The curves of Ce 

3d spectra consisted of eight peaks referring to four pairs of spin-orbit doublets. The sub-bands labeled 

v, v2, v3, u, u2, and u3 referred to the 3d
10

4f
0
 initial electronic state of Ce

4+
 while the other two bands 

labeled v1 and u1 were ascribed to the 3d
10

4f
1
 initial electronic state of Ce

3+
 (Li et al., 2011; Wang et al., 

2012). For both catalysts, peaks attributed to Ce
4+

 were predominant, while the small peaks of v1 

evidenced the presence of Ce
3+

 over the CeTi and CuCeTi catalysts. As shown in Table 1, the 

combination of copper oxides and cerium oxides resulted in more Ce
3+

 on the CuCeTi catalyst. The 

presence of Ce
3+

 could create charge imbalance, oxygen vacancies and unsaturated chemical bonds on 

the catalyst surface (Yang et al., 2006). Therefore, the combination of copper oxides and cerium oxides
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yielded more chemisorbed oxygen species (shown in Table 1) on the CuCeTi catalyst, which are highly 

active in redox processes (Chen et al., 2009).  

The H2-TPR profiles of the three different catalysts also have been reported (Li et al., 2015). It should 

be noted that the first reduction peak for CuTi, CeTi, and CuCeTi were at 180, 503, and 160 °C, 

respectively (as shown in Table 1). The combination of copper oxides and cerium oxides resulted in 

lower reduction temperature, which warrants CuCeTi catalyst to be more active than CuTi and CeTi 

catalysts for low temperature Hg
0
 oxidation.  

Synergistic effect of the CuO and CeO2 combination on Hg
0
 oxidation. Hg

0
 oxidation efficiencies 

over CuTi, CeTi and CuCeTi catalysts under SCR atmosphere at 200 °C are shown in Figure 3. As 

shown, Eoxi over the CuTi catalyst was about 90.0%. This indicates that CuTi catalyst is active for Hg
0 

oxidation under low-temperature SCR atmosphere with no hydrogen chloride (HCl) presence. Eoxi over 

the CeTi catalyst was 52.7%, which is lower than that for CuTi catalyst. This is agreed with other 

research that CuTi catalyst is more active than CeTi catalyst for Hg
0
 oxidation at low temperatures (Xu 

et al., 2014). Eoxi for the CuCeTi catalyst was 99.0%, which is much higher than that for CuTi and CeTi 

catalysts. This result demonstrates the existence of synergy in Hg
0
 oxidation when copper oxides and 

cerium oxides were combined. This is similar to other research (Gao et al., 2010) where CuCeTi catalyst 

was reported to be more effective than CuTi and CeTi catalyst for selective catalytic reduction of NOx 

by NH3. This is also in accordance with the XRD and XPS results that the interactions between copper 

oxides and cerium oxides resulted in more active chemisorbed oxygen, which could facilitate Hg
0
 

oxidation. Moreover, the superior low-temperature activity of CuCeTi catalyst was also in line with the 

H2-TPR results that CuCeTi catalyst is more active at low temperatures than CuTi and CeTi catalysts. 
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As most oxidized mercury species in real coal combustion flue gas exists as HgCl2 (Cao et al., 2008), 

HCl is widely agreed to be the most important flue gas component responsible for Hg
0
 oxidation. In this 

study, no HCl was added to the simulated flue gas to promote Hg
0
 oxidation. The co-presence of NO 

and NH3 would probably induce the reduction of oxidized mercury (Li et al., 2015), which lowers the 

observed Hg
0
 oxidation efficiency. Moreover, the gas hourly space velocity (GHSV) of 54, 000 h

-1
 

corresponding to 0.80 g catalyst was much higher than the typical GHSV (2000-4000 h
-1

) in power plant 

SCR reactors (Laudal, 2002). Even though the contacting conditions in fix-bed is better than that of the 

actual SCR reactor, the results still imply that applications of the CuCeTi catalyst as a low temperature 

SCR catalyst very likely are beneficial to Hg
0
 oxidation in coal-fired power plants, because more HCl, 

less NH3, and lower space velocity can facilitate Hg
0
 conversion. Furthermore, an even better catalytic 

performance could probably be obtained by optimizing the CuCeTi constitute such as the ratio of CuO 

and CeO2 in future studies. 

    Understanding the synergistic effect by comparison of catalyst performances under different 

gas atmospheres. As a promising low-temperature SCR catalyst, CuCeTi catalyst is originally designed 

for facilitating NOx reduction by NH3 (Gao et al., 2010). Similar to NOx selective catalytic reduction 

process, synergy for Hg
0
 oxidation in the presence of N2, O2, NO, and NH3 was achieved when copper 

oxides and cerium oxides were combined. To explore the mechanisms responsible for the synergistic 

effect on Hg
0
 oxidation, comparison of Hg

0
 oxidation performance at 200 °C were conducted over the 

CuTi, CeTi, and CuCeTi catalysts in the presence of individual flue gas components, i.e., N2, O2, NO, 

and NH3. 

Hg
0
 oxidation in pure N2 atmosphere.  Hg

0
 oxidation over different catalysts in the presence of N2 

alone is shown in Figure 4.  As shown, gas flow containing N2 and 75 g·m
-3

 Hg
0
 passed through 0.20 g 
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catalysts from point “a” (about 0.5 h) to point “b” (about 2.5 h). After passing through CuTi catalyst, 

normalized outlet Hg
0
 concentration (to inlet Hg

0
 concentration) firstly dropped to about 0.6, and 

quickly climbed up to 0.8 in 2 hours, indicating that only a limited amount of Hg
0
 adsorbed and/or 

oxidized on the CuTi catalyst at 200 °C in pure N2 atmosphere. CeTi catalyst performed slightly better 

than CuTi catalyst under pure N2 atmosphere. After switched gas flow to CeTi catalyst, normalized 

outlet Hg
0
 concentration firstly dropped to about 0.4, and quickly climbed up to about 0.75 in 2 hours. 

In contrast, the normalized outlet Hg
0
 concentration swiftly dropped to 0.2 after passing through the 

CuCeTi catalyst and remained around 0.2 during the entire 2 hours test. As shown in Figure 5, after 

passing through the CuCeTi catalyst at room temperature under pure N2 atmosphere, Hg
0
 concentration 

only dropped from 75 to about 50 g·m
-3

, and suddenly rose up to 75 g·m
-3

 in 10 minutes. This 

phenomenon demonstrates that Hg
0
 physical adsorption capacity of the CuCeTi catalyst was negligible 

even through at room temperature.  Therefore, the huge loss of Hg
0
 on the CuCeTi catalyst under pure 

N2 atmosphere was due to the reaction between Hg
0
 and stored oxygen (Granite et al., 2000), especially 

the active chemisorbed oxygen (Li et al., 2012). CuO and CeO2 combination in the CuCeTi catalyst 

yielded more surface chemisorbed oxygen, and hence resulted in more Hg
0
 oxidation under pure N2 

atmosphere. 

Hg
0
 oxidation with the aid of gas-phase O2. Hg

0
 oxidation over different catalysts in the presence of 

4% gas-phase O2 is shown in Figure 6. As shown, the normalized outlet Hg
0
 concentration swiftly 

dropped to about 0.5, 0.3, and 0.1, after passing through the CuTi, CeTi, and CuCeTi catalysts, 

respectively. For all catalysts, the normalized outlet Hg
0
 concentration maintained almost constant 

during the entire 1.5 hours test. Comparing to the pure N2 atmosphere, more Hg
0 

oxidation was achieved 

over all catalysts with the aid of gas-phase O2. This was due to that gas-phase O2 continuously 
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regenerated the lattice oxygen and replenished the chemisorbed oxygen, which served as the Hg
0
 

oxidant (Li et al., 2011). In other word, Hg
0
 should be oxidized to be HgO attached on the catalyst 

surface in the presence of gas-phase O2. This phenomenon was identified by a XPS analysis of mercury 

saturated CuCeTi catalyst (Li et al., 2015). Similar to that under pure N2 atmosphere, CuCeTi catalyst 

performed better than CuTi and CeTi catalysts in the presence of gas-phase O2. This was not only 

ascribed to more surface chemisorbed oxygen on the CuCeTi catalyst surface but also probably due to 

the CuO and CeO2 combination facilitated oxygen conversion between gas-phase O2 and surface 

oxygen, which is efficient for Hg
0
 oxidation. 

Hg
0
 oxidation in the presence of NO. Significant promotional effect of NO on Hg

0
 oxidation was 

observed over the CuTi catalyst. As shown in Figure 4, a significant decrease of outlet Hg
0
 

concentration was observed downstream the CuTi catalyst after adding 500 ppm NO to the pure N2 gas 

flow at point “b”. Since TiO2 is essentially inactive for the oxidation of Hg
0 

(Kamata et al., 2008), Hg
0
 

oxidation observed was attributed to the activity of copper oxides supported on TiO2. Without gas-phase 

O2, NO interacted with reduced copper sites forming a dinitrosyl intermediate complex. The dinitrosyl 

intermediate complex subsequently decomposed to form N2 or N2O, and leaving active chemisorbed 

oxygen atoms (Centi and Perathoner, 1995), which are highly active for Hg
0
 oxidation. In the absence of 

gas-phase O2, NO slightly promoted Hg
0
 oxidation over the CeTi catalyst at the first stage, then the 

promotional effect gradually receded, finally NO even exhibited inhibitive effect on Hg
0
 oxidation. For 

the CuCeTi catalyst, NO also exhibited a negligible effect on Hg
0
 oxidation in the absence of O2. The 

outlet Hg
0
 concentration in the presence of 500 ppm NO was just slightly lower than that under pure N2 

atmosphere. Further increase of NO concentration to 1000 ppm at point “c” did not change Hg
0
 

oxidation performance obviously. With the presence of NO, Hg
0
 oxidation performances over the CuTi 
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and CuCeTi catalysts were close to each other, and much higher than that for the CeTi catalyst, 

indicating that copper oxides were more active than cerium oxides for Hg
0
 oxidation under this N2 plus 

NO atmosphere.  

Negligible variation of Hg
0 

oxidation over the CuTi catalyst was detected when 4% O2 was added to 

gas flow containing 1000 ppm NO. In contrast, addition of 4% O2 resulted in huge loss of Hg
0
 

downstream of the CeTi catalyst. This was mainly due to gas-phase O2 continuously regenerated active 

surface oxygen which served as the Hg
0
 oxidant, since the other gas component NO promoted Hg

0
 

oxidation over the CeTi catalyst negligibly (i.e., Eoxi in the presence of 1000 ppm NO and 4% O2 was 

slightly higher than that in the presence of 4% O2 alone). This phenomenon demonstrates again that 

ceria based catalysts are good at converting gas-phase O2 to surface oxygen. For the CuCeTi catalyst, an 

obvious promotional effect of NO on Hg
0
 oxidation was observed in the presence of O2. The outlet Hg

0
 

concentration in the co-presence of 1000 ppm NO and 4% O2 (shown in Figure 4) was lower than that in 

the presence of 4% O2 alone (shown in Figure 6). Cerium oxides in the CuCeTi catalyst facilitated the 

transformation of gas-phase O2 to active surface oxygen, which gave rise to the formation of abundant 

active species like NO2 on the catalyst surface (Li et al., 2008). These active species promoted Hg
0
 

oxidation.  

In summary, copper oxides in the CuO and CeO2 combination interacted with NO forming more 

chemisorbed oxygen for Hg
0
 oxidation in the absence of gas-phase O2. Meanwhile, cerium oxides in the 

CuO and CeO2 combination enhanced the transformations of gas-phase O2 to surface oxygen and NO to 

NO2, which facilitate Hg
0
 oxidation.  

Hg
0
 oxidation with the presence of NH3. As shown in Figure 6, about 0.50 of feed Hg

0
 was detected 

downstream the CuTi catalyst with the presence of 4% O2. After adding 500 ppm NH3, about 0.60 of 
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feed Hg
0
 was detected downstream the catalyst. In the presence of gas-phase O2, NH3 slightly inhibited 

Hg
0
 oxidation over the CuTi catalyst. In contrast, a huge increase of outlet Hg

0
 concentration was 

observed after adding 500 ppm NH3 to the CeTi system, indicating NH3 greatly prohibited Hg
0
 

oxidation over the CeTi catalyst. NH3 competes with Hg
0
 for active sites on the CeTi catalyst (Li et al., 

2015), and hence inhibited Hg
0
 adsorption and subsequent oxidation.  

NH3 is known to primarily adsorb on Brønsted acid sites ( Topsøe, 1994; Madsen, 2011), while Lewis 

acid sites are more suitable for Hg
0
 adsorption (Eom et al., 2008; Madsen, 2011). Generally, limited or 

no Brønsted acid sites are present on the CuO surface (Ramis et al., 1995; Kamata et al., 2009). In 

contrast, Brønsted acid sites and Lewis acid sites are present on the surface of ceria based catalysts (Xu 

et al., 2009; Chen et al., 2010). With a successive addition of CuO into a ceria based catalyst matrix, 

Brønsted acid sites were demonstrated to be stepwise substituted by Lewis acid sites (Yu et al., 2011). 

Therefore, it is reasonable to believe that the combination of CuO and CeO2 in the CuCeTi catalyst 

yielded more Lewis acid sites for Hg
0
 adsorption, and hence reduced the competitive adsorption 

between NH3 and Hg
0
, which has been confirmed by a desorption experiment in our previous study (Li 

et al., 2015). Moreover, the inhibitive effect of NH3 on Hg
0
 oxidation through consumption of surface 

oxygen can be completely scavenged in the presence of O2 (Li et al., 2015). Therefore, addition of 500 

ppm NH3 to gas flow containing O2 resulted in negligible effect on Hg
0
 oxidation over the CuCeTi 

catalyst.  

Due to the advantages of the CuO and CeO2 combination, NH3 alone exhibited no inhibitive effect on 

Hg
0
 oxidation over the CuCeTi catalyst in the presence of O2. However, a huge deactivation of Hg

0
 

oxidation over the CuCeTi catalyst was observed when NO was also present. As shown in Figure 7, the 

normalized outlet Hg
0
 concentration downstream of 0.20 g CuCeTi catalyst rapidly rise from about 0.02 
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up to 0.36 when 1000 ppm NH3 was introduced to a gas low containing 4% O2 and 1000 ppm NO, and 

maintained around 0.40 during the entire 1.0 hour test. With the merits of the CuO and CeO2 

combination, neither NO nor NH3 alone exhibited an inhibitive effect on Hg
0
 oxidation in the presence 

of O2. Because the observed oxidation rate of Hg
0
 is the net sum of an oxidation and a reversed 

reduction reaction, the huge deactivation of Hg
0
 oxidation over the CuCeTi catalyst in the co-presence 

of O2, NO and NH3 was probably due to reduction of oxidized mercury (Li et al., 2015), which usually 

took place in parallel with Hg
0
 oxidation. With the increase of catalyst dosage from 0.20 g to 0.80 g, the 

normalized outlet Hg
0
 concentration gradually decreased from about 0.40 to around 0.02, which is same 

as that without NH3. When the catalyst layer became thicker, more NH3-free or NH3-deficient space at 

the tail-end of the catalyst layer was obtained, where the reduction of oxidized mercury was scavenged 

or at least relieved. Therefore, higher Hg
0
 oxidation rate was observed. Even though NH3 lowered Hg

0
 

oxidation rate in the presence of NO through inducing reduction of oxidized mercury, complete 

recovery of Hg
0
 oxidation activity of the CuCeTi catalyst can be rapidly achieved after cutting off NH3. 

As shown in Figure 7, the normalized outlet Hg
0
 concentration quickly declined to about 0.02 when 

NH3 was eliminated from the gas flow, regardless the catalyst dosage. With this merit of the CuCeTi 

catalyst, high Hg
0
 oxidation efficiency can be easily achieved once NH3 is consumed in the SCR 

reactions which primarily taking place in the front section of catalyst layer. 

Conclusion 

Obvious synergy in Hg
0
 oxidation under SCR atmosphere was achieved when copper oxides and 

cerium oxides were combined in a low temperature CuCeTi catalyst. At 200 °C, Hg
0
 oxidation 

efficiency as high as 99.0% was observed on the CuCeTi catalyst under SCR atmosphere with a GHSV 

more than 10 times higher than the actual GHSV in power plant SCR reactors. The interactions between 
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copper oxides and cerium oxides yielded more surface chemisorbed oxygen, which was responsible for 

Hg
0
 oxidation under pure N2 atmosphere. In the presence of gas-phase O2, the CuO and CeO2 

combination facilitated oxygen conversion between gas-phase O2 and surface oxygen, and hence 

facilitated Hg
0
 oxidation. Copper oxides in the CuO and CeO2 combination could interact with NO 

forming more chemisorbed oxygen for Hg
0
 oxidation in the absence of gas-phase O2. Cerium oxides in 

the CuO and CeO2 combination could promote Hg
0
 oxidation through enhancing the transformation of 

NO to NO2. The CuO and CeO2 combination resulted in enough Lewis acid sites for Hg
0
 adsorption, 

and hence scavenged the competitive adsorption between NH3 and Hg
0
. Even though NH3 lowered Hg

0
 

oxidation rate in the presence of NO, excellent Hg
0
 oxidation activity can be obtained over the CuCeTi 

catalyst once there were NH3-free or NH3-deficient spaces at the tail-end of the catalyst layer. The 

synergistic effect of the CuO and CeO2 combination on Hg
0
 oxidation under SCR atmosphere warrants 

the CuCeTi catalyst to be a promising low-temperature SCR catalyst, on which co-benefit of Hg
0
 

emission control can be achieved. 
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Table 1. Physical properties of catalysts 

Catalysts 

Surface 

area 
Surface atomic ratio（%） 

Temperature 

of first H2-

reduction 

peak (°C) 
m

2
·g

-1 
Cu

+
/Cu Ce

3+
/Ce Oβ/O 

CuTi 66.8 65.3 - 10.5 180 

CeTi 101.4 - 23.1 15.7 503 

CuCeTi 95.0 72.0 29.7 21.4 160 

Oβ: chemically adsorbed oxygen/weakly bonded oxygen.  
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 Figure 1. Schematic diagram of the experimental setup 
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Figure 2. (a) Cu 2p XPS patterns of CuTi, and CuCeTi catalysts; (b) Ce 3d patterns of CeTi and 

CuCeTi catalysts  
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Figure 3. Hg
0
 oxidation over CuTi, CeTi and CuCeTi catalysts under SCR atmosphere at 200 °C 
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Figure 4. Hg
0
 oxidation over CuTi, CeTi and CuCeTi catalysts in the presence of NO  

0 1 2 3 4 5 6
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

bypass  CuCeTi

 CuTi

 CeTi

dcb

 

 

N
o

rm
a
li

z
e
d

 H
g

0
 c

o
n

c
e
n

tr
a
ti

o
n

Time (h)

a

a: pure N
2
                 

b: N
2
 + 500 ppm NO

c: N
2
 + 1000 ppm NO   

d: N
2
 +1000 ppm NO +4% O

2

through catalyst

 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 

 

31 

Figure 5. Hg
0
 physical adsorption over CuCeTi catalyst at room temperature 
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Figure 6. Hg
0
 oxidation over CuTi, CeTi and CuCeTi catalysts in the presence of NH3 
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Figure 7. Effect of NH3 on Hg
0
 oxidation over CuCeTi catalyst in the presence of O2 and NO  
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Highlights 

> Combination of CuO and CeO2 yielded synergy for Hg
0
 oxidation under SCR atmosphere. > 99.0% 

Hg
0
 oxidation rate was observed on the CuCeTi catalyst at 200 °C and high GHSV. > Enough Lewis 

acid sites scavenged the competitive adsorption between NH3 and Hg
0
. > Complete recovery of Hg

0
 

oxidation activity was quickly achieved after cutting off NH3.  


