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Abstract A series of MnOx/CeO2 (Mn/Ce), MnOx/ZrO2 (Mn/Zr), and MnOx/Ce0.75Zr0.25O2 (Mn/CZ) catalysts prepared by an 

impregnation method were tested for their ability to catalyse oxidation of Hg0 at relatively low temperature (423 K). Various 

characterization techniques, namely, Brunauer‒Emmett‒Teller (BET) surface area, X-ray diffraction (XRD), Raman spectroscopy (RS), 

X-ray photoelectron spectroscopy (XPS), and H2-temperature programmed reduction (H2-TPR) were employed to understand the 10 

structural, surface, and redox properties of the prepared catalysts. Specific aspects of the catalysis of Hg0 oxidation that were investigated 

included the influence of MnOx loading (5, 15, and 25 %) and the influence of HCl and O2. Among the catalysts tested, the15Mn/CZ 

catalyst achieved the highest Hg0 oxidation performance (~ 83 % conversion of Hg0 to Hg2+) in the presence of HCl and O2. The higher 

activity of the 15 Mn/CZ catalyst was most likely due to the presence of more oxygen vacancies, enhanced Mn4+/Mn4++Mn3++Mn2+ ratio 

and more surface adsorbed oxygen, which are proved by XRD, BET, Raman, and XPS. H2-TPR results also show that the strong 15 

interaction between Ce0.75Zr0.25O2 support and MnOx improved redox properties significantly while compared to pure CeO2 and ZrO2 

supported MnOx catalysts.

1. Introduction 

Mercury (Hg) emissions are a global concern because of the 

potential risks Hg poses to human health and the environment.1 In 20 

particular, it can affect human health by acting as a neurotoxin, 

harming the human development system. Furthermore, long term 

exposure to methyl mercury ((CH3)2Hg) can damage the heart, 

kidneys, lungs, and immune system of people from all age 

groups. Coal-fired power plants are one of the major man-made 25 

sources of mercury emissions. Three general forms of Hg species 

are generated during coal combustion, namely, elemental 

mercury (Hg0), oxidised mercury (Hg2+), and particulate mercury 

(Hgp).
2, 3 Existing flue gas treatment technologies in coal-fired 

power plants such as wet scrubbers, electrostatic precipitators 30 

(ESP), and fabric filters (FF) can efficiently remove both Hg2+  
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-and Hgp from coal-fired flue gas. The Hg0 present in the flue gas 

is however very difficult to control due to its high volatility and 50 

low solubility in water.4-6 Moreover, Hg0 is the predominant-

specie in flue gas, accounting for 66–94 % of the total mercury 

emissions.7 Based on the potential adverse effects of Hg0, there is 

significant interest in the development of process for removing 

this from flue gas. 55 

 

 In recent years, catalytic conversion of Hg0 to its oxidised 

form, Hg2+ has attracted prominent interest because the converted 

Hg2+ can be easily removed by wet flue gas desulfurization 

(WFGD) technology.8, 9 Various transition metal oxides such as 60 

TiO2, Cu2O, MnOx, Fe2O3, and V2O5 have been effectively 

examined for Hg0 removal from flue gas through catalytic 

oxidation and adsorption process.10-16 Among them, manganese 

oxide has received significant interest based on a combination of 

some initial promising results and its relatively low cost as 65 

compared to noble metals.10, 17, 18 Unsupported MnOx catalysts 

however have been shown to not perform well in catalytic 

oxidation of Hg0–this was reported to be due to their larger 

particle sizes.19 Different supports such as Al2O3, TiO2, and 

activated carbons have been used to enhance the catalytic 70 

performance of MnOx catalysts. For example, Qiao et al.8 

reported that MnOx/Al2O3 material show significant Hg0 

oxidation efficiency (> 80 %) after 2 hours in the presence of HCl 

(20 ppm) under the following conditions (Hg0
inlet= 180 µg/m3, 

T = 623 K). Ji et al.20 prepared a novel MnOx/TiO2 catalyst that 75 

exhibited > 90 % catalytic activity for Hg0 oxidation. The 

significant catalytic performance of MnOx has reported to be due 
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to its multiple oxidation states (Mn4+/Mn3+) as well as various 

types of labile oxygen species.21, 22 Whilst MnOx based catalysts 

have been shown to achieve promising results to date there are 

some significant drawbacks that have been reported for these 

catalysts. Firstly it has been reported that these catalysts have low 5 

resistance to sulphur dioxide (SO2) poisoning (where SO2 is a 

common component of coal fired flue gas).23 Moreover very high 

HCl concentrations (in excess of those commonly found in coal 

fired flue gas) have been necessary in order to obtain very high 

Hg0 oxidation efficiencies over MnOx based catalysts supported 10 

on TiO2 and/or Al2O3 supports.24 

 

 In this study the ability of a range of MnOx based materials to 

catalyse the oxidation of Hg0 was investigated in presence of low 

HCl concentration (10 ppm). The support used in this study 15 

(CeO2–ZrO2) were chosen based on its successful application in 

several industrial catalytic process such as selective catalytic 

reduction (SCR) of NOx with NH3, water gas shift (WGS) 

reactions, and soot oxidation reactions.25-27 Furthermore, CeO2–

ZrO2 based materials not only act as good supports but also as co-20 

catalyst by providing active oxygen atoms to the dispersed active 

component in various oxidation reactions.28 Hence, the 

combination of MnOx and CeO2–ZrO2 can benefit the application 

of manganese-based oxides in Hg0 oxidation. Therefore, to 

improve the Hg0 removal performances of Mn-based catalysts, 25 

different weight percentages of MnOx was deposited on CeO2–

ZrO2 support by employing an impregnation method. The 

synthesized catalysts were tested towards Hg0 removal under 

simulated flue gas conditions (HCl and O2) at a low operating 

temperature of 423 K. The effect of different loading amounts of 30 

MnOx on CeO2–ZrO2 support towards Hg0 oxidation and 

adsorption performances was also clearly discussed. 

 

2.  Experimental section 

2.1 Catalysts preparation 35 

Ce0.75Zr0.25O2 was prepared by a co-precipitation method using 

aqueous ammonia (aq.NH3) as the precipitating agent. The 

precursors used in the synthesis were Ce(NO3)3•6H2O (Aldrich, 

AR grade) and ZrO(NO3)2•xH2O (Aldrich, AR grade). The molar 

ratios of Zr/(Ce+Zr) over the Ce0.75Zr0.25O2 support were 25 %. In 40 

a typical synthesis, the 0.015 mole (6.513 g) of Ce-nitrate and 

0.005 mole (1.156 g) of Zr-oxynitrate precursors were dissolved 

with stirring in 200 mL of distilled water for 30 minutes. Then, 

aqueous NH3 (25 % w/v) was added dropwise with vigorous 

stirring to attain a pH of 9. Subsequently, the precipitate was 45 

washed three times with distilled water and ethanol to remove 

NH4
+ and NO3

– impurities. The collected product was dried at 

353 K in an oven for overnight and then calcined at 773 K for 5 

h.  

 50 

 MnOx/Ce0.75Zr0.25O2 materials were prepared by an 

impregnation method using Mn(NO3)2•4H2O (Merck, AR grade) 

and Ce0.75Zr0.25O2 (see previous paragraph). The molar ratios of 

Mn/(Ce+Zr) over the MnOx/Ce0.75Zr0.25O2materials were 5, 15, 

and 25 %. The required amount of Mn-nitrate precursor was 55 

dissolved in distilled water followed by adding the Ce0.75Zr0.25O2 

support to the solution. Aqueous ammonia was then added slowly 

until the precipitation was complete (giving a final solution pH of 

9). The obtained product was washed three times with distilled 

water and ethanol and dried at 353 K for overnight. The dried 60 

sample was calcined at 773 K for 5 h. The as-prepared catalysts 

Ce0.75Zr0.25O2, 5 % MnOx/Ce0.75Zr0.25O2,15% MnOx/Ce0.75Zr0.25O2

, and 25% MnOx/Ce0.75Zr0.25O2 were designated as CZ, 5Mn/CZ, 

15Mn/CZ, and 25Mn/CZ, respectively. CeO2 and ZrO2 supports 

were prepared by precipitation method using their respective 65 

salts. Then, MnOx/CeO2 (Mn/Ce) and MnOx/ZrO2 (Mn/Zr) 

catalysts were prepared by a similar method as that used to 

prepare Mn/CZ catalysts. 

 

2.2 Catalysts characterization 70 

 

The N2 specific BET surface areas and pore size distributions 

were measured on a Micromeritics (ASAP 2000) analyzer. Prior 

to analysis, approximately 100–200 mg of sample was degassed 

under vacuum at 523 K for 10 h. The specific surface area (SBET) 75 

of each sample was calculated by the multipoint BET method and 

average pore size was calculated by the Barrett-Joyner-Halenda 

(BJH) method from the N2 desorption branches of the isotherm.  

 

 Powder XRD measurements were performed on a Rigaku 80 

Multiflex diffractometer with a Cu Kα (0.15418 nm) radiation 

source. The 2θ values in the range of 10–80° were collected with 

a 0.021° step size. The obtained diffraction patterns were 

matched with the international centre for diffraction data-powder 

diffraction file (ICDD-PDF). The lattice parameters (a) were 85 

measured by XRD refinement and average crystallite sizes (D) 

were calculated using Sherrer’s equation. 

 

 Raman measurements were carried out at room temperature 

with a DILORXY spectrometer using an Ar+ ion (Spectra 90 

Physics) laser source (632 nm).  

 

 XPS measurements were made on a K-α spectrometer (Thermo 

scientific) at room temperature under ultra-high vacuum (10–8 

Pa). The monochromatic Al-Kα (1486.7 eV) radiation source was 95 

used as the excitation source. All binding energies of the samples 

were calibrated using the reference carbon (C 1s) peak at 285 eV. 

The spectra were fitted with the Avantage software and Shirley 

background was used for fitting all levels.  

 100 

 H2–TPR experiments were done on an automated AutoChem. 

II-2720 (Micromeritcs) chemisorption analyser equipped with a 

thermal conductivity detector (TCD). Before analysis, the catalyst 

(approx. 50 mg) was preheated with a pure helium gas in a quartz 

glass reactor with a flow rate of 20 mL/min for 30 minutes up to 105 

573 K and then cooled down to room temperature (RT) by 

purging Argon gas. Then, the sample was exposed to a reduction 

agent, 5 % (v/V) of H2 at a flow rate of 20 mL/min from 298 to 

1073 K with ramping time of 50 K/min. 

 110 

2.2  Catalytic activity test 

 

The Hg0 removal efficiencies of the catalysts were tested using a 

bench scale catalytic reactor as shown in supporting information, 

Fig. S1. The reactor consisted of a Hg0 vapour generator, HCl 115 
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vapour generator, temperature-controlled quartz reactor and 

mercury speciation trapping system. The typical simulated flue 

gas used in the study was 10 ppm HCl, and 3 % O2 with the 

balance being dry N2. The total flow rate of all gases combined 

was maintained at 200 mL/min throughout the experiments using 5 

mass flow controllers (John Morris Scientific). A mercury 

permeation device (VICI, Metronics Inc.) was used to generate 

Hg0 vapour generator at a constant concentration of ~320 µg/m3 

by using a fixed temperature of 313 K at the generator. It must be 

noted that an online mercury analyzer is not employed in this 10 

study. Therefore a Hg0 vapor concentration of ~320 µg/m3 was 

purposefully used in this study as the higher mercury levels in our 

chemical speciation traps provided a more accurate (less error) 

mass balance for the mercury in the system and therefore a more 

realistic catalytic oxidation performance of the developed 15 

catalysts. The HCl vapour was also generated using a HCl 

permeation device (VICI, Metronics Inc.), which was placed 

inside an in-house built Teflon cell. The produced Hg0 and HCl 

vapours from the generators were passes to the reaction chamber 

with dry N2 carrier gas by maintaining a constant temperature of 20 

363 K around the pipe lines. For Hg0 removal experiments, 

approximately 0.4 g of the catalyst was loaded into quartz reactor 

(Ø = 1 cm) and the reaction temperature was maintained at 423 K 

for the entire reaction period of 16 h. In each test, quartz wool 

was used as a support for the catalyst. Previous studies have 25 

confirmed that the quartz wool has no impact on Hg0 removal 

under the conditions used in this study.29  

 

 The elemental and the converted oxidised mercury were 

measured quantitatively using a modified Ontario Hydro Method 30 

(OHM),30, 31 in which KCl (0.01 M) and KMnO4/H2SO4 (20 

mg/L) impinger solutions were used in the train of traps as 

mercury absorbing media. According to OHM, the elemental 

mercury (Hg0) was captured by KMnO4 solution, whereas 

oxidised mercury (Hg2+) was absorbed by KCl solution. In order 35 

to maintain full mass balance in the experiment, the adsorbed 

mercury (Hgads) on the catalyst surface was measured using acid-

digestion experiments, in which a known amount of sample was 

digested by aqua regia (1:3 Conc. HNO3 and HCl) and kept 

overnight at room temperature. Then, the quantitative amount of 40 

Hg0, Hg2+, and Hgads were determined using an inductive coupled 

plasma-mass spectrometry (ICP-MS) from Agilent Technologies 

(7700x series) with an ASX 520 series autosampler. In order to 

ensure the accuracy of the experimental methodology, various 

quality controls were followed which include mercury specific 45 

analysis settings, validating the data, using multiple internal 

standards and using collision analysis mode where necessary. In 

all of the experiments, the inlet, oxidised, adsorbed, and outlet 

mercury were represented as Hg0
inlet, Hgoxi, Hgads, and, Hg0

outlet, 

respectively. The amount of Hg0
inlet was determined by 50 

performing 10 experiments without any catalyst as shown in the 

supporting information, Fig. S2. The total Hg is the sum of Hgads, 

Hgoxi, and Hg0
outlet, which is also equal to Hg0

inlet (~61±2 ppbv in 

16 h), thereby confirming that a full mass balance is attained in 

all the experiments. The Hg0 removal efficiency can be defined as 55 

the sum of total of Hg0 oxidation efficiency (Eoxi, %) and Hg0 

adsorption efficiency (Eads, %), which were described in the 

following equations. 

 

     ( )  
     

       
      

                                       (1) 

     ( )  
     

       
      

                                       (2) 

 60 

3. Results and discussion 

3.1 Characterization studies 

3.1.1 BET surface area 

The N2 BET isotherms obtained for Mn/Zr, Mn/Ce, 5Mn/CZ, 

15Mn/CZ, 25Mn/CZ, and CZ catalysts are shown in Fig. 1. The 65 

Mn/Ce and Mn/Zr samples show type III adsorption isotherm, 

whereas Mn/CZ and CZ samples display type IV adsorption 

isotherm, which is indicating that all catalysts were mesoporous 

in nature.32 The values of specific BET surface area, average pore 

diameter, and total pore volume of each catalyst are compiled in 70 

Table 1. The specific surface area of the Mn/Ce and Mn/Zr 

catalysts were found to be 36.4 and 42.6 m2 g–1, respectively. The 

CZ support had the highest specific surface area (84 m2 g–1) of all 

the catalysts. In case of CZ supported MnOx catalysts, the surface 

areas decreased and the values were in the range of 82.6–78.9 75 

m2 g–1. It can be concluded that the dispersed MnOx particles 

might decrease the surface area by occupying the free pores of 

CZ support. From Table 1, it can also be observed that the 

Mn/CZ catalysts have larger pore volumes and smaller pore 

diameters than the Mn/Ce and Mn/Zr catalysts. 80 

 

 

 

 

 85 

Fig.1 Nitrogen adsorption-desorption isotherms of MnOx/ZrO2 

(Mn/Zr), MnOx/CeO2 (Mn/Ce), 5% MnOx/Ce0.75Zr0.25O2 

(5Mn/CZ), 15% MnOx/Ce0.75Zr0.25O2 (15Mn/CZ), 25% 

MnOx/Ce0.75Zr0.25O2 (25Mn/CZ), and Ce0.75Zr0.25O2 (CZ) 

catalysts. 90 
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Table 1 The specific BET surface area, pore diameter, and pore 

volume of MnOx/CeO2 (Mn/Ce), MnOx/ZrO2 (Mn/Zr), 

Ce0.75Zr0.25O2 (CZ), 5% MnOx/Ce0.75Zr0.25O2 (5Mn/CZ), 

15% MnOx/Ce0.75Zr0.25O2 (15Mn/CZ), and 25% 5 

MnOx/Ce0.75Zr0.25O2 (25Mn/CZ) catalysts. 

 

 

 

 10 

 

 

 

 

 15 

 

 

 

 

 20 

 

 

 

 

3.1.2 XRD analysis 25 

 

The powder XRD patterns of the Mn/Zr, Mn/Ce, Mn/CZ and CZ 

catalysts are shown in Fig. 2. Diffraction lines consistent with 

CeO2 and ZrO2 phases were observed in the Mn/Ce and Mn/Zr 

catalysts, respectively. Manganese oxide (MnO2 and Mn2O3) 30 

phases were also present in both the Mn/Ce and Mn/Zr catalysts 

based on the diffraction patterns obtained for these catalysts. For 

the CZ catalyst, the diffraction lines in the pattern obtained were 

consistent with the catalyst having a cubic fluorite structured 

CeO2 (ICDD-PDF 34-0394).5,33,34 Furthermore, these diffraction 35 

lines were slightly shifted towards higher 2θ angles compared to 

those observed in the pure CeO2 supported MnOx catalyst. The 

shifting observed for the CZ catalyst was most likely due to the 

doping of Zr4+ into fluorite structured CeO2 lattice.35,36 The XRD 

patterns obtained for Mn/CZ catalysts were similar to the pattern 40 

obtained for the CZ support. Interestingly, the XRD patterns for 

the catalysts with 5 and 15 % Mn loading did not have any 

diffraction lines related to manganese oxides, whereas the 

25Mn/CZ catalyst had diffraction lines consistent with MnO2 and 

Mn2O3 phases along with CeO2. It shows that with increasing Mn 45 

loading (up to 25 %), different Mn-oxide phases were observed 

most likely due to crystalline MnOx phases. On the other hand, at 

lower loading up to 15 %, the MnOx is also most likely 

amorphous and/or well dispersed over CZ support. The average 

crystallite sizes (D) of catalysts are calculated by Debye-Sherrer 50 

equation and illustrated in Table 2. The obtained CeO2 crystallite 

sizes of Mn/CZ catalysts are smaller than Mn/Ce catalyst. The 

lattice parameters were also calculated and are given in Table 2. 

The CZ and Mn/CZ catalysts show smaller lattice parameters, 

5.35 and 5.31 Å, respectively, while compared to pure CeO2 55 

support (5.42 Å) due to lattice contraction. This observation also 

provides an evidence for shifting of diffraction lines towards 

higher angle side for the Mn/Ce catalyst. 

 

 60 

 

 

 

 

 65 

 

 

 

 

 70 

 

 

 

 

 75 

 

 

 

 

Fig. 2 Powder XRD patterns of MnOx/ZrO2 (Mn/Zr), 80 

MnOx/CeO2 (Mn/Ce), 5% MnOx/Ce0.75Zr0.25O2 (5Mn/CZ),  

15% MnOx/Ce0.75Zr0.25O2 (15Mn/CZ), 25% MnOx/Ce0.75Zr0.25O2 

(25Mn/CZ), and Ce0.75Zr0.25O2 (CZ) catalysts. 

 

 85 

Table 2 The crystallite size, lattice parameter, and Raman full 

width half maxima (FWHM) values of MnOx/CeO2 (Mn/Ce), 

Ce0.75Zr0.25O2 (CZ), 5% MnOx/Ce0.75Zr0.25O2 (5Mn/CZ), 

15% MnOx/Ce0.75Zr0.25O2 (15Mn/CZ), and 25% 

MnOx/Ce0.75Zr0.25O2 (25Mn/CZ) catalysts. 90 

 

 

 

 

 95 

 

 

 

 

 100 

 

 

 

 
a,bcalculated from (111) lattice plane from XRD 105 

cmeasured from Raman F2g peak 

 

3.1.3 Raman analysis 

 

Raman spectra were obtained for the Mn/Ce, Mn/CZ, and CZ 110 

catalysts in order to investigate any differences in the Ce–O 

bonding between the respective catalysts (Fig. 3). The Mn/Ce 

catalyst provides typical CeO2 Raman spectra with an intense 

band at ~ 461 cm–1, which can be attributed to the F2g Raman 

active mode of the cubic fluorite structure with a symmetrical 115 

vibration mode of oxygen atoms around each Ce4+ cation.37,38 

Catalyst Crystallite 

size (nm)a 

Lattice 

parameter 

(Å)b 

Raman 

FWHM 

(cm-1)c 

Mn/Ce 14.39 5.42 14.5 

CZ 5.85 5.35 49.8 

5Mn/CZ 4.26 5.31 87.6 

15Mn/CZ 4.68 5.31 97.2 

25Mn/CZ 4.58 5.31 73.4 

Catalyst BET 

surface 

area 

(m2/g) 

Average pore 

diameter 

(nm) 

Total 

pore 

volume 

(cm3/g) 

Mn/Ce 36.4 15.9 0.03 

Mn/Zr 42.6 12.1 0.02 

CZ 84 6.2 0.08 

5Mn/CZ 82.6 4.8 0.11 

15Mn/CZ 80.3 4.5 0.15 

25Mn/CZ 78.9 4.7 0.13 
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Interestingly, the CZ support and Mn/CZ catalysts displayed a 

Raman band at around 475 cm–1, which is significantly higher 

than that obtained for Mn/Ce catalyst.27 As the position and width 

of Raman bands depend on several factors such as crystallite 

growth and particle sizes, the aforementioned F2g band position 5 

indicates a significant difference in the Ce–O structure when 

present in CZ and Mn/CZ catalysts as compared to the Mn/Ce 

catalyst.35,39,40 As shown in Table 2 (XRD), the average 

crystallite sizes of the Mn/CZ catalyts decreased with increasing 

Mn loading, with the values being in the range of 4.68–4.26 nm 10 

compared to Mn/Ce catalyst (14.39 nm). Furthermore, the full 

width half maxima (FWHM) of the peak at 475 cm–1 in the CZ 

and Mn/CZ catalysts were significantly broader compared to the 

Mn/Ce catalyst. These results imply that the decrease in 

crystallite sizes causes to enhance width of F2g Raman band. 15 

Additionally, for CZ catalyst, the two weak Raman peaks at 278 

and 623 cm–1, can be due to the Raman inactive transverse and 

longitudinal optical phonon modes, respectively.41,42 Particularly, 

the peak at 623 cm–1 can also be attributed to oxygen vacancies 

(Ov) in the ceria lattice due to the incorporation of Zr4+ into 20 

CeO2.
35 The Mn/CZ catalysts also show a Ov band at 623 cm–1, 

but as the Mn loading increases to 15 %, the Ov intensity 

increased. However, for 25Mn/CZ catalyst, the Ov intensity 

disappeared when the MnOx loading reaches to 25 %. 

Additionally, the peaks related to MnO2 and Mn2O3 appeared for 25 

25Mn/CZ catalyst. It clearly indicates that the optimum loading 

of 15 % MnOx on CZ support could provide the well dispersion 

of MnOx, which is also supported by XRD results. 

 

 30 

 

 

 

 

 35 

 

 

 

 

 40 

 

 

 

 

 45 

 

 

 

 

Fig. 3 Raman spectra of MnOx/CeO2 (Mn/Ce), 5 % 50 

MnOx/Ce0.75Zr0.25O2 (5Mn/CZ), 15% MnOx/Ce0.75Zr0.25O2 

(15Mn/CZ), 25 % MnOx/Ce0.75Zr0.25O2 (25Mn/CZ), and 

Ce0.75Zr0.25O2 (CZ) catalysts. 

 

3.1.4 XPS analysis 55 

 

XPS analysis was employed to determine the chemical state and 

the relative proportion of elements present in the catalysts. Fig. 4a 

shows the Mn 2p XPS spectra of fresh Mn/Zr, Mn/Ce, and 

15Mn/CZ catalysts. As for Mn 2p, there are two peaks appeared 60 

at ~641 and 653 eV, which can be attributed to spin-orbit doublet 

of Mn 2p3/2 and Mn 2p1/2, respectively. The Mn 2p3/2 peak of 

Mn/Zr, Mn/Ce, and 15Mn/CZ catalysts can be separated by 

denconvolution into three peaks at ~ 640.2–640.4, ~ 641.4–642.2, 

and ~ 643.1–644.2 eV, which can be attributed to Mn2+, Mn3+, 65 

and Mn4+, respectively.43,44 Earlier reports have shown that a high 

Mn4+ concentration would lead to higher catalytic performance in 

oxidation reactions.3,26,45,46 Thus, the relative content of Mn4+ to 

total Mn concentration of fresh catalysts was calculated and 

illustrated in Table 3. It was found that the 15Mn/CZ catalyst 70 

show higher Mn4+ content (25.98 %) while compared to Mn/Zr 

(17.73 %) and Mn/Ce (21.52 %).  
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Fig. 4 (a) Mn 2p and (b) O 1s XPS spectra of MnOx/ZrO2 

(Mn/Zr), MnOx/CeO2 (Mn/Ce), 15% MnOx/Ce0.75Zr0.25O2 

(15Mn/CZ), and Ce0.75Zr0.25O2 (CZ) catalysts. 
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Table 3  Surface atomic ratios of MnOx/ZrO2 (Mn/Zr), MnOx/CeO2 (Mn/Ce), 15% MnOx/Ce0.75Zr0.25O2 (15Mn/CZ), and 

Ce0.75Zr0.25O2 (CZ) catalysts. 
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 The O 1s XPS spectra of fresh Mn/Zr, Mn/Ce, 15Mn/CZ, and 

CZ catalysts were also analysed as shown in Fig. 4b. The O 1s 20 

XPS spectra clearly showed three different oxygen species were 

present on the surface of the catalysts. The peaks at lower binding 

energy (~529.2 eV) can be attributed to lattice oxygen 

(represented as OA), while the peaks at ~531.4 eV can be ascribed 

to weakly surface adsorbed oxygen and/or hydroxyl groups 25 

(represented as OB). Lastly, the peak at ~533.6 eV can be 

attributed to oxygen from water and/or carbonates (represented as 

OC).47,48 The relative concentrations of three oxygen species were 

calculated by deconvoluting the O 1s spectra and the values are 

discussed in Table 3. It was clear that the surface adsorbed 30 

oxygen of 15Mn/CZ catalyst is higher than that of other catalysts 

and the order was 15Mn/CZ > Mn/Ce > Mn/Zr > CZ. The surface 

adsorbed oxygen from both dispersed MnOx and CZ support 

could be contributed to appearance of more adsorbed oxygen on 

the 15Mn/CZ catalysts. Several other groups have reported that 35 

the high percentages of adsorbed oxygen leads to higher lattice 

oxygen mobile, thereby potentially enhancing catalytic oxidation 

performance.49-51 Thus, the relative high percentage of OB on the 

surface of 15Mn/CZ catalyst could be responsible for enhancing 

Hg0 oxidation performances while compared to other catalysts in 40 

the study. 

 

 The Ce 3d XPS profiles of fresh Mn/Ce, 15Mn/CZ, and CZ 

catalysts were also shown in Fig. 5a. The Ce 3d XPS spectra 

composed of eight peaks, namely, u, uˈ, uˈˈ, uˈˈˈ, v, vˈ, vˈˈ, vˈˈˈ 45 

which can be attributed to four pairs of 3d5/2 and 3d3/2 spin-orbit 

doublets.3,52 The u, uˈˈ, uˈˈˈ, v, vˈˈ, vˈˈˈ represents Ce4+, whereas 

uˈ and vˈ belong to Ce3+ state. It shows the co-existence of both 

3+ and 4+ oxidation states of Ce. In order to know the relative 

proportion of Ce amount in CZ, Mn/Ce, and 15 Mn/CZ catalysts, 50 

the peaks were deconvoluted and the ratios of Ce4+/Ce3++Ce4+ are 

summarized in Table 3. Compared to Mn/Ce and CZ catalysts, 

the Ce4+ concentration of 15Mn/CZ catalyst was lower and it 

indicates that the loading of MnOx enhanced the Ce3+ content of 

CZ catalyst. The presence of Ce3+ ions in the catalyst could create 55 

charge imbalance, thereby appearance of more surface adsorbed 

oxygen species (i.e, O2
2-, O-, O2

-) on the surface.50 Therefore, it is 

believed that the high content of Ce3+ ions associated with  

 

adsorbed oxygen species on the surface of 15Mn/CZ catalyst 60 

could enhance Hg0 removal efficiencies. 
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Fig. 5 (a) Ce 3d and (b) Zr 3d XPS spectra of MnOx/ZrO2 

(Mn/Zr), MnOx/CeO2 (Mn/Ce), 15% MnOx/Ce0.75Zr0.25O2 

(15Mn/CZ), and Ce0.75Zr0.25O2 (CZ) catalysts. 100 
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 The Zr 3d XPS spectra of fresh Mn/Zr, 15Mn/CZ, and CZ 

catalysts were shown in Fig. 5b. As shown, the peak appeared in 

the range of 181.5–181.9 eV (Zr 3d5/2) can be attributed to the 

sole presence of Zr4+ in the samples.41 

 5 

3.1.5 H2-TPR analysis 

 

The redox properties of the CZ, Mn/Zr, Mn/Ce, and 15Mn/CZ 

catalysts were investigated by a H2-TPR technique and 

demonstrated in Fig. 6. In order to compare the redox property of 10 

ceria-based catalysts, the pure CeO2 TPR pattern also included.  

 

 

 

 15 

 

 

 

 

 20 

 

 

 

 

 25 

 

 

 

 

 30 

 

 

Fig. 6 H2-TPR profiles of CeO2, Ce0.75Zr0.25O2 (CZ), 15% 

MnOx/Ce0.75Zr0.25O2 (15Mn/CZ), MnOx/CeO2 (Mn/Ce), and 

MnOx/ZrO2 (Mn/Zr) catalysts. 35 

 

 

As can be seen from Fig. 6, pure CeO2 shows two reduction 

peaks at 756 and 1007 K, which can be attributed to surface and 

bulk reduction of Ce4+ to Ce3+, respectively. On the other hand, 40 

the Mn/Zr catalyst had two reduction peaks at 602 (T1), and 711 

K (T2).
53 The primary peak at low temperature can be attributed 

to the reduction of MnO2 to Mn2O3, whereas the high temperature 

peak is due to reduction of Mn2O3 to Mn3O4.  The Mn/Ce catalyst 

exhibits three reduction peaks (519 K (T1), 588 K (T2), and 653 K 45 

(T3)) along with bulk reduction of CeO2 at 1061 K. The third 

peak at 653 K can be attributed to the combined reduction of 

Mn3O4 to MnO and surface Ce4+ to Ce3+ species. The CZ support 

exhibit reduction peaks at around 750 and 1006 K, which are 

similar to pure CeO2.
54,55 After loading 15 % of MnOx on CZ 50 

support, the first two reduction peaks appeared at lower 

temperatures (494 (T1) and 565 (T2)) while compared to Mn/Ce 

and Mn/Zr catalysts. It indicates that the dispersion of MnOx on 

CZ support enhanced the redox behaviour of MnOx while 

compared to pure metal oxides (CeO2 and ZrO2) supports. The 55 

bulk reduction temperature peak of CeO2 also shifted to lower 

temperature indicates the interaction between CZ support and 

dispersed MnOx nanoparticles. Furthermore, the different types of 

reduction peaks confirm the existence of various manganese 

oxidation species such as Mn2+, Mn3+, and Mn4+, which is also 60 

supported by XPS results. Table S1 (supporting information) 

shows the H2 consumption values of CZ, Mn/Zr, Mn/Ce, and 

15Mn/CZ catalysts. The 15Mn/CZ catalyst displayed the highest 

H2 consumption among all the catalysts and the order was 

15Mn/CZ > CZ > Mn/Ce > Mn/Zr. It is well reported that the 65 

lower temperature reduction peaks indicates better redox 

properties and higher H2 consumption could enhance catalytic 

activity.25, 45 Therefore, it is believed that CZ supported MnOx 

catalyst could enhance Hg0 removal performance. 

 70 

3.2 Hg0 removal studies 

 

Catalytic oxidation and adsorption of gaseous Hg0 was 

investigated using the catalysts described in the preceding 

sections. The removal efficiency is the sum of Eoxi (the amount of 75 

gaseous phase Hg (II) that exited the reactor and was captured in 

the KCl impinger) and Eads (the amount of Hg adsorbed to the 

catalytic material after the testing period).The influence of HCl 

and O2 on catalytic oxidation and/or adsorption of Hg0 were 

studied under the following conditions: 320 µg/m3 of Hg0, 80 

10 ppm HCl, 3 % O2, T = 423 K, and reaction time= 16 h. 

 

3.2.1 Effect of HCl 
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Fig. 7 (a) Hg0 removal efficiencies of MnOx/ZrO2 (Mn/Zr), 

MnOx/CeO2 (Mn/Ce), 5% MnOx/Ce0.75Zr0.25O2 (5Mn/CZ), 15% 100 

MnOx/Ce0.75Zr0.25O2 (15Mn/CZ), 25% MnOx/Ce0.75Zr0.25O2 
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(25Mn/CZ), and Ce0.75Zr0.25O2 (CZ) catalysts. Reaction 

conditions: 320 µg/m3 Hg0, 10 ppm HCl, and N2 as balance, 

T=423 K (b) Effect of HCl over 15% MnOx/Ce0.75Zr0.25O2 

(15Mn/CZ) catalyst. 

 5 

 Fig. 7a shows the Hg0 removal efficiencies (Eoxi and Eads) of 

the different catalysts under a HCl atmosphere at an operating 

temperature of 423 K. In the presence of HCl (10 ppm), the 

Mn/Ce, Mn/Zr, and CZ catalysts achieved Eoxi in the range of 35–

40 %, whereas Eads is in the range of 40–50 %. On the other hand, 10 

the Mn/CZ catalysts (5, 15, and 25 % MnOx) achieved 

significantly higher Eoxi (> 65 %) and lower Eads (> 30 %). In 

particular, the 15Mn/CZ catalyst achieved the highest Eoxi of 76 

%. 

 15 

 Furthermore, it was decided to conduct further testing on the 

influence of HCl concentration on the activity of the best 

performed catalyst (15Mn/CZ). The results obtained for the 

aforementioned tests are presented in Fig. 7b. As the 

concentration of HCl increases from 10 ppm to 20 ppm, the Eoxi 20 

increased from 76 to 92 %. 

 

3.2.2 Effect of O2 

 

Recently, there have been increased Hg0 removal studies over 25 

catalysts in the absence of HCl due to a number of coal-fired 

power plant flue gases containing no or very low concentration of 

HCl, particularly in the flue gas after WFGD process.18,19 Hence, 

the Hg0 removal efficiency of the catalysts were investigated in 

the absence of HCl, under 3 % O2 atmosphere as shown in Fig. 8.  30 
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Fig. 8 Hg0 removal efficiencies of MnOx/ZrO2 (Mn/Zr), 

MnOx/CeO2 (Mn/Ce), 5% MnOx/Ce0.75Zr0.25O2 (5Mn/CZ), 15% 50 

MnOx/Ce0.75Zr0.25O2 (15Mn/CZ), 25% MnOx/Ce0.75Zr0.25O2 

(25Mn/CZ), and Ce0.75Zr0.25O2 (CZ) catalysts. Reaction 

conditions: 320 µg/m3 Hg0, 3 % O2, and N2 as balance, T=423 K. 

 

Under 3% of O2 flue gas conditions, the Mn/Ce, Mn/Zr, and CZ 55 

catalysts achieved Eoxi values of 38, 35, 41 %, respectively, 

whereas the 5Mn/CZ, 15Mn/CZ, and 25Mn/CZ catalysts 

achieved Eoxi in the range of 7–10 %. However, the Mn/CZ 

catalysts show Eads in the range of 75–90 %. The observed low 

Eoxi (high Eads) of Mn/CZ catalysts was most likely due to poor 60 

release of HgO from the catalyst surface, thereby indicates that 

Hg0 capture was primarily obtained by adsorption. It can be 

concluded that O2 has promoted Hg0 adsorption excessively, but 

the oxidised mercury exists in the form of HgO, which is in 

contrast to the HCl atmosphere as shown in Fig. 7a. It is clear that 65 

most of Hg0 species were oxidised by MnOx during the 

adsorption process under O2 atmosphere.56 

 

3.2.3 Effect of HCl and O2 

 70 

The influence of the presence of HCl and O2 on gaseous 

elemental mercury removal was also investigated and the results 

are shown in Fig. 9. Interestingly, the Mn/CZ catalysts showed 

more Hg0 oxidation performances, in particular 15Mn/CZ catalyst 

show more than 83 % of Eoxi among all catalysts. It can be 75 

concluded that the presence of O2 and HCl together played an 

important role in enhancing Hg0 oxidation performances. The 

high concentration of lattice oxygen and/or surface adsorbed 

oxygen might support the conversion of HCl gas species to active 

chlorine (Cl*) species. Consequently, the adsorbed Hg0 reacts 80 

with active chlorine species to form HgCl*, thereby HgCl2 

species.22,51 Furthermore, the presence of O2 could regenerate the 

consumed oxygen in Hg0 removal process, hence providing 

abundant reactive oxygen for reacting with HCl to form enough 

active Cl* species for Hg0 oxidation.57 Compared to O2 and HCl 85 

atmospheres alone (Fig. 7a and Fig. 8), the presence of both gases 

could transform Hg0 into HgCl2, which can be easily expelled 

from the surface of the catalysts at reaction temperature of 423 K. 

The desorbed HgCl2 species could be easily removed by WFGD 

technologies due to its high solubility in coal-fired power plants. 90 

Therefore, the high Hg0 removal performance (> 83 % of Eoxi) of 

15Mn/CZ catalyst suggests the strong interaction between MnOx 

and CZ support while compared to Mn/Ce and Mn/Zr catalysts. 
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Fig. 9 Hg0 removal efficiencies of MnOx/ZrO2 (Mn/Zr), 110 

MnOx/CeO2 (Mn/Ce), 5% MnOx/Ce0.75Zr0.25O2 (5Mn/CZ), 15% 

MnOx/Ce0.75Zr0.25O2 (15Mn/CZ), 25% MnOx/Ce0.75Zr0.25O2 

(25Mn/CZ), and Ce0.75Zr0.25O2 (CZ) catalysts. Reaction 

conditions: 320 µg/m3 Hg0, 10 ppm HCl, 3 % O2, and N2 as 

balance, T=423 K 115 
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Fig.10  (a) Mn 2p, (b) O 1s, (c) Ce 3d, (d) Zr 3d (e) Hg 4f XPS profiles of spent 15% MnOx/Ce0.75Zr0.25O2 (15Mn/CZ) catalyst after 

Hg0 oxidation and adsorption. 

 

660 654 648 642 636

Mn
2+

Mn
3+

Mn2p
3/2

In
te

n
s

it
y
 (

a
.u

.)

Binding energy (eV)

(a)

Mn2p
1/2

Mn
4+

spent

536 534 532 530 528

O
C

O
B

In
te

n
s

it
y
 (

a
.u

.)

Binding energy (eV)

(b) O
A

spent

920 910 900 890 880

V

V'
V''

u

u'
u''

In
te

n
s

it
y
 (

a
.u

.)

Binding energy (eV)

(c) u'''

V'''

spent

190 188 186 184 182 180 178

Zr 3d
5/2

In
te

n
s

it
y
 (

a
.u

.)

Binding energy (eV)

(d)

Zr 3d
3/2

spent

106 105 104 103 102 101 100 99 98

Hg4f
7/2

In
te

n
s

it
y
 (

a
.u

.)

Binding energy (eV)

Hg4f
5/2

spent(e)

Page 9 of 13 Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



 

10  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

 

3.3 XPS analysis after Hg0 oxidation and adsorption 

 

XPS analysis of the spent catalysts from the tests performed in 

the presence of HCl and O2 (the conditions that gave the highest 5 

Eoxi) were conducted to investigate if any significant changes 

occurred on the surface of the catalysts during testing. The XPS 

profiles of Mn 2p, Ce 3d, O 1s, Zr 3d, and Hg 4f of spent 

15Mn/CZ catalyst were shown in Fig. 10. The surface 

composition ratios of spent 15Mn/CZ catalyst were also 10 

illustrated in Table 3.  

 

 In Fig. 10 (a), for 15Mn/CZ catalyst, the Mn4+ peak intensity 

decreases, whereas the Mn2+ peak intensity increased after Hg0 

removal testing. As observed from Table 3, for 15Mn/CZ 15 

catalyst, the ratio of Mn4+ decreased from 25.98 to 12.48 %. The 

more decrease in Mn4+ ratio might be enhanced Hg0 oxidation 

performances for 15Mn/CZ catalyst (Eoxi > 83 %). Moreover, the 

O 1s XPS spectrum of 15Mn/CZ catalyst was also shown in Fig. 

10 (b). After Hg0 saturation adsorption, the OC peak intensity 20 

increased from 6.3 to 15.4 %, whereas the concentration of OB 

decreased from 35.31 % to 32.3 %. Therefore, in this regard, the 

surface adsorbed oxygen took part in the reaction of Hg0 

oxidation and adsorption. The Ce 3d XPS spectrum of 15Mn/CZ 

catalyst was also shown in Fig. 10 (c). After Hg0 adsorption tests, 25 

the ratio of Ce4+/(Ce3++Ce4+) decreased from 79.46 to 76.23 %, 

which indicated the participation of Ce4+ in Hg0 oxidation 

reactions. The Zr 3d spectrum of 15Mn/CZ catalyst was also 

shown in Fig. 10 (d). It was clear that Zr 3d spectrum was not 

changed, thereby confirms the Zr4+ did not participate directly in 30 

Hg0 oxidation reaction.  

 

 The Hg 4f spectrum of spent 15Mn/CZ catalyst is shown in 

Fig. 10 (e). The 15Mn/CZ catalyst showed a peak at ~102.3 eV 

(Hg4f5/2), which can be inferred that the Hg0 is oxidised to HgO, 35 

which is adsorbed on the surface of the catalyst.29,58 A closer 

analysis of the Hg4f XPS spectrum reveals another deconvoluted 

peak may be evident at 101.4 eV (Hg4f7/2). The appearance of 

such peak may be attributed to the presence of adsorbed HgCl2 

species on the catalyst surface following the Hg0 oxidation 40 

experiments.59  

 

3.5 Identification of Hg0 removal mechanism 

 

The effect of CZ, CeO2, and ZrO2 supports on MnOx dispersion 45 

was clearly observed in Hg0 removal performances and it could 

be explained through different mechanisms. As observed from 

the characterization results of fresh and spent catalysts, the active 

sites like Mn4+/Mn3+, Ce4+/Ce3+, and surface adsorbed oxygen on 

the catalysts surface were participated in Hg0 removal reactions. 50 

Furthermore, the presence of flue gas conditions changes the Eoxi 

and Eads of catalysts. When in the presence of HCl, Hg0 removal 

occurred via catalysts through Langmuir-Hinshelwood 

mechanism, where the active surface oxygen reacted with 

adsorbed HCl, thereby forming active chlorine (Cl*).60 Further 55 

the reaction with Cl* and Hg0 lead to formation of HgCl2. The 

participation of lattice oxygen and adsorbed surface oxygen was 

determined from XPS results. The detailed mechanism was 

explained as follows. 

 60 

2HCl(ads) + [O] → 2Cl* + H2O          (3) 

Hg0
(ads) + Cl* → HgCl*           (4) 

HgCl* + Cl* → HgCl2(ads)          (5) 

HgCl2(ads) → HgCl2(g)           (6) 

 On the other hand, the presence of HCl and O2 promoted Hg0 65 

oxidation, in which the presence of O2 enhanced the formation of 

active chlorine species, thereby increased Eoxi of 15Mn/CZ 

catalyst. The Hg0 oxidation mechanism in presence of HCl and 

O2 flue gas are described as follows. 

 70 

HCl(g) ↔ HCl(ads)             (7) 

MnO2 → Mn2O3 + [O]            (8) 

Mn2O3 → MnO + [O]            (9) 

2CeO2 → Ce2O3 + [O]               (10) 

[O] + 2HCl(ads) → Cl* + H2O             (11) 75 

Hg0
(ads) + Cl* → HgCl(ads)                 (12) 

HgCl(ads) + Cl* → HgCl2(ads)                   (13) 

2MnO + 1/2O2 → Mn2O3             (14) 

Mn2O3 + 1/2O2 → 2MnO2              (15) 

Ce2O3 + 1/2O2 → CeO2             (16) 80 

 Furthermore, the presence of O2 conditions alone (absence of 

HCl) follows the Mars-Maessen mechanism in which the active 

oxygen from the catalyst directly reacts with adsorbed Hg0, 

thereby formation of HgO.61 The reactions can be represented as 

follows. 85 

 

Hg0
(g) → Hg0

(ads)           (17) 

Hg0
(ads) + [O] → HgO(ads)         (18) 

 

 Based on the mechanisms and Hg0 removal results, the Mn/CZ 90 

catalysts show higher Hg0 removal, in particular 15Mn/CZ 

catalyst exhibit superior catalytic performance. The schematic 

diagram which explains the conversion of Hg0 to HgCl2 and/or 

HgO was shown in Fig. 11. When Zr is incorporated into the 

CeO2 lattice, it makes the fluorite structure more defective, 95 

thereby forming oxygen vacancies with high mobility at surface, 

which was strongly supported by Raman and XPS results. The 
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strong interaction between CZ support and MnOx also reasoned 

to enhance Hg0 removal, which is supported by TPR results. The 

additional advantage of O2 in flue gas is that it could oxidize the 

reduced metal oxides (equations 14 to 16), thereby regenerating 

active sites (Mn4+, Ce4+, and adsorbed surface oxygen). 5 

 

 

 

 

 10 

 

 

 

 

 15 

 

 

 

 

 20 

 

 

Fig. 11 The schematic representation of Hg0 oxidation and 

adsorption mechanism over MnOx/Ce0.75Zr0.25O2 catalyst. 

 25 

 

4. Conclusions 

 

In this work, a series of yMnOx/Ce0.75Zr0.25O2 (y = 5, 15, and 

25 %) catalysts were synthesized by an impregnation method and 30 

tested towards Hg0 removal under simulated flue gas conditions 

(i.e. presence of HCl and O2 gas species). The physicochemical 

properties and Hg0 removal performances of Mn/CZ catalyst was 

compared with that of the Mn/Ce, Mn/Zr, and CZ catalysts. It 

was found that the CZ support enhanced the dispersion of MnOx 35 

nanoparticles, improved the redox properties, and increased the 

amount of surface adsorbed oxygen thereby significantly 

enhancing the Hg0 removal efficiency of MnOx while compared 

to CeO2 and ZrO2 supported catalysts. In particular, the 15% 

MnOx/CZ catalyst was found to reach Hg0 oxidation efficiencies 40 

of up to an impressive ~83 % and removal efficiencies beyond 

90%. Furthermore, the Hg0 oxidation or sorption behaviour was 

found to be determined by the presence of the flue gas 

constituents. That is, the presence of HCl or O2 encouraged Hg0 

oxidation and sorption, respectively. However when both HCl 45 

and O2 were present simultaneously, Hg0 oxidation efficiency 

beyond that of presence of O2 alone was reached with little 

evidence of Hg0 sorption occurring. XPS results of the spent 

15Mn/CZ catalyst showed that the enhanced Hg0 removal 

performance was due to the increased Mn4+ density as well as 50 

surface adsorbed oxygen during the synthesis process. 
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TOC Graphic 

The developed ceria-zirconia modified MnOx catalysts were found to have enhanced Hg
0
 

oxidation and removal performance. 
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