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ABSTRACT 

 

 

 

The present thesis entitled Developement of Au/TiO2-coated SCR-DeNOx catalysts 

with increased elemental mercury co-oxidation activity under hot and cold site power plant 

flue gas conditions revolves around the topic of removal of elemental mercury from coal-

fired power plant flue gases. Gaseous mercury is an undesired by-product formed during high 

temperature combustion of different fuels. When emitted in the atmosphere, elemental 

mercury is subjected to long range transport before being oxidised and deposited in aquatic 

systems. Mercury emissions abatement in coal-fired power plants depends on the type of 

mercury species found in the flue gases to be treated. Some basic aspects regarding the 

formation, catalytic oxidation and removal of elemental mercury from flue gases are 

discussed in the first part of this thesis.  

The experimental investigations presented in this thesis take on the task of developing 

SCR-DeNOx catalysts with enhanced catalytic activity for the oxidation of elemental 

mercury.  

The commercial monolithic catalyst employed for the selective catalytic reduction 

(SCR) of nitrogen oxides (NOx) exhibits, to a certain degree, co-oxidation activity for 

elemental mercury. However, this co-oxidation activity is not enough to meet the stringent 

regulations imposed on mercury emissions. To develop a monolithic catalyst with increased 

mercury oxidation activity, a number of catalysts were prepared, characterized and tested in 

this work. A commercial SCR honeycomb shaped catalyst was selected as support, whereas 

Au/TiO2 catalyst powders with different TiO2 supports and different gold loadings were 

employed for coating the surface of the monolithic catalyst.  

The remainder of the Part Two of the thesis focused on the catalytic activity of the 

Au/TiO2-coated SCR catalysts for mercury oxidation, DeNOx and SO2/SO3 conversion 

reactions. The mercury oxidation activity was evaluated with respect to reaction temperature, 
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gold loadings, coating types and HCl content of the simulated flue gas. Under certain reaction 

conditions, the Au/TiO2 coatings increased the mercury oxidation activity of the SCR catalyst 

by a factor of 2. Catalytic investigations into the DeNOx activity of the prepared catalysts 

were conducted and the effect of NH3/NO feed ratio and coating type on the NO reduction 

efficiency investigated. It was found that the Au/TiO2 coatings had only a marginal effect on 

the DeNOx activity of the SCR catalyst. In this work, the undesired side reaction of SO2/SO3 

conversion was studied and, the obtained results indicate that the conversion rates depend on 

the coating types and gold loadings. 

In conclusion, the Au/TiO2-coated SCR catalysts exhibited promising behaviour for 

the mercury oxidation reaction. Although additional understanding regarding the catalytic 

mechanism is necessary, the influence of different flue gas components on the mercury 

oxidation reaction, the stability and integrity of the coated layers, etc. are required, the 

Au/TiO2-coated SCR catalysts are promising candidates for the development of multi-

pollutant SCR catalysts with increased mercury co-oxidation activity. 

  



v 

 

TABLE OF CONTENTS 

 

 

 

 

 

Preface and acknowledgements…………………………………………………………. 

Abstract………………………………………………………………………………….. 

I. Abbreviations…………………………………………………...……………………... 

II. Notations……………………………………………………………………………… 

III. List of Figures……………..………………………………………………………… 

IV. List of Tables...………………...…………………………………………………… 

V. List of Appendices…………………………………………………………………… 

INTRODUCTION……………………………………………………………………...... 

PART I. LITERATURE SURVEY ………………………………………...…….... …. 

Chap. 1. Mercury and its pollutant behaviour…………………………………….…...... 

1.1. Mercury and mercury emissions………………..……………………….... . 

              1.2. Mercury emissions from coal fired power plants………………….............. 

              1.3. Mercury speciation in flue gases…………………………………………... 

              1.4. Impact of mercury emissions on the environment and human health……... 

Chap.2. Catalytic oxidation of elemental mercury in flue gases…………………..……. 

              2.1. Proposed mechanistic pathways for catalytic oxidation of elemental       

                mercury…………….……...……................................................................. 

              2.2. Catalysts for oxidation of elemental mercury in flue gases ……………..... 

                    2.2.1. Oxidation of elemental mercury by transition metal oxide catalysts... 

                    2.2.2. Oxidation of elemental mercury on SCR-DeNOx catalysts………… 

                            2.2.2.1. Influence of flue gas constituents on Hgel    

                                        adsorption/oxidation by SCR-DeNOx catalysts…………….… 

                            2.2.2.2. Influence of catalyst composition, reaction temperature and  

                                         space velocity on oxidation of elemental mercury…………… 

                            2.2.2.3. Loss of Hgel oxidation activity……...………........................... 

                            2.2.2.4. Mechanism of Hgel oxidation on SCR catalysts……………... 

                            2.2.2.5. Enhancement of Hgel oxidation activity of SCR catalysts…… 

                  2.2.3. Oxidation of elemental mercury over gold and other noble metal  

                             based catalysts………………………………………..………………. 

i 

iii 

viii 

x 

xi 

xiii 

xv 

1 

5 

6 

6 

8 

9 

11 

13 

 

14 

16 

17 

18 

 

19 

 

21 

22 

22 

24 

 

24 



vi 

 

Conclusions …………………………………………………………………………….. 

PART II. OWN CONTRIBUTIONS………………………………………..………….. 

Chap.3. Research Objectives…………………………………………………………..... 

Chap.4. Experimental Protocol and apparatus………………….………………………. 

             4.1. Catalysts preparation……………………………………………………….. 

                  4.1.1. Synthesis of Au/TiO2 catalyst powders.................................................. 

                  4.1.2. Preparation of Au/TiO2-based suspensions............................................ 

                  4.1.3. Coating of SCR-DeNOx monolithic catalysts with Au/TiO2................ 

             4.2. Characterization techniques........................................................................... 

             4.3. Catalytic activity tests…………………………………………………….... 

                  4.3.1. Mercury oxidation activity……………………………………………. 

                  4.3.2. DeNOx reaction………………………………………………………. 

                  4.3.3. SO2/SO3 conversion............................................................................... 

Chap.5. Preparation and characterization of Au/TiO2-coated SCR-DeNOx catalysts..... 

             5.1. Synthesis and characterization of Au/TiO2 catalyst powders........................ 

                  5.1.1. Chemistry of Au-based solution........................................................... .. 

                  5.1.2. Physical-chemical characterization of Au/TiO2 powdered catalysts…. 

                        5.1.2.1. Diffuse reflectance UV-Vis (DR UV-Vis) analysis…………….. 

                        5.1.2.2. X-ray diffraction (XRD) analysis……………………………… .. 

                        5.1.2.3. Elemental composition by Energy dispersive analysis of the X- 

                                     Rays (EDX)……………………………….…………………….. 

                        5.1.2.4. Field Scanning electron microscopy (FE-SEM) analysis……..... 

              5.2. Preparation and characterization of stable Au/TiO2 suspensions…………. 

                  5.2.1. Stability and properties of Au/TiO2-based suspensions………………. 

                          5.2.1.1. Iso-electric point (IEP) of Au/TiO2-based suspensions……….. 

                          5.2.1.2. Particle size distribution and viscosity of the Au/TiO2       

                                       suspensions…………………………...………………………... 

              5.3. SCR-DeNOx monoliths coated with thin Au/TiO2 layers……………….... 

                   5.3.1. Characterization of Au/TiO2-coated SCR-DeNOx monoliths……….. 

                           5.3.1.1. Scanning Electron Microscopy (SEM) analysis……..……….. 

                           5.3.1.2. EDX analysis………………………………………………….. 

                           5.3.1.3. Surface study by Digital Microscope (DM)…………………... 

                           5.3.1.4. Textural properties by N2 adsorption…………………………. 

30 

31 

32 

35 

35 

35 

37 

40 

42 

45 

47 

52 

52 

56 

56 

56 

59 

59 

60 

 

62 

63 

64 

65 

65 

 

66 

68 

70 

70 

71 

73 

75 



vii 

 

                   5.3.2. Stability of Au/TiO2 coated layers…………………………………… 

               5.4. Conclusions……………………………………………………………….. 

Chap.6. Catalytic activity of Au/TiO2-coated SCR-DeNOx catalysts.............................. 

               6.1. Assessment of Hgel oxidation activity.......................................................... 

                    6.1.1. Effect of different Au/TiO2 coatings type on Hgel oxidation activity..    

                    6.1.2. Effect of reaction temperature and HCl concentration on Hgel     

                    oxidation activity…………………………………………………………… 

                    6.1.3. Effect of gold loading on Hgel oxidation activity………………….… 

                    6.1.4. Effect of Hgel initial concentration…………………………………... 

                    6.1.5. Possible mechanistic pathways for mercury oxidation on Au/TiO2- 

                    coated SCR catalysts……………………………………………………….. 

                6.2. DeNOx activity of Au/TiO2-coated SCR catalysts…………...………….. 

                    6.2.1. Influence of NH3/NO ratio on DeNOx activity.................................... 

                    6.2.2. Influence of ageing process on DeNOx activity.................................. 

               6.3.  SO2/SO3 conversion activity of Au/TiO2-coated SCR catalysts................. 

               6.4. Conclusions.................................................................................................. 

General Conclusions………………………………………………………………........ 

References……………………………………………………………………………….. 

Appendices………………………………………………………………………………. 

Curriculum Vitae………………………………………………………………………. 

List of publications………………………………..……………………………………. 

 

  

75 

76 

78 

78 

79 

 

81 

84 

84 

 

85 

87 

87 

89 

90 

92 

94 

98 

110 

125 

127 

 

 

 

 

 

 

 

 



viii 

 

I. Abbreviations 

 

 

AC – activated carbon 

AV – area velocity, (m/h)  

aq. – aqueous 

APH – air pre-heater 

CCD – charged coupled device 

DeNOx – removal of NOx compounds from flue gases 

DFT – density functional theory 

DLS – dynamic light scattering 

DM – digital microscope 

DR-UV-Vis – Diffuse reflectance in the ultaviolet-visible field 

DVB - divinylbenzene 

EDX (EDAX) – energy dispersive analysis of X-rays 

E-Filter – electrostatic filters 

ESP – electrostatic precipitator 

FCC – face centered cubic crystalline configuration  

FE-SEM – field emission scanning electron microscope 

FF – fabric filter 

ICP-MS - Inductively Coupled Plasma Mass Spectroscopy 

IEP – iso-electric point 

MATS - Mercury and Air Toxic Standards 

MerCAP – mercury capture process implemented in United States 

MFC – mass flow controller  

NH4-PA – ammonium poly-acrylate 

NOx – nitrogen oxides (NO, NO2, N2O) 

p.a – pro analysis  

ppm – parts per million 

ppb – parts per billion 

SCR – selective catalytic reduction 

SCR-DeNOx – removal of NOx from flue gases by employing SCR catalysts  



ix 

 

SEM – scanning electron microscopy  

SPR – surface plasmon resonance  

ST - styrene 

STP – standard temperature and pressure (temperature = 273.15 K and pressure = 0.987 atm) 

TGA – thermogravimetric analysis  

UNEP - United Nations Environment Program 

UV – ultra-violet 

VOC – volatile organic compound 

WFGD – wet flue gas desulphurization  

XRD – X-ray diffraction 

XRF – X-ray fluorescence  

3D – tri-dimensional 

  



x 

 

II. Notations 

 

 

 

At% - atomic weight per cent  

CSO2 – concentration of SO2 measured after the catalyst, (ppm) 

CSO3 – concentration of SO3 measured after the catalyst, (ppm) 

Hgel – elemental mercury (Hg0) 

Hgox – oxidized mercury (Hg2+) 

Hgp – particulate mercury  

𝐻𝑔𝐷𝑜𝑤𝑒𝑥
𝑜𝑥  - concentration of oxidised mercury measured in the Dowex layer, (μg/m3) 

𝐻𝑔𝐴𝐶
𝑒𝑙  -  concentration of elemental mercury measured in the AC layer, (μg/m3) 

kDeNOx – DeNOx activity of the catalyst, (m/h) 

oxel HgHg
k

/
- mercury oxidation activity, (m/h) 

32 / SOSOK - conversion rate of SO2 to SO3 in the flue gas, (%) 

mcoating – mass of coated Au/TiO2 on the surface of SCR substrate, (g) 

muncoated_SCR – mass of uncoated SCR substrate, (g) 

mcoated_SCR – mass of coated SCR substrate, (g) 

P – pressure, (atm) 

SBET  – surface area of a material determined by N2 absorbtion method, (m2/g) 

T – temperature, (°C) 

Vgas – gas volume passing through reactor, (L/h) 

wt.-% - weight per cent 

ΔHo – entalpy,  kJ/mol 

ζ – zeta potential, (mV) 

In -  mercury oxidation efficiency measured before the catalyst layer (by-pass values), (%)

Out  -  mercury oxidation efficiency measured after the catalyst layer, (%) 

λ= wavelength, (nm) 

  



xi 

 

III. List of Figures 

 

Fig.1.1 Global anthropogenic mercury emissions by sources for the year 2010………………… 
 
Fig.1.2 Schematics of a coal-fired power plant illustrating mercury transformations in flue 
gases……………………………………………………………………………………………………........ 

 
Fig.2.1 Schematics of nitrogen oxides reduction and mercury oxidation over SCR 
catalyst….................................................................................................................... ............... 
 

Fig.3.1. Schematic representation of the research objectives covered in the PhD 
thesis……………………………………………………………………………………………………........ 
 
Fig. 4.1. Schematics of deposition-precipitation synthesis method employed for preparation of 
nano-Au/TiO2 catalyst powders............................................................................................ ......... 

 
Fig.4.2. Schematics of the a) Type I Au/TiO2 suspension preparation and b) image of Type I 
Au/TiO2 UV100-based suspension with 2 wt% solid content………………………………………… 
 

Fig.4.3. Schematics of the a) Type II Au/Aerodisp suspension preparation and b) picture of 
Type II Au/Aerodisp based suspension with 2 wt% solid content…………………………………… 
. 
Fig.4.4. Dip-coating procedure employed for coating of SCR-DeNOx substrates with 
Au/TiO2………………………………………………………………………………………………………………………………………………... 

 

Fig.4.5. Schematics of the experimental set up employed for Hg
el
 oxidation 

tests……………………………………………………….………………………………………………….. 
 
Fig.4.6. Schematics of experimental reactor…………………………………………………… ….. 

 
Fig.4.7. Schematics of the gaseous mercury sampling arrangement........................................ .. 
 
Fig.4.8. SEM images of Dowex 1 × 8 resin (A) and iodized activated carbon pellets 

(B)………………………………………………………………………………………………………........ 
 
Fig.4.9. Schematics of the experimental set up employed for DeNOx 
tests………………………………………………………………………………………………………...… 
 

Fig.4.10. Schematics of the experimental set-up employed for SO2/SO3 conversion 
tests…………………………………………………………………………………………………………... 
 
Fig.4.11. SO2/SO3 gas sampling train...................................................................................... .. 
 

Fig. 5.1. Chloride content in the filtrate and washing liquids for 1  and 2 wt% Au/TiO2 
catalysts……………………………………………………………………………………………….……. 
 
Fig. 5.2 DR-UV-Vis spectra for TiO2 and 2 wt.-% Au/TiO2 catalyst powders prepared by 

deposition precipitation method................................................................ ................................. 
 
Fig.5.3. XRD patterns for 2 wt.-% Au/ TiO2 P25 uncalcined sample (where: A – anatase;  
R – rutile)…………………………………………………………………………………………..……….. 
 

8 
 
 
10 

 
 
23 
 

 
34 
 
 
36 

 
 
38 
 

 
39 
 
 
41 

 
 
48 
 
49 

 
50 
 
 

51 
 
 
53 
 

 
54 
 
55 
 

 
59 
 
 

61 
 
 
62 
 



xii 

 

Fig.5.4. XRD patterns for 2 wt.-% Au/ TiO2 P25 calcined sample (where: A – anatase;  
R – rutile; Au – gold)……………………………………………………………………………………… 
 

Fig.5.5. EDX spectra for 2 wt.-% Au/TiO2 P25 (left) and 2 wt.-% Au/TiO2 UV100 (right) 
catalyst…………………………………………………………………………………………………........ 
 
Fig.5.6. Scanning electron micrographs for: A and B – TiO2 P25; C and D – 2 wt.-% Au/ TiO2 

P25 calcined catalyst…………………………………………………………………………………….... 
 
Fig.5.7. Zeta potential versus pH-value for type I and type II suspensions with 2 wt.-% solid 
content……………………………………………………………………………………………………….. 
 

Fig.5.8. Particle size distribution by intensity in the Type I suspensions Au/TiO2 P25……… 
 
Fig.5.9. Mass of Au/TiO2 layers coated on the SCR-DeNOx monolits surface............................ 
 
Fig.5.10. Uncoated SCR-DeNOx (light cream) and 2Au/TiAerod-SCR monoliths (purple)…….. 

 
Fig.5.11. Scanning electron micrographs for: A – uncoated SCR; B – uncoated SCR with high 
resolution; C – 2Au/TiP25-SCR; D - 2Au/TiP25-SCR with high resolution……………………….. 
 

Fig.5.12. Mapping of gold element distribution on the SCR surface at 5 μm resolution: A – 
2Au/TiAerod-SCR uncalcined and B - 2Au/TiAerod-SCR calcined………………………………… 
 
Fig.5.13. Digital microscope images and their corresponding 3D profiles for: A and B – 
uncoated SCR surface, C and D – 2 wt.-% Au/TiO2-coated SCR surface  and, E and F – 2 wt.-

% Au/Aerodisp-coated SCR surface................................................................................... ............ 
 
Fig.6.1.a. Effect of Au/TiO2 coatings type on Hg

el
 oxidation activity at 180 and 390 °C and 100 

mg/m
3
 HCl………………………………………………………………………………………………...… 

 

Fig.6.1.b. Effect of Au/TiO2 coatings type on Hg
el
 oxidation activity at 180 and 390 °C and 10 

mg/m
3
 HCl………………………………………………………………………………………...………… 

 
Fig.6.2.a. Effect of reaction temperature on Hg

el
 oxidation of uncoated and Au/TiO2-coated 

SCR-DeNOx monoliths at 100 mg/m
3
 HCl………………………………………………………….….. 

 
Fig.6.2.b. Effect of reaction temperature on Hg

el
 oxidation of uncoated and Au/TiO2-coated 

SCR-DeNOx monoliths at 10 mg/m
3
 HCl……………………………………………………………… 

 

Fig.6.3. Schematics of Hg
el
 oxidation mechanism at the surface of Au/TiO2-coated SCR 

catalysts……………………………………………………………………………………………………... 
 
Fig.6.4.a. DeNOx activity of Au/TiO2-UV100-coated SCR-DeNOx catalysts at 390 °C............... 

 
Fig.6.4.b. DeNOx activity of Au/TiO2-P25-coated SCR-DeNOx catalysts at 390 °C.................... 
 
Fig.6.4.c. DeNOx activity of Au/TiO2-Aerodisp-coated SCR-DeNOx catalysts at 390 °C............ 
 

Fig.6.5. DeNOx activity of fresh and aged Au/TiO2-coated SCR-DeNOx catalysts at 390 °C 
and NH3/NO = 1.2.......................................................................................................................... 
 
Fig.6.6. SO2/SO3 conversion of uncoated and gold coated SCR-DeNOx catalysts at 390 °C…… 
 

 
63 
 

 
64 
 
 

65 
 
 
67 
 

68 
 
70 
 
71 

 
 
72 
 

 
73 
 
 
 

75 
 
 
81 
 

 
82 
 
 

83 
 
 
84 
 

 
87 
 
89 

 
89 
 
90 
 

 
91 
 
92 
 

 



xiii 

 

 

 

IV. List of Tables 

 

 

Table 4.1 Materials and chemicals employed for synthesis of Au/TiO2 powdered catalysts..... 

 

Table 4.2 Materials and chemicals employed for preparation of Au/TiO2 stable suspensions... 

 

Table 4.3 Bulk and surface composition of Aerodisp solid phase by XRF method... ........... 

 

Table 4.4 Materials and chemicals employed for preparation of Au/TiO2 stable suspensions.... 

 

Table 4.5 Textural properties of the reference SCR-DeNOx catalyst determined by N2 

adsorption method................................................................................................................. 

 

Table 4.6 Bulk and surface composition of the reference SCR-DeNOx catalyst by XRF 

method...................................................................................................... ................................ 

 

Table 4.7 Characteristic parameters of the investigated catalysts……………………………… 

 

Table 4.8 Experimental flue gas conditions for the catalytic tests............ ........................... 

 

Table 4.9 List of gases employed for model flue gas preparation………………………………. 

 

Table 4.10 Geometrical dimensions of the experimental reactor.................... ........................... 

 

Table 4.11 Materials and chemicals employed for sampling of gaseous mercury ................... 

 

Table 4.12 Materials and chemicals employed for SO2/SO3 conversion tests............................. 

 

Table 5.1 Gold content analysis of clear liquids after filtration and washing of 2 wt.-% 

Au/TiO2 P25 catalysts…………………………………………………………………………………….. 

 

Table 5.2 Elemental composition of 2 wt% Au/TiO2 catalysts determined by EDX analysis…. 

 

Table 5.3 Average particles size distribution and viscosities of Au/TiO2 suspensions…………. 

 

Table 5.4 Elemental composition of SCR uncoated and Au/TiAerod-SCR catalysts by EDX 

method……………………………………………………………………………………………………….. 

 

Table 5.5 Textural properties of uncoated SCR-DeNOx and of Au/Aerodisp-coated SCR-

DeNOx catalyst samples………………………………………………………………………………….. 

 

35 

 

37 

 

40 

 

40 

 

 

41 

 

 

41 

 

46 

 

47 

 

47 

 

49 

 

50 

 

55 

 

 

60 

 

63 

 

69 

 

 

73 

 

 

76 

 



xiv 

 

Table 6.1 Example of results reproducibility for Hg
el
 oxidation efficiency (%) data obtained by 

employing Dowex/AC sorbent traps method………………………………………………………… 

 

Table 6.2 Effect of gold loadings (1 and 2 wt.-% Au) on Hg
el
 oxidation activity over Au/TiO2-

coated SCR-DeNOx monoliths at 180 °C and, 100 and 10 mg/m
3
 HCl………………………... 

 

Table 6.3 Effect of Hg
el
 initial concentration on mercury oxidation activity………………………. 

 

 

80 

 

 

85 

 

86 

 

 

 

 

 

 

 

 

 

 
 
 
 

 
 
 
 

 
 
 
 
 

  

 

 

 

 

 

 

 

 

 



xv 

 

 

IV. List of Appendices 

 

Appendix 1.1 Physical properties of mercury element………………………………………… 
 
 
Appendix 1.2 Mercury contents in various coal types from different countries……………. 

 
Appendix 1.3 Physical properties of gold element……………………………………………... 

 
Appendix 4.1 Images of Au/TiO2 P25 based suspensions stabilized by addition of NH4- 
polyacrylate and poly ethylene glycol (PEG)………………………………………………….. 
 
Appendix 5.1 XRD patterns of 2 wt.-% Au/TiO2 catalysts calcined and uncalcined……… 

 
Appendix 5.2 FE-SEM micrographs of TiO2 UV100 and 2 wt.-% Au/TiO2 UV100 catalyst  
Powders……………………………………………………………………………………………… 
 
Appendix 5.3 Zeta potential versus pH for 1 wt.-% Au/TiO2 based suspensions…………… 

Appendix 5.4 Example of viscosity measurements for 1 wt.-% Au/TiO2 P25-based 

suspension……………………………………………………………………………………………. 
 
Appendix 5.5 Particle size distribution by intensity for the Au/TiO2-based suspensions 
(measured by Zetamaster S system from Malvern Instruments)………………………………. 
 

Appendix 5.6 Specific geometric surface coverage of SCR-DeNOx substrates with 
Au/TiO2 layers in μg Au/TiO2/mm

2
 SCR………………………………………………………….. 

 
Appendix 5.7 Elemental composition and distribution at the surface for SCR uncoated  
catalyst by EDX analysis…………………………………………………………………………… 

 
Appendix 5.8 Elemental composition and distribution at the surface for 1Au/TiAero-SCR  
catalyst by EDX analysis…………………………………………………………………………… 
 

Appendix 5.9 Elemental composition and distribution at the surface for 2Au/TiAero-SCR  
catalyst by EDX analysis…………………………………………………………………………… 
 
Appendix 6.1 Likely cost increase of Au-coated SCR catalysts considering only the price  
of gold………………………………………………………………………………………………… 

 
 
110 
 

 
110 
 
111 

 
112 
 
 
113 

 
 
114 
 

115 
 

115 

 

 

116 

 

118 

 

 

119 

 

121 

 

 

123 

 

 

124 

 

 
 

  



1 
 

 

 

 

 

Introduction 

 

 

 

 

 

Mercury (Hg) is regarded as a hazardous atmospheric pollutant due to its persistence, 

long-term mobility in the atmosphere, bio-accumulation in the aquatic systems and its 

neurotoxic impact on human health [1 – 3]. Coal-fired power plants, waste incinerators, and 

cement plants are identified as the major anthropogenic sources of mercury emissions. 

Current estimations indicate  an increase in mercury emissions from fast growing economies 

(especially from Asian countries) whereas releases from developed countries (Europe and the 

US) are expected to decline [4]. Over the past decades mercury emissions regulations have 

become increasingly stringent. In 2013, the US limited the emissions from coal-fired power 

plant units in the Mercury and Air Toxic Standards (MATS) [5] resulting in maximum 

emission concentration for existing power plants between 1.5 and 5.0 μg/m³ (STP, dry) at 6 

vol.-% O2 and as a 30-day average. The Chinese government passed a new emissions standard 

with a maximum mercury emission level of 30 μg/m³ (STP, dry) for thermal power plants [6]. 

In Germany, a new standard calls for a maximum mercury emissions concentration of 10 

μg/m³ (STP, dry) as yearly average for power plants and waste incinerators [3, 7]. 

So far, it has been shown that the efficient conversion of elemental mercury (Hgel) to 

oxidised mercury (Hgox) can be achieved by means of catalytic processes. Over the past 

decades, the relevant literature describes a large number of catalysts as potential oxidation 

catalysts for elemental mercury. Among them, however, the most commonly studied catalysts 

remain the commercially available V2O5-based SCR-DeNOx catalysts. The SCR-DeNOx 

catalysts were designed and commercially implemented for the reduction of nitrogen oxides 

(NOx) in the presence of ammonia (NH3). Industrial SCR reactors are operated at 

temperatures  between 160 and 430 °C and can be located upstream of the air pre-heater and 
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electrostatic precipitator (1), upstream of the air pre-heater and downstream of electrostatic 

precipitator (2), downstream of the air pre-heater and electrostatic precipitator (3) or 

downstream of the flue gas desulphurization system (4). The oxidation of elemental mercury 

and volatile organic compounds were shown to be the beneficial side reactions of the SCR 

catalysts, whereas the conversion of sulphur dioxide (SO2) to sulphur trioxide (SO3) is an 

undesired reaction.  

As pointed out in detail in the literature, the mercury oxidation activity of SCR 

catalysts depends on several factors. The flue gas composition, especially the amount of 

hydrogen halides (HCl or HBr) directly influences the oxidation activity. Negligible oxidation 

occurs when HCl is absent from the flue gases and, in this case Hgel is mostly adsorbed by the 

catalysts [8, 9]. The presence of NH3 and NO causes a significant decrease in mercury 

oxidation activity [10]. Another important factor is the V2O5 content of the SCR catalysts. 

The V2O5 content of commercial SCR catalysts is often limited to less than 1 % in order to 

reduce the undesired SO2/SO3 conversion, hence limiting their mercury oxidation activity. 

The reaction temperature, catalyst age, area velocity and the presence and concentration of 

SO2, SO3, H2O in flue gases affect, to a certain degree, the oxidation activity of the SCR 

catalysts.  

           Although the commercial SCR DeNOx catalysts co-oxidize mercury, there is a need 

for more active oxidation catalysts especially for flue gases with low HCl concentrations. 

Likely candidates include metal and metal oxides based catalysts and noble metal-based 

catalysts. Amongst them, gold is a very interesting candidate as mercury oxidation catalyst 

since is able to adsorb mercury and species like Cl2 and HCl on its surface. Experimental 

investigations showed that the other flue gas components (SO2, NO, H2O) do not impede the 

mercury oxidation activity of gold-based catalysts [11, 12]. Besides, gold exhibits a certain 

degree of inertness to these flue gas components. However, the experimental studies 

described in the literature so far covered only reaction temperatures up to 225 °C.  

The research activities of the PhD. thesis titled "Developement of Au/TiO2-coated 

SCR-DeNOx catalysts with increased elemental mercury co-oxidation activity under hot and 

cold site power plant flue gas conditions" focused on the preparation, characterization and 

catalytic activity of the Au/TiO2-coated SCR-DeNOx monolithic catalysts. The research 

objectives of the  thesis are within the context of the actual environmental engineering 

problematics concerning the reduction of anthropogenic mercury emissions.  

The  thesis is structured in two main parts containing six chapters. Part one of the 

thesis is comprised of two chapters while the other four chapters are included in Part two. At 
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the end of the dissertation the General Conclusions of the experimental work, References 

and Appendices are given.  

Chapter 1 summarises general knowledge from the literature about mercury emissions 

sources and their impact on environment and human health. Chapter 2 discusses recent 

aspects of catalytic mercury oxidation including the potential mechanisms through which 

catalytic mercury oxidation might occur in the flue gases. Also, the mercury oxidation activity 

of several oxidation catalysts is analysed, with the focus being placed on the SCR-DeNOx 

and gold-based catalysts. 

The research objectives of the thesis are detailed in Chapter 3. The experimental 

research was structured and followed two main parts. First part involved the preparation and 

characterization of different Au/TiO2-coated SCR-DeNOx catalysts, while the second part 

focused on the assessment of the catalytic activity of the prepared catalysts. The experimental 

protocol, apparatus and materials employed for the experimental research are presented in 

Chapter 4. The presentation of the experimental protocol follows the same structure as the 

presentation of the research objectives and, it starts with a detailed description for the 

synthesis of Au/TiO2 powdered catalysts followed by the preparation of different types of 

Au/TiO2 stable suspensions and the coating of SCR-DeNOx monolithic catalyst with a thin 

Au/TiO2 layer by employing the as-prepared suspensions. A brief description of the 

characterization methods employed is given as well. In the last part, the experimental 

protocol, experimental set-ups and materials employed for the DeNOx, SO2/SO3 conversion 

and mercury oxidation catalytic tests are given in detail.  

The experimental results and their interpretation are presented in Chapter 5 and 

Chapter 6. Chapter 5 starts with discussions of the preparation and characterization of 

Au/TiO2 powdered catalysts. The physico-chemical properties of the powdered catalysts were 

investigated by employing the XRD, EDX, DR-UV-Vis and SEM methods. The next section 

of the chapter focused on the results obtained during the preparation of the Au/TiO2 stable 

suspensions. The stability and properties of the as-prepared suspensions were investigated by 

employing the typical methods used for this purpose, iso-electric point, particle size 

distribution and rheological measurements, respectively. The last section of Chapter 5 

presents the data obtained for the preparation and characterization of Au/TiO2-coated SCR-

DeNOx monolithic catalysts. A commercial SCR catalyst with 0.6 % V2O5 content, 2 × 2 

channels and 10 cm length was employed as a substrate. Some specific characteristics of the 

Au/TiO2 coated catalysts were investigated by means of SEM, DM, EDX and N2 absorption.  
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Chapter 6 is assessing and discussing the mercury oxidation activity of the prepared 

Au/TiO2–coated SCR-DeNOx monolithic catalysts. The mercury oxidation activities of the 

monolithic samples were studied in a laboratory-scale set-up under simulated flue gas 

conditions typical for hard coal-fired power plants. Further, the next two sections of Chapter 6 

describe the DeNOx activity and SO2/SO3 conversions rates of the coated SCR catalysts 

under flue gas conditions in order to determine to which extent the presence of Au/TiO2 

layers affect these two standard properties of the SCR-DeNOx commercial catalysts.  

 Some of the elements of novelty and originality this research brings to the field of 

catalytic oxidation of elemental mercury in flue gases are briefly listed below: 

 Preparation and characterization of new Au/TiO2-coated SCR-DeNOx 

monolithic catalysts.  

 Preparation, stabilization and characterization of Au/TiO2 based suspensions 

employed for dip-coating of SCR-DeNOx monoliths. 

 Assessment of mercury oxidation activity of the as-prepared Au/TiO2-coated 

SCR-DeNOx catalysts. Investigations on the effect of HCl content of flue 

gases, reaction temperature, gold loadings and coating types are presented in 

this work  

 Results concerning the effect of Au/TiO2 coatings on the DeNOx activity of 

the coated catalysts are presented in this work. 

 The influence of Au/TiO2 coatings and gold loadings on the SO2/SO3 

conversion of the SCR-DeNOx catalyst is investigated and discussed as well. 
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CHAPTER 1 

Mercury and its pollutant behaviour 

 

 

 

 
 

 

 

1.1. Mercury and mercury emissions 

 In the periodic table of elements, mercury is the third element of the II B group.  

Mercury is a constituent element of the Earth crust with an average abundance of 

approximately 0.05 μg/g [13, 14]. In nature, it rarely occurs as a native metal, being mostly 

found in different combinations in mineral ores, such as: cinnabar (HgS), livingstonite, 

corderoite and others [15]. 

 Mercury is a silvery white metal which, at standard temperature and pressure, is found 

in the liquid state [16]. Metallic mercury (Hg0) is highly volatile with a boiling point of 357 

°C. Elemental mercury possesses a relatively high vapour pressure (2.46×10-1 Pa) and low 

water solubility (60 μg/L at 25 °C) [17]. Mercury forms two types of compounds, which are 

derived from its two oxidation states: Hg(I) and Hg(II).  The inorganic combinations of 

divalent mercury (II) are more stable while the combinations of monovalent mercury (I) 

decompose to mercury and mercury compounds (II) under the influence of light [18]. 

Mercury also forms organic compounds which are characterized by covalent C – Hg bonding 

and high volatility at atmospheric conditions [17]. Mercury forms alloys with different metals, 

such as: silver, gold, tin, zinc etc. These alloys are known as amalgams. Due to its property to 

form amalgams, mercury has been extensively used in gold and silver mining.  Nowadays, it 

is mainly employed for manufacturing industrial chemicals (chlorine and caustic soda) as well 

for electrical and electronic applications. Other uses of mercury include medicine (amalgams 
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for dental fillings, diuretic, topical disinfectant etc.), electrochemistry, thermometers, 

barometers, electron tubes, batteries, switches and others. 

 Because of its specific chemical and physical properties (see Appendix 1.1), mercury 

and its compounds exhibit high toxicity and negative effect on environment, human health 

and wildlife. The amount of mercury emitted into the global environment has considerably 

increased over the past decades [19]. According to UNEP [20], mercury pollution sources can 

fall under three categories:  

 natural sources; 

 re-emission of previously deposited mercury in landfills, water-bodies, soil, 

sediments; 

 anthropogenic sources. 

The recent estimates indicate that the current anthropogenic sources are responsible 

for approximately 30% of mercury emissions, while the natural geological sources account 

for 10% and the rest is from re-emission of previously deposited mercury [20]. Based on the 

UNEP (2013) report [20], mercury releases resulted from human activities amounted to 1960 

tonnes for the year 2010.  

  Natural sources of mercury emissions into the environment include volcanoes, soil 

and water surfaces, geothermal activities, forest fires and rocks weathering processes. The 

amount of mercury emitted from these sources varies in space and time. The mercury releases 

into biosphere depend on a number of factors, such as: meteorological conditions, type of soil 

and vegetation, presence of mercury rich mineral ores and active volcanoes.  

 Approximately 60% of the emitted mercury into the atmosphere comes from natural 

sources and the re-mobilization and re-emission process of the previously deposited 

mercury from anthropogenic and natural sources [21]. Re-mobilization and re-emission 

occurs when the previously removed mercury from the atmospheric circulation (by wet or dry 

deposition) is released back into the environment [22]. 

 Anthropogenic sources of mercury releases into the atmosphere are associated with 

human activities and include: fossil fuels fired power plants, cement plants, waste 

incinerators, chlor-alkali production, processing of mineral ores, ferrous and non-ferrous 

metals manufacturing processes, artisanal and small-scale gold mining and others [21]. The 

fossil fuel fired power plants and waste incinerators are sources of mercury emissions [20, 

23], estimated to account for 70% of the total anthropogenic mercury emissions in the United 

States alone. The research regarding quantification of anthropogenic mercury emissions at 

local/regional and global scale has considerably increased over the last decades. However, the 
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anthropogenic mercury emission estimates at regional and global scale are still incomplete 

since some developing countries do not have formal mercury emissions inventories. Figure 

1.1 depicts the global anthropogenic mercury emissions by source category for the year 2010. 

 

          

 

        Fig.1.1 Global anthropogenic mercury emissions by sources for the year 2010 

       (based on [20]) 

 

The highest contribution to the global mercury emissions are recorded in areas where 

combustion of coal is extensively used for electricity and heat production. Asian countries 

(especially China and India) are the main source of anthropogenic mercury emissions, 

followed by Africa, Europe and North America [21]. To date, mercury emissions models are 

subjected to uncertainty associated with the lack of actual measurement data for some 

developing countries [23]. 

 

1.2. Mercury emissions from coal fired power plants  

Coal represents approximately 43 % of the total fuel used worldwide for electrical 

power production [21]. The flue gas emissions from coal combustion process include various 

pollutants, such as: carbon dioxide (CO2), carbon oxide (CO), sulfur dioxide (SO2), nitrogen 

oxides (NOx), steam (H2O), halogenated acids (HCl, HBr), sulfur trioxide (SO3), particulate 

matter (fly ash), trace elements (Hg, As, Pb, Cd, Zn and others). The concentration of these 
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pollutants in the flue gases after coal combustion processes is mainly influenced by the coal 

chemical composition. All fuels, also renewable (e.g. wood) or gaseous (e.g. natural gas), 

contain mercury, which is almost completely volatized during the combustion process. 

Generally, the mercury content of the different fuels varies between 0.01 and 2 µg/g resulting 

in flue gases containing 1 to 200 µg/m³ of mercury [2].   

In coal, mercury commonly occurs in association with pyrite (FeS2) and cinnabar 

(HgS), while some mercury may be organically bound to coal macerals [24]. The 

concentrations of mercury vary with coal type, coal basin and, even within the same coal 

basin (see Appendix 1.2). There are different types of coal: anthracite, lignite, bituminous and 

sub-bituminous. The anthracite coal, which is nearly pure carbon, is seldom used for electrical 

power generation due to its relatively high price [25]. Pyrite cleaning of coal will reduce the 

Hg levels. However fine grained pyrite (<70 μm) is not removed by coal cleaning. 

Consequently often just 1/3 of the Hg in coal is removed by the standard coal cleaning 

procedures [26]. Therefore, mercury from solid fuels is not completely removed by cleaning 

the fuel, and has to be captured from the flue gas [2].  

The stable mercury species at combustion temperatures around 1000 °C is exclusively 

in elemental form. At temperatures below 450 °C, the equilibrium in flue gases is dominated 

by oxidized species like the oxide and the halogenides (X = Cl, Br and I). This low 

temperature equilibrium is generally not established in power plants and industrial 

incinerators. The halogen content of the fuel and therefore of the flue gas determines the 

extent to which the Hgel is transformed into Hgox. The higher the halogen content the larger 

will be the fraction of oxidized species of the total mercury [2, 24]. 

The halogen content of coal-like solid fuels is dominated by chlorine species. Chlorine 

appears in flue gases predominantly as HCl. At low temperatures Cl2 becomes the most stable 

species, however the low kinetics does not allow for Cl2 formation in flue gases. The HCl 

content of flue gases from coal-combustion varies between 1 to 500 mg/m³. The bromine 

content in coal fuels is generally between 1 and 4 % of the chlorine content [27]. Bromine 

species in the flue gas are more effective in oxidizing the Hgel [2, 10].  

 

1.3. Mercury speciation in flue gases 

In the high temperature regions of the coal-fired boilers, mercury is found in the 

elemental form (Hgel). As the flue gas cools down, a series of complex reactions begin to 

convert the elemental mercury to oxidized (Hgox) and particle-bound mercury (Hgp) [28]. 

Oxidized mercury is reactive and water soluble, being easily captured by activated carbon 
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injection and particulate collection devices or by wet flue gas desulfurization systems. 

Mercury speciation in flue gases is influenced by several factors, such as: coal chemistry and 

rank, flue gas chemistry, plant configuration, operation parameters (temperature, pressure 

etc), the presence or absence of pollution control devices [29]. Coal chemistry plays an 

important role in mercury speciation in flue gases. The pilot and full-scale tests have shown 

that burning ''low chlorine'' coal (less than 100 – 300 μg/g Cl) results in flue gas in which 

elemental mercury is the predominant species, while in the flue gas from burning ''high 

chlorine'' coal (>300 μg/g Cl) the oxidized form of mercury predominates [24, 28].  

 

 

 

Fig.1.2 Schematics of a coal-fired power plant illustrating mercury transformations in flue gases 

 

The presence of certain minerals in coal and in the fly ash resulted from coal 

combustion also has an influence on mercury speciation in flue gases. These minerals either 

enhance mercury oxidation by providing catalytically active sites or inhibit mercury oxidation 

after reacting with the chlorine found in flue gas. Ghorishi et al., (2005) [30] has investigated 
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the influence of fly ash components (Al2O3, SiO2, Fe2O3, CuO and CaO) on mercury 

oxidation in flue gases. For instance, the presence of copper oxide (CuO) and iron (III) oxide 

(Fe2O3) exhibit a good catalytic activity towards mercury oxidation reaction, while calcium 

oxide (CaO) reduces the mercury oxidation degree by consuming the chlorine from the flue 

gases [30]. 

Because of the abundance of chlorine-containing species (HCl and Cl2) it is believed that 

mercuric chloride (HgCl2) is the dominant form of oxidized mercury found in the flue gases. 

Some authors indicate that mercuric oxide [31], nitrate [32], and sulfate [28, 33] may also be 

formed.   

 

 1.4. Impact of mercury emissions on environment and human health 

Mercury represents a global concern due to its persistence, long-range mobility into 

the atmosphere, bio-accumulation in ecosystems and its long term negative impact on human 

health and environment. A very important factor in the impact of mercury on environment 

and human health is the chemical form in which it appears. Most of the mercury emitted into 

the atmosphere is found in gaseous elemental state. Only small amounts of mercury in 

oxidized (Hg2+) or particle-bound (Hg(p)) form are emitted into the atmosphere [34].  

Once emitted into the atmosphere, gaseous elemental mercury has a relatively long 

residence time (0.5 – 2 years) [35]. Due to its physical and chemical properties (atmospheric 

residence time, high volatility, and chemical inertness), mercury is slowly oxidized into the 

atmosphere and, therefore subjected to long-range transport. Evidence of global transport of 

mercury consists in its presence in the Arctic ice at levels that cannot be attributed to natural 

or local emissions sources [22, 36]. The oxidized and particle-bound forms of mercury have a 

shorter residence time (hours to days), being relatively fast removed from the atmosphere by 

wet or dry deposition mechanisms [34].  

Following the gas-phase oxidation and deposition on soil or water bodies, mercury is 

subjected to a large number of redox reactions. An important reaction is the methylation of 

inorganic mercury through microbial activity. Several microorganisms, such as: some 

methanogens, sulfate and iron reducers, are considered to be responsible for mercury 

methylation processes [37]. 

Mercury and its compounds represent a class of highly toxic substances for humans 

and wildlife. Severity of symptoms and adverse health effects following exposure differ with 

the multiple chemical forms or chemical species of mercury, as well as the intensity and 
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exposure duration (i.e. the dose) [13, 20]. All forms of mercury have the ability to 

accumulate, at a certain extent, in organisms and build up along the food chain [20].  

Main route of human exposure to elemental mercury is by inhaling the vapors, which 

are absorbed by the lung tissues. Several neurological and behavioral disorders have been 

observed in humans after exposure to elemental mercury vapours. The specific symptoms 

include tremors, emotional lability, insomnia, memory loss, neuromuscular changes, and 

headaches [20]. Fish and shellfish consumption is the main source of metyl mercury exposure 

for humans. Methyl mercury has the ability to bio-accumulate and bio-magnify in the aquatic 

food chain [3, 20]. The amount of methyl mercury in fish depends on several factors, such as: 

amount of mercury deposited from the atmosphere, the naturally occurring mercury in soils, 

the physical, biological, and chemical properties of different water bodies and the age, size 

and type of food the fish eats [38]. Mercury intake of humans depends not only on the level of 

mercury in the fish, but also on the amount of fish consumed daily [20]. Methyl mercury 

exposure of pregnant women leads to impaired neurological development of the fetus brain. 

Vulnerability to effects of methyl mercury exposure depends on age, dose and duration of 

exposure [13]. 
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CHAPTER 2 

Catalytic oxidation of elemental mercury in flue gases 

 

 

 

 

 

All types of fuel contain mercury, which is almost completely volatilized as elemental 

mercury (Hgel) during combustion processes. However, elemental mercury has a low water 

solubility which makes it difficult to be removed from flue gases. Due to its relatively high 

water solubility, oxidized mercury (Hgox) present in flue gases is easily removed by the wet 

flue gas desulphurisation systems (WFGD). WFGD systems capture approximately 90 % of 

the Hgox from flue gases [3]. Consequently, catalytic processes that increase the amount of 

Hgox in flue gases are of great interest for the overall removal of mercury.  

Mercury oxidation catalysts do not decrease the mercury content of flue gases as such, 

but rather in combination with a scrubber. For this purpose, the mercury oxidation catalyst has 

to be placed upstream of the flue gas scrubber. Wet scrubbing removes the acid components 

of flue gas, mainly SO2, SO3, HCl and HBr, as well as the oxidized mercury [2]. 

Mercury catalysts may be placed before (high dust) and after (low dust) the dust 

removal devices, which are often operated at temperatures between 160–430 °C. Low dust 

placement is less prone to clogging by large dust particles. Here, all the volatile acid 

constituents of the flue gas are still present, except for the nitrogen oxides NOx. In the high 

dust version, the most likely position to place the mercury catalyst is within the SCR-DeNOx 

reactor [2, 3].  

A very important aspect to be considered when operating mercury oxidation catalysts 

in a SO2-containing gas is its effect on the conversion reaction of SO2 to SO3. SO3 is poorly 

captured in most scrubbers. It forms sulphuric acid mist in flue gases that leave the plant. 

Another unwanted side reaction to be considered is the oxidation of NO to NO2. The oxygen 
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content of flue gases resulting from combustion processes varies between 2 and 8 vol.-%, 

which might affect the performance of mercury oxidation catalysts [2]. Also, it has to be 

mentioned that because of the large volumes to be treated, mercury oxidation catalysts, like 

any other flue gas catalysts, have to be applied in a honeycomb or plate-like structure. This 

arrangement is preferred in order to reduce both pressure loss and energy requirements [2].  

 

2.1. Proposed mechanistic pathways for catalytic oxidation of elemental 

mercury  

Schematically, the oxidation of Hgel in the presence of a catalytic material can be 

described as follows: 

 

Hg0 + oxidizing species 
𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡,   𝑇 °𝐶
→           Hg2+ + reduced species                        (2.1) 

 

Over the years, the increasing knowledge on mercury oxidation led to the proposal of 

different mechanisms for the oxidation of elemental mercury in flue gases.  The following 

paragraphs briefly discuss the potential mechanistic pathways of catalytic oxidation of 

elemental mercury in flue gases. 

  

Deacon reaction 

Because of the importance of the halogen species, it is proposed that the Hgel 

oxidation in flue gases could be enhanced by chlorine atoms (Cl•) or molecules (Cl2) produced 

by the Deacon reaction [39]. The Deacon reaction produces chlorine by catalytic oxidation of 

HCl with air or oxygen according to the overall reaction 2. The reaction is reversible and 

exothermic [2]. 

 

4 HCl(g) + O2(g) ↔ 2 Cl2(g) + 2 H2O(g)  (ΔHo = –28.4 kJ/mol HCl)                       (2.2) 

 

The reaction takes place at about 350 to 450 °C in the presence of copper, chromium, 

vanadium and RuO2 catalysts. This reaction is described by a Mars-van Krevelen type of 

reaction mechanism involving hydrogen abstraction from adsorbed HCl, recombination and 

desorption of atomic chlorine, water desorption and oxygen adsorption [40]. HBr reacts in a 

similar manner, whereby the bromine-Deacon reaction produces more free bromine [2, 41]. 

 

Eley-Rideal mechanism 
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This mechanism assumes that the elemental mercury present in the flue gas could 

react from the gas-phase (or as a weakly adsorbed) state with an adsorbed oxidant species, 

most likely HCl. According to this mechanism, HCl is dissociatively adsorbed on the V2O5-

active sites found on the SCR catalyst surface. NH3 and HCl species compete for the active 

sites. Hgel reacts with the V2O5-chlorinated sites from the gas phase or as a weakly adsorbed 

species [42, 43] to form the final oxidation product, for example, as given in  equations (2.3 – 

2.5) [2]: 

2 HCl (g ) + 2 V─O─V(s) ↔ 2 V─OH─V─Cl(s)               (2.3) 

2 V─OH─V─Cl(s) + Hg0
(g) ↔ 2 V─OH─V(s) + HgCl2(g)                          (2.4) 

2 V─OH─V(s) + 0.5 O2(g) ↔ 2 V─O─V(s) + H2O(g)                               (2.5) 

 

In the light of most recent experimental findings, an Eley-Rideal mechanism with 

adsorbed HCl reacting with gas phase or weakly adsorbed Hgel does not seem plausible. 

Evidence of HCl adsorption on the catalyst surface was obtained by employing different 

surface analysis methods [44, 45]. However, it has been shown by surface analysis means that 

Hgel adsorbs on various surfaces as well [2]. 

 

Langmuir-Hinshelwood mechanism 

According to the Langmuir-Hinshelwood mechanism, the catalytic oxidation of Hgel 

takes place between elemental mercury and the oxidant species co-adsorbed on the catalyst 

surface. This oxidation mechanism is likely to occur in the presence of substrates which can 

adsorb both HCl and Hgel [2]. 

 When investigating the catalytic oxidation of Hgel in the presence of MnOx–

CeO2/TiO2, Li et al. [44] proposed the Langmuir-Hinshelwood mechanism as a plausible 

reaction pathway. Eom et al. [46] formulated the rate limiting reaction of the adsorbed 

mercury and the absorbed chlorine species on a commercial SCR-DeNOx catalyst as 

described by equation (2.6): 

SCR-cat(V
4+

–O)Hg
+

(ads)(s) + 2 SCR-cat(V
4+

–Cl) ↔ SCR-cat (V
4+

–O)···HgCl2(ads)···(V
4+

)(s)                        (2.6) 

 

 

Mars-Maessen mechanism  

Recent research in catalytic oxidation of elemental mercury widely uses the Mars-

Maessen mechanism as a most likely oxidation pathway in the presence of metal oxide-based 

catalysts [47, 48]. According to this mechanism, the Hgel oxidation takes place between the 

elemental mercury adsorbed on a metal oxide (MxOy) surface and the lattice oxygen, forming 
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a binary mercury oxide. The oxidation of Hgel could be described by the following equations 

for the CoO/TiO2 system [2, 47]: 

 

Hg(g) + catalysts surface → Hg(ad)(s)                              (2.7) 

Hg(ad)(s) + CoxOy(s) → HgO─CoxOy – 1(s)                            (2.8) 

HgO─CoxOy – 1(s) + ½ O2(g) → HgO(ad)(s) + CoxOy(s)                           (2.9) 

HgO(ad)(s) + 2 HCl (g) → HgCl2(g) + H2O                          (2.10) 

 

Firstly, the gaseous Hgel is physically adsorbed on the catalyst surface to form Hgel
(ad). 

Then the Hgel
(ad) reacts with the lattice oxygen from the catalyst to form a weakly adsorbed 

mercuric oxide. The physical adsorption of Hgel on the catalyst surface takes place even at 

low reaction temperatures, although Hgel
(ad) conversion to HgO(ad) is accelerated by increasing 

the temperature [39]. A further step of the Mars-Maessen mechanism involves the re-

oxidation of catalytic metal oxide by gaseous oxygen. In the last step of this mechanism, the 

HgO(ad) reacts with HCl or HBr to form the volatile mercury halogenides which are released 

from the catalyst surface [2]. 

 

2.2. Catalysts for oxidation of elemental mercury in flue gases 

Over the past decades a significant amount of research has been devoted to developing 

and implementing new catalysts for elemental mercury oxidation in flue gases. Academia and 

industry have directed their efforts towards this purpose. Research has been carried out at 

laboratory, pilot and full scale [2]. These catalysts fall into one of the following categories: 

 

 supported-transition metals and metal oxides; 

 selective catalytic reduction (SCR) catalysts; 

 supported-noble metals.  

 

It is now known that the activity of almost all mercury oxidation catalysts studied so 

far depends on the halides concentration (HCl and/or HBr) in the flue gases to be treated [2]. 

In the following sections, the main types of catalysts employed for oxidation of elemental 

mercury and the effect of different flue gas components and reaction temperature on catalytic 

oxidation of elemental mercury are discussed. 
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2.2.1. Oxidation of elemental mercury by transition metal oxide catalysts 

The Hgel oxidation activity of this class of catalysts was mainly investigated under 

laboratory conditions where parameters as temperature, flue gas composition and metal oxide 

loadings were varied. The catalytic active metal oxides are deposited most commonly on 

alumina (Al2O3) and titania (TiO2). The role of the support is  not only to stabilize and ensure 

a high metal dispersion degree but also, in certain cases, to participate in the Hgel oxidation 

reaction [2].  

Copper oxide particles, titania-supported-CuO, γ-alumina and titania-supported CuCl2 

are potential Hgel oxidation catalysts in the presence of HCl at low temperature [49 - 52]. 

Kamata et al. [49] observed an increase in oxidation of gaseous Hgel at 150 °C in the presence 

of higher HCl concentration. Yamaguchi et al. [50] investigated further details of the Hgel 

oxidation activity of CuO nano-particles and noted a decrease in catalytic activity when CuO 

nano-particle size increased from 50 nm to 620 nm. Another study [52] discussed the 

performance of CuCl2/γ-Al2O3 catalyst with different CuCl2 loads and found an increase in 

oxidation activity with increasing the CuCl2 content up to 10 wt.%. CuCl2 acts as a redox 

catalyst oxidizing Hgel by being reduced to CuCl, following a re-chlorination back to CuCl2 in 

the presence of O2 and HCl [2, 52]. 

The Hgel oxidation activity of cobalt oxide-based catalysts was shown to be affected 

by the Co loading and the oxidation temperature. Hgel oxidation efficiencies higher than 80% 

were achieved when the Co content was in the 2.5 and 7.5 wt.-% range and at temperatures 

between 120–330 °C. Liu et al. [47] attributed the good catalytic performance of Co-based 

catalysts to well-dispersed Co3O4 species in the catalysts [2]. A more recent experimental 

study investigated the Hgel oxidation activity of CoxMnyTi catalysts in the absence of HCl 

[53]. Oxidation efficiency of 98 % was obtained in the presence of O2 at reaction temperature 

of 150 °C and Co loads of 6 %.   

Another interesting class of Hgel oxidation catalysts includes the Mn and MnOx-based 

catalysts. Several studies suggested that manganese oxide-based catalysts may display good 

Hgel oxidation efficiency under simulated flue gas conditions [54-56]. It was found that in the 

absence of HCl from the flue gas, the MnOx effectively adsorbed gaseous Hgel with an 

optimum at 230 °C, whereas the Hgel adsorption was suppressed and high mercury oxidation 

efficiencies achieved in HCl or Cl2-containing flue gases [54]. A subsequent paper [55] 

investigated the Hgel adsorption and oxidation in the presence of Mn oxide (1 wt.-% Mn), 

supported on α-Al2O3 within the 100–250 °C temperature range. The experimental results 

indicate that the oxidation activity of this type of catalyst decreases at temperatures below 250 
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°C. Xu et al. [56] studied the adsorption and oxidation abilities of Mn/MgO catalysts at low 

reaction temperatures. They found that when the Mn loadings were 10 wt.%, removal 

efficiencies of 82 % were reached at 120 °C. Based on the surface analysis results it was 

concluded that Hgel was adsorbed and oxidized on the surface of the catalysts. Doping the 

Mn–oxide/α-Al2O3 catalysts with molybdenum (Mo) resulted in high Hgel oxidation in gases 

with 5 ppm HCl, even in the presence of SO2. Most likely the Mo doping improved the MnOx 

particles dispersion, thereby increasing the Hgel oxidative potential at low temperatures [2, 

55]. In another study [57] the MnOx-CeO2/TiO2 catalyst was highly active for Hgel oxidation 

at 200 °C. The flue gas components NO and SO2 inhibited to a certain degree the Hgel 

oxidation while in the presence of 10 ppm HCl plus 4 % O2,  100 % oxidation efficiency were 

achieved.  

Hg-oxidation activity of cerium oxide-based catalysts has also been reported in the 

literature [48, 58-60]. Li et al. [58] investigated the catalytic properties of the CeO2/TiO2 

system in HCl, NO, and SO2 containing simulated flue gases. A fairly high CeO2/TiO2 mass 

ratio of 1.5 considerably improved oxidation efficiency. Oxidation activity increased with 

rising temperatures up to 250 °C, and dramatically decreased at temperatures up to 400 °C. 

HCl in the gas phase considerably increased the activity in the presence of oxygen [58]. It was 

found that in the absence of SO2 the CeO2/TiO2 catalyst exhibited good oxidation activity in 

the presence of HCl [59]. On the other hand, under different reaction conditions SO2 exhibited 

different effects. For instance, in pure N2 atmosphere SO2 inhibited the Hgel oxidation, while 

in N2 + O2 atmosphere low concentrations of SO2 promoted Hgel oxidation, whereas higher 

SO2 concentrations decreased the oxidation activity of the catalyst [60]. 

Kong et al. [61] studied Hgel oxidation activity of rod-shaped nano-Fe2O3 in a fixed 

bed reactor arrangement. The Hgel oxidation activity increased considerably with decreasing 

particle size. Hgel oxidation increased significantly at temperatures between 75 and 300 °C, 

and decreased at higher temperatures. The decrease of Hgel-oxidation activity at 400 °C was 

attributed to the sintering of the Fe2O3 nano-particles [2].  

 

2.2.2. Oxidation of elemental mercury on SCR-DeNOx catalysts 

V2O5-based SCR-DeNOx catalysts have been commercially available since the 1980s, and 

are the most commonly implemented technology for the reduction of nitrogen oxides (NOx) 

with ammonia (NH3) [3]. The catalyst consists of a porous titanium dioxide monolithic 

substrate in which vanadium pentoxide (V2O5), and tungsten trioxide (WO3) or molybdenum 
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trioxide (MoO3) are dispersed [2, 62]. In power plants, SCR-DeNOx reactors are installed in 

different arrangements, as follows [3]: 

 Upstream of the air pre-heater (APH) and electrostatic precipitator (ESP) referred to as 

hot site, high dust (T = 340 to 430 °C). 

 Upstream of the APH and downstream of the ESP referred to as hot site, low dust. 

 Downstream of the APH and the ESP referred to as cold site and low dust (T = 160 to 

240 °C). 

 Downstream of flue gas desulfurisation (FGD) referred to as tail-end (T = 160 to 240 

°C, in this configuration no co-removal of the oxidized mercury can be achieved). 

 

Besides reducing the NOx in the presence of NH3, SCR catalysts oxidise volatile organic 

compounds [63, 64] and convert gaseous Hgel to Hgox, particularly in the presence of HCl [8, 

10, 42, 65, 66]. In another side reaction, SCR catalysts are known to convert sulphur dioxide 

(SO2) to sulphur trioxide (SO3) [3, 66]. Currently, SCR catalysts are being developed as 

multi-pollutant control devices [2]. The overall Hgel oxidation reaction can be summarised as 

in equation (2.11): 

 

 Hg + 2 HCl + 0.5 O2 → HgCl2 + H2O                           (2.11)

  

This section covers a number of aspects regarding Hgel oxidation on SCR-DeNOx 

catalysts. It starts by discussing the influence of flue gas components (halogens/hydrogen 

halides, NH3, SO2/SO3, NOx), composition of the SCR catalysts and temperature on the Hgel 

oxidation reaction. In addition, the role of flue gas species on mercury oxidation reaction and 

the deactivation of SCR catalysts are briefly covered. A short discussion on mechanistic 

pathways and modelling of Hgel oxidation over SCR catalysts follow [2].  

 

2.2.2.1. Influence of flue gas constituents on Hgel adsorption/oxidation by SCR-DeNOx 

catalysts 

Hgel adsorption on the SCR catalyst surface was observed to occur in the absence of 

hydrogen halides from flue gases [8-10]. Addition of halides (HCl or HBr) and/or NH3 to the 

simulated flue gas leads to rapid mercury desorption [9, 10, 77]. The experimental results of 

Stolle et al. [10] show that even at 390 °C, low concentrations of hydrogen halides (5 mg/m3 

HCl or 0.5 mg/m3 HBr) suppressed the Hg adsorption on SCR catalysts below the detection 

limit.  Strong Hg adsorption in the presence of H2SO4 was reported by Eswaran and Stenger 
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[9]. Hgel adsorption slightly increased when SO2 was present [8]. Straube et al. [8] suggested 

that mercury adsorption involved chemisorption and the formation of Hg–O bonding on the 

SCR catalyst surface. Another interesting finding was the observed link between the V2O5 

content and the Hg adsorption extent on the SCR catalysts [2, 8, 10].  

Laboratory-scale experimental studies proved that the activity of SCR catalysts for 

Hgel oxidation under simulated flue gas conditions is strongly linked to the halide species and 

their concentrations [2, 10, 42, 51, 66-68]. He et al. [42] reported Hgel adsorption and 

oxidation over an HCl pretreated SCR catalyst. Adsorption and a certain degree of oxidation 

were recorded when employing the HCl pretreated catalyst, suggesting that adsorbed HCl 

reacted with adsorbed Hgel to form Hgox [2].  

Several experimental studies [3, 10, 66, 69] mention an increase in Hg oxidation with 

increasing HCl concentrations. In order to assess the effect of HCl on Hgel oxidation, its 

concentration was varied between 0 and 500 ppm [2]. Schwämmle et al. [66] investigated the 

effects of catalysts wall thickness and pitch at different HCl concentrations. It was found that 

there was an increase in Hgel oxidation with wall thickness and pitch for all HCl 

concentrations studied, prompting the authors to suggest that Hgel oxidation is not only a 

surface reaction. In another study, Eswaran and Stenger [70] employed honeycomb and plate-

like SCR catalysts to investigate the effect of HCl, HBr and HI on Hgel oxidation in a lab-

scale reactor. Compared to HCl, the HBr and HI added in small amounts (2 ppm) had a 

stronger effect on Hg oxidation. The results of Stolle et al. [10] showed that at an equal mass 

concentration, HBr is more effective than HCl by a factor of 10. Pilot-scale results obtained 

by Cao et al. [71] revealed that, in the presence of different commercial SCR catalysts, Hgel 

oxidation was enhanced by the addition of hydrogen halides in the following order: HBr, HI, 

and HCl or HF. However, it must be considered that the measurement of Hgel and Hgox by 

the authors might have been hampered by the presence of HBr and HI in the flue gas [2].  

A large number of studies mentioned the negative effect of NH3 addition on Hgel 

oxidation by SCR catalysts in the presence of HCl and NOx [10, 68, 69, 72]. Hong et al. [68] 

observed that increasing the NH3/NO ratio led to a decrease in Hgel oxidation activity of SCR 

catalysts at 350 °C. Eswaran and Stenger [9] explained the decrease in Hgel oxidation by the 

fact that NH3 caused Hgel to desorb from the SCR catalyst surface. Eom et al. [46] suggests 

that the decrease in Hgel oxidation in the presence of NH3 is caused by the adsorption of both 

HCl/Hgel and NH3 on the same active sites, and the reaction rate of NH3 is much faster than 

the reaction rate of Hgel [2]. A recent study [10] points out that the NH3 present in flue gases 

not only inhibits mercury oxidation but also causes, to some extent, the reduction of Hgox 
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back to Hgel. The effect of NH3 on the reduction of Hgox back to Hgel is stronger in the 

presence of NO. The experimental results obtained by Madsen et al. [73] suggested that at 

temperatures higher than 325 °C a part of the Hgox was reduced back to Hgel by NH3. Also, it 

was observed that VOC removal on SCR catalysts induced some Hgox reduction [10] 

according to equation (2.12). 

 

HgCl2 + NH3 + 0.25 O2  Hgel + 2 HCl + 0.5 N2 + 0.5 H2O                       (2.12) 

 

SO2 and SO3 present in the flue gases are known to affect the Hgel oxidation activity 

of commercial SCR catalysts [9, 10, 65, 74, 75]. The results obtained by Zhuang et al. [65] 

indicated that SO2 and SO3 had a mitigating effect on Hgel oxidation by SCR catalysts in the 

presence of HCl. This behavior was attributed to the competitive adsorption of SO2, SO3 and 

HCl on the SCR catalyst surface active sites [65]. It was observed that at 380 °C, increasing 

the SO2 concentration from 1200 mg/m3 to 7000 mg/m3 caused a small increase in Hgel 

oxidation activity of a SCR catalyst [74]. On the other hand, Stolle et al. [10] noted that the 

addition of 2000 mg/m3 SO2 significantly reduced the oxidation activity. However, in HBr-

containing gases the effect of SO2 on Hgel oxidation was smaller. Also, Cao et al. [75] 

observed that Hgel oxidation increased with increasing the SO3 content to a maximum of 50 

ppm. The addition of H2SO4 to a simulated flue gas increased the Hg oxidation activity of a 

commercial SCR catalyst, especially in the presence of HCl [9]. NO and NO2 impact the Hgel 

oxidation activity of SCR-DeNOx catalysts [10] with NO2 having a stronger effect than NO. 

This behavior was confirmed by the results of [76] where NO present in flue gases had a 

promotional effect on mercury oxidation over a CeO2-modified SCR catalyst. 

 

2.2.2.2. Influence of catalyst composition, reaction temperature and space velocity on 

oxidation of elemental mercury 

Vanadium content of SCR catalysts affects their Hgel oxidation capacity as well. 

Higher vanadium content leads to a higher oxidation activity [10, 43, 67]. One study reported 

Hgel oxidation of 90% when vanadium content was 1.1–1.2 wt.-% and less than 40% when 

the content was 0.5 wt.-% [43]. This was also confirmed by the experimental results of [10]. 

Kamata et al. [67] observed an increase in Hgel oxidation almost linearly with VOx loadings 

up to 10 wt.-% [2].  

It was observed that high temperatures could limit the extent of Hgel oxidation over 

SCR-DeNOx catalysts [3, 8, 74, 77], most likely due to desorption of mercury from the 
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catalyst surface [78]. When using a plate SCR catalyst, Rallo et al. [74] observed a dramatic 

decrease of mercury oxidation once the reaction temperature was higher than 300 °C. Similar 

results were obtained for a honeycomb catalyst, only that the decrease in Hgel oxidation 

activity was influenced by reaction temperature and low HCl content (10 mg/m3) [3]. Other 

studies described a similar loss of Hgel oxidation activity with increasing flue gas temperature 

and space velocity [77, 79, 80]. A bench scale study by Lee et al. [79] on a honeycomb 

catalyst under simulated coal combustion flue gas reported significant Hgel oxidation activity 

loss (from 83 to 30%) at 400 °C and 4000 h−1 space velocity compared to 88% Hg oxidation 

at 350 °C and 2000 h−1 space velocity. The lab-scale study conducted by Gao et al. [77] 

showed that increasing the space velocity from 115 h-1 to 230 h-1 resulted in an approximately 

15 % decrease of Hgel oxidation efficiency. On the other hand, in the presence of 10 ppm 

H2SO4, 15 ppm HCl and 1000 ppm SO2 a higher Hgel oxidation was observed once the 

temperature increased from 340 to 370 °C [2, 9]. 

 

2.2.2.3. Loss of Hgel oxidation activity  

Among other factors, long term Hgel oxidation activity of SCR catalysts is dependent 

on the catalyst age. Kamata et al. [69] conducted a series of experiments, aiming to clarify the 

aging process of SCR catalysts. Samples of catalysts which had been in service for different 

time periods and fresh catalysts were employed. They observed a loss of Hgel oxidation 

activity as the operation time increased. This behavior was more pronounced as NH3 

concentration increased [2].  

The most common catalyst poisons include arsenic (As), selenium (Se), potassium 

(K), sodium (Na), calcium (Ca), phosphorus (P) and sulfur trioxide (SO3) [2]. Crocker et al. 

[81] studied the influence of fly ash components (Ca, Na) and gas phase species (NH3, SO2 

and P) on SCR catalyst deactivation by the formation of sulfates and phosphates. 

Thermogravimetric analysis (TGA) results showed that higher temperatures led to higher 

sulfation rates. NH3 and P from flue gas enhanced sulfate and phosphate formation on SCR 

catalysts. DeNOx activity of SCR catalyst decays as gas phase arsenic oxide As2O3 reacts 

with V2O5 active sites [2, 82, 83].  

 

2.2.2.4. Mechanism of Hgel oxidation on SCR catalysts 

One of the aims of recent studies is to elucidate the mechanism through which Hgel is 

oxidized on the SCR catalyst surface. The mercury oxidation mechanism has to consider the 

critical promotional impact of HCl and the inhibitory effect of ammonia (or the DeNOx 
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reaction). Because of the impact of ammonia, mercury oxidation takes place mostly at the 

outlet of the SCR reactor after NH3 is consumed (see Figure 2.1) [2]. 

 

                 

Fig.2.1. Schematics of nitrogen oxides reduction and mercury oxidation over SCR catalyst  [2]. 

 

So far, several mechanisms were proposed for oxidation of elemental mercury on SCR 

catalysts. An early paper by Niksa and Fujiwara [41] proposed a model that was based on an 

Hg-oxidation mechanism in which NH3 and HCl species compete for the V2O5-active sites 

from the catalyst surface. The gaseous Hgel reacts with adsorbed HCl, either from the gas-

phase or as a weakly adsorbed species in an Eley-Rideal type of mechanism. Senior [84] 

proposed a model based on an Eley-Rideal mechanism in which the adsorbed Hgel reacts with 

gaseous HCl. According to the Senior model, Hgel competes with NH3 for V2O5 active sites 

[2]. Gao et al. [77] proposed that Hg oxidation occurs via an Eley-Rideal mechanism with 

HCl being firstly adsorbed on the catalyst surface to form surface active species. 

The more recently proposed Hg-oxidation mechanisms are based on the surface 

analysis conducted on SCR catalysts. Evidence of HCl and Hgel adsorption onto the SCR 

catalyst surface active sites were recently given [8, 42, 43, 65]. He et al. [42] proposed that 

Hgel oxidation over SCR catalysts occurs via a Langmuir-Hinshelwood mechanism. A similar 

mercury oxidation mechanism was proposed by Eom et al. [46]. According to the Langmuir-

Hinshelwood mechanism, both HCl and Hgel species are adsorbed onto the SCR catalysts 

active sites, followed by the formation of HgCl2 and its desorption from the catalyst surface 

[2]. Eom et al. [46] considered that Hgel oxidation proceeds with the reaction of gaseous Hgel 

with vanadium oxychloride complexes from the catalyst surface, therefore a first layer of 

Hg(ads) is formed. Once the first layer is formed, the rest of the Hg from flue gas is adsorbed 

and reacts with chloride complexes from the catalyst surface to form multi-layers of HgCl2 

[2]. A recent study [76], proposed that mercury oxidation occurs via a Mars-Maessen 

mechanism, where lattice oxygen of V2O5 reacts with adsorbed elemental mercury.  
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2.2.2.5. Enhancement of Hgel oxidation activity of SCR catalysts 

Even though the commercially available SCR catalysts exhibit a certain degree of 

mercury oxidation activity, there is a need for more active oxidation catalysts [3]. Therefore, a 

number of recent  papers focused on enhancing the mercury oxidation activity of SCR-

DeNOx catalysts. One of the ways to enhance Hg-oxidation activity is by 

applying/impregnating small quantities of metal oxides onto the SCR-DeNOx catalyst surface 

[2]. Published studies reported results regarding the Hg-oxidation activity of RuO2/SCR [85], 

CuO/SCR, NiO/SCR, ZnO/SCR [86], CeO2 [76, 87], MnOx, CuOx and VOx impregnated SCR 

catalysts [88], Au/TiO2-coated SCR [3]. 

  It appears that the RuO2-modified SCR catalysts exhibit good Hg-oxidation activity 

even in the presence of NH3 at 350 °C. Hg-oxidation activity increased up to 90% with 

increasing Ru loading up to 2 wt.-%, and at 12 ppm HCl content of the simulated flue gas 

[85]. The experimental results of [86] showed that the CuO impregnated SCR catalyst exhibit 

the highest Hg-oxidation activity. However, the investigation also showed that the activity 

improvement by metal oxides might not be stable in SO2-containing flue gases [2]. Chiu et al. 

[88] investigated the mercury oxidation activity of SCR catalysts impregnated with different 

transition metals and found Cu-impregnated catalysts to be the most effective under flue gas 

conditions with average oxidation > 95 %. Two recent studies [76, 87] investigated Hgel 

oxidation activity of CeO2 doped SCR catalysts under flue gas conditions.  The CeO2 

impregnated catalysts showed the best performance for Hgel oxidation at 250 °C reaction 

temperature [76].  

 

2.2.3. Oxidation of elemental mercury over gold and other noble metal based catalysts 

Noble metal catalysts are promising for mercury oxidation applications due to their 

ability to adsorb Hgel on their surfaces and to form solid solutions in a process known as 

amalgamation. This property is well known for the case of gold and has been exploited for 

decades in gold mining and analytical chemistry. The amalgamation type of adsorption can 

serve as a first step followed by oxidation and desorption of mercury as a volatile halide [2]. 

In the absence of halogen species and oxygen, noble metals adsorb elemental mercury 

even at temperatures as high as 400 °C. This was confirmed in a recent lab scale study 

conducted by Poulston et al. [89] in fuel gasification gases containing Hgel. Mercury 

adsorption capacity of platinum Pt and palladium Pd supported on Al2O3 were experimentally 
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measured at temperatures between 204 and 388 °C in simulated fuel gases. Up to 14 wt.-% 

Hg was detected in the Pd-based material [2, 89].  

Platinum Pt [90, 91], palladium Pd [12,91], ruthenium oxide RuO2 [85], and iridium Ir 

[38] have been tested in laboratory and pilot scale in order to determine their potential as 

mercury oxidation catalysts. The tests involved the use of noble metal catalysts as powders, 

foil and coated on different supports, such as: alumina beads [91], alumina beads imbedded in 

fabric filters [12] and titania [85].  

Presto and Granite [91] investigated the mercury oxidation at 149 °C under simulated 

flue gas conditions in the presence of Pd and Pt (1 wt.-%) supported on alumina beads. The 

HCl and O2 contents were varied. The Pd and Pt based catalysts gradually lose their catalytic 

activity  over time. This deactivation behavior was explained by the formation of Pt and Pd 

oxides during exposure to O2 [91]. Schofield [90] explained the oxidation of Hgel on Pt as a 

two-step process. In the first step, the non-volatile HgO was formed. When HCl was present, 

the HgO was converted into the volatile HgCl2 and desorbed, thereby the reaction could 

proceed. It should be noted that the mercury oxidation on Pd and Pt increased with 

temperature. Pt catalysts for diesel exhaust application are known to effectively oxidize SO 2 

to SO3 [92]. Results on this undesirable side effect reaction have not been reported so far for 

the Hgel oxidation catalysts. It is speculated that at the fairly low reaction temperature of 150 

°C employed by Presto and Granite [91], this reaction might have not been fast enough [2]. 

Hrdlicka et al. [12] found that at 150 °C and in the presence of HCl/Cl2 and oxygen the 

mercury oxidation rate was within the range of 50–80% on 1 wt.-% Pd/Al2O3 coated fabric 

filters [2].  

The RuO2/TiO2 catalysts might be promising for mercury oxidation in coal-fired flue 

gases as well [85]. The lab scale investigation was conducted between 150 and 350 °C with 

most of the flue gas components present. The poisoning effect of SO2 was low. The 

conversion of SO2 to SO3 by the catalyst was imperceptible. The authors observed that the 

oxidation activity increased with the HCl content up to 5 ppm and leveled off thereafter. The 

catalyst was shown to generate some Cl2 from HCl according to the Deacon reaction [2, 85]. 

 

Oxidation of Hgel by gold based catalysts 

The experimental studies regarding oxidation of Hgel by gold-based catalysts have 

concentrated on the temperature range between 140 and 225 °C.  Due to the ability to adsorb 

Hg on its surface and to form an amalgam with it, gold is considered a very promising 

candidate for mercury oxidation. An interesting application of this Au-Hg amalgamation 
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property is the MerCAP process [93], which involves Hgel adsorption from flue gas on fixed 

Au-coated structures followed by thermal regeneration of the gold sorbent and Hg recovery 

[2]. 

For the adsorbed mercury to be oxidized, a reactant is necessary. Gold also has the 

ability to adsorb species like Cl2 and HCl on its surface. Adsorbed Cl2 molecules are 

dissociated to chlorine atoms [11] which further react with the adsorbed mercury. The 

dissociative adsorption of HCl on Au is presumably weaker, since the dissociation energy of 

Cl2 is smaller and the bond length is higher by comparison to HCl [2, 94]. The critical 

importance of the adsorption of HCl on gold was supported by the observation of [91] that 

when HCl was removed from gas stream, Hgel oxidation continued but with a considerable 

decrease. Presto and Granite [91] showed that increasing the HCl concentration above 50 ppm 

had no further impact on the reaction rate with Hgel. Zhao et al. [11] observed, for the 

elemental mercury oxidation across gold on Teflon-coated quartz filters, that in the presence 

of chlorine Cl2 (10 ppm) the oxidation of Hgel proceeded much faster than with HCl. 

Apparently HCl decreased the effect of Cl2 [2].  

Gold exhibits a certain degree of inertness to other flue gas components (SO2, H2O, 

NO, organic compounds). Experimental investigations showed that these species did not limit 

Hgel oxidation [3, 11, 12]. The addition of these flue gas constituents did not seem to 

influence the elemental mercury oxidation in the presence of Cl2. Compared to the chlorine 

species, NO, SO2 and H2O seemed to interact to a far lesser degree with Au surfaces [11, 12]. 

The Au/TiO2 coated fabric filters showed an increased mercury oxidation in the presence of 

HCl and NO, suggesting that there might be a synergistic effect between HCl and NO in the 

presence of gold [12]. Removing the oxygen from an HCl containing simulated flue gas 

caused the Hgel oxidation on Au catalyst to decrease [2, 91].  

Pilot [95, 96] and full scale [97,98] investigations were conducted with the main 

objective to demonstrate the effectiveness and deactivation properties of a commercial gold 

catalyst wash coated on γ-alumina honeycomb substrate in promoting Hgel oxidation in flue 

gases from coal combustion. The catalyst modules were located downstream of a particulate 

control device [98] and in the flue gas scrubber inlet duct [97]. The flue gas contained only 

about 2 ppm HCl and 500 pm SO2 [2]. The in-plant demonstration at a temperature of 180 °C 

ended after 17 months of operation because of the increased drop in pressure caused by the 

deposit of fly ash in the small flow channels of the honey-comb type catalyst used. The 

decrease in mercury oxidation activity of the catalyst as such was moderate [3].  
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Boreskov et al. [50] measured a low SO2 oxidation rate for Au catalysts in comparison 

to Pt. Therefore the assumption is that this side reaction might be small. The effect of bromine 

species like HBr has  not been reported yet in the literature [2]. All of the available studies on 

the mercury oxidation activity of gold-based catalysts have been conducted under cold-site 

conditions at temperatures up to 225 °C. To date, there is a lack of knowledge about the hot 

site mercury oxidation activity of Au-based catalysts [3]. 

 

Synthesis methods for gold-based catalysts 

Generally, the laboratory scale experimental studies reported so far employ the Au-

based catalysts as powders or coated on different type of supports. Therefore, a large number 

of synthesis methods for gold-based catalysts are presented in detail in the literature. The 

following paragraphs briefly describe some of these preparation methods. 

Impregnation – consists of suspending the porous support in a large volume of 

solution made of a gold salt, from which the solvent is further evaporated. This procedure is 

followed by drying and reducing of the obtained product. A number of gold salts are used as 

precursors, such as: hydrogen tetrachloroaurate [99], gold chloride [100]. 

Deposition–precipitation - due to its effectiveness in depositing highly dispersed gold 

nano-particles on different supports deposition-precipitation is the most widely used method 

for preparation of gold based catalysts. The method consists in precipitating the gold 

precursor in a solution by raising the pH followed by further deposition of gold species from 

the solution on a support surface. The pH of the hydrogen tetrachloroaurate (HAuCl4) 

solution is adjusted to a fixed point in the range 6 to 10. The pH value is chosen based on the 

isoelectric points of the metal oxides used as supports [101]. The pH adjustment is done by 

the addition of different precipitating agents, such as sodium hydroxide [102, 103], potassium 

hydroxide [104], urea [105], ammonium hydroxide [106], sodium carbonate [107]. The gold 

nano-particles size is directly influenced by the preparation parameters: initial solution 

concentration (~ 10-3 M), pH (6 ÷ 10), temperature (50 ÷ 90 °C), type of support, the order of 

supplying the components, ageing and washing procedure, calcinations conditions. 

Co-precipitation method consists in simultaneous precipitation of the active phase 

(gold) and the support (generally a transitional metal oxide) in a solution. Generally, the 

nitrates of transitional metals are employed as support precursors while the hydrogen 

tetrachloroaurate (HAuCl4) solution is used as gold source. Iron oxide [108, 109, 110], cobalt 

oxide [108], zinc oxide [109], nickel oxide [109], lanthanum oxide [109], cerium oxide [111] 
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are some of the oxides used as supports for the gold catalysts prepared by co-precipitation 

method. 

Photo-deposition of gold nano-particles on a substrate surface consists in irradiating 

with a UV lamp the gold – support suspension after adjusting its pH by addition of a base 

[106, 112]. The photo-deposition method presents few advantages over deposition-

precipitation method: the extent of gold deposition is higher; the heat treatment is unnecessary 

since gold is reduced by UV radiation and the Au nano-particle produced by photo-deposition 

could be smaller. 

Chemical vapor deposition implies the reaction of an organo-gold compound with the 

surface of a support, followed by the decomposition of the gold precursor to metallic gold 

particles. The organo-gold compounds used as precursors are dimethylgold (III) 

acetylacetonate [113], dimethylgold (III) benzoylacetonato [114] etc.  

Ion exchange method is mostly employed for preparation of gold on zeolites supports 

[115]. The term ion-exchange implies that the protons, cations or anions on the support 

surface are replaced by the gold ion complexes found in the solution. The gold ethylene 

diamine complex [Au(en)2]3+ [116] has been employed for cationic exchange while hydrogen 

tetrachloroaurate (HAuCl4) was  used for anionic exchange [117].    

Sol-gel method is mainly used to prepare gold particles incorporated in an oxide 

matrix. The literature data classifies the synthesis of metal oxide supported gold particles via 

sol-gel method in two categories. The first route consists in incorporating mono-dispersed 

gold nano-particles into metal alkoxide solutions to be gelled [118]. The second route 

involves the addition of a soluble gold containing compound to a porous oxide gel followed 

by the UV or thermal reduction of gold [118, 119]. The sol-gel method was developed for the 

preparation of gold-containing oxides thin films. 

Sonochemical method is an alternative technique that can be employed for the 

deposition of gold particles on different supports. The method consists of ultrasonicating the 

gold precursor in the presence of an inorganic support [120]. Applying ultrasounds to a gold 

precursor-inorganic oxide mixture induces chemical changes due to cavitation phenomena 

caused by the formation, growth and implosive collapse of bubbles in the suspension [119], 

which enhances the deposition of gold nano-particles on the support surface [121].   

Spray technique developed by Uematsu et al. [122], involves the preparation of gold 

supported catalysts by using a mixture of aqueous solution of gold hydrogen tetrachloroaurate 

and titanium tetrachloride precursor which was atomized by an ultrasonic device. The formed 

catalyst particles were collected on a glass filter at the reactor exit [122]. The above 
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mentioned method was later modified by Fan et al. [123]. They employed a suspension of 

hydrogen tetrachloroaurate and powdered titanium dioxide, suspension which was atomized 

to produce a mist without the separation of the components followed by calcination of the 

obtained gold-supported catalyst [123].   

Deposition of colloidal gold onto supports – this method involves the preparation of a 

gold colloidal suspension by reducing the hydrogen tetrachloroaurate with sodium 

borohydride (NaBH4) [124, 125] in the presence of polyvinyl alcohol [125], 

polyvinylpirolidone [126], sodium citrate - tannic acid mixture [125], which are used as 

stabilizers. By dipping the support into the colloidal suspension, gold is adsorbed on the 

support surface.  

Other less conventional methods for preparation of gold-based catalysts, which are not 

discussed in detail here, include ion beam deposition [127], in situ reduction [128], magnetron 

sputtering [129, 130], and thermal relaxation [131].  

Generally, the size of the gold particles prepared by the different methods reported in 

the literature varies between 2 and 50 nm. The gold particles size and the dispersion degree 

are influenced by a number of factors, such as: synthesis method, synthesis parameters, gold 

loading, type of support, and activation treatment. For catalytic purposes, it is desired to 

achieve a high dispersion of gold particles on the support, increasing in this way the 

proportion of the active sites exposed to the reactants [132] 
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Conclusions 

 

 

 

Over the past decades, the academia as well the industry, devoted significant resources 

for developing and implementing new catalysts for the oxidation of elemental mercury. To 

this end, the research was carried out at laboratory, pilot and full scale. The experimental 

results presented in the literature describe the role of flue gas components, reaction 

temperature and active catalytic compounds on the mercury oxidation activity. It has been 

established that the mercury oxidation activity of most of the catalysts studied depends on the 

presence and concentration of hydrogen halides (HCl, HBr) in the flue gases to be treated. 

Reaction temperature plays an important role as well. The experimental research showed great 

variations in mercury oxidation activity with temperature, mostly due to the different active 

compounds present in the catalysts as well their loads.  

Several type of catalysts were intensively studied so far, including SCR-DeNOx 

catalysts, metal and metal-oxide based catalysts and, noble metal based catalysts. 

Commercially available SCR-DeNOx catalysts were most studied due to their co-oxidation 

potential for elemental mercury in flue gases. Most recent research focused on improving the 

co-oxidation activity of this type of catalysts by coating/impregnating the SCR monoliths with 

different metals and metal oxides. The experimental results showed that the improvement in 

mercury oxidation activity was dependent on the type of metal coated on the surface of the 

SCR catalysts.  

Noble metal based catalysts are an interesting class of catalysts studied as mercury 

oxidation catalysts at laboratory and pilot scale. Due to their ability to absorb mercury on their 

surface, noble metal based catalysts showed good oxidation activity even at low temperatures 

and loadings. Amongst these catalysts, gold based catalysts seem to be promising candidates 

for oxidation of elemental mercury. Experimental studies conducted so far investigated the 

catalytic activity for mercury oxidation at temperatures up to 225 °C. To date, there is a lack 

of knowledge about the high temperature oxidation activity of gold based catalysts. Also, 

little is known about their SO2/SO3 conversion activity  
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Own Contributions 
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CHAPTER 3 

Research Objectives 

 

 

 

Nowdays, mercury oxidation is regarded as a very important part of environmental 

engineering. Many experimental investigations presented in the literature over the past 

decades focused on developing  and implementing new catalyst for oxidation of elemental 

mercury in flue gases. Amongst these catalysts, metal and metal oxides (CuO, Co,CeO2, 

MnOx etc.), noble metal (Pd, Pt, Au, Ir) and the commercial V2O5-WO3-(MoO3)/TiO2 catalyst 

(known as SCR-DeNOx) have shown great potential as mercury oxidation catalysts.  

The SCR-DeNOx catalysts received increasing attention due to their mercury 

oxidation activity, which is an important co-benefit of the SCR systems already installed in 

coal fired power plants. Several studies reported increased co-oxidation activity of elemental 

mercury for the SCR-DeNOx catalysts coated/impregnated with different metals or metal 

oxides. Therefore, the main objective of this PhD work is the improvement of mercury co-

oxidation activity of a commercial SCR-DeNOx monolithic catalyst by applying a thin 

Au/TiO2 layer on its surface. The fact that the mercury oxidation is a fast reaction, occurring 

near to the surface of the catalyst, the limited number of studies on gold-based catalysts for 

mercury oxidation and, the cost of gold were three main factors motivating this research 

avenue. A schematic representation of the research objectives is given in Fig. 3.1.  

The first research objective was to identify and implement the most economically 

suitable method for coating the surface of SCR-DeNOx monoliths with a thin Au/TiO2 

layer. To this end, a commercial reference SCR-DeNOx catalyst was coated with a nano-

structured TiO2 layer containing finely dispersed gold nano-particles by employing the dip-

coating method. Considering that the dip-coating method consists of immersing a substrate in 
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a suspension containing the active compound (in this case the Au/TiO2 particles), the 

necessity of preparing relatively long-term stable Au/TiO2-based suspensions arises. Different 

types of Au/TiO2 suspensions were prepared and stabilized by addition of dispersing agents 

and their characteristic properties were investigated (particles size distribution in the 

suspension, iso-electric point and rheological properties).  

The physico-chemical properties of catalysts are known to affect their catalytic 

activity towards certain reactions. Therefore, a second objective of this research was the 

physico-chemical characterization of uncoated and Au/TiO2-coated SCR-DeNOx 

monolithic catalysts. The surface of uncoated and coated SCR-DeNOx monoliths were 

investigated by means of SEM, EDX and digital microscope means. The BET surface area, 

pore volume and size were determined by N2 adsorption means.  

As mentioned above, the prepared Au/TiO2-coated SCR catalysts were designed with 

the aim of increasing the mercury co-oxidation activity of a commercial SCR-DeNOx catalyst 

employed as a substrate. Therefore, the next research objective focused on investigating the 

mercury oxidation activity of the uncoated and Au/TiO2-coated SCR catalysts. The mercury 

oxidation activities were studied in a laboratory-scale reactor under simulated flue gases 

typical for coal-fired power plants. All the catalytic tests employed honeycomb shaped 

monolith samples with 2 × 2 channels. The catalysts length and gas flows were adjusted to 

simulate flow conditions and residence times characteristics to one layer of catalyst in an 

industrial SCR-DeNOx reactor. The oxidation activities were investigated in the absence of 

NH3 and at the 180-390 °C temperature range (the so-called cold and hot sites of flue gases in 

coal-fired power plants). The effect of gold loads, coating types, HCl concentrations in the 

flue gas and reaction temperature were of interests in this study.  

The SCR-DeNOx catalysts are the most commonly implemented technology for 

reduction of NOx in the presence of NH3. Hence, the fourth objective of the experimental 

research was to study the effect of Au/TiO2 coatings on the DeNOx activity of the SCR 

catalyst employed as a substrate. The NOx reduction experimental tests were conducted in a 

laboratory-scale set-up at 390 °C and in the presence of NH3/NO ratios of 1 and 1.2.  

Besides reducing NOx and oxidizing elemental mercury, SCR catalysts convert SO2 to 

SO3 in the presence of oxygen. The study of the effect of different Au/TiO2 coating types 

and gold loadings on SO3/SO3 conversion was another research objective. The SO2/SO3 

conversion tests were performed at 390 °C and in the absence of NH3, HCl and Hgel in the 

simulated flue gases. 
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Fig.3.1. Schematic representation of the research objectives covered in the PhD thesis  

Developement of Au/TiO2-coated SCR-DeNOx catalysts with increased elemental mercury 

co-oxidation activity under hot and cold site power plant flue gas conditions 

Preparation  and characterization of stable 

Au/TiO2-based suspensions 

- particle size distribution in the suspensions 

- iso-electric point 

- rheological properties 

Dip-coating of commercial SCR-

DeNOx monolith with Au/TiO2 

Physico-chemical characterization of 

Au/TiO2-coated SCR-DeNOx catalysts 

Mercury oxidation activity of uncoated 

and Au/TiO2-coated SCR catalysts 

Temperature influence 

on Hg
el
 oxidation activity 

(T = 180 – 390 °C) 

Au loadings effect on 

Hg
el
 oxidation activity 

(1 and 2 wt.% Au) 

HCl concentration effect on Hg
el
 

oxidation activity 

(10 and 100 mg/m
3
 HCl) 

Au/TiO2 coating type effect on Hg
el
 

oxidation activity 

DeNOx activity of Au/TiO2-

coated SCR catalysts 

SO2/SO3 conversion of Au/TiO2-

coated SCR catalysts 

(T = 390 °C) 

Au loadings and coatings type effect 

on SO2/SO3 conversion 

Catalyst age and NH3/NO ratio (1 

and 1.2) effect on DeNOx activity 
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CHAPTER 4 

Experimental protocol and apparatus 

 

 

4.1. Catalysts preparation 

A number of different Au/TiO2-coated SCR-DeNOx catalysts were synthesized for 

this study. The preparation of Au/TiO2-coated SCR catalysts consists of three stages. Firstly, 

different Au/TiO2 catalysts powders with 1 and 2 wt.-% Au were synthesized by deposition-

precipitation method. Secondly, the obtained Au/TiO2 catalyst powders were then employed 

for the preparation of stable suspensions. In the last stage, a commercially available SCR-

DeNOx catalyst was coated with a thin Au/TiO2 layer by dip-coating the SCR monoliths in 

the as-prepared suspensions. The synthesis details are listed below.  

 

4.1.1. Synthesis of Au/TiO2 catalyst powders 

The materials and chemicals employed for the synthesis of Au/TiO2 powdered 

catalysts are listed in Table 4.1. 

 

Table 4.1 Materials and chemicals employed for synthesis of Au/TiO2 powdered catalysts 

Chemicals/Materials Producer Purity Observations/Properties 

HAuCl4·3H2O Alfa Aesar 99.99 42.92 % Au 

          

TiO2 P25 

 

Evonik 

 
85 % anatase, 

 15 % rutile 

 
SBET = 50 ±15 m

2
/g,  

crystallite size 21 nm 
 

TiO2 Hombikat UV100 

 

Sachtleben 

 

100 % anatase 

 

SBET = 10 ÷ 300 m
2
/g 

crystallite size 1 ÷ 200 nm 
NH4OH  0.1 M  pH adjustment 

Deionized water Own production  ≤ 5 μS/cm 

Cellulose nitrate filters Sartorius  pore size 0.45 μm 
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The nano-Au/TiO2 catalyst powders were prepared by employing the deposition-

precipitation method [101, 102]. Fig.4.1 depicts the schematics of the deposition-precipitation 

synthesis method. The calculated amount of HAuCl4·3H2O to obtain 1 and 2 wt% Au in the 

final catalysts was dissolved in deionized water. The solutions pH was carefully measured and 

adjusted to 7 - 8 by addition of NH4OH 0.1 M. Then, the solution was heated to 70 °C and the 

TiO2 support was added stepwise. The obtained suspension was maturated at 70 °C by 

continuously stirring for one hour. In order to separate the solid from solution, the suspension 

was vacuum filtered (by employing cellulose filters with 0.45 μm pore size). The obtained 

solid samples were washed several times with deionized water (until the disappearance of Cl- 

ions) and dried overnight in a drying cabinet at 100 °C.  After drying, the catalysts were 

calcined at 400 °C (temperature was increased with a 2 °C/min temperature ramp) in airflow 

for 4 hours. Following calcination, the non-crystalline Au3+ found on TiO2 surface was 

reduced to metallic Au0. The calcined catalyst powders were further employed for the 

preparation of Au/TiO2 stable suspensions.  

                                          

Fig. 4.1. Schematics of deposition-precipitation synthesis method employed for preparation of nano-

Au/TiO2 catalyst powders 

drying (100 °C)/24 hours 
 
calcining (400 °C)/air 

flow 

Au /TiO2 
catalysts 

 

    HAuCl4 aq. 
      pH = 2 ÷ 3 

Mixing 
pH = 7 ÷ 8 

Maturation 
1 hour/T = 70 °C 

NH4OH 0.1M 

      TiO2 powder 

Filtration and 

Washing 
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4.1.2. Preparation of Au/TiO2-based suspensions 

The chemicals and materials employed for preparation of Au/TiO2 suspensions are 

given in Table 4.2. 

Two types of Au/TiO2-based suspensions were prepared as follows: 

Type I: This type of suspension was prepared by using Au/TiO2 catalysts prepared by 

deposition-precipitation method from TiO2 powders. A calculated amount of Au/TiO2 catalyst 

powder (equivalent to 2 wt.-% solid content in the final suspension) was added to the 

dispersing medium (NH4Cl 5 mM with pH 7-8) and, magnetically stirred for approximately 

10 minutes. Meanwhile, the suspension's pH was readjusted to ~ 7 by addition of NH4OH 0.1 

M solution. Then, the suspensions were probe sonicated for 5 minutes by employing the 

Bandelin HD70 system in the puls mode. Afterwards, a calculated amount (equivalent to 0.35 

wt-%) of NH4-polyacrylate Dolapix PC 21 was added, and the suspension was stirred for 15 

minutes. Schematics of the suspension preparation and an image of the final suspension are 

given in Fig. 4.2. 

 

Table 4.2 Materials and chemicals employed for preparation of Au/TiO2 stable suspensions 

Chemicals/Materials Producer Purity Observations/Properties 

HAuCl4·3H2O Alfa Aesar 99.99 49.92 % Au 

      Au/TiO2 P25 Own production 1 and 2 wt.-% Au calcined powders 

Au/TiO2 UV100 Own production 1 and 2 wt.-% Au calcined powders 

TiO2 P25 and UV100   details in Table 4.1 

NH4Cl Carl Roth ≥ 99.5 %  

NH4OH  0.1 M for pH adjustment 

HCl  0.1 M for pH adjustment 

NH4-PA Dolapix PC21 Zschimmer & 

Schwarz 

 dispersing agent 

Deionized water Own production  ≤ 5 μS/cm 

Aerodisp W740X Evonik 40 wt.-% TiO2 commercial suspension 

 

Type II: The calculated amount of HAuCl4·3H2O to obtain 1 and 2 wt% Au in the 

final catalysts was dissolved in deionized water. The solution pH was carefully adjusted to 7-

8 by addition of NH4OH 0.1 M. The solution was heated to 70 °C and the pH value controlled 

and kept to 7-8. Afterwards, a calculated amount (equivalent to 2 wt.-% solid content) of TiO2 

support in the form of Aerodisp W 740 X stable suspension with 40 wt.-% solid content was 
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added step-wise and, kept under continuous stirring for 1 h at 70 °C. The obtained suspension 

was left to cool down and, the final pH was recorded. Schematics of suspension's preparation 

and an image of the final suspension are given in Fig. 4.3. The preparation of Type II 

Au/TiO2-based suspensions was motivated by the need to eliminate some of the stages 

necessary for preparing Type I suspensions, i.e. synthesis, drying and calcining of Au/TiO2 

catalyst powders, suspension stabilization by electro-steric means and agglomerates breakage 

by ultrasonication. 

 

 

 

 

a) b) 

Fig.4.2. Schematics of the a) procedure for preparation of Type I Au/TiO2 suspension and b) image of 

Type I Au/TiO2 UV100-based suspension with 2 wt% solid content 

 

 

 

    NH4Cl aq. 

      pH = 5 ÷ 6 

    NH4Cl aq. 

     pH = 7 ÷ 8 

Au/TiO2  

suspension 
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               NH4OH 0.1M 
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a) b) 

Fig.4.3. Schematics of the a) procedure for preparation of Type II Au/Aerodisp suspension and b) 

picture of Type II Au/Aerodisp based suspension with 2 wt% solid content 

 

The commercially available Aerodisp W 740 X aqueous suspension consists of 

hydrophilic fumed TiO2 suspended particles with typical mean aggregate size ≤ 100 nm. The 

producer does not offer detailed information concerning the chemical composition of the 

suspension. The chemical composition of Aerodisp suspension is of interest for the catalytic 

activity of the prepared Au/Aerodisp-coated SCR-DeNOx catalysts. To this end, a 

quantitative analysis of the chemical composition of the Aerodisp solid phase was performed 

by means of XRF. The XRF analysis results are given in Table 4.3.  

 

Table 4.3 Bulk and surface composition of Aerodisp solid phase by XRF method  

 TiO2 

(%) 

SiO2  

(%) 

Al2O3  

(%) 

V2O5 

(%) 

Na2O 

(%) 

P2O5 

(%) 

MgO 

(%) 

WO3 

(%) 

Surface 65.63 0.13 33.63 0.03 0.23 0.34 - - 

Bulk 70.88 0.05 28.23 0.03 0.30 0.35 0.09 0.05 

 

  

    HAuCl4 aq. 
      pH = 2 ÷ 3 

    HAuCl4 aq. 
     pH = 7 ÷ 8 

Au(OH)3 / 
TiO2 (Aerodisp)  

NH4OH 0.1M 

  Aerodisp (TiO2) 

Maturation 

1 hour/70 °C 

Au /TiO2 

suspension 
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4.1.3. Coating of SCR-DeNOx monolithic catalysts with Au/TiO2 

The second step in preparing the Au/TiO2 coated SCR catalysts consisted of dip-

coating monolithic commercial SCR-DeNOx catalysts samples (Ceram Porzellanfabrik 

Frauental, Austria) in the as-prepared suspensions type I or II. The chemicals and materials 

employed for this procedure are listed in Table 4.4. A schematics of dip-coating procedure is 

depicted in Fig.4.4. 

 

Table 4.4 Materials and chemicals employed for preparation of Au/TiO2 stable suspensions 

Chemicals/Materials Producer Observations 

SCR-DeNOx catalyst Ceram Porzellanfabrik Frauental honeycomb shaped, see Table 

4.5, 4.6 and 4.7 

Au/TiO2 based 

suspensions 

own production 2 wt.-% solid content 

TiO2 based suspensions own production 2 wt.-% solid content 

TiO2 Aerodisp 

suspension 

 

Evonik 

 

40 wt.-% solid content 

 

Textural properties of the commercial SCR-DeNOx catalyst employed as substrate 

were investigated by nitrogen adsorption-desorption method and, the results given in Table 

4.5. The SCR-DeNOx catalysts composition (bulk and at surface) was studied by X-ray 

florescence means and the results are presented in Table 4.6.   

Table 4.5 Textural properties of the reference SCR-DeNOx catalyst determined by N2 adsorption 

method 

BET surface (m
2
/g) Pore volume (cm

3
/g) Pore diameter (nm) 

61.5 ± 0.53 0.22 20.86 

 

Table 4.6 Bulk and surface composition of the reference SCR-DeNOx catalyst by XRF method 

 TiO2 

(%) 

SiO2 

(%) 

Al2O3 

(%) 

V2O5 

(%) 

WO3 

(%) 

CaO 

(%) 

MgO 

(%) 

Fe2O3 

(%) 

SO3 

(%) 

Others* 

(%) 

Surface 78.2 8.71 2.17 0.61 5.99 1.7 0.23 0.36 1.69 0.34 

Bulk 77.7 8.04 2.59 0.61 5.76 2.4 0.46 0.38 1.83 0.23 

     *Na2O; K2O; P2O5; As 
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Fig.4.4. Dip-coating procedure employed for coating of SCR-DeNOx substrates with Au/TiO2 

Prior to the dip-coating procedure, approximately 10 cm long SCR honeycombs (cut 

from the main catalyst block) with 2 × 2 channels, 7.1 mm pitch and 0.87 mm wall thickness 

(with average mass of ~ 11 g and, average geometrical surface area of ~ 0.0161 m2) were 

washed with deionised water in an ultrasonic bath for 15 minutes in order to remove the 

impurities from the surface. The SCR honeycombs were dried overnight in a drying cabinet at 

120 °C. After cooling down for at least one day, the honeycomb monoliths were weighed and, 

further employed for dip-coating procedure. The dipping operations were conducted at 

ambient temperature and pressure. A number of dip coating parameters, such as: surrounding 

humidity, dipping speed and the angle at which the substrate is removed from suspension 

were not controlled.   

The clean SCR substrates were vertically immersed into the Au/TiO2 based 

suspension for one minute so that the suspension could get into the pores of the SCR substrate 

and, then pulled out. The excess of suspension was removed from the substrates surface by 

holding the sample in a vertical position. Afterwards, the coated samples were dried overnight 

in a drying cabinet at 120 °C. After drying, the samples were stored in a desiccator for a few 

days to cool down. The cooled uncoated and coated substrates were weighed with a high 

precision analytical scale (resolution 0.1 mg) and, the mass of coated layers was determined 

as follows: SCRuncoatedSCRcoatedcoating mmm __  .   

Knowing the mass of Au/TiO2 coating and the geometrical surface of the SCR 

samples it was possible to calculate the specific geometrical surface coverage (in μg 

Au/TiO2/mm2 of SCR surface). Calcination of Au/TiO2 coated monolithic substrates at 400 

°C/4 hours in air was performed with the aim to stabilize the coated layers and to remove any 
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organic / volatile compounds initially found in the Au/TiO2- suspensions employed for dip-

coating.  

 

4.2. Characterization techniques 

 A number of methods were employed for the characterization of powdered 

Au/TiO2 and Au/TiO2-coated SCR-DeNOx monolithic catalysts. The characterization 

methods are listed and briefly discussed in the following paragraphs. 

 

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) 

 Gold contents of clear liquids resulted after Au/TiO2 catalysts filtration and washing 

procedures were determined according to DIN EN ISO 11885 protocol on an Elan DRC II 

system (Perkin Elmer) with detection limit of 0.01 mg/L. Gold contents of the clear liquid 

from a 2 wt.-% Au/Aerodisp suspension were measured by employing the same system. Gold 

content analysis was conducted at an external laboratory (InfraLeuna Laboratory, Merseburg, 

Germany). 

 

X-ray diffraction (XRD)  

          Powder diffraction data was collected on a PANanalytical (Netherlands) system using 

Cu-Kα radiation (λ=0.154 nm). Data were collected in the 10 – 120 ° in 2θ mode. Samples 

investigated by XRD method were as follows: calcined and uncalcined 1 wt.-% Au/TiO2 

powdered catalysts and, calcined and uncalcined 2 wt.-% Au/TiO2 powdered samples. By 

employing this characterization technique, it was possible to identify the crystalline phases 

(gold, TiO2 anatase and rutile) and, to determine the influence of calcination procedure on the 

gold particles (reduction of Au3+ to Au0) and on the TiO2 substrate (any possible anatase to 

rutile phases transformation occurring during the high temperature calcination process). The 

XRD analysis was conducted at an external laboratory at Martin Luther University (Halle, 

Germany). 

 

Diffuse reflectance UV-Vis (DR UV-Vis)  

DR UV-Vis spectra for the 2 wt.-% Au/TiO2 P25 and 2 wt.-% Au/TiO2 Hombikat 

UV100 catalyst powders as well the TiO2 P25 and TiO2 Hombikat UV100 substrates were 

collected on a Shimadzu UV-2450 spectrophotometer (Japan) equipped with an integrating 

sphere unit (ISR-2200). DR-UV-Vis spectra were collected in absorbance mode over the 800 

to 190 nm wavelength range with a 0.2 nm step and 2 nm slit width. BaSO4 powder was 
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employed for background correction.  The DR UV-Vis data were obtained at an external 

laboratory at Gheorghe Asachi Technical University (Iasi, Romania) 

 

Energy dispersive analysis of the X-Rays (EDX) 

             Elemental composition at the surface for 2 wt.-% Au/TiO2 (P25 and UV100) catalyst 

powders and Au/TiO2-coated SCR-DeNOx catalysts was determined by employing the 

QUANTA 200 3D electronic microscope equipped with an energy dispersive analysis of X-

Ray (EDAX) system (FEI Netherlands). The specimens to be investigated were prepared by 

dry dispering the catalyst powder or monolithic sample on a carbon tape and further inserting 

it in the analysis chamber. The EDX data were obtained at Gheorghe Asachi Technical 

University (Iasi, Romania). 

 

Scanning electron microscopy (SEM) 

The surface morphology of the powdered Au/TiO2 catalysts and Au/TiO2-coated SCR-

DeNOx monolithic catalysts was investigated on a field emission scanning electron 

microscope (FE-SEM) Mira Tescan (Czech Republic) and by SEM using the Hitachi S-4800 

system (Japan), respectively. SEM images were typically obtained with acceleration voltages 

of 15 kV, while FE-SEM images were obtained in high vacuum mode with acceleration 

voltages of 20 kV. The specimens to be investigated were prepared by dry dispersing the 

sample on a carbon tape and, subsequently coating the sample with carbon or gold to avoid 

charging. The FE-SEM images were obtained at Gheorghe Asachi Technical University (Iasi, 

Romania), while the SEM micrographs were obtained at Otto von Guericke University 

(Magdeburg, Germany). 

 

Digital microscope (DM) 

The surface of uncoated SCR-DeNOx and that of Au/TiO2-coated SCR-DeNOx 

monolithic catalysts were investigated by a digital microscope VHX-2000 from Keyence 

(Japan). The DM VHX-2000 consists of a high resolution CCD camera with a high intensity 

lamp and high processing capabilities. The surface topography of the samples was 

investigated by employing the 3D option of the microscope. The DM images were obtained at 

the Centrum for Engineering Sciences (ZIW) of Martin Luther University (Merseburg, 

Germany). 
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Nitrogen physisorption 

Surface area (SBET) and porous properties of the coated samples were determined by 

nitrogen adsorption at – 196 °C on a TriStar system (Micromeritics Instruments, USA). For 

this purpose the coated monoliths were crushed using a mortar and a pestle. Prior to the 

sorption (adsorption-desorption) measurements, the samples were out-gassed overnight at 150 

°C. The specific surface area was calculated using the standard BET method. The total pore 

volume was estimated from the amount of nitrogen adsorbed at a relative pressure p/p0 of 

0.99, assuming complete surface saturation with N2 and, where p and p0 denote the 

equilibrium pressure and saturation vapour pressure, respectively. The nitrogen physisorption 

experiments were conducted at an external laboratory of Strasbourg University, (Strasbourg, 

France). 

 

X-ray fluorescence (XRF) 

Quantitative determination of the chemical composition, at the surface and bulk, of 

SCR-DeNOx monolithic catalyst was performed on a XRF system Axios 1 kW (PANalytical, 

USA). The XRF spectrometer is equipped with a Super Sharp Window Tube with Rh anode. 

For surface analysis, the specimens were cut from the monolithic SCR catalysts and analyzed. 

For bulk analysis, the SCR monolith was crushed to a fine powder and then analyzed. The 

chemical composition of SCR catalyst by XRF method was performed at the external STEAG 

Energy Services LLC laboratory (USA).  

 

 

Isoelectric point (IEP) 

The isoelectric points of the Au/TiO2–based suspensions were determined by 

measuring their zeta potential (ζ) as a function of pH.  The zeta potential was measured on a 

Zetamaster S system from Malvern Instruments (Germany). The zeta potential measurements 

were conducted in NH4Cl 5 mM electrolyte solution. The experiments were carried out using 

diluted suspensions (from 20 mg/mL initial concentration down to 2 mg/mL solid content). 

The pH adjustment was done by addition of NH4OH 0.1 M and HCl 0.1 M solutions. The 

experimental measurements of zeta potential were conducted at the laboratory of Pharmacy 

Faculty, Martin Luther University (Halle, Germany). 
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Particle size distribution 

The particle size distribution in the suspensions was determined by employing the 

Zetamaster S system from Malvern Instruments (Germany) and a dynamic light scattering 

system (DLS) HPPS-ET, Malvern Instruments (Germany). A small amount of suspension was 

diluted in distilled water and placed in a cuvette, the cuvette inserted in the analysis system 

and the particle size measurements were conducted. The particle size distribution 

measurements were conducted at the laboratory of Pharmacy Faculty, Martin Luther 

University (Halle, Germany). 

 

Viscosity measurements 

The viscosity of the as prepared suspensions was determined by employing the AR 

2000 system from TA Instruments (USA). The measurements were conducted at 30 °C and 

100 s-1 shear rate for a ten minute period. The rheological properties of the as-prepared 

suspensions were determined at the laboratory of Martin Luther University, (Merseburg, 

Germany). 

 

4.3. Catalytic activity tests 

The catalytic activity of uncoated SCR-DeNOx and Au/TiO2-coated SCR-DeNOx 

monolithic catalysts was investigated for three different reactions, elemental mercury (Hgel) 

oxidation reaction, NOx reduction by NH3 (DeNOx) reaction and, SO2/SO3 conversion. The 

following paragraphs describe in detail the experimental set-ups employed, as well as the 

experimental protocols involved. A list of the catalysts investigated and their characteristics is 

given in Table 4.7. 

Before the activity testing experiments, all catalyst the samples were aged for one 

week (see Table 4.8). Catalytic investigations were conducted under the standard conditions 

summarized in Table 4.8. Prior to the catalytic tests, the samples were conditioned under 

simulated flue gas conditions characteristic to each type of reaction, as follows: 24 hours for 

Hg oxidation and DeNOx catalytic reactions and, 48 – 72 hours for SO2/SO3 conversion tests. 

Catalysts length and gas flow were adjusted to simulate flow conditions and residence time 

characteristic to one layer of catalyst in a SCR-DeNOx industrial reactor. For this purpose, 

area velocity (AV = ratio of flue gas volume under standard conditions per geometric surface 

area of catalysts exposed to simulated flue gas) was of approximately 21m/h.  
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Table 4.7 Characteristic parameters of the investigated catalysts 

Catalyst  

name 

Coating type Pitch  

(mm) 

Wall thickness 
(mm) 

Channel 
(mm) 

SCR-uncoated - 7.1 0.87 6.23 

2Au/TiP25-SCR 2 wt.-% Au/TiO2 P25 7.1 0.87 6.23 

1Au/TiP25-SCR 1 wt.% Au/TiO2 P25 7.1 0.87 6.23 

TiP25-SCR TiO2 P25  7.1 0.87 6.23 

2Au/TiUV100-SCR 2 wt.% Au/TiO2 UV100 7.1 0.87 6.23 

1Au/TiUV100-SCR 1 wt.% Au/TiO2 UV100 7.1 0.87 6.23 

TiUV100-SCR TiO2 UV100 7.1 0.87 6.23 

2Au/TiAerod-SCR 2 wt.% Au/TiO2 Aerodisp 7.1 0.87 6.23 

1Au/TiAerod-SCR 1 wt.% Au/TiO2 Aerodisp 7.1 0.87 6.23 

TiAerod-SCR TiO2 Aerodisp 7.1 0.87 6.23 

 

When changing experimental parameters (temperature and/or HCl concentration), 

catalyst samples were left for more than 2 hours under the new conditions prior to mercury 

measurements in order to make sure that the stationary conditions for mercury concentration 

downstream of the catalyst were achieved. 

 

Table 4.8 Experimental flue gas conditions for the catalytic tests 

 

 Reaction   

              

               Parameter             

T 
°C 

O2 

vol.-
% 

H2O 

vol.-
% 

Hg
el 

μg/m
3
 

SO2 

ppm 
NO 
Ppm 

NH3 
ppm 

HCl 
mg/m

3
 

Hg oxidation 180 ÷ 390  

 
4 

 

 
7 

60 ÷ 130 700  

 
400 

- 10 ÷ 100 

DeNOx  
390 

 
- 

700 400 ÷ 480  
- aging and SO2/SO3  

conversion 
 

600 
 
- 

 

Table 4.9 provides a list of gases employed for preparation of model flue gases. 

Nitrogen and/or dried compressed air, purified by active carbon, was used as carrier gas.  
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Table 4.9 List of gases employed for model flue gas preparation 

Gases Producer Purity Observations 

N2 Air Liquide 5.0  

NO Air Liquide 2.5  

NH3 Air Liquide 3.8 compressed liquefied gas 

SO2 Air Liquide 3.8 compressed liquefied gas 

compressed air own production  purified by freeze drying and active carbon 

 

For calibration purposes, reference compressed SO2 (850 ppm ± 17 ppm) and NO (300 

ppm ± 5.9 ppm) gases in nitrogen were employed. The calibration gases were purchased from 

Air Liquide (Germany).  

 

4.3.1. Mercury oxidation activity 

The Hgel oxidation activity of uncoated SCR and Au/TiO2-coated SCR catalysts was 

investigated at laboratory scale by employing the experimental set-up given in Fig.4.5. The 

experimental set-up consists of three units: model gas generation, reactor and gas analysis 

systems. The model flue gas of 215 L/h (wet, STP) was generated by mixing three different 

gas streams. As carrier gas, generally air and/or nitrogen metered by mass-flow controllers 

(MFC) were used. SO2 and NO were added to the carrier gas by means of MFCs with a flow 

rate that the final gas contained the required pollutant concentration. With the second gas 

stream generated by a MFC controlled air flow, the elemental mercury concentration was 

introduced by means of a temperature controlled permeation tube (permeator from Breitfuss 

Messtechnik, Germany). The third gas stream introduced the water vapors in the model flue 

gas by employing the digital Hovacal system from IAS Schmaeh (Germany). The calculated 

water mass flow (0.2 g/min) was metered by MFC means and evaporated at 190 °C into a 

controlled air stream by the Hovacal evaporator. The HCl containing gases were generated by 

evaporating appropriate solutions of hydrochloric acid.  

The honeycomb shaped catalyst samples with 2 × 2 channels and length of 

approximately 10 cm were placed in a glass reactor consisting of two concentric tubes as 

depicted in Fig 4.6. Prior to inserting the catalyst test element in the reactor, its outer part was 

isolated with glass wool, ensuring this way that the simulated gas would flow only through 

the inner channels 
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                              Fig.4.5. Schematics of the experimental set up employed for Hg
el
 oxidation tests 

             

              The inner tube of the glass reactor has 8 slits through which the model flue gas can 

pass. Simulated flue gas enters to the outer tube where it is heated to the required 

experimental temperature. Afterwards, the gas flow is passed through the inner reactor slits 

and then through the catalyst. The dimensions of experimental glass reactor are summarized 

in Table 4.10. 

 
Fig.4.6. Schematics of experimental reactor 

 

Table 4.10 Geometrical dimensions of the experimental reactor 

 Length 

(mm) 

Diameter 

 (mm) 

Total length 

  (mm) 

Hose connections 

 (mm) 

Outer tube           680 40 × 1.5  
              780 

       12 × 1.5 

Inner tube           740 32 × 1.5        12 × 1.5 
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Gas mixing unit 
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Gas analysis 
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method) 

H2O / HCl  

air  

N2  
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SO2 NO NH3 
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Gaseous mercury analysis 

In order to determine the mercury oxidation activity of the catalysts, the dry mercury 

sorbent-trap method was employed [133, 134]. For this purpose, the gaseous mercury was 

sampled before the inlet of the reactor and at the outlet of the reactor. The mercury gas 

sampling trains consist of two Dowex /active carbon (AC) traps placed in parallel and heated 

at 85 °C followed by fritted wash bottle (for trapping the condensed water), pumps, gas 

counters and O2 measurement system. The sorbent traps are connected to the experimental 

set-up by heating tubes kept at 180 °C to avoid deposition of oxidized mercury. In the sorbent 

traps, a layer of DowexTM 1 × 8 anionic fine mesh resins (mesh size 100 μm) was followed by 

a layer of iodized activated carbon pellets. The oxidised Hg was selectively adsorbed by the 

Dowex layer while the elemental Hg was retained in the activated carbon layer. For each 

reaction parameter, three gaseous mercury samplings were taken with sampling time of 40 

minutes. For each sampling, two Dowex/AC sorbent traps were placed in parallel for reasons 

of reproducibility. Schematics of the gaseous mercury sampling train are depicted in Fig.4.7, 

while the list of chemicals and materials employed for this experimental part is given in Table 

4.11. 

 

 

 

 

 

 

 

Fig.4.7. Schematics of the gaseous mercury sampling arrangement  
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Table 4.11 Materials and chemicals employed for sampling of gaseous mercury  

Chemicals/Materials Producer Purity Observations 

iodized AC Carl Roth 95 % Carbon < 5 % iodine 

Dowex 1× 8 resin Carl Roth  Cl – form  

Quartz wool Carl Roth p.a  

HCl VWR 99.98 % 37 % 

Deionized water Own production  ≤ 5 μS/cm 

 

Prior to use in the sorbent traps, the Dowex resin was activated in a HCl:H2O (1:1) 

mixture at 85 °C for 30 minutes and, then filtered and dried overnight at 120 °C. Activation of 

Dowex resin by HCl increases the anionic exchanger properties, thereby improving the 

selective adsorption of Hgox (more than 98%) [133]. Dowex is a fine mesh resin based on a 

microporous copolymer of styrene (ST) and divinylbenzene (DVB) with tri-methyl-

ammonium as functionalized ionic group. Hgox is adsorbed on Dowex according to Equation 

4.1. Adsorption of HgCl2 on Dowex is temperature limited, with Dowex being unstable at 

temperatures higher than 150 °C [135].  

  333233 )()( HgClCHNRHgClClCHNR                (4.1) 

Iodized activated carbon is an extremely effective medium for adsorbing gaseous Hgel 

from an air stream. Activated carbon adsorbs Hgox as well. Fig.4.8 depicts the SEM 

micrographs of Dowex mesh resin and Activated carbon pellets.  

  

Fig.4.8. SEM images of Dowex 1 × 8 resin (A) and iodized activated carbon pellets (B) 

 

A B 
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Oxidized Hg is selectively adsorbed by the Dowex layer, while the elemental Hg is 

adsorbed in the activated carbon layer. The mercury content of Dowex and activated carbon 

layers was determined by employing the pyrolytic spectrometer system from Lumex Ohio 

(Russia). The system consists of a pyrolytic atomizer PYRO-915 coupled with a Zeeman 

atomic absorption mercury spectrometer RA-915+ and, permits the direct mercury 

measurement in the activated carbon and Dowex solid samples. The collected data were used 

for calculating the mercury oxidation activity (
oxel HgHg

k
/

 , in m/h) by employing equation 4.2. 
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Where, 
oxel HgHg

k
/  is the mercury oxidation activity in a given flue gas (m/h), AV is the area 

velocity (m/h), 
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is the degree of mercury oxidation 

measured before the catalyst layer (by-pass values),  𝐻𝑔𝐷𝑜𝑤𝑒𝑥
𝑜𝑥  - is the concentration of 

oxidised mercury measured in the Dowex layer (μg/m3(STP, dry)), 𝐻𝑔𝐴𝐶
𝑒𝑙   - is the 

concentration of elemental mercury measured in the AC layer (μg/m3(STP, dry)). The 

mercury measurements conducted in by-pass showed that approximately 5 % of the inflow 

mercury was already in oxidised form. This result is in line with the empty reactor tests (no 

catalyst present) where 5.3 % of the total mercury was in oxidised state at the outlet of the 

reactor. Because of the oxidized mercury in the inlet gas, the equation for calculation of the 

oxidation activity ( Equation 4.2) had a bit unusual form compared to the one used elsewhere 

in the literature [10]. 

The non-mercury gas components H2O, SO2 and NO were continuously measured 

using a multi component BINOS analysis system from Emerson Process (formerly Leybold-

Heraeus GmbH) equipped with a hot (200 °C) photometric cell. A paramagnetic OXYNOS 

analyser was employed for measuring the O2 concentration. All of these devices were 

regularly calibrated with conventional certified reference gases. 
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4.3.2. DeNOx reaction 

DeNOx activity of reference SCR and Au/TiO2-coated SCR catalysts was determined at 

temperature of 390 °C and NH3/NO molar ratios of 1 and 1.2. DeNOx activity was calculated 

according to the first order reaction equation. 

          
 










 


inlet

outletinlet
DeNOx

NO

NONO
AVk 1ln , m/h     (4.3) 

The model flue gas was generated by mixing two different gas streams. First stream 

introduced N2, SO2, NO and, NH3 by means of MFCs, while the second stream introduced 

water vapours and air by the HovaCal system from IAS Schmaeh (Germany). After exiting 

the reactor, the model flue gas phase was semi-continuously measured using a multi 

component BINOS analysis system from Emerson Process (formerly Leybold-Heraeus 

GmbH) equipped with a hot (200 °C) photometric cell. A paramagnetic OXYNOS analyser 

was employed for measuring the O2 concentration. All of these devices were regularly 

calibrated with conventional certified reference gases. Fig.4.9 depicts the experimental set-up 

employed for DeNOx tests. 

 

Fig.4.9. Schematics of the experimental set up employed for DeNOx tests 

 

4.3.3. SO2/SO3 conversion 

SO2/SO3 conversion investigations were performed with the aim to determine the 

amount of SO3 produced over the uncoated SCR catalysts and Au/TiO2-coated SCR catalysts. 

The model flue gas was generated by mixing two different gas streams. Nitrogen and 

pressured air were used as carrier gas. The SO2 and NO were added to the carrier gas by 

N2/pressured air  
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SO2, NO, H2O, NH3 
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means of MFCs with a controlled flow rate so that the concentrations given in Table 4.8 

would be reached. A second gas stream introduced water vapour in the model flue gas by 

employing the HovaCal evaporator system from IAS Schmaeh, Germany. After exiting the 

reactor, the model flue gas phase was continuously measured in order to determine the SO2 

and NO concentration. An infrared analyzer, HT-Binos 1001 (Rosemount, Germany) was 

used to measure the SO2 concentration of the model flue gas. NO concentration was measured 

by employing the HT-Binos 1004 (Rosemount, Germany). The area velocity (AV) was of 

approximately 21 m/h. 

            SO2 and SO3 concentrations in the simulated flue gas were measured downstream of 

the catalyst in accordance with VDI method number 2462 [20]. SO3 concentration was 

determined by controlled condensation of sulphuric acid aerosols in a glass condenser at 85 

°C.  

              Prior to the SO2 to SO3 conversion tests, the catalyst samples were conditioned for 48 

– 72 hours under the model flue gas conditions. After conditioning the catalyst samples, a 

number of two to three SO2/SO3-conversion tests with an elapsed time of at least one hour 

between the end of one test and start of the next test were conducted. In order to measure the 

SO2 to SO3 conversion rate in the presence of honeycomb catalysts, a gas sampling train was 

attached to the experimental set-up and connected directly to the reactor. The SO2/SO3 

sampling train consists of a Graham condenser with glass frit, 3 Desaga sampling glasses and 

a Desaga pump. Schematics of the experimental set-up are given in Fig.4.10. 

 

Fig.4.10. Schematics of the experimental set-up employed for SO2/SO3 conversion tests 
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             The Graham condenser was connected at the outlet of the experimental reactor. The 

condenser was operated at 85 °C, which is above the water dew point and below the sulfuric 

acid dew point. Under these conditions, the sulfuric acid aerosols were condensed in the 

Graham condenser and collected on the glass frit. Desaga gas sampling system was connected 

to the Graham condenser and a 3 LN/min model flue gas was sucked through the Graham 

condenser and the three sampling glass bottles by a Desaga pump. The first two gas sampling 

bottles were filled with 30 mL water peroxide (3%) each, while the third sampling bottle was 

used as a condense trap. A total of 120 L model flue gas was sampled for each test. Detailed 

schematics of the gas sampling train are depicted in Fig.4.11. Materials and chemicals used 

for SO2/SO3 conversion tests are given in Table 4.12. 

 

 

 

 

 

 

Fig.4.11. SO2/SO3 gas sampling train 

 

Table 4.12 Materials and chemicals employed for SO2/SO3 conversion tests 

Chemicals/Materials Producer Purity Observations 

H2O2 Merck p.a 35 % 

NaOH 0.1 M Sigma Aldrich p.a standard solution 

Ba(ClO4)2 0.005 M Sigma Aldrich p.a in isopropanol/water 

(CH3)2CHOH Sigma Aldrich p.a  

Thorin Fisher p.a indicator 

Bromphenol Sigma Aldrich p.a indicator 

Deionized water Own production  ≤ 5 μS/cm 

With: p.a – pro analysis 

  

             For SO3 analysis, the sulfuric acid which was condensed in the Graham condenser is 

washed out with 50 mL deionized water. The collected liquid sample is then filled in a 250 

mL glass and filled until the sign with 2-Propanol. From this solution, 3 samples of 50 mL 
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each were pipetted in Erlenmeyer glasses. For the determination of sulfuric ion concentration, 

the as prepared liquid samples were titrated with barium perchlorate (0.005 mol/L) in 2-

Propanol-Water 80/20 solution in the presence of a Thorin indicator (3 – 5 drops) by 

employing a burette with 0.02 mL scale. The addition of barium perchlorate solution was 

continued until the solution changed its colour from lemon yellow to light pink. The amount 

of SO3 in the solution was calculated by employing equation 4.4   

 

         Y mg SO3 = X mL (BaClO4)2 · C ((BaClO4)2)· M (SO3) · f                            (4.4) 

 

where: C – concentration of barium perchlorate solution (0.005 mmol/mL) 

             M (SO3) – molar mass of sulphur trioxide (M = 80.0642 mg/mmol) 

             f – sample factor (from 250 mL solution, 50 mL are taken for each titration →  

                  250/50 = 5) 

 

               For the analysis of SO2 concentration in the gas, the liquid (H2O2  3 vol.-%) is 

transferred from the Desaga sampling glasses into a 200 mL glass and filled until the sign 

with distilled water. From this solution, 3 samples of 20 mL each were filled in Erlenmeyer 

glasses. The acid-base titration of the solution was performed with NaOH solution 0.1 M and 

in the presence of Bromphenol blue indicator (3 - 4 drops). The addition of NaOH 0.1 M was 

continued until the solution changed its color from yellow to violet blue, the color change 

takes place in the 3.0 – 4.6 pH-range. Equation 4.5 was used to calculate the amount of SO2 in 

the sample and consequently in the  model flue gas. 

  

           Y mg SO2 = X mL (NaOH) · C (NaOH) · M (SO2) · f                                  (4.5) 

 

 

where: C (NaOH) – concentration of sodium hydroxide solution (0.1 mmol/mL) 

             M (SO2) – molar mass of sulphur dioxide (M = 64 mg/mmol) 

             f - sample factor (from 200 mL solution, 20 mL are taken for each titration →  

                 200/20 = 10 · 0.5 = 5) 

 

The SO2 to SO3 conversion rate (
32 / SOSOK ) was calculated with equation 4.6: 
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CHAPTER 5 

Preparation and characterization of Au/TiO2-coated SCR-DeNOx 

catalysts 

 

 

 

 

In this chapter, the different stages involved in the preparation of Au/TiO2-coated SCR 

catalysts are discussed in detail. Firstly, the synthesis and characterization of powdered 

Au/TiO2 catalysts is discussed. The chemistry of the Au-based solution is of great importance 

for obtaining gold nano-particles coated on the support (TiO2). The catalyst powders were 

further employed for the preparation of Au/TiO2 based suspensions. Therefore, a detailed 

discussion on the quality and properties of the as prepared suspensions follows. In the last part 

of the chapter, the preparation and characteristics of Au/TiO2-coated SCR-DeNOx monolithic 

catalysts are given in detail. 

 

5.1. Synthesis and characterization of Au/TiO2 catalyst powders 

5.1.1. Chemistry of Au-based solution  

The Au/TiO2 catalysts powders were synthesized by employing the deposition 

precipitation method [102, 136]. The deposition-precipitation method involves dissolving 

HAuCl4·3H2O in distilled water, carefully adjusting the solution's pH and then adding the 

TiO2 powder which acts as support for the Au from the solution. During maturation at 70 °C 

and pH higher than 7, all Au3+ complexes found in the solution become strongly attached to 

the TiO2 particles surface [137]. At room temperature and a pH value ≤ 2, the main species 
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found in an aqueous solution is


4AuCl . Above pH 6, the 


4AuCl  ions found in solution are 

hydrolyzed to xx OHAuCl )(4 species (with x = 1 ÷ 3) [136], while at pH value higher than 8, 

the completely hydrolyzed 


4)(OHAu  ion is the predominant species [138]. The extent of 

hydrolysis in aqueous hydrogen tetrachloroaurate solution is pH and temperature dependent. 

At room temperature, the following reactions occur in the solution [138]:  

    
 ClOHAuClOHAuCl )( 2324              (5.1) 

      
 HOHAuClOHAuCl )()( 323              (5.2) 

  

Once with increasing the pH and temperature of the solution, the concentration of 



4AuCl  decreases, leading to the formation of different hydrolyzed gold species:  

 

  
 ClOHOHAuClOHOHAuCl ))(()( 2223              (5.3) 

    
 HOHAuClOHOHAuCl 2222 )())((              (5.4) 

      
 ClHOHAuClOHOHAuCl 3222 )()(             (5.5) 

      
 ClHOHAuOHOHAuCl 423 )()(              (5.6) 

 

 Since it is known that the pH control is critical in determining the gold particle size 

[136, 138], the solution's pH was closely monitored by employing the WTW pH / Cond 340i 

pH-meter with SenTix® 41 sensor. During the heating process, the pH value dropped to 5, 

requiring further addition of NH4OH 0.1 M to readjust the solution's pH to 7 – 8. The addition 

of TiO2 support to the hydrogen tetrachloroaurate solution causes a slight pH drop, requiring 

further addition of NH4OH 0.1 M. In order to avoid local high concentrations of precipitating 

agent which may lead to the precipitation of Au(OH)3 in the solution, the pH adjustment was 

done by adding small quantities of NH4OH 0.1 M solution.  

 After maturating for 1 hour at 70 °C, the suspension was filtered so that the solid 

(Au/TiO2 catalyst) was separated from the liquid phase. Since it is believed that the presence 

of residual chlorine in the catalysts causes the gold nanoparticles to form large agglomerates 

during drying and calcination processes, several washings were performed. A clear liquid 

resulted after filtration and washing steps was analyzed to determine the Cl- and Au contents. 

The chloride content in the clear liquid resulted after filtration and washing was determined 

by employing the Corning Chloride Analyzer 926.  
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 Fig.5.1 depicts the chloride content analysis of the clear liquids resulted after filtration 

and washing of 1 and 2 wt.-% Au/TiO2 catalysts. A significant amount of Cl- was removed 

during vacuum filtration process, which it varied with the initial concentration of HAuCl4 

solution. The measurements show that the chloride content drops with each washing step. 

Based on these results it can be stated that the chlorine is successfully removed from the 

Au/TiO2 catalysts only after, at least, four washings are performed. 

Gold contents of the filtration and washing liquids were determined by means of 

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) according to DIN EN ISO 11885 

protocol on an Elan DRC II system (Perkin Elmer) with detection limit of 0.01 mg/L. The 

results of quantitative analysis, carried out by ICP-MS means are given in Table 5.1. The 

initial hydrogen tetracloroaurate solution has a calculated theoretical gold content of 402.4 

mg/L. Following the addition of TiO2 to the hydrogen tetracloroaurate solution, the gold 

content of the solution dramatically decreases due to the strong interaction of gold with the 

surface of TiO2 particles. This strong gold-TiO2 interaction is proven by the low gold content 

of the clear liquid after filtration. Further washing the Au/TiO2 catalysts with hot water 

caused the removal of an even lower amount of gold from the catalyst.  

 

Fig. 5.1. Chloride content in the filtrate and washing liquids for 1 and 2 wt% Au/TiO2 catalysts 
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Table 5.1 Gold content analysis of clear liquid after filtration and washing of 2 wt.-% Au/TiO2 P25 

catalysts 

Theoretical Au content in 

the initial solution 

(mg/L) 

Au content in the liquid after 

filtration 

(mg/L) 

Au content in the liquid 

after 5 washings 

(mg/L) 

402.4 0.656 0.132 

 

 

5.1.2. Physical-chemical characterization of Au/TiO2 powdered catalysts 

The physical-chemical properties of a catalyst are of great importance for its future 

catalytic activity. Therefore, several characterization methods, including DR-UV-Vis, SEM, 

XRD and, EDX were employed with the aim of obtaining a better insight into the physical-

chemical characteristics of the as prepared nano-Au/TiO2 catalyst powders. The results of 

these investigations are briefly discussed below. 

5.1.2.1. Diffuse reflectance UV-Vis (DR UV-Vis) analysis 

Fig. 5.2 depicts the DR-UV-Vis spectra for TiO2 powders and 2 wt.-% Au/TiO2 

catalysts calcined at 400 °C in air flow for 4 hours. Au/TiO2 catalyst samples exhibit a shift in 

the absorption spectrum with a broad band located at around 550 nm, caused by the presence 

of Au nanoparticles in the catalyst matrix. This band gap appears due to surface plasmon 

resonance (SPR) of the metallic nano-gold particles with dimensions higher than 5 nm [139].  

Some authors [140, 141] suggest that these band gaps are the result of collective 

oscillations of free conduction-band electrons induced by interactions with incident electro-

magnetic radiation whose wavelength is higher than the size of Au particles. Therefore, the 

position, size and shape of the SPR band are caused by several factors, such as size, shape and 

surface area of Au nanoparticle, gold loadings and interaction of Au particles with the TiO 2 

support [142]. It has been proposed in the literature that the band gap from 520 to 680 nm is 

generated by the presence of gold particles with dimensions between 5 and 80 nm.  Moreover, 

the as-prepared Au/TiO2 catalyst samples are purple in colour, which is consistent with the 

specific adsorption characteristics of Au nano-particles. The 190 – 350 nm band gaps are 

characteristic to the TiO2 supports. 
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Fig. 5.2 DR-UV-Vis spectra for TiO2 and 2 wt.-% Au/TiO2 catalyst powders prepared by deposition 

precipitation method 

 

5.1.2.2 X-ray diffraction (XRD) analysis 

X-ray diffractograms (XRD) were obtained for the 1 and 2 wt.-% Au/TiO2 (P25 and 

Hombikat UV100) catalysts prepared by deposition-precipitation method. Calcined and 

uncalcined catalysts samples were investigated as well. The purpose of this study was to 

identify the crystalline phases (gold, TiO2 anatase and rutile) and, to determine the influence 

of calcination process on the gold particles (reduction of Au3+ to Au0) and on the TiO2 

substrate (possible phase transformation from anatase to rutile which might occur at high 

calcination temperatures). Fig.5.3 and Fig.5.4 depict the XRD patterns of 2 wt.-% Au/TiO2 

P25 catalyst calcined and uncalcined. Both XRD patterns display similar diffraction peaks 

characteristic to anatase and rutile phases found in the commercially available TiO 2 P25, 

suggesting that the TiO2 support remained stable during the precipitation of gold and 

calcination process. This aspect is clearly observed in the XRD patterns of uncalcined and 

calcined 2 wt.-% Au/TiO2 UV100 catalysts as well, where only the TiO2 anatase 

characteristic peaks appear (see Appendix 5.1). The TiO2 Hombikat UV100 powder is made 
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exclusively of anatase phase as mentioned by the producer (see product information on 

www.sachtleben.de ). 

The XRD patterns of uncalcined Au/TiO2 P25 samples show no characteristic peaks 

for crystalline gold. However, the XRD patterns reveal the presence of two crystalline phases 

attributed to TiO2 anatase and TiO2 rutile. The absence of gold characteristic peaks can be 

attributed to the presence of very small and highly dispersed gold particles (less than 5 nm) or 

to the presence of non-crystalline gold (Au3+) which could not be detected by XRD analysis 

[141]. Following the calcination process at 400 °C, Au3+ is reduced to metallic Au0. At high 

calcination temperatures gold particles tend to agglomerate forming gold clusters. Both 

calcined Au/TiO2 catalysts samples display the characteristic diffraction peaks of gold at 2θ 

angle: 38.1; 44.4; 64.5; 77.4; 82; 98.1; 110.8 and 115 assigned to different planes of the face 

centered cubic (FCC) crystalline gold (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2), (4 0 0), (3 3 1) 

and (4 2 0) according to the JCPDS card No. 01-1174.  

 

 

Fig.5.3. XRD patterns for 2 wt.-% Au/ TiO2 P25 uncalcined sample (where: A – anatase;  

R – rutile) 

 

 

http://www.sachtleben.de/
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Fig.5.4. XRD patterns for 2 wt.-% Au/ TiO2 P25 calcined sample (where: A – anatase;  

R – rutile; Au – gold) 

 

 

5.1.2.3. Elemental composition by Energy dispersive analysis of the X-Rays (EDX) 

The elemental composition of 2 wt.-% Au/TiO2 (TiO2 P25 and TiO2 UV100) catalyst 

powders was determined by employing energy dispersive analysis of X-ray method. The 

overall results concerning the elemental composition of the 2 wt% Au/TiO2 calcined catalysts 

are summarized in Table 5.2, while the EDX spectra of the catalysts are depicted in Fig.5.5. 

The gold content at the surface of Au/TiO2 P25 and Au/TiO2 P25 UV100 catalysts samples 

are 2.34 wt.-% and 2.26 wt.-%, respectively. These values are similar to the calculated values 

of Au in the final catalyst. The EDX spectra of Au/TiO2 powdered catalysts display the 

characteristic peaks of titanium, oxygen, aluminum and, gold elements.   

         Table 5.2 Elemental composition of 2 wt% Au/TiO2 catalysts determined by EDX analysis 

                        Elemental 

                       composition 

    Sample 

      type 

 

Au (wt.-%) 

 

Ti (wt.-%) 

 

O (wt.-%) 

 

Al  (wt.-%) 

 
2 wt.% Au/TiO2 P25 

 
02.34 

 
67.48 

 
29.07 

 
01.10 

 
2 wt.% Au/TiO2 UV100 

 
02.26 

 
79.74 

 
16.80 

 
01.20 
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Fig.5.5. EDX spectra for 2 wt.-% Au/TiO2 P25 (left) and 2 wt.-% Au/TiO2 UV100 (right) catalyst  

 

 

5.1.2.4. Field Scanning electron microscopy (FE-SEM) analysis 

 Field Scanning Electron Microscopy was employed to identify the morphological 

characteristics of the 2 wt.-% Au/TiO2 catalyst powders and of the TiO2 substrates (P25 and 

Hombikat UV100). FE-SEM images of TiO2 P25 and 2 wt.-% Au/TiO2 P25 catalysts powders 

are given in Fig 5.6. Commercially available titanium dioxide (P25 and Hombikat UV100), 

employed as supports for the synthesis of Au/TiO2 catalysts consists of tightly packed 

aggregates composed of primary particles with sizes ranging from 1 to 300 nm.  

The washing, drying and calcining procedures applied to Au/TiO2 catalysts led to the 

formation of agglomerates with sizes in the micrometer range. This was confirmed by SEM 

characterization of Au/TiO2 catalysts powders. The TiO2 P25 support and the 2 wt.-% 

Au/TiO2 P25 catalyst powders exhibit similar sponge like morphology, where the TiO2 

primary particles are strongly packed forming agglomerates in the micrometer range. In the 

micrograph images of the Au/TiO2 catalysts, relatively large gold crystallites are visible. 

These crystallites were formed at the high calcination temperature due to sintering of small 

gold particles. Similar results were observed on the SEM micrographs of 2 wt.-% Au/TiO2 

Hombikat UV100 catalysts (see Appendix 5.2). 
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Fig.5.6. Scanning electron micrographs for: A and B – TiO2 P25; C and D – 2 wt.-% Au/ TiO2 P25 

calcined catalyst. 

 

5.2. Preparation and characterization of stable Au/TiO2 suspensions 

Two different types of Au/TiO2-based suspensions (noted Type I and Type II) were 

prepared according to the methods described in Chapter 4, section 4.1.2. Type I suspensions 

were prepared by employing Au/TiO2 catalyst powders which were dispersed in an aqueous 

medium and stabilized by the addition of a dispersing agent, namely ammonium polyacrylate 

(NH4-PA). Type II suspensions were obtained by dissolving in deionized water a calculated 

amount of HAuCl4·3H2O to obtain 1 and 2 wt% Au in the final catalysts and, carefully 

adjusting the pH to 7 – 8. The TiO2 support in the form of Aerodisp W 740 X stable 

A B 

C D 
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suspension with 40 wt.-% solid content was added to the gold solution. During the maturation 

period, the gold from the solution was coated on the TiO2 particles surface. The following 

sections present and discuss the results on the stability and properties of the as-prepared 

suspensions. 

 

5.2.1. Stability and properties of Au/TiO2-based suspensions 

Rheological properties, particle size distribution in the suspension, and iso-electric 

point of the dispersed particles are indicative of the suspension's stability and characteristics. 

Also, the properties of suspension directly influence the quality and catalytic activity of the 

coated Au/TiO2 layers obtained by employing the respective suspension for coating purposes.  

 

5.2.1.1. Iso-electric point (IEP) of Au/TiO2-based suspensions 

A typical measurement of zeta potential variation as a function of pH value for the 2 

wt.-% Au/TiO2 Type I and II based suspensions with 2 wt.-% solid content is plotted in 

Fig.5.7. The zeta potential was measured in the 1.5 ÷ 9 pH-ranges. By analyzing the zeta 

potential values, it was possible to identify the iso-electric point of the dispersed particles. 

Isoelectric point (i.e.p) is the pH value where the zeta potential is zero. At the i.e.p there are 

no electrostatic repulsive forces in the system, such that the van der Waals forces are totally 

dominant and the particles tend to agglomerate [143]. The isoelectric point for Type I 

suspensions was identified at pH 2.2, while the isoelectric point of Type II suspensions was 

found at pH 3.6 – 4.1. This scatter in isoelectric point values can be attributed to the different 

methods employed for preparation as well, to the different dispersing agents employed. Even 

though the producer of Aerodisp suspension does not give detailed information regarding the 

dispersing agents employed for stabilizing the TiO2 particles, it is safe to assume that there is 

a significant difference in terms of composition between the own-made TiO2 suspensions and 

the commercially available Aerodisp suspension. It has to be noted that the isoelectric point 

values for suspended TiO2 particles reported in the literature vary greatly, ranging from pH 2 

up to 8.9 [144, 145, 146]. These differences are mainly due to TiO2 modifications (i.e. 

anatase, rutile etc), the presence of impurities on the TiO2 particles surface, dispersing 

medium and dispersing agents employed for suspensions preparation.  

Based on the zeta potential results depicted in Fig.5.7, it could be concluded that for 

Type I suspensions stabilized by addition of 0.35 wt.-% NH4PA a stable region occurs in the 4 

– 9 pH range, where the measured  zeta potential was between - 35 and - 50 mV. For the case 

of Type II suspensions, the stable plateau starts at pH 6 with zeta potential values between - 
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30 and - 40 mV. Type II suspensions were stable at pH value lower than 2 as well, with zeta 

potential of dispersed particles higher than + 30 mV. Zeta potential for 1 wt.-% Au/TiO2-

based suspensions exhibits a similar trend as the measured values for 2 wt.-% Au/TiO2 –based 

suspensions (see Appendix 5.3). 

 

 

 

Fig.5.7. Zeta potential versus pH-value for type I and type II suspensions with 2 wt.-% solid content 

 

   

5.2.1.2. Particle size distribution and viscosity of the Au/TiO2 suspensions 

Table 5.3 presents the measured viscosities and particle size distribution by intensity 

and volume for all types of suspension studied. All the suspensions exhibit similar rheological 

properties, with viscosities between 1.61 and 1.72 mPa·s at the selected measurement 

conditions (30 °C and 100 s-1 shear rate). However, the particles size distribution in the 

suspensions varies with the type of TiO2 support and gold loadings of the catalysts.  The 

presence of Au nanoparticles alters the size distribution of the TiO2 supports. Fig.5.8 shows 

how the size distribution changes from  unimodal (for TiO2 and 1 wt.-% Au/TiO2) to bimodal 

once the Au content increases to 2 wt.-%.  The particle size distribution by intensity for 2 wt.-

% Au/TiO2 P25 suspensions was bimodal with the small and large particle peaks located at 
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183 nm and 2360 nm, respectively. Details on the particle size distribution by intensity 

measured for Type I and Type II suspensions are given in Appendix 5.5. 

 

Fig.5.8. Particle size distribution by intensity in the Type I suspensions Au/TiO2 P25 (by DLS 

means) 

For the dispersed Au/TiO2 UV100 particles, the size distribution by intensity was 

unimodal with peaks at 589 nm (2 wt.-% Au/TiO2 UV100 suspension) and 629 nm (1 wt.-% 

Au/TiO2 UV100 suspension), while the dispersed TiO2 UV100 exhibits a bimodal 

distribution. These results clearly show that probe sonication performed for Type I 

suspensions did not lead to a complete breakage of Au/TiO2 aggregates down to their primary 

size (lower than 50 nm), results which are similar to those reported in previous works [144, 

145]. A similar trend was observed for the case of 1 wt.-% Au/Aerodisp dispersion where 

bimodal distributions were observed with low and high intensity peaks at 13 nm and 175 nm, 

respectively. It must be noted that the average particle size of Type II suspension 

Au/Aerodisp are considerably smaller than that ofType I suspensions.  
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Table 5.3 Average particles size distribution and viscosities of Au/TiO2 suspensions 

 

Suspension 

 

Mean particles size by 

intensity (nm) 

Mean particles size by 

volume (nm) 

 

Viscosity 

(mPa·s) Peak 1 Peak 2 Peak 1 Peak 2 

Type I 

2 wt.-% Au/P25 

 

(183)* 

 

(2360)* 

 

- 

 

- 

 

1.62 

1 wt.-% Au/P25 496 (181)* -   460 - 1.61 

TiO2 P25 378 (190)* - 383 - 1.70 

2 wt.-% Au/UV100 589 - 573 - 1.73 

1 wt.-% Au/UV100 629 - 498 735 1.72 

TiO2 UV100 130 761 1320 817 1.64 

Type II      

2 wt.-% Au/Aerodisp - - - - 1.62 

1 wt.-% Au/Aerodisp 13 175 14 - - 

TiO2 Aerodisp 148 - 150 - 1.63 

*values in brackets were obtained by dynamic light scattering (DLS) means  

 

5.3. SCR-DeNOx monoliths coated with thin Au/TiO2 layers 

The Au/TiO2 coated SCR-DeNOx monolithic catalysts were prepared by employing 

the dip-coating procedure described in chapter 4.1.3. Fig.5.9 depicts the calculated mass of 

Au/TiO2 coated on the surface of the SCR-DeNOx monolithic catalysts. Whereas Fig. 5.10 

gives a visual impression of the colour change caused by the coating. The mass of Au/TiO2 

coatings was determined by weighing the SCR monoliths before and after dip-coating 

procedure. The mass of Au/TiO2 was calculated as follows: SCRuncoatedSCRcoatedcoating mmm __ 

 By dip-coating the SCR monoliths in Au/TiO2 suspensions with 2 wt.-% solid content, 

a very low amount of Au/TiO2 was coated on their surface, leading to the formation of a very 

thin layer on the surface of the SCR catalysts. This was specifically designed so that the thin 

Au/TiO2 layer would increase the activity towards Hgel oxidation reaction without hindering 

the initial catalytic activity of the SCR monolithic substrate. It can be observed that the 

coatings obtained by employing type I Au/TiO2 P25 suspensions have the lowest mass, 
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whereas the type II Au/TiO2 Aerodisp suspensions led to a significantly higher mass of the 

coated layers. One could explain these results by relating to the suspensions stability and 

particles size distribution. For instance, the Aerodisp based suspensions exhibit a higher 

stability with relatively small particles, therefore it is assumed that the smaller particles enter 

the porous structure of the SCR catalyst hence the higher mass of the coated Au/TiO2 layer.  

The particles in type I suspensions form agglomerates which cover only the outer surface of 

SCR catalyst, causing a much lower amount of Au/TiO2 to be coated. The specific 

geometrical surface coverage (in μg Au/TiO2/mm2 of SCR surface) was calculated by 

employing the mass of Au/TiO2 coating and the geometrical surface of the SCR samples. The 

results are given in Appendix 5.6. 

 

 Fig.5.9. Mass of Au/TiO2 layers coated on the SCR-DeNOx monolits surface (average 

geometrical surface area of ~ 0.0161 m
2
) 
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Fig.5.10. Uncoated SCR-DeNOx (light cream) and 2Au/TiAerod-SCR monoliths (purple) 

 

 

5.3.1. Characterization of Au/TiO2-coated SCR-DeNOx monoliths 

The physical-chemical properties of the as-prepared Au/TiO2-coated SCR-DeNOx 

catalysts offer valuable information on the structure and composition of the above mentioned 

catalysts. These properties play an essential role in the catalytic activity. The structural 

properties as well as the chemical composition could offer important information on the 

mercury oxidation reaction. 

 

5.3.1.1. Scanning Electron Microscopy (SEM) analysis 

Fig.5.11 depicts the SEM micrographs for the surface of uncoated SCR and 

2Au/TiP25-SCR monoliths. As can be observed in Fig.5.11.A the uncoated SCR monolith has 

a relatively smooth surface at higher resolution with visible porous structure (Fig.5.11.B). 

When looking at the coated SCR monolith surface, Fig.5.11.C, it can be noted that the 

Au/TiO2 layers consist of irregularly shaped agglomerates. A zoom in on one of these 

agglomerates, Fig.5.11.D, reveals that the gold coated TiO2 particles with sizes under 100 nm 

form a tightly packed sponge-like structure. Similar morphology was observed for the 

prepared Au/TiO2 catalyst powders (Fig.5.6) where the primary particles formed tightly 

packed agglomerates [3].   
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Fig.5.11. Scanning electron micrographs for: A – uncoated SCR; B – uncoated SCR at high 

resolution; C – 2Au/TiP25-SCR; D - 2Au/TiP25-SCR at high resolution. 

 

 

5.3.1.2. EDX analysis 

 

The actual composition measured at the surface of uncoated and Au/TiO2-coated SCR 

catalysts is given in Table 5.4. The surface of SCR uncoated catalysts consists of Ti, O, Al, 

Si, Ca, and W elements, whereas the Au/TiO2-coated SCR samples contain an extra element, 

Au namely. More details on the elemental composition at the surface of uncoated and 

Au/TiO2-coated SCRs are given in Appendix 5.7; 5.8 and 5.9. 

The measurements show that the actual gold loading values are relatively close to the 

theoretical calculated ones. The dispersion degree of Au element at the surface was 

investigated for the case of calcined and uncalcined Au/TiAerod-SCR samples by EDX 

elemental mapping method. The gold mapping results given in Fig.5.12 show a relatively 

A B 

C D 

Au/TiO2 coating 
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uniform gold distribution at the surface of both uncalcined and calcined Au/TiAerod-SCR 

catalyst samples.  

Contrary to the presumption that during the calcination process Au particles sinter 

forming large gold cluster, the EDX mapping results show similar surface gold distributions 

for uncalcined and calcined samples. Therefore, it can be concluded that the catalyst 

calcination at 400 °C does not cause significant changes in gold distribution at the surface of 

the coated catalysts. 

 

 

Table 5.4 Elemental composition of SCR uncoated and Au/TiAerod-SCR catalysts by EDX method 

*the presence of Cl in the Au/Aerodisp coatings is due to the fact that the Au/Aerodisp suspensions 

were prepared by skipping the washing of the Au/Aerodisp catalysts 

 

 

  

Fig.5.12. Mapping of gold element distribution on the SCR surface at 5 μm resolution: A – 

2Au/TiAerod-SCR uncalcined and B - 2Au/TiAerod-SCR calcined 

        Element 

Sample 

      Ti 

(wt %) 
O 

(wt %) 
Al 

(wt %) 
Si 

(wt %) 
Ca 

(wt %) 
W 

(wt %) 
Cl 

(wt %) 

Au 

(wt %) 

 

Uncoated SCR  

 
70.8±5.3 

 
17.5±4.6 

 
2.4±0.5 

 
4.2±1 

 
0.8±0.4 

 
4.7±0.7 

 
- 

 
- 

 

1Au/TiAerod-

SCR 

 
73.1±5.3 

 
21.9±4.8 

 
4.6±0.9 

 
2±0.8 

 
- 

 
- 

 
- 

 
1.2 ± 0.2 

 

2Au/TiAerod-

SCR 

 
85.1±7.2 

 
10.1±8.1 

 
1.61±0.5 

 
1.37±0.95 

 
- 

 
- 

 
1.63* 

 
1.76 ± 0.6 

A B 
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5.3.1.3. Surface study by Digital Microscope (DM)  

Digital Microscope analysis was employed to investigate the surface quality and 

surface characteristics of Au/TiO2 coatings at micrometer scale. By employing the 3D option 

of the Digital Microscope, it was possible to assess the surface topography of the uncoated 

and Au/TiO2-coated SCR catalysts. All the investigated catalysts samples exhibit a rough 

surface with visible peaks and indentations, see Fig.5.13. The SCR-DeNOx monolithic 

catalysts are extruded ceramic based honeycombs consisting of TiO2, V2O5, WO3 and glass 

fibers are added for improving the mechanical strength. When studying the surface of 

uncoated and coated SCR catalysts, the glass fibers can be observed. Applying the thin 

Au/TiO2 layers on the surface of SCR catalyst did not cause major changes to the surface 

topography of the SCR substrate at this scale. The most significant change observed is color 

wise, the uncoated SCR has a light cream color, whereas the Au/TiO2-coated SCR surface has 

a purple hue caused by the presence of Au nano-particles on its surface, see also Fig.5.10. 
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Fig.5.13. Digital microscope images and their corresponding 3D profiles for: A and B – uncoated 

SCR surface, C and D – 2Au/TiP25-SCR surface,  and E and F – 2Au/TiAerod-SCR surface 
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5.3.1.4. Textural properties by N2 absorption 

 The textural properties of uncoated and Au/TiO2 coated SCR monoliths were 

investigated by employing N2 absorption method. Table 5.5 presents the textural properties 

(BET surface area, pore volume and pore diameter) for the selected catalyst samples. As can 

be observed, all samples present similar BET surface areas, pore volumes and pore sizes. 

These results indicate that applying a thin Au/TiO2 layer to the surface of SCR monolithic 

catalyst did not cause significant changes in the textural properties of the commercial SCR 

monolith.   

 

Table 5.5 Textural properties of uncoated SCR-DeNOx and of Au/Aerodisp-coated SCR-DeNOx 

catalyst samples 

Catalyst type BET surface 

(m2/g) 

Pore volume 

(cm3/g) 

Pore diameter (nm) 

uncoated SCR  61.5 0.22 13.14 

TiAerod-SCR 69.9 0.23 13.34 

1Au/TiAerod-SCR 62.8 0.23 12.18 

2Au/TiAerod-SCR 63.21 0.23 14.63 

 

 

5.3.2. Stability of Au/TiO2 coated layers 

 When considering the use of Au/TiO2-coated SCR-DeNOx catalysts at industrial 

scale, a very important aspect that must be taken into consideration is their long-term stability 

and activity under industrial conditions. Several tests ("air-blow tests") were conducted 

aiming to determine the long-term stability of Au/TiO2 coated layers under high volume 

flows. For this purpose, the coated and uncoated SCR-DeNOx catalysts were placed in a 

specially designed reactor and a 16 m3/h air-flow (equivalent to a linear velocity of 26 m/s) 

was passed through the reactor for one hour. Should be mention that the linear velocity in the 

SCR industrial reactors varies between 4 and 8 m/s. After the air-blow tests the catalyst 

samples were dried at 120 °C/overnight and then placed in a desiccator to cool. Their weight 

was measured before and after the air-blow test, determining the weight loss that occured 

during the air-blow test. The studied samples show very little weight loss after the air-blow 

tests, which is indicative of Au/TiO2 coated layers stability.  
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5.4. Conclusions 

 

In this chapter, all the stages related to the preparation and characterization of the 

Au/TiO2-coated SCR-DeNOx monolithic catalysts are presented. The preparation of Au/TiO2-

SCR catalysts consists of three main steps: synthesis of Au/TiO2 powdered catalysts, 

preparation of Au/TiO2 stable suspensions, and coating of commercially available SCR-

DeNOx monoliths with a thin Au/TiO2 layer by dipping in the as prepared Au/TiO2 

suspensions.  

The Au/TiO2 powdered catalysts were prepared by deposition-precipitation method. 

Two different commercially available TiO2 powders were employed as supports for the gold 

nano-particles. Obtaining gold nano-particles requires careful control and adjustment of 

preparation parameters, such as temperature, pH, washing etc. The prepared catalysts were 

calcined and characterized by employing DR-UV-Vis, XRD, EDX, SEM methods. The 

investigations concluded that by employing the deposition-precipitation method it was 

possible to obtain Au/TiO2 catalysts with gold nano-particles with dimensions below 100 nm.  

A comprehensive study on the preparation and characterization of Au/TiO2 based 

suspensions was conducted with the aim of establishing the most suitable way to achieve 

stable suspensions with 2 wt% solid content. To this end, two types of suspensions were 

prepared. Type I suspensions were obtained by dispersing and stabilizing Au/TiO2 powders in 

an aqueous medium, while Type II suspensions were prepared by dissolving a calculated 

amount of HAuCl4·3H2O in deionised water and adding the TiO2 support in the form of a 

stable commercial Aerodisp W 740 X suspension. The investigations showed that both type of 

suspensions exhibit fairly good stability. The characteristic properties of the suspensions were 

studied and the rheological properties, the particle size distributions and iso-electric points 

were determined. All suspensions exhibit relatively similar rheological properties with 

viscosities between 1.61 and 1.72 mPa·s at the selected measurement conditions. The particle 

size distributions in the suspensions vary greatly with the type of suspension as well as the 

type of TiO2 support employed for the preparation of Au/TiO2 powders, with Type II 

suspensions providing smaller particles size. The zeta potential measurements showed Type I 

suspensions to be stable in the 4 – 9 pH rage, whereas the Type II suspensions exhibit stability 

at pH lower than 2 and higher than 6.  

The last part of this chapter describes the coating of SCR-DeNOx monolithic catalysts 

obtained by dip-coating method. The surface characteristics of Au/TiO2-coated SCR-DeNOx 

monoliths were investigated by means of SEM, EDX and Digital Microscope. This part of the 
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experimental investigation has shown that by dip-coating with respective suspensions, 

Au/TiO2-nano-particles can be applied to the surface of structured SCR-DeNOx catalysts. The 

gold content at the surface of the coated SCR monoliths was shown to be similar to that of 

Au/TiO2 powdered catalysts employed for coating, while the gold distribution was relatively 

uniform.  
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CHAPTER 6 

Catalytic activity of Au/TiO2-coated SCR-DeNOx catalysts 

 

 

 

 

The scope of this part of the experimental investigations was to assess the catalytic 

activity of the as-prepared Au/TiO2-coated SCR-DeNOx monolithic catalysts. The 

investigations chiefly focused on elemental mercury oxidation activity; and DeNOx and 

SO2/SO3 conversions activities were selectively studied in order to determine to which degree 

these "standard" properties of SCR catalysts are affected by the Au/TiO2 coatings. To this end, 

the experimental tests were performed by employing small honeycomb-shaped SCR and 

Au/TiO2-coated SCR catalyst samples prepared as described in Chapter 5. The catalytic 

activities of monolithic samples were studied in laboratory-scale set-ups under simulated flue 

gas conditions typical for hard coal-fired power plants. 

 

6.1. Assessment of Hg
el

 oxidation activity 

As mentioned above, the oxidation of elemental mercury over the Au/TiO2-coated 

SCR catalysts compared to the reference SCR catalyst (uncoated) was the reaction 

investigated in detail. The catalytic tests were performed under simulated flue gas conditions 

as given in Table 4.8, where the concentration of Hgel varied between 60 and 130 μg/m3. 

Based on the premisis that the prepared Au/TiO2-coated SCR catalysts are designed for use as 

a final catalyst layer in an industrial SCR  reactor, the inhibitory effect of NH3 on mercury 

oxidation activity is no longer of great concern here, therefore the effect of NH3 was not 

studied. Since in previous investigations it was shown that carbon dioxide had only a 
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negligible effect on mercury oxidation [10], CO2 was omitted in the simulated flue gas as 

well.  

The influence of several parameters, such as HCl content (10 and 100 mg/m3), 

reaction temperature (180 – 390 °C) and gold loadings (1 and 2 wt.-% Au) on mercury 

oxidation reaction was studied in greater detail. The experimental results were obtained by 

employing the experimental set-up given in Fig.4.5. The mercury oxidation activity of the 

Au/TiO2-coated catalysts was determined by employing the dry mercury sorbent-trap method. 

An example of the variability of experimental results obtained by employing the dry mercury 

sorbent trap is given in Table 6.1. It can be noted that the presented experimental results show 

no great variability, being reproducible within ±1%.  

 

Table 6.1 Example of results reproducibility for Hg
el
 oxidation degree (%) data obtained by employing 

Dowex/AC sorbent traps method 

2Au/TiUV100-SCR (sample I) 2Au/TiUV100-SCR (sample II) 

 

Hg Sampling 1 

 

Sorbent trap A 92.2 %  

Hg Sampling 1 

 

Sorbent trap A 92.1 % 

Sorbent trap B 91.7 % Sorbent trap B 93.3 % 

 

Hg Sampling 2 

 

Sorbent trap A 91.0 %  

Hg Sampling 2 

 

Sorbent trap A 91.9 % 

Sorbent trap B 91.0 % Sorbent trap B 92.3 % 

 

Hg Sampling 3 

 

Sorbent trap A 91.6 %  

Hg Sampling 3 

 

Sorbent trap A 94.5 % 

Sorbent trap B 92.1 % Sorbent trap B 92.3 % 

Average 

oxidation, % 

  

91.6 ± 0.52 

Average 

oxidation, % 

  

92.7 ± 0.99 

Sorbent traps A and B were placed in parallel; Hgel oxidation degree (%) =
 

100










 el

AC

ox

Dowex

ox

Dowex

HgHg

Hg
;    

reaction temperature 320 °C and 100 mg/m3 HCl, variability given as Standard Deviation (±). 

 

6.1.1. Effect of different Au/TiO2 coatings type on Hgel oxidation activity 

This part of the experimental investigation aims to determine which type of Au/TiO2 

coating has the highest impact on the Hgel oxidation activity of the SCR catalyst selected as a 

support. The reaction temperatures of 180 and 390 °C and HCl concentrations of 10 and 100 

mg/m3 were selected. Fig.6.1.a and Fig.6.1.b depict the Hgel oxidation activities of the 

uncoated SCR catalyst and those of SCR catalysts covered with different Au/TiO2 coatings 

containing 2 wt.-% Au. It is obvious that the presence of Au/TiO2 coatings at the surface of 

SCR catalyst significantly enhanced the overall Hgel oxidation activity of the substrate.  
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The most visible influence of Au/TiO2 coatings on Hgel oxidation activity was 

observed at 180 °C. At this temperature, the selected SCR-uncoated reference catalyst 

exhibited a relatively low Hgel oxidation activity, which was expected considering that the 

selected commercial SCR-DeNOx catalyst for hot site conditions was designed with a V2O5 

content below 1 %. By applying a thin Au/TiO2 coating, the Hgel oxidation activity at 180 °C 

and 100 mg/m3 HCl was boosted from about 18 m/h for the uncoated SCR-catalyst to 38 m/h 

for the 2Au/TiAerod-SCR catalyst (Fig.6.1.a). When increasing the reaction temperature to 

390 °C, the uncoated SCR catalyst showed a much higher mercury oxidation activity of 29 

m/h. Although, at this high reaction temperature, the Hgel oxidation activity increased as a 

consequence of coating with Au/TiO2, the effect is significantly lower when compared with 

that measured at 180 °C [3].  

 

Fig.6.1.a. Effect of Au/TiO2 coatings on Hg
el
 oxidation activity at 180 and 390 °C and 100 mg/m

3
 HCl 

             Decreasing the HCl content from 100 to 10 mg/m3 resulted in a significant decrease 

in mercury oxidation activity at high reaction temperature (390 °C). This effect can be 

observed for all types of catalysts, including the uncoated reference catalyst, with measured 

mercury oxidation activities below 7 m/h (see Fig.6.1.b). However, at lower reaction 

temperature (180 °C), the Au/TiO2-coated and uncoated SCR catalyst samples maintain a 
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high oxidation activity, similar to that when the HCl content of the simulated flue gas was 100 

mg/m3.  

From these results, it is obvious that the effect of Au/TiO2 coatings on the Hgel 

oxidation activity is somewhat limited at higher temperatures. The lower performance of 

Au/TiO2 coatings at 390 °C may be explained by the decreased Hg adsorption/amalgamation 

by Au at higher temperatures [147].  The importance of the mercury being adsorbed on the 

gold surface for the oxidation process has already been pointed out in literature [148].  When 

it comes to the effect of the different Au/TiO2 coatings on the oxidation activity, no 

significant differences were detected [3].  

 

Fig.6.1.b. Effect of Au/TiO2 coatings on Hg
el
 oxidation activity at 180 and 390 °C and 10 mg/m

3
 HCl 

 

6.1.2. Effect of reaction temperature and HCl concentration on Hgel oxidation activity  

Mercury oxidation activities of uncoated and Au/TiO2-coated SCR-DeNOx catalysts 

were determined under the simulated flue gas conditions given in Table 4.8 and the 

temperature range 180-390 °C, which is from cold-site to hot-site power plant conditions. The 

HCl content of the simulated flue gas was 10 and 100 mg/m3. The evaluated catalysts cover a 

wide range of activities from 3 m/h up to 52 m/h, see Figs. 6.2.a and 6.2.b. These variations 

in Hgel oxidation activities are due to the type of catalyst, reaction temperature and HCl 
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content of the flue gas. It can be seen that coating the surface of the commercial reference 

SCR-DeNOx catalyst with Au/TiO2 led to a significant enhancement of the Hgel oxidation 

activity in the temperature interval of 180-320 °C. The oxidation activity of all the 

investigated catalyst samples reached a maximum at around 320 °C irrespective of the HCl 

content of the flue gas. Further increasing the temperature up to 390 °C caused the Hgel 

oxidation activity to decrease. This decrease in the Hg oxidation activity of uncoated SCR 

catalysts at hot site temperatures was noted by other authors as well [65, 73, 80]. Studies in 

literature on a wider temperature range for V2O5-WO3/TiO2 SCR-DeNOx resulted in a 

maximum activity between 300 and 400 °C [77]. From this it appears that the decreasing 

mercury oxidation rate of commercial SCR-DeNOx catalysts at high temperatures seems to be 

a common feature of the SCR system [3]. 

 

 

Fig.6.2.a. Effect of reaction temperature on Hg
el
 oxidation of uncoated and Au/TiO2-coated SCR-

DeNOx monoliths at 100 mg/m
3
 HCl. 
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When analysing the results of Hgel oxidation activities for HCl concentration of 10 

mg/m3 (Fig. 6.2.b), a few surprising findings can be outlined. Firstly, in the temperature 

interval 180-320 °C, Hgel oxidation activities were relatively close to those for HCl 

concentrations of 100 mg/m3. After increasing the temperature further, a decrease in Hgel 

oxidation activity is observed for all types of catalysts investigated in flue gases with 100 as 

well as 10 mg/m3 HCl. However, this drop in activity is much stronger in flue gas with the 

low HCl content of 10 mg/m³. Here, all of the mercury oxidation activities shown in Fig. 

6.2.b are below 7 m/h at 390 °C [3].  

 

Fig.6.2.b. Effect of reaction temperature on Hg
el
 oxidation of uncoated and Au/TiO2-coated SCR-

DeNOx monoliths at 10 mg/m
3
 HCl. 

From Fig. 6.2.b it can be seen that at temperatures higher than 350 °C gold-coatings of 

the reference SCR-DeNOx catalysts no longer improved mercury oxidation appreciably. At 

these high temperatures and low HCl concentrations in the flue gas, it is possible to conclude 

that mercury oxidation is caused almost exclusively by the SCR substrate and not appreciably 

by gold coatings applied to the surface. Obviously, the effect of the gold also depends, to a 

significant extent, on the adsorption of a chlorine species on its surface, as has already been 
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predicted by theoretical considerations [149]. Higher temperatures decrease the adsorption 

and consequently surface concentration of the chlorine species [3].  

 

6.1.3. Effect of gold loadings on Hgel oxidation activity 

Since the previous experimental results show that gold coatings have the highest 

impact on Hgel oxidation under cold site conditions, it seemed appropriate to select 180 °C 

temperature to investigate the effect of gold loadings on Hgel oxidation. Table 6.2 depicts the 

effect of 1 and 2 wt.-% gold loadings on the Hgel oxidation activity of Au/TiO2-coated SCR 

catalysts. When the HCl concentration of the flue gas is 100 mg/m3, a negligible difference is 

observed in Hg oxidation activity as a function of the amount of gold loadings. Similar results 

were obtained when the HCl concentration was only 10 mg/m3. In all cases the coated 

catalysts show activity of approximately twice that of the uncoated reference catalyst. It 

appears that the lower gold loadings investigated do not cause a significant decrease in Hgel 

oxidation activity at 180 °C reaction temperature. These findings are encouraging from an 

economic point of view when considering the cost of gold as a coating material [3]. 

Table 6.2 Effect of gold loadings (1 and 2 wt.-% Au) on Hg
el
 oxidation activity over Au/TiO2-coated 

SCR-DeNOx monoliths at 180 °C and, 100 and 10 mg/m
3
 HCl 

kHg uncoated = 18.2 ± 1.35 at 100 mg/m
3
 HCl and, kHg uncoated = 16.6 ± 1.92 at 10 mg/m

3
 HCl 

 

6.1.4. Effect of Hgel initial concentration  

As previously mentioned, the initial Hgel concentration of the simulated flue gas 

varied between 60 and 130 μg/m3 (STP, dry), raising the question of how these variations 

affect the mercury oxidation activity of the tested catalysts. These variations in Hgel 

concentration were caused by the high sensitivity of the permeation unit (Hgel source) towards 

 

Catalyst 

type 

kHg, m/h 

(100 mg/m
3
 HCl) 

kHg coated/kHg uncoated 

(100 mg/m
3
 HCl) 

kHg, m/h 

(10 mg/m
3
 HCl) 

kHg coated/kHg uncoated 

(10 mg/m
3
 HCl) 

2Au/TiP25-SCR 35.4  1.95 31  1.87 

1Au/TiP25-SCR 33.4  1.84 30.2  1.82 

2Au/TiUV100-SCR 35.8  1.97 33.1 1.99 

1Au/TiUV100-SCR 35.06  1.93 33.6  2.02 

2Au/TiAerod-SCR 38  2.09 38.4  2.3 

1Au/TiAerod-SCR 40.2  2.21 39.8  2.4 



85 
 

small changes of the gas pressure in the system. Table 6.3 shows the Hgel oxidation 

efficiencies for different catalysts as the Hgel concentrations of the simulated flue gas varied.  

It can be noted that the variation of Hgel concentration in the flue gas caused only a slight 

change in mercury oxidation activity.  

 

 

Table 6.3 Effect of Hg
el
 initial concentration on mercury oxidation activity 

 

 

 

 

 

 

 

 

 

6.1.5. Possible mechanistic pathways for mercury oxidation on Au/TiO2-coated SCR 

catalysts 

When discussing the potential mechanism for the oxidation of Hgel on the Au/TiO2-

coated SCR catalysts surface an important aspect must be taken in account, namely the 

presence of two different active sites (Au- and V2O5-active sites) on the catalysts surface. Au 

and V2O5 active-sites are known to adsorb mercury on their surface [8, 91].  Surface 

experimental studies conducted on the SCR catalysts suggested that V2O5-active sites oxidize 

elemental mercury via Langmuir-Hinshelwood mechanism with both adsorbed Hgel and HCl 

species reacting to form weakly adsorbed HgCl2 which is subsequently desorbed from the 

catalyst surface [2].  A recent density functional theory (DFT) modelling study [149] suggests 

that the Hgel oxidation on Au (111) surfaces in the presence of chlorine species may occur in a 

step by step process (Hg→HgCl→HgCl2) via a Langmuir-Hinshelwood mechanism where 

Hgel and Cl2 (or HCl) species are separately adsorbed on the gold surface [3]. Cl2 and HCl 

gaseous molecules are readily adsorbed onto the Au0 surface and further dissociated to 

chlorine atoms (Cl) and hydrogen atoms (H) [2, 91, 98]. 

 

Catalyst 

type 

T= 320 °C and 100 mg/m3HCl 

inlet 

Hgelconcentration 

μg/m3(STP, dry) 

 
Hgel oxidation 

efficiency (%) 

SCR-uncoated (sample I) 119.3 77.7 

SCR-uncoated (sample II) 89.3 82.4 

2Au/TiUV100-SCR (Sample I) 90.7 91.6 

2Au/TiUV100-SCR (Sample II) 95 92.9 

2Au/TiP25-SCR (Sample I) 68 87.9 

2Au/TiP25-SCR (Sample II) 79.4 82.7 
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Therefore, we can assume that the elemental mercury oxidation in the presence of HCl 

on the Au/TiO2-coated SCR catalysts surface occurs most likely via two separate Langmuir-

Hinshelwood mechanisms where both Hgel and HCl species from the flue gas are adsorbed in 

parallel onto the Au and V2O5-active sites. The adsorbed Hgel and HCl further react to form 

HgCl2 which is readily desorbed from the catalyst surface. A schematic representation of the 

possible Hgel oxidation mechanism occurring at the surface of Au/TiO2-coated SCR catalysts 

is given in Fig.6.3.  

 

 

 

 

    
 

 

 

 

      

 

 

 

 

 

 

            TiO2   particles                              Au0 particles            Hgel
(ads)                   Cl(ads)              O=V5+ 

 

Fig.6.3. Schematics of Hg
el
 oxidation mechanism at the surface of Au/TiO2-coated SCR catalysts 

 

The parallel adsorption and oxidation of Hgel on the V2O5 and Au0 active sites at the 

SCR-DeNOx catalysts surface are expressed by equations (6.1 – 6.6) [149, 150]. 

Au/TiO2-coated SCR catalyst 

More Hgel + Hgox More Hgox + Hgel 

Bulk SCR 

Surface 

Hgel
(g)  → Hgel

(ads)→ Hgox
(g) 

Hgel
(g)  → Hgel

(ads)→ Hgox
(g) 
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𝐻𝑔(𝑔)
𝑒𝑙 + 𝑆𝐶𝑅(𝑂 = 𝑉5+) ↔ (𝐻𝑔(𝑎𝑑𝑠)⋯𝑂 − 𝑉

4+)     (6.1) 

𝑉2𝑂5 + 2𝐻𝐶𝑙 → 2𝑉𝑂2𝐶𝑙(𝑎𝑑𝑠)+ 𝐻2𝑂       (6.2) 

(𝑽𝟒+ −𝑪𝒍(𝒂𝒅𝒔))+ (𝑯𝒈(𝒂𝒅𝒔)⋯𝑶 − 𝑽
𝟒+) ↔ (𝑽𝟒+ − 𝑶⋯𝑯𝒈𝑪𝒍(𝒂𝒅𝒔)⋯𝑽

𝟒+)  (6.3) 

𝐻𝑔(𝑔) 
𝑒𝑙 +𝐴𝑢0 ↔ (𝐻𝑔(𝑎𝑑𝑠) −𝐴𝑢

0)        (6.4) 

𝐻𝐶𝑙(𝑔) +𝐴𝑢
0 ↔ (𝐶𝑙(𝑎𝑑𝑠)− 𝐴𝑢

0 − 𝐻(𝑎𝑑𝑠))       (6.5) 

(𝑯𝒈(𝒂𝒅𝒔) −𝑨𝒖
𝟎)+ (𝑪𝒍(𝒂𝒅𝒔)− 𝑨𝒖

𝟎 −𝑯(𝒂𝒅𝒔))↔ (𝑯(𝒂𝒅𝒔)− 𝑨𝒖
𝟎⋯𝑯𝒈𝑪𝒍(𝒂𝒅𝒔)⋯𝑨𝒖

𝟎)  (6.6) 

The temperature dependence of these two reactions is different. It is known that the 

V2O5-based mercury oxidation mechanism is inhibited by ammonia and the DeNOx reaction 

[10, 151].  Nothing so far is known, that the Au might show similar inhibition effects. Further 

studies are needed to verify this hypothesis [3].    

 

6.2. DeNOx activity of Au/TiO2-coated SCR catalysts 

NOx reduction tests were performed at 390 °C and in the presence of NH3/NO ratios 

of 1 and 1.2, respectively. The Au/TiO2-coated SCR catalysts were tested as fresh and aged 

(one week aged) in order to establish the effect of a short aging period on its DeNOx activity. 

The catalytic tests were performed under simulated flue gas conditions given in Table 4.8. It 

must be noted that the NOx reduction tests were performed in the absence of Hgel and HCl 

from the simulated flue gas. Hgel and HCl compete with the DeNOx reaction for the available 

active sites and oxygen. However, it has to be considered from a mass balance point of view 

that in flue gases the Hgel levels are in ppb-range, therefore this competition will be small [3].  

6.2.1. Influence of NH3/NO ratio on DeNOx activity  

In this experimental study, the influence of NH3/NO molar ratio of 1 and 1.2 on 

DeNOx activity was investigated for all types of catalysts (see Table 4.7). The experimental 

results are given in separate  graphs for each type of catalysts as follows: Fig.6.4.a for 

Au/TiUV100-SCR catalysts, Fig.6.4.b for Au/TiP25-SCR and, Fig.6.4.c for Au/TiAerod-

SCR catalysts.  

The experimental results depicted in these figures clearly show that the applied 

Au/TiO2 coatings did not cause any significant change in the DeNOx activity of the SCR-

DeNOx monolithic catalyst employed as a support. Also, the variation in NH3/NO molar 
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ratios did not cause  major differences in DeNOx activity of the SCR-uncoated and Au/TiO2-

coated SCR catalysts under the conditions investigated.  

 

Fig.6.4.a. DeNOx activity of Au/TiO2-UV100-coated SCR-DeNOx catalysts at 390 °C 

 

Fig.6.4.b. DeNOx activity of Au/TiO2-P25-coated SCR-DeNOx catalysts at 390 °C  
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Fig.6.4.c. DeNOx activity of Au/TiO2-Aerodisp-coated SCR-DeNOx catalysts at 390 °C 

 

6.2.2. Influence of the ageing process on DeNOx activity  

In order to establish whether a short ageing process (one week) has any influence on 

the DeNOx activity of SCR-uncoated and Au/TiO2-coated SCR catalysts, fresh and one week 

aged catalyst samples were investigated at 390 °C and NH3/NO molar ratio of 1.2. Fig.6.5 

depicts the experimental results obtained in this study. The fresh catalysts exhibit a slightly 

higher DeNOx activity than the aged catalyst samples. However, it must be noted that the 

catalysts in this study were aged for only one week. It is expected that longer operation 

periods might cause more significant decreases in DeNOx activity, hence the need for 

regeneration of catalytic activity applied at industrial level. The loss of catalytic activity is not 

affected only by the age of the catalyst but also by the flue gas history (flue gas composition, 

operation temperature and the  presence of fly ash). 
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Fig.6.5. DeNOx activity of fresh and aged Au/TiO2-coated SCR-DeNOx catalysts at 390 °C and 

NH3/NO = 1.2 

 

6.3. SO2/SO3 conversion activity of Au/TiO2-coated SCR catalysts 

SO2/SO3 conversions tests were performed at 390 °C and in the absence of NH3, Hgel 

and HCl from the simulated flue gas. The catalytic tests were performed under simulated flue 

gas conditions given in Table 4.8 and by employing Au/TiO2-coated SCR catalysts aged for 

one week. Compared to the DeNOx and mercury reactions, which are relatively fast reactions, 

the SO2/SO3 conversion is a slow chemistry-controlled reaction which takes place within the 

whole porous catalyst. In practice, the SO2 from flue gas diffuses into the SCR catalyst’s 

porous structure and is oxidised to SO3 in the presence of O2.  The presence of sulphur 

trioxide leads to the formation of undesirable sulphuric acid mist in the flue gas, causing 

corrosion on the plant equipment and plume opacity of power plants [3].   
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           Fig.6.6. SO2/SO3 conversion of uncoated and gold coated SCR-DeNOx catalysts at 390 °C 

 

In order to establish the extent to which the presence of gold in the coatings increases 

the SO2/SO3 conversion rate, all types of catalyst prepared (see Table 4.7) were tested for this 

reaction. Fig.6.6 depicts the SO2/SO3 conversion results. The uncoated SCR catalyst showed 

a SO2/SO3 conversion rate of 1.72 % under the chosen reaction parameters. When looking at 

the additional experimental results, it can be observed that the presence of Au/TiO2 layers on 

the SCR monoliths surface led to an increase in SO2/SO3 conversion. Significant increase in 

conversion of SO2 to SO3 was measured when the gold loads of the coated layers were 2 wt.-

%, reaching a maximum value of 6.66 % for the 2Au/TiAerod-SCR catalyst. It should be 

noted that the type II dispersion with Aerodisp contains 50 % dissolved gold. The dissolved 

gold will also have coated the inner surface of the porous catalyst, not only the outer surface 

as in the case of Au/TiO2 particles. SO2/SO3 conversion followed the order: SCR-uncoated < 

2Au/TiUV100-SCR < 2Au/TiP25-SCR < 2Au/TiAerod-SCR. By comparison, 1 wt.-% Au 

in the coating led to a significantly lower conversion rate [3].  
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The gold-based coatings investigated consist of relatively low amounts of gold 

whereas the TiO2 substrate is the major component. The question of how much influence is 

exerted by the TiO2 on SO2/SO3 conversion arises. With this purpose in mind, the conversion 

of SO2 to SO3 for TiO2 coated samples was also investigated. The presence of TiO2 on the 

surface of SCR catalysts seems to have caused only a small increase for the SCR samples 

coated with type I suspensions (TiP25-SCR and TiUV100-SCR) without gold coating and a 

slight decrease for TiO2 coatings obtained by type II suspension (TiAerod-SCR) (see Fig. 

6.6). These findings seem to indicate that the oxidation activity of the gold mainly affects the 

SO2/SO3 conversion. It should be noted that the SO2/SO3 conversion rate over SCR catalysts 

has been shown to be influenced by a number of factors, such as reaction temperature, SO 2 

concentration, H2O content [66, 152, 153]. A major factor is that a much lower SO2/SO3 

conversion rate is expected once the reaction temperature decreases [3]. 

 

6.4. Conclusions 

The laboratory-scale experiments showed that Au/TiO2 coating of commercial V2O5-

WO3/TiO2 SCR-DeNOx catalyst improved its mercury oxidation capabilities. This 

enhancement of oxidation activity, however, is dependent on the reaction temperature and the 

HCl concentration of the flue gas. The maximum mercury oxidation activity of the gold-

coated and the reference SCR-DeNOx substrate occurs between 300 and 350 °C. It appears 

that Au/TiO2 coatings are most active in the temperature interval 180 - 320 °C under cold site 

conditions of a power plant, with increases in mercury oxidation activity by a factor of 2. 

Another very interesting finding is that at 180 °C varying the HCl concentration in the flue 

gas between 10 and 100 mg/m³ and/or gold loadings of the coated layers between 1 and 2 wt.-

% did not lead to significant changes in mercury oxidation activity. A dramatic decrease in 

oxidation activity was observed once the reaction temperature was increased to above 350 °C 

with the HCl content as low as 10 mg/m3 [3].  

From the experimental observations it appears that the oxidation of mercury on the 

surface of the gold is a reaction between adsorbed mercury and adsorbed chlorine species as 

proposed in the literature [149]. Most likely, the mercury oxidation at the surface of Au/TiO2-

coated SCR catalysts proceeds via two parallel Langmuir-Hinshelwood mechanisms. At 

temperatures below 320 °C, the absorbed HCl-derived species are sufficiently available and 

do not affect the rate-limiting step. However, at temperatures above 320 °C the adsorption of 

chlorine will decrease, becoming a rate limiting factor. It should also be noted that increasing 
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the operating temperatures to above 400 °C will increasingly shift the thermodynamic 

equilibrium from the oxidised to the elemental mercury [3]. 

Another important aspect of this investigation was that the NOx activity of the 

prepared catalysts was only slightly changed by the applied Au/TiO2 coatings, at least under 

hot-site conditions of 390 °C. The conversion of SO2/SO3 over SCR catalysts also has a major 

impact on the catalyst design and use in industrial SCR units. The reference SCR catalyst 

converted SO2 to SO3 to a certain degree at 390 °C, but its conversion activity was increased 

by coating with Au/TiO2. Results clearly showed that at 390 °C, the Au on the SCR catalysts 

surface was responsible for the increase in SO2/SO3 conversion. This increase varied with the 

Au load and coating type [3].  

When looking at the economics of implementing Au/TiO2-coated SCR catalysts in 

industrial SCR units, it must be considered that the gold based coatings investigated in this 

work consist of relatively low amounts of gold ( 1 or 2 wt% Au) with the TiO2 substrate being 

the major component. The Hg oxidation in SCR reactors takes place mostly at the outlet of 

the reactor, making the developed Au/TiO2-coated SCR catalysts most suitable for use as a 

last catalyst layer. An analysis on the cost increase of SCR catalysts as a result of Au/TiO2 

coating when considering only the material cost of gold (gold salt employed for Au/TiO2 

coatings preparation) showed that cost increase varies with the coating type and gold loadings 

(see Appendix 6.1). The calculated cost increase of SCR catalysts followed the order: 

Au/TiO2 P25-coated SCR < Au/TiO2 UV100-coated SCR < Au/TiO2 Aerodisp-coated SCR.   
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General Conclusions 

 

 

  

 The Ph.D thesis approches the topic of catalytic oxidation of elemental mercury 

from coal fired flue gases. The catalytic oxidation of elemental mercury proceeds according to 

the reaction below: 

Hg0 + oxidizing species 
𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡,   𝑇 °𝐶
→           Hg2+ + reduced species 

 Hydrogen halides (HCl, HBr) are the most common starting compounds for 

oxidation of elemental mercury in flue gases. Oxidized mercury can be found in flue gases as 

HgCl2, HgBr2, HgSO4, HgO etc.  

 The objective of the present thesis has been to improve the mercury oxidation 

activity of a commercial SCR-DeNOx monolithic catalyst by applying a thin Au/TiO2 layer 

on its surface. The focus has been placed on the preparation and characterization of Au/TiO 2-

coated SCR-DeNOx catalysts and, investigation of the catalytic activity of the aforementioned 

catalysts for mercury oxidation, DeNOx and SO2/SO3 conversion reactions.  The catalytic 

activities of the monolithic samples were studied in laboratory-scale set-ups under simulated 

flue gas conditions typical to hard coal-fired power plants.  

 The present work is structured in two main parts. First part discusses the state of 

knowledge in the area of catalytic oxidation of elemental mercury, while in the second part 

the own contributions are presented and discussed. The mercury oxidation activity of the 

SCR-DeNOx catalysts is an important co-benefit. Therefore, increasing this activity by 

impregnating/coating the SCR catalyst surface with a thin metal layer, in this case Au/TiO 2, is 

a new and interesting research avenue. For this purpose, a commercially available SCR-

DeNOx honeycomb shaped catalyst was coated with a thin Au/TiO2 layer by employing the 

dip-coating method. The experimental research presented in this work followed a number of 
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objectives, as described in Chapter 3. Based on the experimental results obtained during each 

stage of this research it is possible to formulate the following Concluding Remarks: 

 

 The preparation of Au/TiO2-coated SCR catalysts consisted of three main parts, as 

follows: synthesis of Au/TiO2 powdered catalysts by deposition-precipitation, 

preparation of Au/TiO2 stable suspension by employing Au/TiO2 catalysts and, 

coating of SCR monoliths with a thin Au/TiO2 layer by employing the dip-coating 

method. 

 The deposition-precipitation method employed for the preparation of powdered 

Au/TiO2 catalysts leads to the formation of gold nano-particles with sizes below 100 

nm. 

 The two different type of suspensions (Type I and II) prepared in this work showed 

sufficient stability. Their characteristic properties were studied and, the rheological 

properties, the particle size distributions and iso-electric points were determined. All 

the suspensions have similar rheological properties at the selected measurement 

conditions, while their particle size distribution and iso-electric points vary with the 

type of suspension and type of TiO2 support.  

 The experimental investigation has shown that by dip-coating with respective 

suspensions, Au/TiO2 nano-particles can be applied to the surface of monolithic SCR-

DeNOx catalysts. 

 The characterization results of the as prepared catalysts indicate that coating of the 

SCR monoliths with Au/TiO2 caused no significant changes in the morphological and 

textural properties of the SCR substrate.  

 Experimental investigations showed that by applying a thin Au/TiO2 layer to the 

surface of a commercial SCR-DeNOx monolithic catalyst improves considerably its 

activity for mercury oxidation.  

 A number of catalyst and reaction parameters affect the mercury oxidation activity 

(reaction temperature, HCl content and concentration, gold loadings) . 

 When comparing the mercury oxidation activities of Au/TiO2 coated SCR catalysts 

obtained by employing different types of suspension (Type I and II) no major 

difference in catalytic activity was detected. 

 The mercury oxidation activities of all catalyst samples investigated reach a maximum 

at reaction temperature of about 320 °C. However, HCl content of 100 mg/m3 led to 
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higher mercury oxidation activity than the flue gas with a HCl content of only 10 

mg/m3.  

 The Au/TiO2 coatings are most active in the 180 – 320 °C temperature interval. 

 Increasing the reaction temperature up to 390 °C caused the mercury oxidation activity 

to decrease. A significant decrease was measured once the HCl content of the 

simulated flue gas was only 10 mg/m3. 

 Mercury oxidation activity at 180 °C reaction temperature was not affected by gold 

loadings of the coated layer investigated. Increasing the gold loads from 1 wt.% to 2 

wt.% did not lead to significantly higher mercury oxidation activity. 

 Applying Au/TiO2 layers to the surface of the commercial SCR catalyst did not affect 

their activity towards the DeNOx reaction at 390 °C. 

 Experimental investigations showed that the commercial reference SCR catalyst 

converted SO2 to SO3 to a certain degree, but the conversion activity increased once 

the Au/TiO2 layers were applied to the catalyst surface. 

 At 390 °C reaction temperature, SO2/SO3 conversion varied with the gold loadings 

and coating types. Higher gold loads of the coated layers caused higher SO2/SO3 

conversion. By comparison, 1 wt.-% Au in the coating led to a significantly lower 

conversion rate. 

 The SO2/SO3 conversion followed the order: SCR-uncoated < 2Au/TiUV100-SCR < 

2Au/TiP25-SCR < 2Au/TiAerod-SCR.  

 

Outlook 

 The experimental results presented in this thesis contribute to the general knowledge 

regarding the catalytic oxidation of elemental mercury under coal-fired power plant 

conditions. The Au/TiO2-coated SCR catalysts were developed and, the testing conditions 

were selected with the purpose to gain insight into their potential use at industrial scale. 

However, before testing/implementing this new type of catalyst at industrial scale further 

investigations and actions are necessary to address the following aspects: 

 detailed study of the possible mechanistic pathways of mercury oxidation over the 

Au/TiO2-coated SCR catalysts; 

 the impact of ammonia and the DeNOx reaction on mercury oxidation over this type 

of catalysts; 
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 study of the influence of different flue gas components on mercury oxidation in the 

presence of Au/TiO2-coated SCR catalysts; 

 the potential impact of gold coatings on the conversion of NO to N2O  in the industrial 

SCR units; 

 the stability and integrity of the Au/TiO2 coatings under multiple heating-cooling 

cycles warrants detailed consideration; 

 catalysts aging over a longer operation time in a real complex flue gas; 

 loss of catalytic activity and catalyst regeneration, etc. 
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Appendices 
 

 

 

 

 

Appendix 1.1 Physical properties of mercury element 

 

 

                * http://www.webelements.com/mercury/  

 
 

 
            Appendix 1.2 Mercury contents in various coal types from different countries 

        Coal type    Mercury content               References 

Anthracite 
            Vietnam 

          South Korea 
             Poland         
Bituminous 

         Germany 
            Egypt 
         Argentina 

Sub-bituminous 
          Romania 

          Columbia 
           Canada 

Lignite 

           Turkey 
           Poland 

 
    < 0.02 – 0.67 g/Mg 

    < 0.02 – 0.88 g/Mg 
           0.1 mg/kg 
 
      0.16 – 0.2 mg/kg 

      0.04 – 0.36 g/Mg 
      0.03 – 0.18 g/Mg 
 
    0.07 – 0.46 g/Mg 
    0.02 – 0.17 g/Mg 

   0.008 – 0.121 mg/kg 

 
     0.03 – 0.66 g/Mg 
           0.25 mg/kg 

 
[21] 

[21] 
[154] 

 
[135] 

[21] 
[21] 

 
[21] 
[19] 

[155] 
 

[21] 
[154] 

 
 

 

 

 

 

Physical property Value Unit 

Symbol 

State 

Colour 

Atomic mass 
Atomic number 

Atomic radius 

Ionic radius (M2+) 

Electronic configuration 

Crystalline structure 
Density at 25 °C 

Water solubility  at 25 °C 

Heat of fusion 

1st ionization energy 
Boiling point 

Melting point 

Vapour pressure 

            Hg 

         liquid 

     silvery white 

         200.59                         amu 
            80 

           0.151                          nm 

           0.112                          nm 

    [Xe] 4f145d106s2 

      rhombohedral 
         13.534                         g/cm3 

         6×10-5                          g/L 

           2.29                          kJ/mol 

         1007.1                        kJ/mol 
           357                             °C 

        - 38.87                           °C   

        2.46×10-1                       Pa                        

http://www.webelements.com/mercury/
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Appendix 1.3 Physical properties of gold element 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

               * http://www.webelements.com/gold/  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Physical property Value Unit 

Symbol 
State 

Colour 

Atomic mass 

Atomic number 
Atomic radius 

Ionic radius:       M1+ 

                           M3+ 

Electronic configuration 

Crystalline structure 
Density at 25 °C 

Heat of fusion 

1st ionization energy 

2nd ionization energy 
Boiling point 

Melting point 

            Au 
           solid 

   golden yellow  

        196.9665                       amu 

            79 
         0.144                             nm 

         0.151                             nm 

         0.099                             nm 

     [Xe] 4f145d106s1 

 face centred cube (fcc) 
          19.32                          g/cm3 

         12.55                          kJ/mol 

          890.1                         kJ/mol 

         1890                           kJ/mol 
          2856                             °C 

        1064.18                          °C                                                          

http://www.webelements.com/gold/
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Appendix 4.1 Images of Au/TiO2 P25 based suspensions stabilized by addition of NH4-polyacrylate 
and poly ethylene glycol (PEG) 
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Appendix 5.1 XRD patterns of 2 wt.-% Au/TiO2 catalysts calcined and uncalcined 

 

XRD pattern for 2 wt.-% Au/ TiO2 UV100 uncalcined sample (where: A – anatase) 

 

 

    

          XRD pattern for 2 wt.-% Au/ TiO2 UV100 calcined sample (where: A – anatase; Au – gold) 
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Appendix 5.2 FE-SEM micrographs of TiO2 UV100 and 2 wt.-% Au/TiO2 UV100 catalyst powders 
 

 

  

  

 

Scanning electron micrographs for: A and B – TiO2 Hombikat; C and D – 2 wt.-% Au/ TiO2 

Hombikat UV100 calcined catalyst 

 

C D 

A B 
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Appendix 5.3 Zeta potential versus pH for 1 wt.-% Au/TiO2 based suspensions 

 
 

 
Appendix 5.4 Example of viscosity measurements for 1 wt.-% Au/TiO2 P25-based suspension 
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Appendix 5.5 Particle size distribution by intensity for the Au/TiO2-based suspensions (measured by 
Zetamaster S system from Malvern Instruments) 

 

 

 

0

10

20

30

40

50

60

0 1000 2000 3000 4000 5000

In
te

n
si

ty
, 

%
 

Size, nm 

1 wt% Au/UV100

UV100

2 wt% Au/UV100

0

10

20

30

40

50

60

70

80

90

100

0 500 1000 1500 2000 2500 3000

In
te

n
s
it

y
, 
%

 

Size, nm 

TiO2 Aerodisp

1 wt% Au/TiO2 Aerodisp

630 nm 

130 nm 

761 nm 

589 nm 

148 nm 

13 nm 

175 nm 



117 
 

 
 

 
 

 

 

 

 
 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 
 

 

0

10

20

30

40

50

60

70

80

90

100

0 2000 4000 6000 8000

In
te

n
si

ty
, 

%
 

Size, nm 

1 wt.-% Au/TiO2 P25

TiO2 P25

496 

nm 

378 nm 



118 
 

Appendix 5.6 Specific geometric surface coverage of SCR-DeNOx substrates with Au/TiO2 layers in 
μg Au/TiO2/mm

2
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Appendix 5.7 Elemental composition and distribution at the surface for SCR uncoated catalyst by 
EDX analysis 

 

  
 

 
 

 

 
 

 

 
 

 

 
 

Element Wt% At% 

  OK 17.65 38.83 

 AlK 02.22 02.89 

 SiK 03.40 04.26 

 CaK 00.35 00.31 

 TiK 71.93 52.86 

  WL 04.46 00.85 

Matrix Correction ZAF 

 

  
 

 

 

 

Oxygen Aluminium 

Silicium Calcium 
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Appendix 5.8 Elemental composition and distribution at the surface for 1Au/TiAero-SCR catalyst by 
EDX analysis 

 

  

 

 
 

 

  

Element Wt% At% 

  OK 25.80 49.29 

 AlK 05.26 05.96 

 SiK 03.04 03.31 

 AuM 01.29 00.20 

 TiK 64.61 41.23 

Matrix Correction ZAF 

Oxygen Aluminium 

Silicium Titanium 
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Appendix 5.9 Elemental composition and distribution at the surface for 2Au/TiAero-SCR catalyst by 
EDX analysis 

 

  
 

Element Wt% At% 

  OK 07.41 19.55 

 SiK 00.54 00.81 

 AuM 02.17 00.46 

 TiK 89.88 79.18 

Matrix Correction ZAF 
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Appendix 6.1 Likely cost increase of Au-coated SCR catalysts considering only the price of gold  

 Experimental results 

 

 2Au/TiP25-SCR 2Au/TiUV100-SCR 2Au/TiAerod-SCR 

Average geometric 
surface area of SCR 
catalyst samples (m

2
) 

 
0.0159784 

 
0.01613293 

 
0.01624946 

Average mass of Au/TiO2 

coating with  
2 wt% Au (mg) 

 
11.49 

 
39.3 

 
85.45 

Calculations for a 800 MWel coal fired power plant (1 MWel → 3000 m
3
/h flue gas / 1 m

3
 SCR 

catalyst) 

Calculated mass of 

Au/TiO2 coating for 
376000 m

2
 SCR catalyst 

(kg)* 

 

270.38 

 

915.94 

 

1977.24 

     Of wich 2 wt%  
is Au (kg) 

 
5.407 

 
18.31 

 
39.54 

Amount of 
HAuCl4∙3H2O** needed 

to prepare Au/TiO2 

catalyst powders with 
2 wt% Au (kg) 

 
 

10.83 

 

 
 

36.68 

 
 

79.21 

Cost increase considering 
only the price of 

HAuCl4∙3H2O *** (€) 

 
877.230 

 
2,971.080 

 
6.416.010 

Calculations for a 800 MWel coal fired power plant considering the use of Au/TiO2-coated SCR 

catalyst only as a last layer (3
rd

 layer in the SCR-DeNOx reactor)**** 

Calculated mass of 
Au/TiO2 coating for 

125333 m
2
 SCR catalyst 

(kg) 

 
90.13 

 
305.31 

 
659.1 

    Of wich 2 wt%  
is Au (kg) 

 
1.8 

 
6.1 

 
13.18 

Amount of HAuCl4∙3H2O 
needed to prepare 

Au/TiO2 catalyst with 

2 wt% Au (kg) 

 
 

3.61 

 
 

12.23 

 
 

26.4 

Cost increase considering 

only the price of 
HAuCl4∙3H2O (€) 

 

292.410 

 

990.360 

 

2,138.670 

* 1 m
3
 SCR catalyst with 7.1 mm pitch has a geometric surface of ~ 470 m

2
/m

3
 

** HAuCl4∙3H2O of 99.99 % purity contains 49.92 % Au 
*** 25 g of HAuCl4∙3H2O salt costs ~ 2025 €  
**** due to the DeNOx reaction, mercury oxidation takes place mostly at the outlet of the SCR reactor 

after NH3 is consumed. Therefore, Au/TiO2-coated SCR catalysts with increased mercury oxidation 
should be used as a last layer in the SCR industrial reactor. 
  

↓ 

↓ 
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