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Abstract:

 The removal of mercury from flue gases in scrubbers is greatly facilitated if the mercury is present as water-soluble oxidized species. Therefore, increased mercury oxidation upstream of scrubber devices will improve overall mercury removal. For this purpose heterogeneous catalysts have recently attracted a great deal of interest. Selective catalytic reduction (SCR), noble metal and transition metal oxide based catalysts have been investigated at both the laboratory and plant scale with this objective. A review article published in 2006 covers the progress in the elemental mercury (Hgel) catalytic oxidation area. This paper brings the review in this area up to date. To this end, 110 papers including several reports and patents are reviewed. For each type of catalyst the possible mechanisms as well as the effect of flue gas components on activity and stability are examined. Advantages and main problems are analyzed. The possible future directions of catalyst development in this environmental research area are outlined.
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1. Introduction

Mercury emissions are of global concern due to their persistence, long-range mobility in the atmosphere, bio-accumulation in aquatic ecosystems and their neurotoxic impact on human health [1,2,3]. Therefore, the control and reduction of mercury emissions have become a major concern at national, regional and international level. For instance, within the United Nations Environmental Programme (UNEP), negotiations have started with a view to achieving an international mercury treaty to reduce the risks from global mercury emissions [1]. In December 2011, U.S. EPA issued the Mercury and Air Toxics Standards (MATS), with the aim of reducing emission levels of mercury and other toxic pollutants from power plants [4]. In Europe, the 2010/75/EU Industrial Emissions Directive [5] sets the average mercury emission limit value at 50 μg/m3 for waste incinerators. Concerns over the environmental effects of mercury emissions have triggered discussions on more stringent regulations in many countries. Consequently, mercury emissions abatement has become a new challenge for environmental engineering.

According to UNEP, estimates for 2005, flue gases from waste incinerators contribute 40 t and cement plants 190 t. Coal fired power and industrial plants are the major source, with between 500 t and 1920 t of global anthropogenic mercury emissions to air [1]. During the combustion process all forms of mercury in fuel decompose into gaseous elemental mercury (Hgel) [6]. As the combustion gas cools down to 400 °C, this elemental mercury is partially oxidized via gas phase reactions involving oxygen and halogen species [6]. HgCl2 and HgO are the volatile oxidized mercury (Hgox) species most likely to occur in flue gases. Oxidized mercury in flue gases is both reactive and water soluble, and therefore is easily captured by scrubbing processes. In wet flue gas desulfurization systems (WFGD) oxidized mercury is removed as a co-benefit. The effectiveness of the WFGD in the removal of oxidized mercury from flue gases depends on the operation conditions [7]. Generally, small concentrations of particle-bound mercury in flue gases are effectively removed in electrostatic precipitators or fabric filters.

Elemental mercury is fairly insoluble in water (nearly 50 µg/L) and not effectively removed in scrubbers such as WFGD units. Therefore, processes that oxidize Hgel in flue gases improve the effectiveness of mercury removal by wet scrubbers. In this context, one of the main challenges of mercury control strategies is the efficient conversion of elemental mercury into the oxidized form. Thermodynamic equilibrium calculation shows that for temperatures below 450 °C, mercury in flue gases should exist mostly in the oxidized form. However, the cooling of flue gases in boilers under technical conditions is fast so that the mercury equilibrium at low temperatures is not reached. Here, the gas phase oxidation is kinetically limited. A selective heterogeneous catalyst, upstream of the scrubber, is needed to increase the speed of mercury oxidation reaction in the cooled flue gases [8].

The status of the Hgel oxidation catalysts up to 2005 is covered in a review paper by Presto and Granite [9]. Since then this subject has gained increasing interest. Figure 1 presents a yearly frequency of the published literature over the past two decades. This figure is based on the compiled literature cited in the Presto and Granite paper [9] and the literature covered in this review. Starting in 2000, an increase in the number of papers covering the topic of catalytic oxidation of gaseous mercury is observed. To date, more than 200 papers are available on the topic.

Figure 1. Yearly Frequency of Published Literature on Mercury Oxidation.
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The present review article will discuss recent developments as well as some older papers which are excluded in the previous review paper, but whose importance is nowadays seen differently. For the sake of clarity this review will follow a similar structure as the previous review. Our understanding of the mechanism underlying the catalytic mercury oxidation process will be discussed first. Chapters concentrating on different mercury catalysts follow. Laboratory and plant scale investigations of noble metal and transition metal oxide based catalysts are discussed. Selective catalytic reduction (SCR)-DeNOx catalysts still attract the largest interest. The chapter on this group of catalysts is therefore very extensive.

Another aspect discussed in this review article involves the novel methods in the area of catalytic mercury oxidation. In recent years, a number of patent applications for mercury oxidation catalysts have appeared. A brief summary of their main features will be presented as well.



2. Operation Condition and Constraints of Hg Oxidation Catalysts in Flue Gases

All fuels, including renewables such as wood or gaseous, like natural gas, contain mercury. This mercury is almost completely volatized during the combustion process. Generally, the mercury content of different fuels varies between 0.01 and 2 µg/g, resulting in flue gases with a mercury content of 1 to 200 µg/m3 [2]. The mercury content of natural gas is removed at the well, whereas the mercury from crude oil is removed at the refineries [10]. Therefore, the use of these fuels will not result in any appreciable mercury emissions. Consequently, the mobile combustion sources do not present a mercury emission issue. Mercury in coal is often associated with the pyrite fraction, and pyrite cleaning of coal does reduce Hg levels. However, fine grained pyrite (<70 μm) is not removed by cleaning. Consequently, just one third of mercury in coal is removed by standard coal cleaning procedures [11]. Mercury from solid fuels is not completely removed by cleaning the fuel, and has to be captured from the flue gas.

The stable mercury species at combustion temperatures of around 1000 °C are exclusively in the elemental form. At temperatures below 450 °C, equilibrium in flue gases is dominated by oxidized species such as 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 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 [12]. Below500 °C, the kinetics of the oxidation reaction of Hgel in flue gases are low in comparison to the flue gas residence times in incineration plants.

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 low kinetics do not allow for Cl2 formation in flue gases. The HCl content of flue gases from coal-combustion varies between 1 and 500 mg/m3. The bromine content in coal fuels is generally between 1 and 4% of the chlorine content [13]. Bromine species in the flue gas are more effective in oxidizing Hgel. The iodine content of coal has not been often analyzed but is below the level of bromine.

Mercury oxidation catalysts do not decrease the mercury content of flue gases from industrial and power plant incinerators as such, but rather in combination with a scrubber or, less frequently, an absorber. 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.

The mercury catalyst may be placed before (high dust) and after (low dust) the dust removal device, which are often operated at temperatures around 280–400 °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. These are partially removed by ammonia-based SCR—or selective non-catalytic reduction (SNCR)—DeNOx technologies thereby introducing a slip concentration of 5 mg/m³ and higher of NH3.

In the high dust version, the most likely position to place the mercury catalyst is within the SCR-DeNOx reactor. This reactor is operated in SO2-containing flue gases at temperatures between 280 and 400 °C. At this temperature range, the concentration of volatile arsenic (As) and selenium (Se) will still be high and needs special attention in the context of catalyst deactivation.

Another important constraint for mercury oxidation catalyst operation 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 sulfuric acid mist in flue gases that leave the plant. Another unwanted side reaction to be considered is the oxidation of NO to NO2. Although some NO2 is removed in scrubbers, as little as 10 to 15 ppm of NO2 in the flue gas may cause a brownish plume from the chimney.

The oxygen content of flue gases resulting from combustion processes varies between 2 and 8 vol.-%. This might also influence the performance of mercury oxidation catalysts.

It should be mentioned that because of the large volumes to be treated, mercury oxidation catalysts, like any other flue gas catalysts, has to be applied in a honeycomb or plate-like structure. This arrangement is preferred in order to reduce both pressure loss and energy requirements.



3. Proposed Mechanisms for the Catalytic Oxidation of Elemental Mercury

Schematically, the oxidation of Hgel in the presence of a catalytic material can be described as follows:
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(1)




The reaction rate of the gas phase oxidation of Hgel in flue gases is small at temperatures below 500 °C. In order to achieve reasonable oxidation rate in this temperature region, the catalyst has to provide a very active oxidizing species or has to activate the mercury on its surface. For the adsorption process, the Lewis base and electron pair donor character of gaseous Hgel are important. Cation vacancies or Lewis acid sites on the surface of the catalytic active material can provide respectively active sites for the primary step or physical adsorption of elemental mercury. Other flue gas components compete with Hgel for the active Lewis acid sites on the prospective catalytic material.

In recent years, papers on mercury oxidation catalyst increasingly discuss the underlying oxidation mechanisms. In the following sections, the mechanisms proposed to date are briefly discussed. It should be noted that, for almost all the mercury oxidation catalysts studied so far, the HCl and HBr constituents of flue gases to be treated are of vital importance. In the absence of these constituents, the oxidation rate is considerably reduced.


3.1. 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 [14]. Vosteen et al. [15,16] pointed out that the bromine species might be even more important, and that a high Hgel oxidation could be achieved in a tail-end SCR-DeNOx system even at low bromine concentrations by the bromine-Deacon reaction.

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.

4 HCl(g) + O2(g) ↔ 2 Cl2(g) + 2 H2O(g) (ΔH° = −28.4 kJ/mol HCl)  (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 [17]. HBr reacts in a similar manner, whereby the bromine-Deacon reaction produces more free bromine [18]. However, Griffin [19] suggested that SO2 depletes the Deacon Cl2 in the gas phase through the following gas phase reaction:

Cl2 + SO2 + H2O ↔ 2 HCl + SO3  (3)

In this way the positive effect of the Deacon-generated chlorine species might be inhibited. Bromine reacts to a smaller extent with SO2.



3.2. Eley-Rideal Mechanism

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. By invoking the Eley-Rideal mechanism, some authors [20] have tried to model the Hgel oxidation under SCR conditions. 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 [21,22] to form the final oxidation product, for example, according to the equations (4–6):

2 HCl(g) + 2 V–O–V(s) ↔ 2 V–OH–V–Cl(s)      (4)

2 V–OH–V–Cl(s) + Hg0(g) ↔ 2 V–OH–V(s) + HgCl2(g)  (5)

2 V–OH–V(s) + 0.5 O2(g) ↔ 2 V–O–V(s) + H2O(g)   (6)

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 [23,24,25]. Following the reaction between HCl and the V2O5 active sites on the catalyst surface, several vanadyl oxychloride complexes such as VOCl2, V2O3(OH)2Cl2, VO2Cl2 are formed [23,24]. However, it has been shown by surface analysis means that Hgel adsorbs on various surfaces as well.



3.3. Langmuir-Hinshelwood Mechanism

Based on 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. A number of materials can adsorb Hgel from the flue gas [26,27,28,29,30]. The adsorption of halogens is mentioned in the previous subchapter.

When investigating the catalytic oxidation of Hgel in the presence of MnOx–CeO2/TiO2, Li et al. [26] proposed the Langmuir-Hinshelwood mechanism as a plausible reaction pathway. They explained the decrease of Hgel oxidation efficiency at temperatures above 250 °C with the decreasing adsorption of Hgel: therefore availability of one of the reaction partners. Eom et al. [25] formulated the rate limiting reaction of the adsorbed mercury and the absorbed chlorine species on a commercial SCR-DeNOx catalyst as:

SCR-cat(V4+–O)Hg+(ads)(s) + 2 SCR-cat(V4+–Cl) ↔ SCR-cat (V4+–O)···HgCl(ads)···(V4+)(s)  (7)



3.4. Mars-Maessen Mechanism

Initially, Granite et al. [28] proposed that the catalytic oxidation of Hgel could occur via a Mars-Maessen mechanism. More recent research widely uses the Mars-Maessen mechanism as a most likely pathway for Hgel oxidation in the presence of a metal oxide-based catalyst [31,32,33,34]. 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 a binary mercury oxide. The oxidation of Hgel could be described by the following equations for the CoO/TiO2 system [33]:

Hg(g) + catalyst surface → Hg(ad)(s)   (8)

Hg(ad)(s) + CoxOy(s) → HgO–CoxOy–1(s)   (9)

HgO–CoxOy–1(s) + ½ O2(g) → HgO(ad)(s) + CoxOy(s)   (10)

HgO(ad)(s) + 2 HCl(g) → HgCl2(g) + H2   (11)

Firstly, 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. Some authors suggest that a part of the Hgel(ad) is directly oxidized by gaseous O2 to form HgO [14,34,35]. 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 [14]. 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.

The formation of mercury oxides and binary mercury oxides was supported by the surface analysis of spent catalysts [33,35]. Liu et al. [33] proposed that the Hgel oxidation product on Co/TiO2 in the absence of O2 is an Hg2O–CoOx oxide. According to their experimental observations this oxidation product reacts with gaseous HCl, forming Hgel and volatile HgCl2 which are released from the catalyst surface.




4. Noble Metal-Based Catalysts for Hgel Oxidation

Platinum group metals and gold are well-known oxidation catalysts in many different areas. For example, platinum group metals are widely used for the treatment of automobile exhaust emissions. Gold was considered to be less active in many oxidation applications in comparison with other noble metals. However, the topic of oxidation catalysis by gold is a fast growing field.

Noble metals catalysts are also 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 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.

In the mercury-in-flue-gas oxidation field so far, gold has been the most widely applied noble metal, and will therefore be discussed in a separate chapter. The scarcity and high cost of noble metal-based catalysts limit their use. In Table 1 below, an overview of the investigations on mercury oxidation by noble metals catalysts is given.


Table 1. Mercury oxidation over noble metal based catalysts.



	

	
Catalyst type

	
Gas composition

	
T, °C

	
Space velocity, h−1

	
Hgel oxidation, %

	
Reference




	
O2

	
H2O

	
HCl

	
NO

	
NH3

	
SO2

	
Hgel




	
vol.%

	
vol.%

	
ppm

	
ppm

	
ppm

	
ppm

	
µg/Nm3




	
Lab scale

	
Ru/TiO2●●

	
-

	
4

	
2–12

	
30–300

	
30–260

	
500

	
50

	
150–350

	
79000

	
30–90

	
[36]




	
Bench scale

	
Au/Al2O3 °

	

	
-

	

	

	
-

	
0–1000

	
6–18

	
138–160

	
8–10 ■

	
■■ 2.2 × 10−10

	
[37]




	

	

	

	

	

	

	




	
Pd/Al2O3 °

	
0–5.25

	
-

	
0–100

	
500

	
-

	
■■ 1.6 × 10−10




	

	

	

	

	

	

	




	
Pt/Al2O3 °

	

	
-

	

	

	
-

	
■■ 4.1 × 10−10




	

	

	

	

	

	

	

	

	

	

	

	




	
Au/Teflon °

	
6

	
0–8

	
50

	
600

	
-

	
2000

	
55

	
175–225

	

	
5–60

	
[30] *




	

	

	

	

	

	

	

	

	

	

	

	




	
Ir/Al2O3 °

	
8

	
8

	
-

	
<500

	
-

	
<2000

	
12

	
138

	
7.5 ■

	
75

	
[38]




	

	

	

	

	

	

	

	

	

	

	

	




	
Au/TiO2/FF °

	

	

	

	

	

	

	

	

	
1200

	
9–65

	




	

	
4

	
10

	
50

	
100

	
-

	
1000

	
20–30

	
150

	

	

	
[29] ●




	
Pd/Al2O3/FF °

	

	

	

	

	

	

	

	

	
4800

	
4–84

	




	
Pilot scale

	
Au/γ-Al2O3 °

	
~8

	
9–12

	
1–20

	
-

	
-

	
200–1200

	
10–31

	
139–149

	
3200–3600 ***

	
40–99

	
[39] **




	

	

	

	




	
Pd/γ-Al2O3 °

	
-

	
-

	
41–87




	
Full scale

	
Au/γ-Al2O3 °

	
7–9

	
12

	
1.67

	
-

	
-

	
501

	
11–14

	
~150

	
21300

	
52–86

	
[40]






●● 0.2–2 wt.-% metal loading; ° 1 wt.-% metal loading; ■ L/min; ■■ reaction rate in the presence of HCl and O2 in (mol Hg2+) × (g catalyst)−1 × s−1; * 3 and 6 ppm Cl2; ● 10 ppm Cl2; FF: fabric filters; *** gas flow rates (m3/h); ** 6–10 ppmv HF, 0–0.6 ppmv Cl2, 0–0.04 ppmv HBr, 0.15 ppmv HI.







4.1. Activity of Platinum Group Based Catalysts for the Oxidation of Hgel

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. [41] in fuel gasification gases containing Hgel. Mercury adsorption capacity of platinum Pt and palladium Pd supported on Al2O3 were measured at temperatures between 204 and 388 °C in simulated fuel gases. Up to 14 wt.-% Hg was detected in the Pd-based material [41,42]. In the presence of halogens the Pt group based catalysts oxidizes mercury.

Platinum Pt [8,37], palladium Pd [29,37], ruthenium oxide RuO2 [36], and iridium Ir [38] have been tested on 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 [37], alumina beads imbedded in fabric filters [29] and titania [36]. The role of the supports is to ensure a high dispersion of the noble metals, maximizing the contact area between flue gas components and the catalytic active centers responsible for the mercury oxidation reaction. In some investigation a marked structure and size effect of the support were observed as well.

In the investigations reported on the mercury oxidation by Pt group metals, the presence of hydrogen halides was needed. The oxygen in flue gas seems to play also a certain part.

Presto and Granite [37] 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. An interesting result was the gradual loss of catalytic activity for the Pd and Pt based catalysts over time. This deactivation behavior was explained by the formation of Pt and Pd oxides during exposure to O2 [37]. Surface bound chlorine seemed to be necessary for the oxidation of Hgel. A marked decrease in mercury oxidation in gases with no HCl was observed. HCl higher than 50 ppm caused no further increase on the oxidation rate. Schofield [8] 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. The history of the catalysts investigated had a significant effect on their activity. It should also be noted that the mercury oxidation on Pd and Pt increased with temperature. Pt catalysts for diesel exhaust application are known to effectively oxidize SO2 to SO3 [43].

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 [37], this reaction might have not been fast enough. Pt based catalysts have also the potential to actively oxidize the NO in flue gases, as it is well known from the automobile exhaust field [44].

Hrdlicka et al. [29] 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. SO2 and NO had an influence on the mercury oxidation activity.

The published research on RuO2/TiO2 catalysts pointed out that this system might be promising for mercury oxidation in coal-fired flue gases [36]. The lab scale investigation was conducted between 150 and 350 °C with most of the flue gas components present. No appreciable decrease of the mercury oxidation activity over 10 hours was reported. The poisoning effect of SO2 was small. 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. In the presence of SO2, no Cl2 could be detected in the gas phase, although Hg oxidation showed only a small decrease. The authors presumed that under these conditions the formation of atomic Cl species still took place and that the mercury reacted with these species [36]. Temperature increased the oxidation rate.



4.2. Activity of Gold Based Catalysts for the Oxidation of Hgel

Gold-based catalysts were found to be effective in a large number of catalytic reactions [45]. Recently, the potential use of gold-based catalysts in mercury pollution control applications has attracted much interest from academia as well as industry [29,30,37,40,46,47]. The studies have concentrated on the temperature range between 140 and 225 °C with, in most cases, 1 wt.-% gold on alumina and in one case with Au on a Teflon-coated quartz filter.

Due to the strong 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 property is the MerCAP process [48], which involves Hgel adsorption from flue gas on fixed Au-coated structures followed by thermal regeneration of the gold sorbent and Hg recovery.

For the adsorbed mercury to be oxidized, a reactant is necessary. Chlorine atoms are identified as one likely species for this purpose. Gold readily adsorbs Cl2 molecules, thereby dissociating them into chlorine atoms [29,30]. The chlorine atoms react with mercury. The dissociative adsorption of HCl on Au is presumably weaker, since the dissociation energy of Cl2 is smaller and the bond length higher by comparison to HCl [49]. The importance of HCl adsorption is supported by the declining but continuing oxidation of Hgel when HCl from the gas stream is removed [37]. Presto and Granite [37] showed that increasing the HCl concentration above 50 ppm had no further impact on the reaction rate with Hgel. Zhao et al. [30] 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.

The addition of other flue gas constituents (NO, SO2, H2O) 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 [29,30]. The Au/TiO2 coated fabric filters showed an increased mercury oxidation in the presence of HCl (50 ppm) and NO (100 ppm), suggesting that there might be a synergistic effect between HCl and NO in the presence of gold [29].

Removing the oxygen from an HCl containing simulated flue gas caused the Hgel oxidation on Au catalyst to decrease [37]. Mercury oxidation on these catalysts increases with temperature [30,37].

Pilot [39,46] and full scale [40,47] 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 [47] and in the flue gas scrubber inlet duct [40]. The flue gas contained only about 2 ppm HCl and 500 pm SO2. The investigation was conducted over a 17 months period.

Even after 6 months of operation in the demonstration plant, the percentage of oxidation of elemental mercury across the catalyst was only 3 percentage points below what was measured immediately after the catalyst was placed in service. However, after 13 months of operation a substantial loss of activity was measured. It is believed that some of this activity loss was real, but that a substantial portion was “artificial” in that it resulted from build-up of fly ash in the catalyst, which blocked the otherwise active surface area of the catalyst. Gas flow to parts of the second and third layers was blocked by fly ash buildup in the first layer [40]. An uneven distribution of the gas flow and the small channel width of 3.2 mm of the honeycomb catalyst contributed to the blocking. In summary it can be said that lab-scale, pilot-scale and full-scale mercury oxidation investigations show that gold-based catalysts are not subjected to fast deactivation under flue gas conditions [37,40,46]. One measurement campaign with respect to the SO2 conversion did not result in an appreciable increase of the SO3 content over the Au catalysts layer. It has to be mentioned that data are scarce on the influence of Au catalysts on the SO2 to SO3 conversion in flue gases. Boreskov et al. [50] measured a much lower 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 also not been reported yet. Neither has the conversion of NO to NO2 over gold catalysts been studied.



4.3. Summary

Because of their undesirable side reactions, Pt based catalysts do not appear promising for mercury oxidation in flue gases. The recent laboratory results on Ru/TiO2 catalysts for this application do not show appreciable SO2 oxidation but a high mercury oxidation rate, at temperatures around 300 °C and at HCl concentrations in the flue gas as low as 5 ppm. This avenue warrants further investigations.

Despite the plugging issues experienced, the recent demonstration plant results with gold-based catalyst in the low temperature range around 150 °C should encourage further efforts along this line. For this system, basic parameter studies on the effect of the different parameter importance in a flue gas environment and the gold distribution on the support are lacking.




5. Mercury Oxidation by Transition Metal Oxide Catalysts

The class of catalysts discussed in this chapter refers to the oxides of transition metals. A significant number of publications have discussed the activity of transition metal oxides-based catalysts for Hgel oxidation in the 80–500 °C temperature range, see Table 2. Their cost-effectiveness has made this group of catalysts attractive candidates for studies. The catalytic active oxides are deposited most commonly on alumina and titania. The role of the support is to not only stabilize and ensure a high metal dispersion degree but also in certain cases to participate in the Hgel oxidation reaction.


Table 2. Mercury oxidation activity of different supported metals and metal oxides.



	
Catalysts

	
Catalysts characteristics

	
Reaction temperature,

	
Mercury oxidation/removal,

	
Reference




	
Synthesis method

	
Metal loading, wt.-%

	
°C

	
%




	
nano-CuO

	
commercial

	
100

	
90–300

	
20–96

	
[51]




	
nano-CuO

	
commercial

	
100

	
150

	
75

	
[52]




	
CuCl2/TiO2

	
impregnation

	
1.5–6

	
350

	
60–100

	
[53]




	
CuCl2/TiO2–Al2O3

	
wetness impregnation

	
0.25–9

	
125–175

	
28–62

	
[54]




	
CuCoO4/γ-Al2O3

	
thermal decomposition

	
1 ***

	
100–450

	
10–92

	
[55]




	
Co–oxide/TiO2

	
sol-gel

	
0.5–15

	
90–360

	
10->90

	
[33]




	
nano-Fe2O3

	
hydrothermal

	
100

	
80–400

	
<40

	
[34]




	
Fe2O3/TiO2

	
impregnation

	
0.6–5

	
80

	
60–80

	
[56]




	
MnOx/Al2O3

	
wet impregnation

	
1–8

	
100–500

	
45–90

	
[14]




	
Mn/α-Al2O3

	
wet impregnation

	
1

	
100–250

	
30–95

	
[57]




	
MnOx/TiO2

	
wet impregnation

	
10–20

	
175–200

	
~90

	
[31]




	
MnOx–CeO2/TiO2

	
impregnation

	
0.18:0.82:1 **

	
120–400

	
40–>90

	
[26]




	
CeO2/TiO2

	
impregnation

	
0.5–2 *

	
120–400

	
40–95

	
[58]




	
CeO2/γ-Al2O3

	
thermal decomposition

	
3–15

	
150–450

	
33–90

	
[35]




	
V2O5/TiO2

	
sol-gel

	
1–10

	
100–500

	
69–100

	
[59]




	
SiO2–TiO2

	
sol-gel

	
12 ●

	
135

	
10–90

	
[60]




	
SiO2–TiO2–V2O5

	
sol-gel

	
6–18 ■; 5 ■■

	
135–400

	
40–100

	
[61]






* CeO2:TiO2 mass ratio; ** MnO2:CeO2:TiO2 mass ratio; *** Co:Cu atomic ratio; ● % of TiO2; ■ TiO2; ■■ V2O5.




The activity for Hgel oxidation reaction of this catalysts group has so far been investigated mainly at laboratory scale under simulated flue gas conditions. For this purpose a number of parameters have been varied, such as:


	Loading and composition of the metal oxide material;


	Temperature and;


	HCl, Cl2, O2, H2O, NO and SO2 concentrations in the gaseous phase.






Ghorishi et al. [62] investigated the influence of different fly ash components (Al2O3, SiO2, Fe2O3, CuO and CaO) on the extent of mercury oxidation. They observed that copper oxide (CuO) and iron (III) oxide (Fe2O3) present in the fly ash composition exhibited good catalytic activity towards the Hgel oxidation reaction. These findings were followed up by Kamata, et al. [63] with an investigation on mercury oxidation by HCl over TiO2 supported metal oxide catalysts (with 1 wt.-% MOx/TiO2, with M = V, Cr, Mn, Fe, Ni, Cu and Mo). TiO2 was essentially inactive. At 350 °C high Hgel oxidation was observed for MoO3, V2O3 and Cr2O3 and the lowest for NiO. In the presence of a NH3/NO molar ratio of 0.33, the unreacted NH3 considerably depressed the Hg oxidation activity of all catalysts. A correlation was found between NO reduction and Hg oxidation activity.


5.1. Copper/Cobalt Based Catalysts

Copper oxide particles and the titania-supported-CuO are potential Hgel oxidation catalysts in the presence of HCl [51,52]. Kamata et al. [52] compared the oxidation of gaseous Hgel at 150 °C in the presence of HCl over different metal oxides. Among the catalysts tested, surface coated CuO nano-particles showed the highest activity. Conversion activity increased with HCl concentration. Formation of Cu2Cl(OH)2 was observed. Yamaguchi et al. [51] investigated further details of the Hgel oxidation activity of CuO nano-particles under simulated flue gas conditions. The CuO nano-particles were dispersed on a quartz filter. An increase in Hgel oxidation (up to 96%) was observed as the reaction temperature decreased from 300 to 90 °C. A decrease in activity was observed when CuO nano-particle size increased from 50 nm to 620 nm. Nano-particle size increased at temperatures above 150 °C because of sintering effects.

The oxidation was HCl dependent and decreased considerably at concentrations of 5 mg/m3 HCl. When employing 1 wt.-% CuO supported on heavy oil-fire fly ash (HOFA) a maximum of 98% Hg oxidation was achieved in the presence of 20 ppm HCl and 350 °C [3].

At temperatures of 300 °C, copper chloride (CuCl2)-impregnated titania exhibited high oxidation activity even in the absence of HCl [53]. The efficiency of CuCl2/TiO2 catalysts increased considerably when the Cu loading was higher than 3 wt.-%. In this case, it was assumed that oxidation of weakly bound Hgel might occur as a result of Cl radicals released following thermal decomposition of CuCl2 on the catalyst surface. The CuCl2 was restored by gas phase HCl. A similar system, copper chloride (CuCl2) on titania/alumina or alumina, was investigated by Miksche et al. [54]. The study focused on a low temperature regime of 125 to 175 °C. The TiO2–Al2O3 substrate provided a more active catalyst with respect to Al2O3.The HCl in the flue gas increased the Hg oxidation whereas SO2 had an adverse effect. In the studied temperature range with 2000 ppm SO2 and 40 ppm HCl in the flue gas, the CuCl2 catalyst provided considerably higher Hg oxidation rates than a conventional SCR-DeNOx catalyst with 1 wt.-% V2O5. However, no long-term stability data were provided.

Mei et al. [55] investigated the Hgel oxidation activity of Al2O3 loaded with 20 wt.-% CuCoO4 and CuCoO4 + NH4Cl or NH4Br. The catalyst was calcined at 400 °C, by which point most of the ammonium salts evaporated; however a small amount of nitrogen doping in the CuCoO4 remained. At 350 °C and in SO2-containing simulated flue gas, mercury oxidations between 72 and 92% were achieved. The NH4Cl and NH4Br doped catalysts showed much higher Hgel oxidation activity than CuCoO4/Al2O3, especially at temperatures between 100 and 350 °C. The SO2 poisoning resistance of CuCoO4 was higher than those of the pure Cu and Co oxide. However, the SO2 tests were extended only over a 2 h period [64].

Cobalt oxide-based catalysts showed Hgel oxidation activity as well [33]. The activity of the Co–oxide/TiO2 catalysts was affected by the Co loading and the oxidation temperature. Hgel oxidation efficiencies higher that 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. [33] attributed the good catalytic performance of Co-based catalysts to well-dispersed Co3O4 species in the catalysts. In the absence of HCl, mercury accumulated on the surface of the catalyst. A modified Mars-Maessen mechanism was considered; Hgel was adsorbed on the surface and then reacted with the lattice oxygen to form Hg–OCox bonds. The HCl then reacted with surface bound HgO, releasing volatile HgCl2 and H2O. It should be noted that between 240 and 360 °C, NO was also oxidized by the catalyst to NO2. The influence of SO2 was not investigated. A thermal stability test over a 72 h period showed only a small decrease of activity.



5.2. Iron/Manganese Based Catalysts

Kong et al. [34] 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. Fe2O3 powders with typical size of around 7 μm showed no Hg oxidation activity where the nano-sized samples oxidized 30% of the Hgel. 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. Water vapor as well as oxygen in the flue gases influenced, to a certain extent, the Hgel oxidation by the Fe2O3 nano-particles.

Mn–Fe spinels [32,65] and nanosized cation-deficient Fe–Ti spinels [66,67] were presented as effective materials for Hgel capture in the absence of HCl. The Hgel sorption capacity of Mn–Fe spinels was promoted by higher Mn contents. The sorption capacity was reduced in the presence of SO2. Sulfates were formed on the surface in this case. The formation of gas phase SO3 by these materials has not been assessed so far. 5 ppm HCl in the simulated gas phase reduced the adsorption and caused the release of oxidized mercury in effluent gas. Results on the Hgel oxidation in the presence of higher HCl concentrations in the gaseous phase are not available yet. It appears that the Hgel, which is a Lewis base, is firstly physically adsorbed by Lewis acid sites on the Fe–Ti spinel and subsequently oxidized by Fe3+ cations present on the spinel surface [66]. When employing Mn–Fe spinels, Hgel was captured and oxidized by Mn4+ cations from the surface [32,65]. The assumption, based on the available publication, is that the Mn–Fe and Fe–Ti spinels are more promising as Hg capture agents at temperatures around 150 °C, and not as mercury oxidation catalysts in flue gases resulting from combustion processes.

In another investigation conducted at temperatures between 175 and 200 °C, a 10 wt.-% MnO2 on TiO2 strongly chemisorbed Hgel in an HCl free gas [31]. SO2 (200 ppm) had a negative effect on Hgel capture. Mercury was also captured in the absence of gas phase oxygen. This observation suggests a Mars-Maessen type of adsorption.

Several other studies suggested that manganese oxide-based catalysts may display good Hgel oxidation efficiency, at least under simulated flue gas conditions [14,57]. Qiao et al. [14] investigated the MnOx/Al2O3 catalyst activity in the wide temperature range of 100 to 500 °C. In the absence of HCl from the flue gas, the MnOx effectively adsorbed the gaseous Hgel with an optimum at 230 °C. Adsorption was suppressed and high mercury oxidation efficiencies achieved in HCl or Cl2-containing flue gases. It appears that Cl2 (2 ppm) is as effective as HCl (20 ppm) in promoting the oxidation of Hgel. HCl and Cl2 obviously desorb oxidized mercury, thereby regenerating the surface of the catalysts. The flue gas components NO, H2O and CO2 had no significant impact on oxidation activity. SO2 exhibited a relatively low inhibitory effect, especially in the presence of Cl2. In a subsequent paper [57], mercury adsorption and oxidation in the presence of Mn oxide (1 wt.-% Mn), supported on α-Al2O3, was studied within the 100–250 °C range. According to the XRD results, the Mn species on the support consisted of a mixture of MnO2 and Mn2O3. It appears that the catalyst was less active at temperatures below 250 °C. 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 MnOx particle dispersion, thereby increasing the Hgel oxidative potential at low temperatures [57]. The presence of Mo–Mn complexes was also supposed to increase the SO2 tolerance. It is speculated that the Deacon reaction, with its reactive chlorine generating capabilities, might be important for the overall reaction. The mercury oxidation rate was pseudo first order in the mercury concentration and dependent to the power 0.36 with respect to the HCl concentration in the flue gas.



5.3. Cerium Based Catalysts

Hg-oxidation activity of cerium oxide-based catalysts has also been reported in the literature [35,58]. The significant Hgel to Hgox conversion activity of CeO2-based catalysts may be due to the high oxygen storage capacity of CeO2. Wen et al. [35] studied the chemisorption of Hgel by CeO2/γ-Al2O3 in the absence of HCl from the gaseous phase. The sorption capacity increased from 150 to 350 °C and then decreased at higher temperatures. The presence of SO2 and H2O in the gas inhibited the adsorption of mercury. At higher temperatures, Ce(SO4)2 is formed on the surface, preventing the contact between gaseous Hgel and CeO2 active sites. 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 from 120 to 250 °C, and then decreased at higher temperatures up to 400 °C. At this temperature almost no oxidation activity remained. HCl in the gas phase considerably increased the activity in the presence of oxygen. NO and SO2 in the flue gas were found to have positive effects on Hgel oxidation [58]. In a subsequent paper, Li et al. [26] investigated the Hgel oxidation activity of TiO2 supported Mn–Ce mixed oxides under simulated low-rank coal combustion flue gas. Oxidation activity increased with temperature from 120 to 250 °C, and then dramatically decreased when the temperature reached 300 °C. Significant Hg desorption was observed in the 250–300 °C range. NH3 reduced the Hg oxidation activity by competing with Hgel for the active sites or/and by consuming the surface oxygen which was responsible for Hg oxidation. Once the NH3 was cut off, Hg oxidation activity completely recovered in the presence of O2.

It was noted that the Ce3+ containing catalyst promoted the oxidation of NO to NO2 and also of SO2 to SO3. These side reactions are of importance in combustion systems and should be considered during further development of this catalyst system. Hgel oxidation performance was explained with a Langmuir-Hinshelwood mechanism. In this mechanism, an active surface species reacts with adsorbed mercury. HCl reacts to a certain degree with the active component CeO2. However, mercury oxidation proceeded also in the absence of HCl from the gaseous phase [58].



5.4. Various Metal Based Catalysts

Several other metal oxide and mixed metal oxide-based catalysts were developed as potential Hg capture and oxidation materials [22,59,60,61]. SiO2–TiO2 nano-composite was found to oxidize and capture Hgel under UV light at 135 °C. HCl and SO2 positively affected Hg oxidation and capture activity [60]. A more recent study by Li et al. [61] investigated the Hg oxidation and capture potential of a SiO2–TiO2–V2O5 catalyst under simulated low-rank coal combustion flue gas. The TiO2 content was varied between 6–18 wt.-%, while the V2O5 was kept at 5 wt.-%. Hg oxidation activity decreased as the temperature increased from 135 to 300 °C. However, an increase in Hg oxidation under SCR conditions was observed as the TiO2 content increased up to 18 wt.-%. In the presence of O2, the flue gas components HCl, SO2 and NO exhibited a positive effect on Hg oxidation.

In an experiment conducted by Lee and Bae [59], Hgel was completely adsorbed and oxidized by a high surface area 10 wt.-% V2O5/TiO2 aerogel at 100–200 °C temperature range. With an increase in temperature to 300 °C, mercury started to desorb from the aerogel surface. The amount of Hgel desorbed was higher as temperatures reached 500 °C.



5.5. Summary

The halogens content of flue gases strongly influences Hg oxidation activity in the transition metal systems which otherwise tend to chemisorb mercury at temperatures below 200 °C. SO2 reacts with transition metal active sites forming metal sulfates, thereby potentially deactivating the catalyst. In this way SO2/SO3 conversion is promoted by some transition metal oxides. Not much is known on the effect of Hg-oxidation-active transition metal oxides on the NO/NO2 conversion. Both conversion reactions are undesirable under combustion flue gas conditions. From the research conducted so far, it is obvious that pure transition metal oxides will not be suitable mercury oxidation catalysts for a flue gas environment. These catalysts must be modified in order to be suitable for flue gas environment applications.




6. Mercury Oxidation on SCR Catalysts

SCR catalysts are employed for the reduction of nitrogen oxides (NOx) in the presence of ammonia (NH3) at temperatures higher than 300 °C if SO2 is present. The catalyst consists of a porous titanium dioxide monolithic substrate on which vanadium pentoxide (V2O5), tungsten trioxide (WO3) or molybdenum trioxide (MoO3) is dispersed [68]. Besides NOx reduction, SCR catalysts are also active in the oxidation of volatile organic compounds [69,70]. In an additional side reaction, SCR catalysts also convert gaseous Hgel to Hgox, particularly in the presence of HCl [21,23,25,71]. Currently, SCR catalysts are being developed as multi-pollutant control devices.

In this section, several aspects regarding Hgel oxidation on SCR catalysts will be evaluated. The influence of flue gas components (halogens/hydrogen halides, NH3, SO2/SO3, NOx), composition of the SCR catalysts and temperature will be considered first. The role of flue gas species on deactivation of SCR catalysts for mercury oxidation reaction will be covered as well. A brief discussion on mechanistic pathways and modeling of Hgel oxidation over SCR catalysts will follow. Modifications of SCR catalysts for achieving high Hgel oxidation performance are of interest as well.

In order to determine their efficiency in oxidizing Hgel from flue gases, the SCR catalysts were tested at in the laboratory and in pilot [71,72,73,74] and full scale conditions(e.g., [75]). Some of these Hgel oxidation results are presented in Table 3. Operating conditions and flue gas composition are also given in the table.


Table 3. Elemental mercury oxidation on SCR-DeNOx catalysts.



	

	
Gas composition

	
T, °C

	
Space velocity,h −1

	
Hgel oxidation, %

	
Reference




	
O2 vol.%

	
H2 Ovol.%

	
HCl ppm

	
NO ppm

	
NH3 ppm

	
SO2 ppm

	
SO3 ppm

	
Hgel µg/Nm3




	
Lab scale

(simulated flue gases)

	

	

	

	

	

	

	

	

	

	

	

	




	
6

	
-

	
50

	
400

	
400

	
-

	
-

	
36–39

	
350

	
4000

	
3–91

	
[25]




	
6

	
8

	
0–35

	
400

	
360

	
1000

	
-

	
10–20

	
371

	
4000

	
12–70

	
[76] ■




	
5

	
1.8

	
0–20

	
150

	
-

	
500

	
-

	
30

	
350

	
72 ●

	
70–90

	
[3]




	
3

	
-

	
10–50

	
500

	
500

	
-

	
-

	
50

	
250–350

	
120 ●

	
85–98

	
[78]




	
3

	
8

	
5–35

	
400

	
360

	
-

	
-

	
~20

	
390

	
3600

	
40–86

	
[79] ■,**




	

	

	

	

	

	

	

	

	

	

	

	




	
Bench scale

(simulated flue gases)

	

	

	

	

	

	

	

	

	

	

	

	




	
-

	
15

	
0.3–3

	
400

	
300

	
70

	
-

	
160

	
260–320

	
170 ●

	
50–90

	
[73]




	
6

	
8

	
0–50

	
600

	
550

	
0–2000

	
0–50

	
13

	
343

	

	
20–71

	
[72]




	
3.5

	
5.3

	
0–204

	
350

	
315

	
280–2891

	
-

	
19

	
350

	
2609

	
0–>90

	
[77]




	
7.1

	
6.8

	
0–20

	
200

	
180

	
500

	
-

	
20–25

	
350–400

	
20004000

	
30–88

	
[80]




	

	

	

	

	

	

	

	

	

	

	

	




	
Pilot scale

(flue gases)

	

	

	

	

	

	

	

	

	

	

	

	




	
2.7–4.4

	
-

	
246

	
960

	
765

	
222–2921

	
-

	
5–10

	
300–400

	
2943

	
9–20

	
[74]




	
3

	
-

	
500

	
250

	
275

	
2000

	
50

	
120

	
300–350

	
1800

	
<80

	
[71] *




	

	

	

	

	

	

	

	

	

	

	

	






* 15 ppm HBr and 25 ppm Cl2; ■ 10 ppm H2SO4; ** 2 ppm HI and 2 ppm HBr; ● gas volume flow (L/h).





6.1. Mercury Adsorption on SCR-Catalysts

Hg adsorption on catalyst surfaces has been mentioned in a number of studies [25,72,73]. Hgel adsorption on the SCR catalyst surface was only observed in the absence of HCl [76,77]. When HCl or NH3 was added to the simulated flue gas, a rapid mercury desorption was observed [23,76,77]. Eswaran and Stenger [76] also reported strong Hg adsorption in the presence of H2SO4. Hgel adsorption slightly increased when SO2 was present [73]. Straube et al. [73] investigated the effect of different parameters on Hg adsorption on SCR catalysts under tail-end conditions (low HCl and SO2 concentration). They 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. In this case, Hg adsorption increased with increasing V2O5 content from 2.5 to 4.5 wt% [73].





6.2. Influence of Flue Gas Constituents

Laboratory-scale studies proved that the activity of SCR catalysts for Hgel oxidation under simulated flue gas conditions is strongly linked to the halide species present and their concentrations [3,21,23,53,71,78,80]. Since HCl is the dominant halide species in flue gases, Hgel oxidation is considered to proceed according to the following overall equation:

Hg(g) + 2 HCl(g) + 0.5 O2° HgCl2(g) + H2O(g)   (12)

He et al. [23] reported Hgel adsorption and oxidation over an HCl pretreated SCR catalyst. When a Hgel/N2 gas mixture was passed over an untreated SCR catalyst, no obvious Hgel adsorption or oxidation was observed. The authors suggested that in a pure N2 environment at 300 °C, the physical adsorption of Hgel on catalyst surface was weak. 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. Evidence of HCl adsorption on SCR catalyst surface was obtained by employing XPS [23,25] and FT-IR [23,24] surface analysis methods. HCl might also react with the active component V2O5 of the SCR catalyst. Several oxychloride complexes such as VOCl2, V2O3(OH)2Cl2, VO2Cl2 [23,24] might be formed on the SCR-DeNOx catalyst surface.

Enhancement of Hgel oxidation activity was observed as HCl concentrations increased from 1 to 50 ppm [72]. An increase in Hg oxidation with increasing HCl concentrations was also mentioned by Kamata et al. [21]. Actually, many reports discuss the HCl influence on SCR catalyst efficiency in oxidizing Hgel. For this aim, HCl concentrations were varied within the 0–500 ppm range (see Table 3).

Yang and Pan [81] investigated Hgel oxidation on SCR full-scale units as a function of coal-chloride content. When coal-chloride content fell below 100 ppm (below 10 ppmv HCl in flue gas), the Hgel oxidation was lower than 10%. For coals containing over 800 ppm chloride (approximately 80 ppmv HCl in flue gas), the Hgel oxidation leveled off at 60–80%. The pilot scale study by Lee et al. [74] also suggests that Hgel oxidation across SCR units is coal-type/composition dependent.

Eswaran and Stenger [79] 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, HBr and HI added in small amounts (2 ppm) had a stronger effect on Hg oxidation (over 85%). The authors noted that in the presence of HBr, a large amount of Hgox was retained on the catalyst surface, while HI caused the previously retained mercury to desorb from the catalyst surface.

Pilot-scale results obtained by Cao et al. [82] revealed that, in the presence of different commercial SCR catalysts and under PRB (power river basin coal with low sulfur and chlorine contents) coal-derived flue gases, 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.

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 [21,25,78,83]. Hong et al. [78] observed that increasing the NH3/NO ratio led to a decrease in Hgel oxidation activity of SCR catalysts at 350 °C. Eswaran and Stenger [76] explained the decrease in Hgel oxidation by the fact that NH3 caused Hgel to desorb from the SCR catalyst surface. Eom et al. [25] suggests that the decrease in Hgel oxidation in the presence of NH3 is caused by the adsorption of both Hgel and NH3 on the same active sites, and the reaction rate of NH3 is much faster than the reaction rate of Hgel.

SO2 and SO3 in the flue gases are known to affect Hgel oxidation by SCR catalysts [71,72,73,76]. The results obtained by Zhuang et al. [72] 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 [72]. Also, Cao et al. [71] observed that Hgel oxidation decreased once the SO2 concentration in the flue gas was increased. On the other hand, they observed that Hgel oxidation increased with increasing the SO3 content to a maximum of 50 ppm [71]. 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 [76]. A strong adsorption of Hgox on the catalyst was determined to occur in the presence of HCl and SO3.



6.3. Influence of Catalyst Composition, Temperature and Space Velocity

The vanadium content of SCR catalysts affects Hg oxidation capacity as well. Higher vanadium content leads to a higher oxidation activity. 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.-% [3]. Kamata et al. [24] observed an increase in Hgel oxidation almost linearly with VOx loadings up to 10 wt.-%.

Vanadia-based SCR catalysts were tested at temperatures above 300 °C, temperatures which are consistent with the SCR conditions in coal fired power plants. However, it was observed that high temperatures could limit the extent of Hgel oxidation [73,84], most likely due to the desorption of mercury from the catalyst surface [59]. In a pilot-scale study, Sibley et al. [84] observed that, in the presence of hydrochloric acid (100 ppmv), a decline of mercury oxidation occurred with increasing temperature. Other studies described a similar Hg oxidation activity loss with increasing flue gas temperature and space velocity [75,80,83]. A bench scale study by Lee et al. [80] on a honeycomb catalyst under simulated PRB 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. 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 [76].



6.4. Loss of Hgel Oxidation Activity

Among other factors, long term Hgel oxidation activity of SCR catalysts is dependent on catalyst age. Kamata et al. [21] 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 as well 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. Also, the laboratory studies of Eswaran and Stenger [79] showed that Hg oxidation in the presence of HCl was affected by catalyst age, suggesting that catalyst activity diminishes with catalyst history (age and flue gas conditions encountered).

A major problem of SCR catalyst operations under high dust configuration is the loss of catalytic activity caused by fly ash clogging/fouling and/or chemical poisoning. At high-dust SCR reactor operating temperatures (280–400 °C) the concentration of volatile metals and metalloids in flue gas is higher. The most common catalyst poisons include arsenic (As), selenium (Se), potassium (K), sodium (Na), calcium (Ca), phosphorus (P) and sulfur trioxide (SO3). Crocker et al. [85] 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. Wan et al. [86] investigated the influence of alkali (earth) metal doping on Hgel oxidation by a V2O5-WO3/TiO2 catalyst. Over 90% Hgel oxidation was achieved when using fresh catalysts in the 200–400 °C range. Alkali doping reduced the Hgel oxidation activity down to 70%. H2O vapor had a strong inhibitory effect on Hgel oxidation by alkali-doped catalysts. The deactivation potential of alkali (earth) metals was associated with their basicity value and ordered as follows: K, Na ~ Ca, Mg [86,87].

The DeNOx activity of SCR catalyst decays as gas phase arsenic oxide As2O3 reacts with V2O5 active sites [88,89,90]. A loss in Hg oxidation activity is most likely to occur in this case as well, since As poisoning reduces the number of V2O5 active sites. MoO3-containing catalysts are more resistant to poisoning by As2O3. As2O3 reacts preferentially with MoO3, thus mitigating the deactivation rate of V2O5 active sites [88].



6.5. Mechanism

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 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).

Figure 2. Schematicof Nitrogen Oxides Reduction and Mercury Oxidation over a SCR Catalyst (adapted from [16]).
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An early paper by Niksa and Fujiwara [20] proposed a model that is 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. This mechanism does not seem to be the most likely in the light of more recent findings. Senior [91] 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.

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 [23,24,72,73]. He et al. [23] proposed that Hgel oxidation over SCR catalysts occurs via a Langmuir-Hinshelwood mechanism. A similar mercury oxidation mechanism was proposed by Eom et al. [25]. 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.

Eom et al. [25] considered that Hgel oxidation proceeds with the reaction of gaseous Hg 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.

A recent theoretical study employed a DFT (density functional theory) method to investigate the reactivity of V2O5 surface towards Hgel, HCl, HgCl and HgCl2 [92]. The calculated adsorption energies indicated that adsorption of Hgel on the V2O5 surface was stronger than that of HCl, therefore it is expected that the Hgel(ads) reacts with chlorine species to form an HgCl intermediate. HgCl, strongly bound on the surface, further reacts with chlorine species to form HgCl2(ads) which readily desorbs from the V2O5 surface.

The inhibition of Hg oxidation may be explained by the competitive adsorption of HCl and NH3 [25]. In this case, NH3 adsorption may dominate HCl adsorption on the active sites [21].

Some recent studies have reported reduction of Hgox in the presence of NH3 [93,94]. The experimental results obtained by Madsen et al. [93] 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 [94].

HgCl2 + NH3 + 0.25 O2° Hgel + 2 HCl + 0.5 N2 + 0.5 H2O   (13)



6.6. Optimization of Hg Oxidation Activity

Improving the mercury oxidation activity of SCR-DeNOx catalysts is of interest for researchers in academia and industry. One of the ways for enhancing Hg-oxidation activity is by applying/impregnating small quantities of metal oxides onto the SCR-DeNOx catalyst surface. Published studies reported results regarding Hg-oxidation activity of RuO2/SCR [36], CuO/SCR, NiO/SCR, ZnO/SCR [95].

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 increased Ru loading up to 2 wt.-%, and at a 2 to 12 ppm HCl content of the simulated flue gas [36]. Zeng et al. [95] investigated the Hg-oxidation activity of a SCR catalyst impregnated with different metal oxides (Cr2O3, ZnO, CuO, NiO, MnO). Under simulated flue gas conditions (4 % by volume O2, 7 % by volume H2O, 2000 mg/m3 SO2, 100 mg/m3 HCl, NH3/NO = 400 ppm and 390 °C), the Hg-oxidation activity of the non-impregnated reference SCR catalyst was lower than 20%. Under the same conditions, the oxidation efficiency of metal oxide-impregnated SCR catalysts increased up to 45%. Experimental results showed that the CuO impregnated SCR catalyst exhibited the highest Hg-oxidation activity [95]. However, the investigation also showed that the activity improvement by metal oxides might not be stable in SO2-containing flue gases. SO2 present in the flue gas might react with the metal oxide active sites from the SCR surface forming metal sulfates, thereby causing a loss in mercury oxidation activity.



6.7. Commercial Development

The Babcock-Hitachi Company is currently offering a SCR catalyst with improved Hgel oxidation efficiency and a low SO2/SO3 conversion rate (below 0.5%) under typical DeNOx operating conditions [96]. Kai and Kato [97] developed a plate-like honeycomb SCR catalyst in which a molybdenum-vanadium complex oxide MoV2O8 is the active compound for Hgel oxidation reaction. The Mo–V complex oxide coated on various inorganic porous carriers exhibits a relatively high Hgel oxidation activity (above 72%), and small SO2/SO3 conversion rate below 1%. The catalyst also exhibits high NOx removal efficiency of approximately 98%.

In their patent application, Nochi et al. [98] provided a method for producing a novel modified SCR-type Hg oxidation catalyst. The catalyst consists of V2O5 and MoO3 as active compounds supported on a TiO2 carrier. In catalyst formulation, one of the following elements is added: W, Cu, Co, Ni, Zn. More than 82% Hg oxidation can be achieved under typical high dust DeNOx plant conditions.

Several patents and patent applications discuss the improvement of vanadium‑based catalysts for high Hg oxidation activity. For example, the addition of iridium Ir [99], manganese compound [100], silver halide [101] to the vanadium based-catalyst composition is expected to improve their reactivity towards Hg oxidation reaction.



6.8. Summary

Mercury oxidation activity of SCR catalysts is nowadays regarded as an important co-benefit of SCR systems in coal fired power plants.

The activity of SCR catalysts is correlated with boiler operating conditions and flue gas chemistry. Based on pilot and full scale data, several side approaches to maximize Hgel oxidations have been suggested [83]. Increasing halide/(chlorine) content of the flue gases is one of them. When low chlorine coals are burned, the resulting HCl content in the flue gas is low; therefore low Hgel oxidations are achieved. By blending low chlorine coal with high chlorine coal or by injecting different halogen containing additives (e.g., NH4Cl, CaCl2, Br2, etc) into the flue gas [102,103,104] or by adding bromide salts to the coal [15], a higher Hgel oxidation could be obtained.

The conversion of SO2 to SO3 over SCR catalysts is a major problem. Therefore, the vanadium content of a SCR catalyst has to be limited in order to mitigate the SO2/SO3 reaction rate. However, the Hgel oxidation rate will also decrease if the vanadium content decreases [3].

Operating the SCR catalyst in the tail-end configuration, where the SO2 concentrations of the flue gas are low, would allow the use of higher vanadium contents and would benefit mercury oxidation. However, the HCl contents are in most cases low, thereby severely inhibiting the Hg oxidation rate. Operating the SCR catalysts at lower temperatures could improve oxidation activity, since it has been reported that higher temperatures inhibit Hgel oxidation [83,84].

Even though the amount of research regarding Hg oxidation on SCR catalysts has considerably increased over the past five years, further investigations are necessary for a better understanding of the role of flue gas components and the mechanism of Hgel oxidation. Also, the development and industrial implementation of SCR catalysts with high Hg oxidation activity are of great importance and intensively investigated.




7. Novel Catalytic Methods for Mercury Oxidation in Flue Gases

Besides the development of conventional catalysts for Hgel oxidation in flue gases, researchers are also investigating and implementing novel methods to achieve the same goal. Over recent years, various processes, such as photo-catalytic oxidation [105,106,107] and membrane delivery with catalytic oxidation [108], have been presented as possible alternatives to traditional catalytic oxidation methods.

Among the recently developed methods, the photo-catalytic oxidation of Hgel by UV (λ = 320–400 nm)-irradiated TiO2 surfaces has received a great deal of attention, since it can be performed even at room temperature. The aim of the experimental research was not only to study the photo-catalytic oxidation of Hgel but also to achieve new modified TiO2 structures [22,60,105,107] which might exhibit greater effectiveness in oxidizing Hgel in flue gases. For instance, Jeon et al. [107] investigated the photo-catalytic ability of nanotitanosilicate fibers for oxidizing gas-phase Hgel under UV black light, fluorescent light and sunlight. The highest Hgel oxidation activity (88%) was achieved under fluorescent light. Wang et al. [105] investigated the Hgel oxidation by titania nanotubes with high surface area and porosity. More than 90% Hgel oxidation efficiency was achieved during a period of 100 h. This mercury oxidation efficiency was due to the photo-catalyst structure as well the synergistic effect between the Hgel oxidation and adsorption.

The proposed mechanistic pathway of UV-assisted photo-catalytic oxidation involves HO• radical formation by adsorption of O2 or H2O on the TiO2 surface. The HO• radicals thus created readily react with adsorbed Hgel to form HgO [105,106]. In order to gain a better understanding of the Hgel photo-catalytic oxidation reaction, more experimental data is required. Also, the role of other flue gas constituents is of great interest.

Another innovative method, proposed by Guo et al. [108], for Hgel removal from flue gases is the membrane delivery catalytic oxidation system (MDCOs). The concept of MDCOs involves the use of an Al2O3 porous tubular membrane which serves as a carrier for the MnOx/Al2O3 catalyst. The system combines the controlled delivery of oxidants (e.g., HCl) with the catalytic oxidation of Hgel. By employing this system, more than 90% Hgel oxidation was achieved in the 150–300 °C temperature range. The oxidation mechanism on MDCOs involves the reaction of adsorbed Hgel with adsorbed atomic chlorine (Cl•) to form HgCl2.

Sorbent injection technology is promising for elemental and oxidized mercury removal from flue gases. Due to their ability to adsorb not only Hgel [27,109,110], but also nitrogen oxide [111], sulfur dioxide [112,113] and/or hydrochloric acid [112], carbon-based materials promote elemental mercury oxidation. However, the aspects of carbon based materials used for Hgel oxidation will not be covered in the present review.

The novel catalytic methods discussed above present a number of advantages as well as disadvantages compared with the traditional oxidation methods employed so far. For instance, when employing the MDCO system, high Hgel oxidation efficiency is achieved with lower HCl consumption. Also, the inhibitory effect of SO2 seems to be less significant. However, the implementation of MCDO system at industrial scale requires an elaborate design.

The photo-catalytic oxidation of Hgel is an attractive method since it can be performed even at room temperature and with high Hgel concentrations in the flue gas. The cost of TiO2 material is relatively low; however the cost of providing continuous UV light in a power plant configuration remains an issue. In power plants, large flue gas volumes have to be treated. The design of large photo-catalytic reactors is unexplored territory.



8. Conclusions and Future Research

Over the past six years a significant amount of research has been devoted to developing and implementing new catalysts for elemental mercury Hgel oxidation in flue gases. Academia and industry have focused their efforts towards this purpose. Research has been carried out at laboratory, pilot and full scale.

It is now known that the activity of almost all mercury oxidation catalysts studied so far depends on a certain concentration of HCl and HBr in the flue gases to be treated. The role of the hydrogen halides could be restricted to transforming the primary formed non-volatile HgO into the volatile HgX2. The halides could also be the source of chlorine and bromine atoms, the reactive intermediates which oxidize the elemental mercury. Most catalysts are not effective in flue gases from coals containing low levels of halogens.

SCR-DeNOx catalysts were intensively studied due to their potential as co-oxidation agents for Hgel. Ways for improving their Hg oxidation activity were proposed. Coating/impregnating the SCR monolith with different metals and metal oxides was reported to cause an increase in Hg oxidation activity. The latest reports on RuO2 addition to SCR catalyst seems to be promising in this respect.

Recently it was established by different research groups that SCR-catalysts can also reduce oxidized mercury back to the elementary valence state. This aspect has been overlooked so far and should be an integral part of future research. The prevention of reduction of oxidized mercury by catalysts will result in an increase of the overall oxidation activity of SCR-DeNOx catalysts.

The rate constant of mercury oxidation reaction on a standard commercial high-dust SCR-DeNOx catalyst is of the order of the DeNOx reaction. Therefore the mercury oxidation will take place in the upper layer of the porous catalyst. Consequently, the pore structure of catalysts will be of importance in the effort to optimize the oxidation activity for mercury.

Recently, some publications have discussed the likely pathways for mercury oxidation over SCR catalysts. Hgel oxidation involves V2O5 active sites and HCl and HBr species. At this point, further research is necessary in order to gain a better understanding of the mechanistic pathways for both Hg oxidation and the role of other flue gas components. This will aid future catalyst development.

The laboratory-based research conducted so far showed that transition metal oxides are able to adsorb and oxidize Hgel in the presence of gaseous HCl or HBr. The activity of these catalysts is affected by temperature, other flue gas components and metal loading. Langmuir-Hinshelwood and Mars-Maessen mechanisms were proposed for Hg oxidation over metal oxide catalysts. The SO2/SO3 and NO/NO2 conversion ability has to be considered when implementing metal oxide based catalysts in full scale applications. Investigations so far have shown that transition metal oxides are prone to poisoning by SO2 in the flue gas.

Laboratory and pilot scale studies have centered on noble metal catalysts for mercury oxidation applications in flue gases. Noble metals have the ability to adsorb mercury on their surface. They might affect the undesired SO2/SO3 and NO/NO2 conversion reaction. From this group, gold-based catalysts seem to be promising candidates. These catalysts are highly active even at low metal loadings (1 wt.-%) and low temperatures (<200 °C). Pilot scale studies showed that the gold based catalysts are not easily subjected to deactivation under flue gas conditions. Further investigation into the mechanism, the role of other flue gas components and temperature on mercury oxidation by gold catalysts are necessary.

Several new methods for catalytic oxidation of mercury from flue gases were proposed. UV-assisted oxidation by TiO2 nano-particles or fibers, catalytic membranes and dielectric barrier discharge are the proposed novel methods. However, at this stage the number of publications on these topics is relatively limited and these methods have a long way to go until they might be ready for industrial application.
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