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Abstract 

Coal-fired power plants are a major anthropogenic source of worldwide mercury (Hg) 

emissions. Since mercury is considered to be one of the most toxic metals found in the 

environment, Hg emissions from coal-fired power plants is of major environmental concern. 

Mercury in coal is vaporized into its gaseous elemental form throughout the coal combustion 

process.  Elemental Hg can be oxidized in subsequent reactions with other gaseous 

components (homogeneous) and solid materials (heterogeneous) in coal-fired flue gases. 

While oxidized Hg in coal-fired flue gases is readily controlled by its adsorption onto fly ash 

and/or its dissolution into existing solution-based sulfur dioxide (SO2) scrubbers, elemental 

Hg is not controlled. The extent of elemental Hg formed during coal combustion is difficult 

to predict since it is dependent on the type of coal burned, combustion conditions, and 

existing control technologies installed. Therefore, it is important to understand heterogeneous 

Hg reaction mechanisms to predict the speciation of Hg emissions from coal-fired power 

plants to design and effectively determine the best applicable control technologies.  

In this work, theoretical and experimental investigations have been performed to 

investigate the adsorption and in some cases the oxidation, of Hg on solid surfaces, e.g., 

calcium oxide (CaO), noble metals and activated carbon (AC). The objective of this research 

is to identify potential materials that can be used as multi-pollutant sorbents in power plants 

by carrying out both high-level density functional theory (DFT) electronic structure 

calculations and experiments to understand heterogeneous chemical pathways of Hg. This 
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research uses a fundamental science-based approach to understand the environmental 

problems caused by coal-fired energy production and provides solutions to the power 

generation industry for emissions reductions. 

Understanding the mechanism associated with Hg and SO2 adsorption on CaO will help to 

optimize the conditions or material to limit Hg emissions from the flue gas desulfurization 

process. Plane-wave DFT calculations were used to investigate the binding mechanism of Hg 

species and SO2 on the CaO(100) surface. The binding strengths on the high-symmetry CaO 

adsorption sites have been investigated for elemental Hg, SO2, mercury chlorides (HgCl and 

HgCl2) and mercuric oxide (HgO). It has been discovered that HgCl, HgCl2, and SO2 

chemisorb on the CaO(100) surface at 0.125 ML coverage. Binding energies of elemental Hg 

are minimal indicating a physisorption mechanism. 

Noble metals such as palladium (Pd), gold (Au), silver (Ag), and copper (Cu) have been 

proposed to capture elemental Hg. Plane-wave DFT calculations have been carried out to 

investigate the mercury interactions with Pd binary alloys and overlays in addition to pure 

Pd, Au, Ag, and Cu surfaces. It has been determined that Pd has the highest mercury binding 

energy in comparison to other noble metals. In addition, Pd is found to be the primary surface 

atom responsible for increasing the adsorption of Hg with the surface in both Pd binary 

alloys and overlays. Deposition of Pd overlays on Au and Ag has been found to enhance the 

reactivity of the surface by shifting the d-states of surface atoms up in energy. 

The possible binding mechanisms of elemental Hg
 
onto virgin, brominated and sulfonated 

AC fiber and brominated powder AC sorbents have been investigated through packed-bed 

experiments in a stream of air and simulated flue gas conditions, including SO2, hydrogen 

chloride (HCl), nitrogen oxide (NO) nitrogen dioxide (NO2). A combination of spectroscopy 

and plane-wave DFT calculations was used to characterize the sorption process. X-ray 

photoelectron spectroscopy (XPS) and x-ray absorption fine structure (XAFS) spectroscopy 

were used to analyze the surface and bulk chemical compositions of brominated AC sorbents 

reacted with Hg
0
.  Through XPS surface characterization studies it was found that Hg 

adsorption is primarily associated with halogens on the surface. Elemental Hg is oxidized on 
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AC surfaces and the oxidation state of adsorbed Hg is found to be Hg
2+

. Though plane-wave 

DFT and density of states (DOS) calculations indicate that Hg is more stable when it is 

bound to the edge carbon atom interacting with a single bromine bound atop of Hg, a model 

that includes an interaction between the Hg and an additional Br atom matches best with 

experimental data obtained from extended x-ray absorption fine structure (EXAFS) 

spectroscopy. The flue gas species such as HCl and bromine (Br2) enhance the Hg 

adsorption, while SO2 is found to decrease the Hg adsorption significantly by poisoning the 

active sites on the AC surface. The AC sorbents represent the most market-ready technology 

for Hg capture and therefore have been investigated by both theory and experiment in this 

work. Future work will include similar characterization and bench-scale experiments to test 

the metal-based materials for the sorbent and oxidation performance.  
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Chapter 1  

Introduction 

1.1 Motivation 

Coal, the most abundant fossil fuel on the planet with known reserves of approximately 

900 billion metric tons, is of sufficient supply to meet current energy demands for nearly 

200 years. [1,2] Coal combustion is responsible for 25% of the world's energy use, and 

recent projections show that use is expected to rise 2.5% over the next ten years. [3] The 

three locations with the highest recoverable coal reserves are the United States with 27% 

of the world‟s recoverable reserves, China with 13%, and India with 10%. [1] Currently, 

within the United States, 50% of electricity is produced from coal, and there are over five 

hundred 500-megawatt coal-fired power plants in the country.  The amount of electricity 

produced from coal is predicted to increase 3% by 2030 with China and India expected to 

account for 68% of this projected increase in coal consumption. [4,5] In China, 67% of 

their energy requirements are obtained from coal and 400 million people rely on the 

energy produced from coal. [4,6] In 2006 China produced 2.3 billion tons of coal and 

recent projections indicate that coal consumption for China will be 3.3 billion tons per 

year in 2020.
 
[7]

 
Of serious global concern is the release of volatile trace metals [TMs = 



2 

 

 

 

mercury (Hg), selenium (Se), and arsenic (As)], sulfur dioxide (SO2) and nitrogen oxides 

(NOx), during coal combustion,
 
[8] with annual worldwide emissions of Hg specifically, 

on the order of 5,000 tons. According to the National Emissions Inventory (NEI) data, 

U.S. power plants are responsible for the following percentage of total U.S. emissions:  

60 % of the SO2, 60% of the As, 13% of the NOx and 50% of the Hg. [9] Recent studies 

indicate that Hg content generally varies between 0.01 and 1.5 g per ton of coal, with 

world coal consumption in 2006 estimated at 6,118 million tons per year. [10] The U.S. 

Environmental Protection Agency (EPA) estimated that U.S. coal combustion power 

plants emitted 59 tons of Hg per year in 1990, which decreased to 53 tons of Hg per year 

in 2005, while global emissions were approximately 810 tons Hg/year. [9,10] Due to the 

lack of Hg and other pollution control equipment, China produces three time more Hg per 

ton of coal than the U.S. [6]
 
In addition to China, India -being the third largest coal 

producer in the world- derives over 50% of its energy from coal. The amount of coal 

production of India is expected to increase, while the quality of coal is expected to 

decrease because of its high ash content. Since most of the Indian coal-fired power plants 

are not equipped with wet scrubbers, 40% of the Hg contained in the Indian coal is 

released to the atmosphere. [11]  

Toxic emissions pose a threat to the local environment in which they are emitted, in 

addition to being a global threat. According to the World Health Organization, SO2 

emissions from coal burning processes in China have caused acid rain to fall on roughly 

30% of the country and this has cost 13.3 billion USD.
 
[12,13]

 
Mercury is considered to 

be one of the most toxic metals found in the environment and additionally is considered a 

hazardous air pollutant (HAP) by The Clean Air Act (CAA) of 1990. [14] Mercury 

released into the environment can precipitate into lakes, rivers and estuaries and can be 

converted through biological processes into an organic form, methylmercury (HgCH3), 

which is a neurotoxin that bioaccumulates in fish, animals, and mammals.
 
[15,16] 

Mercury has adverse effects on the central nervous system and causes pulmonary and 

renal failure, severe respiratory damage, blindness and chromosome damage. [17,18]  

Of the three locations with recoverable coal reserves, the U.S. is leading the effort to 

decrease harmful emissions into the environment through regulations such as the EPA‟s 
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Clean Air Interstate Rule (CAIR), which placed caps on NOx and SOx emissions from the 

Eastern states, and the Clean Air Mercury Rule, (CAMR) which places a cap on Hg 

emissions from coal-fired power plants. CAMR was established by the EPA in 2005 to 

place a cap on Hg emissions from coal-fired power plants in two phases. The first cap 

was to be implemented in 2010 capping emissions at 38 tons/ year. The second cap was 

to be enforced in 2018 reducing emissions to 15 tons/year of Hg emissions. However, this 

rule was vacated by the Courts in February 2008.  Recently, on March 2011 the EPA 

stated that all hazardous air pollutants must have emission standards and proposed that 

for existing sources in the category, that the standards are at least as stringent as the 

emission reductions achieved by the average of the top 12% best controlled sources for 

source categories with 30 or more sources. With this new rule, an approximate 90% 

reduction of mercury from coal emissions is anticipated. [19]  

As coal consumption increases worldwide, the need for sorbent materials to capture 

harmful pollutants of flue gases before being released into the environment becomes of 

increased importance. It is clear that Hg control technologies have to be improved so that 

industrializing countries whose energy production depends on coal can afford these 

technologies. Coal will never be a completely sustainable energy source; however, due to 

its abundance and current popular use for energy gain worldwide, increasing its 

sustainability and decreasing coal combustion‟s environmental impacts are of great 

importance.  

1.2 Proposed Study 

A major problem in removing Hg from coal-fired power plants is understanding its 

heterogeneous chemical pathway. Although the adsorption mechanism of Hg is 

complicated, a basic understanding can be achieved by investigating both energetic and 

electronic interactions of Hg on sorbent surfaces.  Computational modeling investigations 

have been carried out to examine the binding of Hg species and SO2 on calcium oxide 

and Hg on noble metals. Both of these studies have been completed and published in 
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several manuscripts, i.e., Journal of Physical Chemistry C and Main Group Chemistry. 

[20-22]  

A packed-bed and burner system have been constructed to test the adsorption of Hg on 

virgin, brominated, and sulfonated activated carbon (AC) surfaces. The adsorption of Hg 

in the presence of air with the support of computational modeling has been carried out on 

activated carbon sorbents, with the results recently published in the Journal of the Air & 

Waste Management Association and an additional manuscript submitted to Langmuir.  

[23,24] The effects of the flue gas environment such as SO2, nitrogen oxide (NO), 

nitrogen dioxide (NO2), hydrogen chloride (HCl) and bromine (Br2) on the adsorption of 

Hg have also been tested experimentally. Sorbents before and after Hg exposure have 

been characterized using x-ray photoelectron spectroscopy (XPS) and x-ray absorption 

fine structure spectroscopy (XAFS). These recent results are currently being compiled 

into a final manuscript.  

1.3 Outline of the Dissertation 

This dissertation is outlined as follows: An introduction is provided to give information 

about the removal of Hg in power plants and a summary of the problems that are present 

throughout the remediation process of Hg. A detailed background discussing the quantum 

mechanical and the spectroscopic methods that are employed is provided in the 

Methodology section. Following these five chapters the results of Hg binding 

mechanisms on different sorbent materials are discussed. Finally, there is a section that 

discusses future work and includes a summary. 
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Chapter 2 

Literature Review of Hg Removal 

from Coal Combustion 

2.1 Pollutant Control in Coal Combustion Power Plants 

In coal-fired power plants steam produced in a boiler is used to generate electricity. In a 

steam boiler, water is heated under pressure to produce high-temperature and high-

pressure steam, which then passes through a steam turbine that spins an electric 

generator. The heat required to produce steam is obtained by burning a fossil fuel such as 

coal. Flue gas formed after burning the coal contains hazardous emissions which are 

treated with pollutant control devices placed after boiler. Figure 2.1 shows a general 

diagram of typical emission control systems present in pulverized coal combustion power 

plants. It can be seen from Figure 2.1 that the flue-gas temperature decreases from high 

combustion temperatures down to 50 °C. This temperature difference is important for the 

efficient removal or conversion of flue gas pollutants. Some of the major units employed 

as air pollution control devices are described in the next sections. The inclusion of these 
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descriptions is necessary when considering Hg removal due to the co-benefits that exist 

throughout traditional flue gas scrubbing systems. 

 

Figure 2.1: Representative advanced pollutant control systems in pulverized coal 

combustion power plants 

2.1.1 Selective Catalytic Reduction  

According to 2005 and 2009 data, the capacity of U.S. coal-fired plants is over 1756 GW 

and only one fifth of these power plants have NOx control technologies.
 
[24] However, 

implementation of additional NOx control processes to more power plants is anticipated 

by 2015, as shown in Figure 2.2. [25] NOx emissions are mainly controlled by selective 

catalytic reduction (SCR) processes. In an SCR process ammonia (NH3) reacts with NO 

and NO2 gases on the catalyst surface and reduces them to nitrogen (N2) and water vapor 

(H2O). Ammonia is diluted with air or steam and this mixture is injected into the flue gas 

upstream of a metal catalyst bed where it reacts with the gas coming from the 

economizer, as can be seen in Figure 2.3. [26,27] The SCR catalyst bed reactor is placed 

400 between the economizer outlet and air heater inlet, where temperatures range from 

230 to °C. Oxides of vanadium, titanium, tungsten, or zeolites are used as catalysts and 

the following reactions occur across the catalyst bed. [25] 

4NO + 4NH3 + O2 → 4N2 + 6H2O 

2NO2 + 4NH3 + O2 → 3N2 + 6H2O 

NO + NO2 + 2NH3 → 2N2 + 3H2O 
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Figure 2.2: Projected Coal-fired Capacity with SCR
 
[24] 

 

Figure 2.3: Schematic Diagram of Selective Catalytic Reduction Unit
 
[26] 
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2.1.2 Electrostatic Precipitator  

Particulate matter (PM) emissions consist of fly ash and unburned carbon. The content 

and amount of ash are a function of coal properties, furnace-firing configuration and 

boiler operation. Depending on the boiler type, approximately 50% to 80% of the total 

ash exits the boiler as fly ash. PM emissions can also be formed from the reactions of 

SO2, NOx compounds and unburned carbon particles. PM emissions in coal-fired power 

plants are controlled by fabric filters (FF) and electrostatic precipitators (ESP). Fabric 

filters collect particulate matter on the surfaces of filter bags by inertial impaction, 

interception, Brownian diffusion, and sieving on already collected particles that have 

formed a dust layer on the bags. Particles can also be captured by electrostatic attraction 

in the dust layer and in the fabric itself. These multiple mechanisms are responsible for 

the efficient capture of different particle sizes in the FF. [25] ESP units charge incoming 

particles and are housed with oppositely-charged collectors that attract the charged 

particles. Particles collected on the plates are stored in the ESP hopper. The efficiency of 

the ESP depends on the electrical resistivity and sizes of the particles being collected. For 

instance, coal with high sulfur content and chemical reagents injected into the flue gas 

decrease the resistivity and the particles are easily collected. Previously, ESP units were 

installed downstream of the air heater where the flue gas temperature range between 130 

and 180 °C.  Currently, since low-sulfur coals are commonly used in power plants, ESP 

units are installed upstream of the air preheater to decrease the resistivity of particles by 

increasing the flue gas temperature.
 
[25] 

 

2.1.3 Flue Gas Desulfurization  

Flue gas desulfurization (FGD) systems are separated into dry and wet FGD systems 

depending on coal‟s sulfur content. Plants burning low-sulfur coal typically use dry FGD 

systems located before the ESP and after the air heater with approximately 90% to 95% 

SO2 removal. The scheme of a dry FGD system is illustrated in Figure 2.4. In the dry 

FGD process lime and water are added to the flue gas and the following reactions occur:
 

[27] 

javascript:void(window.open('/apti/bces/glossary/index.htm#inertialimp',null,'scrollbars,resizable,width=320,height=320'));
javascript:void(window.open('/apti/bces/glossary/index.htm#interception',null,'scrollbars,resizable,width=320,height=320'));
javascript:void(window.open('/apti/bces/glossary/index.htm#browndiff',null,'scrollbars,resizable,width=320,height=320'));
javascript:void(window.open('/apti/bces/glossary/index.htm#sieving',null,'scrollbars,resizable,width=320,height=320'));
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CaO + H2O → Ca(OH)2 

Ca(OH)2
 
+ SO2→ CaSO3•½H2O + ½H2O 

Subsequently, the FGD solids formed from the SO2 reaction are captured by ESP units or 

fabric filters (FF).   

Figure 2.4: Scheme of Dry FGD Systems [27] 

Wet FGD systems are used in plants where high-sulfur coal is burned and it is possible 

to achieve 95% to 98% SO2 removal. In wet FGD processes water sprayers are used to 

saturate the flue gas, and calcium carbonate (CaCO3) is injected in to the system, as 

shown Figure 2.5. Sulfur dioxide in flue gas reacts with CaCO3 and calcium sulfite 

(CaSO3 ½H2O) is formed. CaSO3 ½H2O is oxidized in a subsequent reaction and calcium 

sulfate (CaSO4 2H2O), known as gypsum, is formed as a final product. [27]
 

CaCO3
 
+ SO2

 
+ ½H2O → CaSO3 ½H2O + CO2 

CaSO3  ½H2O + ½O2
 
+ 3/2H2O → CaSO4  2H2O 

Today‟s technology uses forced oxidation to improve the FGD chemistry to maximize 

gypsum formation. Both dry and wet FGD systems have high capital costs due to the 

usage of non-corrosive materials in the systems.   
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Figure 2.5: Scheme of Wet FGD Systems
 
[27] 

Gypsum obtained and modified through recycling processes from FGD byproducts is 

termed synthetic gypsum as opposed to the traditionally mined, crude gypsum. Calcined 

gypsum is produced from crude or FGD waste gypsum to manufacture wallboard and 

plaster products, while the uncalcined gypsum is used for Portland cement production 

and agricultural applications. The demand for synthetic gypsum is steadily increasing, 

with approximately 8.3 million metric tons or 71% of all synthetic gypsum, generated 

from domestic FGD systems was used in 2003 compared to 68% in 2002. In particular, 

93% was used for wallboard production, 5% for cement and concrete manufacture, and 

about 2% for agricultural applications. [28] The United States dominates the world in 

gypsum production, accounting for about 16.4% of the global output in 2003, with the 

world gypsum production being 102 million metric tons in which approximately 32 

million metric tons is synthetic. Specifically, the following countries were the top 

producers of total gypsum in 2003: United States 16.7, Iran 10.5, Canada 8.8, Spain 7.5, 

China 6.8, Mexico 6.5, and Thailand 6.3 million metric tons. [30,31] Since oxidized Hg 

is water-soluble, a method for capture is via the co-benefit of an FGD unit. However, the 

ultimate fate of Hg throughout the recycling process of gypsum to wallboard is still being 
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studied. The current work aims to understand Hg‟s life cycle throughout the traditional 

gas scrubbing systems, from SCR, ESP, and FGD units.  

2.2 Mercury Removal Technologies 

Mercury speciation has a strong impact on its capture by air pollution control equipment. 

Depending on the flue gas conditions Hg may be present in the flue gas as elemental 

mercury vapor (Hg
0
), as an oxidized mercury species (Hg

2+
), and as particulate-bound 

mercury (Hg
p
). Elemental Hg, released into the exhaust gas, can then be oxidized to Hg

2+
 

via homogeneous and heterogeneous oxidation reactions. Among these Hg species, Hg
0
 

is difficult to capture due to its insolubility in water, high volatility and chemical 

inertness. [31] Different control technologies such as fabric filters (FF), FGD units and 

sorbent injection can be applied to decrease Hg emissions. Depending on the type of coal 

burned in boilers and Hg speciation, Hg removal efficiency can show significant 

variation making it difficult to find a consistent Hg removal technology for different 

types of coal burned in boilers. [24] 

2.2.1 Particulate Matter Control Devices 

As previously discussed, PM control devices are commonly used to separate particulate 

matter (PM) from dusty gases. The interaction of gaseous Hg with PM causes small 

amounts of Hg to be adsorbed on the surface and captured by PM control devices. These 

devices can sufficiently capture Hg in bituminous and subbituminous coals, which 

produce a large amount of PM post combustion. In addition, PM control devices can 

remove Hg captured via sorbent injection methods. Cold-side ESP (CS-ESP) and hot-side 

ESP (HS-ESP) units are used to capture PM; however, they were shown to be much less 

effective when compared to those with FF for both bituminous and subbituminous coals 

because there is less contact between gaseous Hg and fly ash in ESP units. [24] 
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2.2.2 Activated Carbon Injection 

Activated carbon injection is one of the most common Hg remediation processes present 

in power plants. Depending on the location of injection, two different processes, i.e., 

powdered activated carbon (PAC) or fixed-bed granular activated carbon (GAC), can be 

used to capture Hg. In PAC injection, AC is passed through the flue gas stream and 

removed in FFs or ESP, whereas in GAC injection, an adsorption unit is placed 

downstream of the FGD unit to remove Hg as a final treatment process.
 
[32]  In both 

processes the exact injection location depends on the plant configuration. Granulated 

activated carbon is much less commonly employed for mercury control in coal-burning 

power plants due to the pressure drop across the packed-bed. In the case of PAC 

injection, temperature, the amount of sulfur trioxide (SO3) and halogen concentration in 

the flue gas stream impact the adsorption capacity of standard PAC. It is reported that 

standard PAC works well at approximately 140 °C and its capacity decreases 

dramatically as the temperature approaches 180 °C. [24] In addition, if the sulfur content 

in the flue gas is high, the adsorption capacity of PAC is likely to decrease due to the 

competition of high levels of SO3 and Hg for the active sites on PAC; therefore, this 

process is generally effective for Hg capture on low sulfur bituminous coal applications. 

PAC injection is effective in decreasing Hg
2+

 concentrations in flue gas. A lower halogen 

concentration in coal leads to lower levels of halogen in the flue gas, which results in 

reduced Hg oxidation in flue gas. [24] In some situations, the halogen concentration 

inside the flue gas is not adequate for Hg oxidation. Hence, for these situations 

chemically-treated PAC has been developed to overcome the limitations of PACs. 

[34,35] Chemically-treated PACs work well where standard PACs are not as effective for 

Hg adsorption and improve the cost effectiveness of Hg removal, since it may not be 

necessary to install a downstream FF. 

Current State of Knowledge  

Sorbent injection upstream of a particulate matter control device is an effective control 

technology for Hg emissions from coal-fired power plants. Of the many sorbents, which 
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have been developed and studied for effective Hg control, AC has been extensively tested 

in lab-scale and full-scale systems and has shown its capacity to capture both elemental 

and oxidized Hg in coal combustion flue gas. In general, AC demonstrates higher Hg 

removal performance in bituminous coal rather than in subbituminous coal or lignite 

combustion flue gas because the combustion of the bituminous coal results in a higher 

concentration of HCl in the flue gas. A relatively large amount of AC injection is 

required for the control of Hg from subbituminous coal or lignite combustion flue gas, 

and the use of chemically-treated ACs is an effective option; therefore, it is important to 

understand the adsorption mechanism of Hg on AC sorbents to enable the design and 

fabrication of effective Hg capture technologies.  

Huggins and co-workers [36] obtained AC samples exposed to Hg in various simulated 

coal combustion flue gas conditions and characterized them using X-ray absorption fine 

structure (XAFS) spectroscopy. They observed that Hg sorption is dominated by anionic 

species, such as sulfides, chlorides, oxides and iodides present within the matrix of the 

sorbent or bound to the sorbent surface. They also found chlorine and sulfur are 

significantly adsorbed on the AC surface after exposure to HCl and SO2 The results of 

the XAFS spectra obtained from Hg adsorbed on these tested AC samples indicate that 

little or no Hg
0
 was present and that Hg-anion chemical bonds are formed on the sorbent 

materials, suggesting chemisorption to be the primary adsorption mechanism. From these 

results, they infer that an oxidation process is involved in the ultimate capture of Hg
0
 by 

bonding to iodine (I), chlorine (Cl), sulfur (S) or oxygen (O).  Hutson et al. [37] 

characterized chlorinated AC and brominated AC using XAFS and X-ray photoelectron 

spectroscopy (XPS) after exposing the carbons to Hg
0
-laden simulated flue gas. They 

found no Hg
0
 on the AC surface, but found Hg binding on carbon at the chlorinated and 

brominated sites, and proposed that Hg capture by chlorinated and brominated carbons is 

achieved by surface oxidation of elemental Hg with subsequent binding on the surface.  

Olson et al. [38,39] suggested that acidic sites on the surface are responsible for 

elemental Hg capture on AC. Elemental Hg has the propensity to oxidize thereby 

donating its electrons to a surface or another gas-phase molecule; therefore, in its 

elemental state, Hg acts as a base with the desire to interact with an acidic site on the 
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carbon surface. Oxidized Hg is suggested to be competitive with acidic gases such as HCl 

and SO2 for the basic sites on the surface. The oxidized form of Hg leaves the Hg atom 

electron-depleted and partially positive, hence its acidic nature and propensity to reactive 

with surface basic sites while competing with other gas-phase acid species. Olson et al. 

have conducted fixed-bed tests with various gas conditions for Hg
0
 and HgCl2 adsorption 

on AC to refine their model. [39-40] As well known from lab-scale and full-scale studies, 

HCl was found to improve the performance of AC in Hg capture from the fixed-bed 

experiments. In particular, above a threshold value of between 0 and 5 ppm, HCl was 

suggested to significantly decrease the time needed for the formation of active oxidation 

sites. These authors found that AC captures Hg very well after the induction period (time 

needed for oxidation site formation) without HCl in the presence of NO2. NO2 was also 

indicated to act as an oxidizing reagent due to the formation and presence of the oxidized 

form, Hg(NO3)2, in the effluent gas from the test with NO2 in the absence of HCl. [41] 

The increase in NO2 concentration also decreased the induction period, although in the 

absence of HCl a high level of NO2 did not eliminate the induction period; therefore, the 

authors concluded that both acid species, HCl and NO2 promote the carbon sites for 

oxidation of Hg
0
. In addition, NO2 may act as a primary oxidant in Hg oxidation, while 

HCl is essential for elimination of the induction period when a low level of NO2 is 

present. Based on their model, AC is expected to show good capture efficiency for HgCl2 

in the absence of acid gases because oxidized Hg may be adsorbed on basic sites of the 

carbon surface since atomic Hg within this molecule is acting as an acid (depleted 

electron density due to chlorine‟s higher electronegativity). In fact, moderate initial 

capture efficiency (i.e., 77%) for HgCl2 was shown experimentally in the absence of acid 

gases (SO2, NO2, HCl, and NO), although the capture efficiency is significantly higher 

compared to the corresponding experiment for Hg
0
. Activated carbon also showed 

excellent capture in tests carried out with NO2 or HCl as the single acid gas component. 

HgCl2 was found reduced on the carbon surface in the test with SO2 in the absence of 

HCl and NO2. Thus, although the test results were consistent with their model for the 

binding of HgCl2 to basic sites, HgCl2 adsorption on carbon surfaces was strongly 

affected by the flue gas composition. Current studies for a Hg adsorption mechanism 

show that the form of Hg adsorbed on the AC surface is oxidized. The oxidant for the 
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oxidation of Hg
0
 with subsequent binding may be provided from the interaction between 

the carbon surface and acid gas-phase components such as HCl and NO2. Other gas 

components, especially SO2 and H2O, may also interact with the carbon surface and 

affect the Hg adsorption mechanism. The oxidized form of Hg, HgCl2, can be adsorbed 

on the carbon surface in the absence of acid gases, but its adsorption is also closely 

related to the interaction with flue gas components. 

In addition to XAFS and XPS studies, Inductive Coupled Plasma (ICP) techniques have 

been used to detect total trace metals (TMs) concentrations on carbon and fly ash 

sorbents. [42-45] Presto et al.[45] tested Hg adsorption on brominated AC samples under 

varying conditions of SO2 and SO3 concentrations using a packed-bed reactor and 

simulated flue gas. They determined total Hg content (μg/g) and S % of the AC samples 

with an uncertainty of approximately ±10% using Inductively Coupled Plasma-Atomic 

Emission Spectroscopy (ICPAES). They concluded that the sulfur on the AC surface was 

primarily sulfate, and that Hg competed with sulfur oxides for the same binding sites. ICP 

techniques have a minimum detection limit of less than 50 ppb of TMs, which is below 

the total amount of TMs on fly ash and carbon sorbents that are used in coal combustion 

applications. Although the detection limit of ICP techniques is low, successful speciation 

of TMs depends on their removal from sorbents without changing their oxidation states. 

[44] 

Coal contains an excess of chlorine (ppm), and the extent of Hg oxidation is known to 

depend on chlorine content. [46-48] According to both experimental and theoretical 

thermodynamic investigations, HgCl is the most likely oxidized species found on AC 

surfaces. [49] Theoretical studies of homogeneous trace metal (TM) oxidation kinetics to 

form oxides and chlorides have been carried out. [48, 50-52] Yet to date, little is known 

about Hg oxidation and adsorption pathways. The relative stabilities of adsorbed Hg 

species and the different structural and electronic adsorbate-surface interactions will 

reveal details of how the surface mediates conversion between the different oxidized 

forms. While it is widely accepted that halogens such as chlorine and bromine increase 

the adsorption capacity of AC surfaces, the exact mechanism of this influence remains 

unknown. Several investigations support the zigzag carbine edge structure model, where 
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the zigzag edge site reacts with acid gas components as a Lewis base site to create a 

reactive oxidation site. [53,54] Halogenated AC has the potential to be a cost-effective 

Hg adsorbent, and further investigations are necessary to elucidate the Hg adsorption 

mechanism. A thorough understanding of the complicated mechanism of Hg adsorption 

on AC could be useful in improving Hg emission control technologies. 

Currently, the species of Hg adsorbed on the carbon surface is not clearly identified, 

and the Hg adsorption mechanism on the carbon surface and the effects of the flue gas 

components in the Hg adsorption mechanism are not well understood. Therefore, this 

dissertation involves the investigation of the possible binding mechanism of Hg on AC 

sorbents depending on flue gas components by applying experimental characterization 

alongside density functional theory (DFT)-based modeling. 

2.2.3 Mercury Removal in FGD Systems 

Depending on the sulfur content burned in combustion utility boilers, plants may be 

equipped with dry or wet FGD systems. Although FGD systems are built for sulfur 

removal, wet FGD systems are capable of capturing the water-soluble form of Hg, i.e., 

Hg
2+

, as a co-benefit. It has been estimated that up to approximately 90% of Hg
2+

 can be 

removed on calcium-based wet FGD systems. [27]
 
In a wet FGD system SO2 is contacted 

with a limestone-based slurry and through forced oxidation, hydrated gypsum is 

generated where it is recycled through wallboard and stucco production. After generation, 

these waste products can be calcined, i.e., dehydrated under high temperature and 

pressure conditions. It is this stage in the recycling process in which Hg bound to the 

calcium-based sorbent can be reemitted and cause environmental concern and possible 

contamination. A study conducted in 2005 through the Department of Energy, NETL, 

indicated minimal leaching of Hg from FGD byproducts. However, the study was vague 

indicating that an „unknown‟ binding agent present in the SO2-capture reagent was 

responsible for the minimal leaching and subsequent stability of Hg at moderate 

temperatures of 94ºC or less. [54] In fact, a conflicting study by Heebink and Hassett was 

published in the same year, indicating that at high-temperature conditions, which are 
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required for gypsum calcification, Hg leaching should not be neglected and that “the 

potential for Hg release during the calcining process of FGD gypsum wallboard 

production exists.” This publication also states that additives used in the process of 

gypsum calcining have yet to be investigated for minimizing potential TM leaching. [55]  

2.2.4  Mercury Removal at Elevated Temperatures 

Activated carbon and FGD processes are often incorporated to capture TMs (mainly 

Hg
+2

). Although these processes work fairly well for Hg
2+

 capture for combustion 

applications, they fail at elevated temperatures, at which point AC-based sorbents break 

down. Hence, worldwide there currently exist few control technologies for TMs at high 

temperatures. Also, Hg
0
 proceeds through combustion flue gas uncaptured due to its low 

reactivity. Lastly, TM capture via FGD and AC injection units decrease coal‟s 

sustainability by compromising the recycling of fly ash and FGD waste byproducts. 

Activated carbon that is used for Hg capture is collected in ESP units along with the fly 

ash for recycling processes. However, within concrete manufacturing the addition of 

spent AC prevents concrete from meeting the freeze-thaw requirements, which 

compromises its structural integrity and functionality. [56] Capturing TMs at elevated 

temperatures will minimize the contamination of collected fly ash and scrubbed sulfur 

dioxide so that these processes can remain to increase coal‟s sustainability through their 

effective recycling. Metal sorbents, i.e., specifically palladium (Pd) and gold (Au) have 

been investigated for their potential to enhance the removal of Hg at elevated 

temperatures. It is important to note that although Pd and Au are more costly, per ounce 

than AC, due to their high selectivity for TM adsorption, the amount of material to be 

used for capture would be much less than that of AC, which could make the capital 

investment lest costly for the metal-based capture technology. 

Palladium modifiers enhance the retention of the semi-volatile elements such as Hg, Se, 

As, phosphorus (P) and cadmium (Cd) during the drying and pyrolysis heating stages of 

graphite tube atomic absorption or emission spectrometry. [58-61] Granite et al. and 

Poulston et al. have determined that among these elements, Hg shows higher removal 

efficiency on Pd sorbents at high temperatures. [62,63] In addition, the regeneration of Pd 



18 

 

 

 

sorbents is an important issue due to its high cost. It has been suggested that either 

chemical or heat treatments can be used to recover spent Pd sorbents. [63] Moreover, Pd 

sorbents are also used to recover Hg vapor emissions from dental amalgams. [64-66] The 

interaction between Au and Hg has been known for many years. In gold mining, the 

chemical reactivity of liquid Hg to form Au-Hg amalgams has been taken advantage of 

for the recovery of Au particles. [66] However, it has been discovered that Hg-Au 

amalgamation occurs when bulk Hg is deposited on a Au surface. [68,69] Also, it has 

been found that deamalgamation can occur by heating the Au. [69] Battistoni et al. have 

studied the adsorption of Hg on Au surfaces with X-ray photoelectron spectroscopy 

(XPS), and found that Hg was adsorbed onto a thin sublayer surface. [70] In addition, 

arrays of Au plates placed upstream of ESP units are used to capture Hg and 95% 

removal efficiency has been obtained. However, this efficiency decreased to 45% in 25 

hours. [71] To improve the interaction of Pd and Au sorbents with Hg, it is crucial to 

understand the surface chemistry associated with the sorbent materials. Current research 

is mainly focused on experimental and ab-initio quantum mechanical techniques to 

understand these surface interactions. 
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Chapter 3 

Methodology 

3.1 Density Functional Theory 

DFT is a theory of correlated many-body systems. The fundamental approach of DFT is 

that any property of a system of many interacting particles can be represented as a ground 

state density which is a scalar function of position, 0(r) and determines all the 

information in the many-body wave functions for the ground and excited states. DFT is 

based upon two theorems proved by Hohenberg and Kohn. [72] The first theorem states 

that for any system of interacting particles in an external potential, Vext(r), the potential is 

determined by the ground state particle density, ρ0(r). Because the Hamiltonian of the 

system is fully determined, many-body wavefunctions for ground and excited states can 

be found by only using the density, ρ0(r). The second theorem defines the total energy of 

the system, EHK(ρ(r)) as a function of the density, ρ(r). For any particular potential, 

Vext(r), the exact ground state energy of the system is the global minimum of this 

functional and the density (r) is the exact ground state density ρ0(r). Thus the total 

energy of the system is defined as 

                      ρ       ρ          ρ             ρ    
                     (3.1) 
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where T(ρ(r))  and Eint (ρ(r)) are the kinetic and potential energy of the particles, 

respectively and EII is the interaction energy of the nuclei. The difficulty in dealing with 

the Hohenberg-Kohn equation is determining the kinetic energy from the density. For 

instance in the case of solids, the density is similar to sums of overlapping atom densities. 

Therefore, it is difficult to obtain appropriate information from the electron density even 

for well-known ionic crystals and to distinguish between metals and insulators.  

In 1965 Kohn and Sham realized that deriving the electron-electron interaction term 

within the Hamiltonian is difficult and that the total energy of the system can be 

calculated if the Hamiltonian operator is known for a non-interacting system of electrons. 

Such a Hamiltonian has eigenfunctions that are Slater determinants of the individual one-

electron eigenfunctions and has eigenvalues that are the sum of the one-electron 

eigenvalues. [73] In the Kohn-Sham formalism, the kinetic energy of non-interacting 

electrons is included in terms of independent particle wavefunctions, in addition to 

interaction terms that are modeled as a functional of the density.  Because the kinetic 

energy is treated in terms of orbitals, quantum properties do not depend on the electron 

density. In the Kohn-Sham formalism, the energy of the system is written as: 

                                                                     (3.2) 

where the terms on the right hand side refer to the kinetic energy of the non-interacting 

electrons, the nuclear-electron interaction, the classical electron-electron repulsion, the 

correction to the kinetic energy derived from the interacting electrons, and non-classical 

corrections to the electron-electron repulsion energy, respectively. The last two terms on 

the right hand side of the equation (3.2) can be combined together in one term called the 

exchange-correlation energy, Exc(ρ(r)). The exchange-correlation energy includes both 

the effects of quantum mechanical exchange and correlation, the correction for the 

classical self-interaction energy and for the difference in kinetic energy between the 

fictitious non-interacting system and the real one. Additional details of exchange-

correlation functional are explained in the following section. 
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3.2 Exchange-correlation Functional 

The quality of the density functional approach strictly depends on the accuracy of the 

chosen approximation to the exchange-correlation functional.  The exchange-correlation 

energy is generally a small fraction of the total energy of an atom, collection of 

molecules, or solid, but the contribution of Exc to the chemical bonding or atomization 

energy is 100% or more. [74] Most modern functionals do not calculate the exchange-

correlation functional explicitly, instead they use a “hole” function that contains 

information about the non-classical contributions to the potential energy due to the 

electron-electron interaction. [75] The basic approach to obtain this contribution uses a 

local density approximation (LDA), which is based on an incompressible and uniform 

electron gas. [74,77] The uniform gas model is a system in which electrons move within 

a positive background charge distribution resulting in a neutral ensemble. [75] The 

electron density remains constant as the number of electrons N and the volume V of the 

gas are considered to approach infinity. This is a similar situation that is seen in idealized 

metal systems consisting of a perfect crystal of valance electrons and positive cores 

where the cores have a uniform positive background charge. Although the behavior of the 

uniform gas model is far from that of realistic atoms and molecules due to their variable 

electron densities, the uniform electron gas model is the only system for which the 

exchange and correlation energies can be computed with high accuracy. Using the 

uniform electron gas assumption the total exchange-correlation energy can be found by 

integrating over all space yielding the following expression:    

                                    
                         

          (3.3) 

where εXC is the exchange-correlation energy per electron as a function of the density in 

the uniform electron gas. [76] Equation (3.3) indicates that the value of εXC at the position 

r can be calculated from the value of the density at that position. The term εXC can also be 

split into exchange and correlation contributions as shown in equation (3.4). 

                                                                           (3.4) 
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The exchange component, εX of equation (3.4) describes the exchange energy of an 

electron in a uniform density of a specific electron density and is written as, 

                                                      
          

               (3.5) 

where   
    and Un represent a single Slater determinant and Hartree electrostatic self-

repulsion of the electron density, respectively.   The correlation component εc is the 

remaining unknown piece of the energy and defined with the following expression: 

                                         
            

        
            

          (3.6) 

In equation (3.6), the wavefunction   
    minimizes <T+Vee> leading to a zero or 

negative correlation energy (εc≤0). In addition the wavefunction   
    minimizes <T> 

indicating that εc is the sum of a positive kinetic energy and a negative potential energy.
 

[74] The correlation functional is explained with analytical expressions given by 

Ceperley and Alder (1980); Vosko, Vilk and Nusair (1980) and Perdew and Wang 

(1992). LDA is also expressed in an unrestricted case where the electron density is equal 

to the sum of two spin densities. The unrestricted case of LDA is called the local spin-

density approximation (LSDA) and can be expressed by: 

                                    
                                

          (3.7) 

where ρα(r) and ρβ(r) represent two spin densities.
 

[75] Systems including spin 

polarization such as open-shell systems are required to use the spin-polarized formalism 

of LDA. [73] Although in LSDA the exchange-correlation potentials depend only on the 

local values of ρα(r) and ρβ(r), it can be successfully applied to calculate molecular 

properties such as equilibrium structures, harmonic frequencies or charge moments. 

However, it yields poor estimations to energetic parameters, such as bond energies. LDA 

generally overestimates bond energies due to the deviations from the exact differential 

exchange energy upon bond formation, caused by the displacement of the exact exchange 

hole during the bonding. [75] 

In the early eighties, the uniform electron gas model used in LDA was improved by 

including both the density and the gradient of the density in the exchange-correlation 
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functional. With this addition, the correlation functional takes into account not only the 

density at a particular point, but also the locally-changing density (gradient of the 

density) to consider the non-homogeneity of the true electron density. This approximation 

is called the generalized gradient approximation (GGA), which includes the exchange-

correlation energy calculated with LDA as a first term of a Taylor expansion and expands 

the series to obtain an improved approximation. The exchange-correlation energy 

calculated with GGA is shown in equation (3.8).  

                 
             

               
   

       
      

  
   

 
 
    

     +…       (3.8) 

GGA can be applied to systems where the electron density is varying slowly. For 

example within the GGA, the EXC can be separated into an exchange and correlation 

contribution with the exchange component of EXC written as 

                                       
      

             

 

              (3.9) 

where F(s) and sare the reduced density gradient for spin, α and local inhomogeneity 

parameter, respectively. The function, F can be calculated with many different 

approaches, which are described in detail elsewhere, i.e., Adamo, di Matteo, and Barone, 

1999; Becke, 1988b; Lee, Yang, and Parr, 1988 (LYP); Filatov and Thiel, 1997 (FT97), 

Perdew, 1991, and Burke, Perdew, and Wang, 1998 (PW91) and Perdew, Burke, and 

Ernzerhof, 1996 (PBE). [75] Each of the approaches can yield accurate results for 

different systems, thus they should be selected according to their relative error between 

theory and experiments. The typical relative errors for atoms, molecules and solids, and 

also the mean absolute error of the atomization energies for 20 molecules computed via 

the Kohn-Sham formalism within the LSDA and GGA approximations are presented in 

Table 3.1. [75,78]  

 

 



24 

 

 

 

Table 3.1: Typical relative and mean absolute errors from Kohn-Sham formalism within 

the LSDA and GGA. 

Property 
 Relative and Mean Absolute Errors 

 LSDA   GGA 

Ex  5%  0.50% 

Ec  100%  5% 

Bond Length  1% (too short)  1% (too long) 

Energy Barrier  100% (too low)  30% (too low) 

Atomization Energy   1.3 eV (overbinding)   0.3 eV (mostly overbinding) 

The relative and absolute errors associated with the properties of atoms, molecules and 

solids are found to be higher in the case of LSDA. In most cases, the GGA shows higher 

accuracy compared to the LSDA due to the gradient corrections to the exchange-

correlation hole located near the electron. 

3.3 Failure of DFT  

DFT has proven to be a significant improvement over molecular orbital theory, especially 

for the transition metals. DFT reduces the many-body problem of N electrons with 3N 

coordinates to only 3 coordinates through the optimization of electron density rather than 

that of a wavefunction. This makes DFT calculations faster than molecular orbital 

calculations so that they can be applied to periodic systems. Although DFT can be 

reliable and allows for significantly faster calculations, to optimize the periodic 

structures, there are major failures which are listed below: 

1) Modern functionals calculate the energy as a function of the local density and the 

density gradient, and fail at accurately capturing the nature of the long-range 

London dispersion forces (van der Waals attractions). Although noble gas dimers, 

i.e. He2, Ne2, etc., show potential energy minima at van der Waals contact,  DFT 

predicts the potential energy curves for these dimers to be repulsive, which 

indicates that these structures are unstable. 
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2) In hydrogen-bonded systems, i.e. nucleic acid base pairs, heavy-atom‒heavy-

atom distances are found to be shorter, and the polarities of most charge transfer 

complexes are overestimated so that they are fictitiously strongly bound. 

3) DFT overestimates the charge transfer interactions which are the forces that keep 

intermolecular complexes together. [75] 

3.4 VASP 

Vienna ab-initio Simulation Package (VASP) is written by Georg Kresse and Jürgen 

Furthmüller. [79-81] It is an ab-initio quantum mechanical molecular dynamics (MD) 

simulation package that can calculate electronic ground states at each MD time step. 

VASP is based on the local density approximation (LDA) scheme in which the free 

energy is a variational quantity evaluated by the self-consistent solution of the Kohn-

Sham functional. With the help of iterative matrix diagonalisation schemes, such as 

RMM-DISS, and the blocked-Davidson algorithm, and the efficient charge density 

mixing technique, VASP can avoid problems occurring within the simultaneous 

integration of the electronic and ionic equations of motion. [81] VASP uses ultra-soft 

Vanderbilt pseudopotentials (US-PP) and the projector-augmented wave (PAW) method 

to define the interaction between ions and electrons. [83-86] Both US-PP and PAW 

decrease the number of plane waves per atom keeping the size of the basis set very small 

for transition metals and first row elements. VASP determines the symmetry of an 

arbitrary system and sets up the k-point mesh size based on a Monkhorst Pack grid. [86] 

The integration of the band-structure energy over the Brillouin zone is performed with 

smearing or tetrahedron methods. The addition of Blöch's corrections to the tetrahedron 

method increases the convergence speed at the specific k-point. 

3.5 Experimental Characterization 

The following characterization techniques are used in the experimental investigations of 

the proposed research efforts. 
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3.5.1 X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy is a surface chemical analysis technique, developed in 

1960s by Kai Siegbahn who received the Nobel Prize in Physics in 1981 for his work on 

XPS. The phenomenon depends on the photoelectric effect, outlined by Einstein in 1905 

in which the photon was used to eject electrons from the sample surface. The XPS 

technique uses a monochromic beam of Al Kα (1486.6eV) or Mg Kα (1253.6eV) to 

measure the elemental composition, empirical formula, chemical state, electronic state of 

the material and thickness of one or more thin layers of different materials.  Photons, 

absorbed by an atom in a molecule or solid, lead to ionization and the emission of a core 

(inner shell) electron. The energy and the number of electrons originated from within the 

top 1 to 10nm of the sample is determined by any appropriate electron energy analyzer, 

producing a spectrum with a series of photoelectron peaks. Since the binding energy of 

the peaks is characteristic of each element, a plot of the number of electrons detected 

versus the binding energy of the electrons detected gives the identification and the 

composition of a materials surface. The shape of each peak and the binding energy 

depends on the chemical state of the emitting atom. XPS must be carried out under ultra-

high vacuum conditions to accurately count the number of electrons. In the experimental 

setup, XPS will be used to quantify the elemental composition of the sorbent and 

determine the chemical states of elements. 

3.5.2 X-ray Absorption Fine Structure 

X-ray absorption fine structure describes the details of how x-rays are absorbed by an 

atom at energies near and above the core-level binding energies of that atom. When the 

energy of the incident photons is just sufficient to cause excitation of a core electron to a 

continuum state, i.e., to produce a photo-electron, a sharp rise in absorption occurs, which 

corresponds to an absorption edge, as shown in Figure 3.1. The resulting photoelectrons 

have a low kinetic energy and can be backscattered by the atoms surrounding the emitting 

atom. The net result is a series of oscillations on the high photon energy side of the 

absorption edge. In an XAFS measurement, the energy dependence of the adsorption 
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coefficient is measured at and above the binding energy of the core level of an atomic 

species. The absorption coefficient depends on the sample density, the atomic number, 

atomic mass and x-ray energy. The edge energies increase with the square of the atomic 

number and most elements can be probed with x-ray energies between 5 and 35 keV. 

XAFS can be divided into x-ray absorption near edge structure (XANES) (within 30 eV 

of the main adsorption edge) and extended x-ray absorption fine structure (EXAFS). The 

XANES technique contains information about the valence and density of states of the 

sample, as well as qualitative structural information. EXAFS analysis can be applied to 

crystalline, nanostructural or amorphous materials, liquids and molecular gases to 

determine the number and species of neighbor atoms, their distance from the selected 

atom and the thermal or structural disorder of their positions. 

 

Figure 3.1: X-ray absorption through photoelectric process 

The EXAFS technique can be described with the wave behavior of the photo-electron 

created in the absorption process. The wave number of the photo-electron (k) is described 

as: 

        
         

  
      (3.10) 
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where E0 is the absorption edge energy, m is the electron mass and ħ is  Plank‟s constant. 

The oscillations as a function of the photo-electron wave (χ(k)) is a primary quantity for 

EXAFS, which is multiplied by a power of k to make the oscillations clear. The 

frequencies of the oscillation in χ(k) depend on the coordination shell of the nearest 

neighbor that is modeled with the EXAFS equation: 

         
        

      
 

   
                                            (3.11) 

where f(k) and δ(k) are scattering properties of the atoms neighboring the excited atom, N 

is the number of neighboring atoms, R is the distance to the neighboring atom, and ζ
2

 is 

the disorder in the neighbor distance. This equation shows that EXAFS oscillations 

consist of different frequencies corresponding to the different distances for each 

coordination shells. In the experimental setup, XAFS is used to determine the bond 

distances and the chemical states of Hg on the AC sorbents. [88,89]  
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Chapter 4 

Mercury Species and SO2 Adsorption 

on CaO(100)  

4.1 Introduction 

In FGD processes, calcium-based sorbent materials are used to capture SO2 from flue 

gas; however, calcium-based sorbents can also capture trace elements (TE) such as Hg, 

arsenic (As), and selenium (Se), in addition to SO2. [90-102] Among all of these trace 

elements, elemental Hg causes the highest concerns, because it is more volatile and can 

easily pass through existing particulate control devices. Since FGD byproducts are used 

in gypsum production, which is then recycled to make wallboard and stucco materials, 

possible release of Hg might occur within the high-temperature recycling processes of 

gypsum. [102] Throughout the world, gypsum production is increasing steadily and the 

U.S. is the largest gypsum producer compensating 16.4% of world demand, with the 

world gypsum production being 102 million metric tons. [104-106] As the gypsum 

demand increases, it is essential to limit Hg capture in FGD processes to prevent the 

possible leaching of Hg in the recycling processes of FGD byproducts.  Understanding 
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the mechanisms associated with Hg and SO2 adsorption will be crucial to limiting TE 

adsorption in FGD processes.  

Mercury can exist in the elemental (Hg
0
), oxidized (Hg

+
, Hg

+2
), or particulate (Hgp) 

forms in the flue gas depending upon combustion conditions, the coal‟s chlorine content, 

and amount of hydrogen chloride (HCl). In addition, depending upon the temperature 

range of the quench zone, oxidized Hg can be found as mercuric chloride (HgCl2) and 

mercuric oxide (HgO) at temperatures lower than 600 ºC and 400 ºC, respectively. 

[107,108] It is known that Hg
0 

vapor is the dominant form compared to the oxidized 

form; however, Hg
0 

reacts with acid species to form Hg
+
 or Hg

+2
.
 
[109] Therefore, it is 

important to investigate the adsorption mechanism associated with the different forms of 

Hg to understand their behavior in the flue gas.  

The content of commercially-used Ca-based sorbents in FGD processes might vary 

with different compositions of CaO, calcium hydroxide (Ca(OH)2), calcium carbonate 

(CaCO3) and  calcium sulfate (CaSO4xH2O). [94] In addition, Ca-based sorbents can be 

exposed to steam by which subsequent hydroxylation can lead to an increase their 

reactivity. The reaction (CaO+H2O↔ Ca(OH)2) between CaO and H2O, being reversible 

and exothermic, occurs rapidly. [109] Kuborovic et al. found that the formation reaction 

of Ca(OH)2 with water vapor equilibrates at approximately 740K and above this value the 

reaction proceeds in the direction of the reactant species, CaO and H2O. The same 

reaction with water in the liquid phase yielded a negative Gibbs Free Energies of reaction 

between 298K and 373K indicating that the reaction occurs in the direction of the product 

species, Ca(OH)2. [110] Previous investigations indicate that water vapor enhances the 

reactivity
 
of Ca-based sorbents by increasing the rate of surface dissolution, thereby 

promoting stable complex formation at high vapor pressures. [99,101,102] In this study, 

the interaction of flue gas species with clean a CaO(100) surface has been examined and 

mechanisms associated with the adsorption of SO2 and Hg species including Hg
0
, Hg

+
 

(HgCl), Hg
+2

 (HgCl2 and HgO) on CaO(100) are reported. Since previous investigations 

have clearly indicated the importance of adsorption based upon the influence of water, 

the inclusion of water will be considered in future studies. The current study provides 

insight to the fundamental chemical reactivity and corresponding mechanisms of  CaO, S, 
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and Hg interactions based upon first-principle density functional theory (DFT) 

calculations. There have been additional theoretical investigations regarding the structure 

of calcium oxide using both cluster and periodic approaches in the literature. [112-117] 

However, none of these studies have examined the adsorption of Hg and its species, 

specifically. 

4.2 Computational Methodology 

The DFT-based geometry optimization and total energy calculations were obtained using 

the plane-wave-based Vienna ab initio Simulation Package (VASP). [79-81] It has been 

suggested that for heavy elements such as Hg, DFT calculations can be computationally-

demanding since both relativistic and correlation effects need to be included for accurate 

geometry and energy predictions. [118-120] Ultrasoft Vanderbilt pseudopotentials were 

used to describe the core orbitals [83,84] and electron exchange correlation functionals 

were calculated using the Perdew and Wang [120] approximation which was described 

using the generalized-gradient approximation (GGA). To test the accuracy of the 

pseudopotentials, bond length (r), dissociation energy (De) and harmonic vibrational 

frequency (ωe) of the Hg2 dimer, HgCl and HgCl2 have been calculated and compared 

against experimental data, as illustrated in Table 4.1. For these test calculations, a plane-

wave expansion with a cut-off energy of 350 eV was employed for Hg and Cl. The 

residual minimization method for relaxation was performed with a single k-point. From 

Table 4.1 it is clear that the vibrational frequency calculated for the Hg2 dimer, HgCl and 

HgCl2 are in reasonable agreement with experiment with a deviation of approximately 2, 

30 and 10 wavenumbers, respectively.  Predicted bond lengths and dissociation energies 

agree well with the experimental data, with the exception of the dissociation energy of 

HgCl, which deviates 0.17 eV from experiment.  
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Table 4.1: Spectroscopic parameters for the Hg2 dimer, HgCl and HgCl2.  

  Hg2  HgCl  HgCl2 

 DFT Exp  DFT Exp  DFT Exp 

Bond Length (Å) 3.61 3.69
a
  2.45 2.36-2.50

b-e
  2.286 2.25-2.44

b-e,h-j
 

Dissoc. Energy (eV) -0.05 -0.047
a 

 -1.18 -1.01
f
  -4.702 -4.68

k
 

Frequencies (cm
-1

) 21.8 19.7
a
   263.71 292.61

g
    343, 393  353, 402.5

l
 

a
 Ref[121], 

b-e
 Ref[123-126], 

f
 Ref[126], 

g
 Ref [127], 

h-j
 Ref[129-131], 

k
 Ref[132], 

l
 

Ref[132] 

DFT can yield reliable predictions for the structure of CaO provided the cut-off 

energies and density of k-points within the Brillouin zone are determined accurately 

through a convergence check of the total energy of the slab calculations. [114] However, 

CaO has a wide band gap (7.1 eV) [133] and it is well known that both the local density 

approximation (LDA) and generalized-gradient approximation (GGA) underestimate the 

band gap of CaO [134-138] due to the neglect of the strong polarization of the charge 

density of the molecule and the strong on-site Coulomb repulsion between the d 

electrons. [139,140] Calcium oxide is a nonmagnetic insulating oxide that has a strongly-

correlated electronic structure. Using a hybrid functional [140] or by adding a Hubbard 

term that defines the strong on-site Coulomb (U) and exchange interaction (J) parameters 

[141] to the GGA Hamiltonian, can improve band gap and magnetic moment predictions 

of metal oxides. [141-143] Additionally, the GW approximation was used to calculate the 

self-energy to account for the Coulomb and exchange interactions for CaO and predicted 

a bandgap of 6.64 eV. [143] Within the current investigation, the band gap of bulk CaO 

has been calculated as 3.54 eV with GGA, which is consistent with other DFT-based
 

studies. [135,138,139] It has been reported that GGA provides reasonably accurate lattice 

constants and cohesive energies, but underestimates band gaps and magnetic moments. 

[141] GGA gives similar or slightly higher binding energies in comparison to GGA+U 

approach on metal oxide surfaces, because of its inability to define Coulomb repulsion. 

[142,145-147] The current investigation is the first of its kind to examine the adsorption 

phenomena of coal combustion flue gas species on CaO using DFT. Future studies will 

involve these higher-order methods, but trends and mechanisms of adsorption can be 

determined by the present study.  
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The CaO(100) surface has been modeled using periodic slabs of CaO with three-

dimensional boundary conditions. Each slab is separated from one another by at least a 

10 Å-thick vacuum layer to minimize interactions between the slabs. For all surfaces, a 

cut-off energy of 520 eV has been used to calculate binding energies. In addition, for the 

relaxation of the structure, a Gaussian-smearing width of 0.1 eV was used to gain further 

accuracy.  Geometry relaxation calculations employed the conjugate-gradient (CG) 

algorithm until the forces on the unconstrained atoms were less than 0.03 eV/Å. To 

validate the accuracy of the calculations, binding energies of Hg
0
 and HgCl have been 

calculated as a function of slab layers and k-point mesh size created by a Monkhorst-Pack 

mesh, as shown in Figure 4.1. [86] 
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Figure 4.1: Binding energies of Hg
0
 and HgCl on top Os of CaO(100) (2x2) as a function 

of number of slab layers and kpoints (on the left). Computational time for the adsorption 

of HgCl on top Os of CaO(100) (2x2) as a function of number of slab layers and kpoints 

(on the right). 

Although the larger 5x5x1 and 7x7x1 k-point mesh sizes have been employed for HgCl 

and Hg
0
 with two-, three-, four- and five-slab layers, it has been found that two slab 

layers with smaller k-point mesh sizes yields reasonable accuracy with binding energies 

of Hg
0
 and HgCl changing by less than 0.0035 eV and 0.0566 eV, respectively. In 
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addition, the CaO surface has been modeled with two different surface structure 

configurations, i.e., 2x2 surface cells with a grid size of 3x3x1 k-points and 2√2x2√2 

surface cells with a grid size of 2x2x1 k-points.  Due to the high number of atoms in the 

2√2x2√2 surface cell, a smaller k-point mesh size has been applied. Adsorption studies 

on smaller surface cells such as 1x1 and √2x√2 have also been carried out; however, it 

has been discovered that the smaller surface cells are not large enough for binding with 

larger molecules such as SO2, HgCl, HgCl2, and HgO lie parallel to the surface.  

Comparing the bond lengths of the surface atoms, i.e., Ca-O (2.4Å), with the adsorbate 

molecules O-S-O (1.47Å), Hg-Cl (2.36-2.50Å), Cl-Hg-Cl (2.25-2.44Å), and Hg-O 

(2.04Å), one can conclude that adsorption with large surface coverage ratios may not be 

possible, unless the adsorbates dissociate on the CaO surface. For all of the calculations, 

single molecules have been placed on the surface corresponding a coverage of Θ=0.25 

ML for the 2x2 surface cells and Θ=0.125 ML for the 2√2x2√2 surface cells. The binding 

energies (Ebind) of the flue gas components on the CaO surfaces were calculated 

according to Equation (4.1), 

          Ebind= EAB – [EA + EB]                    (4.1) 

where AB, A, and B represent adsorbate/substrate, adsorbate, and substrate systems, 

respectively. 

4.3 Results and Discussion 

Energies of the CaO structure were calculated using different lattice constants according 

to the CaO space group. Ground state energies were then obtained from plots of the 

energy versus lattice constant, by choosing the minimum energy. The lattice constant of 

the CaO structure was found to be 4.773 Å, which agrees well with experiments of Mehl 

et al. (4.81 Å). [147] 

4.3.1 SO2 Binding on CaO(100)  

The binding mechanism of SO2 on CaO(100) has been investigated using both 2x2 and 

2√2x2√2 surface cells, pictured in Figure 4.2. Sulfur is initially placed parallel and 
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perpendicular to the surface atoms on bridge, four-fold hollow, top-Os and top-Ca 

adsorption sites, as shown in Figure 4.3. 

 

     

Figure 4.2:  Models for adsorption on top-Os of CaO(100) surface (a) CaO(100) (2x2)-

0.25 (b) CaO(100) (2√2x2√2)R45˚-0.125 (Atoms are represented as Ca: green, O: blue, 

Adsorbent: grey). 

 

 

a)  b) 
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Figure 4.3:  Illustration of high-symmetry adsorption sites of CaO(100), including the 

bridge site, hollow site, top Os site and top Ca site. 

Although the adsorbate is located on different adsorption sites initially, only one stable 

geometry is obtained on the surface for each parallel and perpendicular orientation. 

Calculated binding energies and bond lengths of SO2 on the most stable location are 

illustrated in Table 4.2, 4.3 and 4.4. It has been determined that SO2 prefers a parallel 

orientation to the surface with a high binding energy showing a likely chemisorption 

mechanism.  
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 Bridge 
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Table 4.2: Binding energies and Adsorption sites of SO2, HgCl, HgCl2 and HgO 

molecules for parallel and perpendicular orientations on 2x2 and 2√2x2√2 surface cell of 

CaO(100) 

Ebind (eV) and  Adsorption Site 

 2x2 Surface Cell   2√2x2√2 Surface Cell 

 Parallel Perpendicular   Parallel Perpendicular 

SO2 -1.474 -0.288  -1.75 -0.28 

-S Top Os -  Top Os - 

-O Bridge Bridge  Bridge Bridge 

HgCl -0.879 -0.905  -1.04 -0.924 

-Hg Top Os -  Top Os - 

-Cl Top Ca Top Os  Top Ca Top Os 

HgCl2 -0.793 -0.326  -0.932 -0.33 

-Hg Top Os -  Top Os - 

-Cl Top Ca Top Os  Top Ca Top Os 

HgO -1.38 -2.757  -1.531 -2.763 

-Hg Top Os -  Top Os - 

-O Top Ca Top Os   Top Ca Top Os 

 

Table 4.3: Bond lengths (Å) of SO2, HgCl, HgCl2 and HgO molecules on 2x2 surface cell 

of CaO(100) 

 

2x2 Surface Cell 

 

SO2 HgCl HgCl2 HgO 

 

Par. Per. Gas Par. Per. Gas Par. Per. Gas Par. Per. Gas 

r(Ca-Cl) 

   

2.84 3.274   2.983 3.265   

   r(Ca-S) 3.079 4.711 

 

  

 

    

 

  

   r(Ca-O) 2.344 3.647 

 

  

 

    

 

  2.492 2.458 

 r(Ca-Hg) 

   

3.537 5.785   3.46 5.098   2.931 4.081 

 r(Os-Cl) 

   

3.809 2.439   3.713 2.62   

   r(Os-Hg) 

   

2.468 5.48   2.344 4.988   2.253 4.439 

 r(Os-O) 2.525 3.36 

 

  

 

    

 

  3.604 1.504 

 r(Os-S) 1.761 4.344 

 

  

 

    

 

  

   r(S-O) 1.504 1.465 1.45   

 

    

 

  

   r(Hg-O) 

   

  

 

    

 

  1.99 2.95 2.11 

r(Hg-Cl)       2.64 3.04 2.45 2.396 2.367 2.286       
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Table 4.4: Bond lengths (Å) of SO2 HgCl, HgCl2 and HgO molecules on 2√2x2√2 

surface cell of CaO(100) 

2√2x2√2 Surface Cell 

 

SO2 HgCl HgCl2 HgO 

 

Par. Per. Gas Par. Per. Gas Par. Per. Gas Par. Per. Gas 

r(Ca-Cl) 

   

2.845 2.926 

 

3.002 3.174 

    r(Ca-S) 3.107 3.995 

          r(Ca-O) 2.348 2.525 

       

2.64 2.425 

 r(Ca-Hg) 

   

3.389 4.935 

 

3.446 5.002 

 

2.888 3.523 

 r(Os-Cl) 

   

3.799 2.682 

 

3.804 2.654 

    r(Os-Hg) 

   

2.444 4.807 

 

2.511 5.002 

 

2.2 4.305 

 r(Os-O) 2.515 3.523 

       

3.699 1.504 

 r(Os-S) 1.723 4.706 

          r(S-O) 1.504 1.47 1.45 

         r(Hg-O) 

         

1.967 3.231 2.11 

r(Hg-Cl)       2.635 2.998 2.45  2.367 2.348 2.286        

 

As demonstrated in Figure 4.4, when SO2 is parallel to the surface, sulfur interacts with 

the Os atom while the oxygen atoms of SO2 stay closer to the Ca atoms.  It can be 

concluded that sulfur does not prefer to be located at top-sites of Ca atoms and the 

position of SO2 changes when sulfur is initially located at top-Ca sites. Additionally, 

when SO2 adsorbs parallel to the surface, the top Os sites are preferred, exhibited by a 

decrease in the bond angle formed between S and O, e.g., from 120º to 111º.  
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Figure 4.4:  The most stable optimized geometries of SO2, HgCl, HgCl2 and HgO on 

CaO(100) surface, where molecules are parallel to the surface (a) top view (b) side view. 

(Atoms are represented as Ca: green, O: blue, S: yellow, Hg: grey, Cl: red). 

For perpendicular orientations, SO2 binds to the CaO surface as shown in Figure 4.5. 

However, this interaction is very weak compared to the parallel orientation and 

adsorption via this pathway is likely not preferred. As the surface coverage decreases to 

0.125 ML of SO2, the binding energy of SO2 increases by approximately 0.3 eV in the 

parallel orientation and changes only slightly in the perpendicular orientation. The reason 

for the increase of the parallel orientation is due to a decreased repulsive interaction 

between adsorbate molecules.  

 

 b) 
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Figure 4.5:  The most stable optimized geometries of SO2, HgCl, HgCl2 and HgO on 

CaO(100) surface, where molecules are perpendicular to the surface (a) top view (b) side 

view. (Atoms are represented as Ca: green, O: blue, S: yellow, Hg: grey, Cl: red) 

The adsorbed atoms will affect the orbitals of neighboring surface atoms making them 

less reactive for a second atom. Examination of these strong binding energies indicates 

chemisorption behavior, which suggests that a reaction might occur between SO2 and 

CaO. The current results agree with the theoretical results of Pacchioni et al. who studied 

the adsorption of SO2 on CaO(100) surfaces using [OCa5]
8+

 clusters embedded within an 

array of point charges. [116] They reported that the orientation of adsorbed SO2 was 

parallel to the surface where the sulfur atom remains perpendicular to the O
2-

 anion and 

conclude that SO2 formed stable surface sulfites on CaO(100) with a dissociation energy 

of more than 1 eV. 

 a) 

 

2.32Å 

2.65Å 

3.0Å 

2.49Å 3.39Å 

 119˚ 

1.5Å 
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4.3.2 Hg
0
 Binding on CaO(100)  

The binding mechanism of Hg
0
 has been investigated using both the small (2x2) and 

large (2√2x2√2) surface cells of CaO.  Elemental Hg is initially placed on different 

adsorption sites, i.e., bridge, hollow, top-Os, and top-Ca, on the CaO surface. Binding 

energies and bond lengths between the surface atoms and Hg
0
 on these adsorption sites 

have been calculated and are presented in Table 4.5. 

Table 4.5: Binding energies (eV) and bond lengths (Å) between surface atoms and Hg
0
 

on different adsorption sites of CaO(100) 

 2x2 Surface Cell  2√2x2√2 Surface Cell 

 Ebind r(Ca-Hg) r(Os-Hg)  Ebind r(Ca-Hg) r(Os-Hg) 

Bridge -0.114 3.384 3.160  -0.122 3.561 3.160 

Hollow -0.117 3.608 3.599  -0.121 3.570 3.527 

Top Ca -0.095 3.484 4.224  -0.087 3.542 3.785 

Top Os -0.122 3.871 3.036  -0.127 3.861 3.045 

 

The binding energies change minimally between 0.087 and 0.127 eV and as the surface 

coverage is decreased, the binding energy of Hg
0
 increases slightly due to a decreased 

interaction of neighboring Hg atoms on the surface. However, the effect of surface 

coverage change is not seen on the top-Ca sites which may be due to the instability of the 

top-Ca sites. Higher binding energies were calculated when the bond length between 

surface Ca and Hg
0
 atoms was longer and the bond length between surface O (Os) and 

Hg
0
 atoms was shorter. In addition, as demonstrated in Table 4.5, optimized geometries 

of Hg
0
 binding on CaO(100) for both 2x2 and 2√2x2√2 surface cells indicate that Hg

0
 has 

a preferred interaction with the surface oxygen atom. The highest binding energy of Hg
0
 

calculated was 0.127 eV, which constitutes a weak interaction. The likely binding 

mechanism of Hg
0
 to CaO is physisorption. This result is consistent with experiments 

reporting that Hg
0
 may not be adsorbed by calcium-based sorbents [95,96] until it is first 

oxidized. The oxidized forms of Hg, i.e., HgCl, HgCl2, and HgO were also investigated 

in the following sections.   
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4.3.3 HgCl Binding on CaO(100)  

Binding energies of HgCl on CaO(100) were calculated in a similar manner to those of 

SO2 and Hg
0
, with the bond distances of the most stable geometries of listed in Table 4.2, 

4.3 and 4.4. It has been observed that binding energies of HgCl on unique adsorption sites 

are similar to one another. The molecule HgCl moves to different stable positions leaving 

the initially-located adsorption sites for both parallel and perpendicular orientations on 

CaO(100). As demonstrated in Figure 4.4, the parallel orientation of the Hg atom is at the 

top Os site while the Cl atom stays closer to Ca with a bond distance of 2.60Å with Hg. 

This bond distance is slightly higher than its experimental gas-phase value (2.36-2.50Å), 

showing the possible bond stretch of HgCl on the CaO surface. In Figure 4.5, the 

optimized geometry for the perpendicular orientation of HgCl is illustrated. It has been 

found that Hg is bound to the Cl atom with a weak interaction and not bound to the 

surface, while Cl on the other hand, interacts with both Ca and Os and remains closer to 

the surface. It has been observed that the bond length between Cl and Os is closer than the 

Cl-Ca bond length, which indicates a preferred Cl-O interaction over that of Cl-Ca. 

Another possible configuration for the perpendicular adsorption of HgCl on the 

CaO(100) surface is with the Hg atom located closer to the surface. However, this 

scenario results in a weak interaction with a binding energy of approximately -0.1 eV for 

all possible adsorption sites. Calculated binding energies on different surface cells 

showed that a perpendicular orientation of HgCl is favorable compared to the parallel 

adsorption of HgCl at high surface coverage; however, the exact opposite trend is 

observed at low surface coverage. Again, it is hypothesized that this is due to a decreased 

interaction between HgCl molecules on the CaO surface. A potential energy diagram of 

HgCl adsorption and potential desorption on CaO(100) at coverages of 0.25 ML has been 

calculated, as shown in Figure 4.6.  Free energies of adsorbed molecules HgCl, Hg
0
 and 

Cl have been normalized to the sum of free energies of the CaO(100) surface and 

HgCl(g). The stable states are connected with dotted lines, but the transition states 

connecting these stable species have not been calculated. Figure 4.6 illustrates that in 

both parallel and perpendicular orientations, the adsorption of HgCl is more likely to 

happen in comparison to two possible HgCl dissociation scenarios, i.e., Hg adsorbs on 
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the surface and Cl desorbs or Cl adsorbs on surface and Hg desorbs. Since the first 

scenario is highly endothermic (1.09 eV), it will not occur during the adsorption of HgCl; 

however; the second scenario is exothermic (-0.75 eV) with a likelihood of occurring. In 

comparison to the adsorption of HgCl for both parallel and perpendicular orientations, the 

adsorption of Cl and desorption of Hg is 0.13 eV and 0.16 eV more endothermic than 

these orientations, respectively. This small energy difference indicates that the surface 

interaction with Cl causes a decrease in the interaction between Cl and Hg leading to  the 

stretch of HgCl bond and possible desorption of Hg, where as Cl is strongly bound to Os 

sites on the surface. It can be concluded that the high binding energy of HgCl is 

representative of chemisorption behavior between HgCl and the CaO(100) surface at 0.25 

ML coverage; however, these energies might also represent desorption of Hg and the 

interaction of Cl atoms with CaO(100). A low surface coverage ratio is necessary for 

HgCl adsorption to take place on CaO surfaces.  

 

Figure 4.6: Potential energy diagram for different pathways of HgCl on CaO(100). 

Energies are relative to the sum of the energies of bare CaO and HgCl(g).  
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4.3.4 HgCl2 Binding on CaO(100)  

The binding energies and bond distances of the most stable geometries of HgCl2 

calculated on 2x2 and 2√2x2√2 surface cells are shown in Table 4.2, 4.3 and 4.4. For the 

parallel cases, optimized geometries of HgCl2 remain almost parallel to the surface. The 

molecule HgCl2 is linear; however, the angle between Hg and Cl decreases to 160º and 

the bond length between Hg and Cl increases with surface interactions. As seen in Figure 

4.4, Hg migrates to the top-Os site, while the two Cl atoms are stable at the top-Ca sites. 

This observation indicates that both sites play a role in the adsorption of HgCl2. An 

experimental study conducted by Gullet et al. is in agreement with this conclusion, and 

reports that HgCl2 can be captured in parallel on CaO with the attraction of both the 

acidic (Ca
2+

) and basic (O
2-

) sites. [94] On the other hand for perpendicular cases, as 

shown in Figure 4.5, HgCl2 maintains its linearity and experimental bond length on the 

surface. The molecule HgCl2 is bound with the Cl atom interacting with the top-Os site, 

having a bond angle of 80º with the surface. The comparison of binding energies of both 

parallel and perpendicular cases demonstrates that perpendicular adsorption of HgCl2 is 

not stable on the CaO(100) surface. Decreasing the surface coverage causes a 0.14 eV 

increase in the binding energy of HgCl2 in the parallel orientation, and only a slight 

change in the perpendicular orientation. It has been determined that a decreased 

interaction between HgCl2 molecules at low surface coverage has no effect on the 

binding energy of HgCl2 in the perpendicular orientation. Also, it is important to 

recognize that SO2 and HgCl2 both have a preference to bind at the top-Os sites. 

Therefore, it is possible for these species to compete for adsorption sites, and a 

comparison of the binding energies of HgCl2 and SO2 indicate that the parallel sulfur 

binding is stronger.  

4.3.5 HgO Binding on CaO(100)  

The binding energies and bond distances of the most stable geometries of HgO calculated 

on 2x2 and 2√2x2√2 surface cells are shown in Table 4.2, 4.3 and 4.4. The binding 

mechanisms of HgO and HgCl on CaO(100) show similar behavior.  The bond length of 
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HgO increases as HgO approaches the CaO surface in the perpendicular orientation, 

which is shown in Figure 4.5. The Hg atom stays away from the surface with a bond 

distance of approximately 4Å. This behavior is not observed for the parallel orientation 

case. Since the four-fold hollow and top-Os sites are favorable adsorption sites for Hg
0
, it 

has been thought that O and Hg might compete for these sites. If O approaches the top-Os 

it repulses Hg; however, if Hg approaches the top-Os sites, Hg and O maintain their 

interaction. In addition, they are bound to Ca and Os atoms, respectively and the bond 

length of HgO is not affected by the surface interactions. All of these observations 

represent the nondissociative adsorption of HgO on CaO(100).  However, the binding 

energies in Tables 4.2, indicate that the O-Os interaction in the perpendicular orientation 

is approximately two times higher than the Hg-Os interaction in the parallel orientation; 

therefore, the dissociation of HgO with the binding of O on the CaO(100) is likely the 

dominant interaction pathway, rather than the combined interaction of HgO on the 

surface. Another possibility of perpendicular adsorption of HgO on CaO(100), where Hg 

atoms are closer to the surface has also been carried out, but a very weak interaction has 

been observed with the surface and Hg. Decreasing the surface coverage ratio results in a 

0.2 eV and 0.006 eV increase in the binding energies of HgO in the parallel and 

perpendicular orientations, respectively.  It has been noted that although more active sites 

exist for the adsorption of HgO at low surface coverage, the dissociation of HgO is still 

more favorable than the combined interaction of HgO with the surface. Additional 

calculations have been carried out to investigate the dissociation of HgO and desorption 

of Hg from the surface at 0.25 ML coverage. Figure 4.7 illustrates the potential energy 

diagram of HgO on the CaO(100) surface prepared with the same methodology explained 

in above section. The energy of HgO adsorbed in the perpendicular orientation is only 

0.09 eV lower than that of the single O atom adsorbed with Hg desorbed from CaO 

surface. This small difference shows that the simultaneous binding of Hg and O atoms to 

the surface may not be stable. Additionally, the adsorption of Hg and desorption of O 

from the CaO surface are highly endothermic and is likely not to occur on the CaO(100) 

surface.  It is important to note that DFT calculations have been carried out at 0K in this 

work. We expect to see a decrease in the binding energies of Hg species at high 

temperatures, as the adsorption of mercury species is favored at low temperatures. [148] 
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Figure 4.7: Potential energy diagram for different pathways of HgO on CaO(100). 

Energies are relative to the sum of the energies of bare CaO and HgO(g) 

4.4 Conclusions 

The binding mechanisms of SO2 and Hg species have been investigated on CaO(100) 

surfaces with both parallel and perpendicular orientations to the surface considered. 

Binding energies of these species are calculated for different adsorption sites and the 

most favorable adsorption sites have been found.  It can be concluded that SO2 is strongly 

adsorbed by the CaO(100) surface and that chemisorption is likely the adsorption 

mechanism. The oxidized form of Hg, HgCl is adsorbed on the CaO(100) surface at low 

coverage; however,  free energy calculations indicate that HgO may not be stable on the 

surface, resulting in the desorption of Hg
0
. The other oxidized form of Hg, HgCl2, forms 

a more stable complex on the surface and interacts with the acidic and basic sites of 

CaO(100). Although its binding is not as strong as that of HgCl , a comparison of binding 
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energies indicates that this compound might remain on the surface with the two 

adsorption sites reinforcing its stability. Elemental Hg binds weakly to the CaO(100) 

surface indicating a physisorption mechanism. It is important to note that some of the 

binding energies predicted in this work may be upper estimates due to the inability of the 

GGA to account for the on-site Coulomb repulsion between the d electrons.  
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Chapter 5 

Hg Binding on Pd Binary Alloys and 

Overlays 

5.1 Introduction 

Depending on the coal type burned in boilers, oxidized and particulate forms of Hg can 

be captured in existing sulfur (S) and particulate matter control devices as a co-benefit or 

by injecting sorbent materials such as AC or chemically promoted AC into the flue gas 

stream. Recent investigations have focused on the removal of elemental Hg in both 

pulverized coal-fired and integrated gasification combined cycle (IGCC) power plants. 

For IGCC power plants, Hg sorbents are required to withstand elevated temperatures. 

Noble metals such as Pd, Au, Ag and Cu have been proposed to adsorb Hg efficiently. 

[21],62,63,150] In particular, Pd sorbents have shown enhanced Hg removal capacity at 

high temperatures. [61] There are numerous experimental [62,63,151-158] and theoretical 

[21,22,150,159] studies for Hg adsorption on metal surfaces. Additionally, many studies 

indicate a higher reactivity of Pd overlays on noble metals with different kinds of 

adsorbates. [160-167] An important issue with implementing Pd sorbents in flue gas 
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environments is dealing with sulfur poisoning.  Although the trend is weakly pronounced, 

previous studies have indicated weak binding behavior of sulfur on Pd binary alloys. 

[167] Therefore, these Pd binary alloys are investigated in the current study to test their 

Hg reactivity. The major purpose of this work is to determine the binding mechanism of 

Hg on noble metals, Pd binary alloys and overlays, and to understand their surface 

reactivity by examining their electronic structure. In this manner, DFT calculations have 

been carried out to examine Hg binding on Pd(111), M(111) (M=Au, Ag, Cu), Pd-

M(111) binary alloys and Pd/M(111) overlays.  

5.2 Computational Methodology 

DFT calculations were performed with the Vienna ab initio simulation package (VASP). 

[79-81] Core orbitals were described using the projected augmented wave (PAW) method 

[85,86] and exchange-correlation energies were calculated with the Perdew-Wang  

(PW91)
 
generalized gradient approximation (GGA). [169,170] A plane-wave expansion 

with a cut-off of 350 eV was found to be sufficient in all the calculations to obtain the 

converged results. Gaussian-smearing of order one was used with a width of 0.05 eV, 

maintaining a difference of 1 meV/atom between the calculated free energy and total 

energy. For bulk materials, equilibrium lattice constants and cohesive energies were 

calculated and are presented in Table 5.1.  The lattice constants were found to be 

overestimated with GGA with a relative error of less than 2.2% in comparison to 

experimental measurements. In addition, a comparison of cohesive energies and 

corresponding experimental measurements indicate that GGA underestimates the 

cohesive energies of bulk metals and alloys by a relative error of 3-20%. [171,172]  

The binding of Hg on (111) surfaces of Pd, M, Pd/M overlays and Pd-M alloys were 

investigated using 4-7 layer slabs separated with at least a 12 Å vacuum region. The two 

bottom layers of each slab were fixed at the bulk geometry while the upper layers 

including the overlays and Hg were allowed to relax. Geometric relaxation was obtained 

with the conjugate-gradient (CG) algorithm until the forces on all the unconstrained 

atoms were less than 0.01 eV/Å.  All the calculations were carried out on p(2x2) surfaces 
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with four metal atoms per layer, as shown in Figure 5.1a and the surface Brillouin zone 

integration was calculated with a 7 x 7 x 1 Monkhorst-Pack k-point mesh. [86] To test the 

convergence of the slab calculations, binding energies, work functions and d-band centers 

of the Pd(111)+Hg system were examined as a function of  k-point mesh size and number 

of slab layers. It has been found that the binding energies, work functions and d-band 

centers differ by 0.002 eV, 0.023 eV and 0.04 eV, respectively in comparison to a 9x9x1 

k-point mesh and a 7-layer slab.  

Table 5.1: Lattice Constant and Cohesive Energies of Bulk Materials 

 Calculated  Experimental 

 

Lat. Const. 

(Å)  

Coh. En. 

(eV)  

Lat. Const.
a
 

(Å)  

Coh. En.
b
 

(eV) 

Pd 3.96  3.77  3.89  3.89 

Au 4.17  3.05  4.08  3.81 

Ag 4.16  2.55  4.09  2.95 

Cu 3.64  3.53  3.62  3.49 

Pd3Ag 4.00  3.49  3.92  3.65 

Pd3Au 4.01  3.62  3.94  3.87 

Pd3Cu 3.89  3.77  3.82  3.79 

PdAg3 4.10  2.91  4.02  3.18 

PdAu3 4.12  3.29  4.03  3.83 

PdCu3 3.74  3.66  3.70  3.59 
a
 Reference [170]. 

b 
Elements: Reference [171] alloys: calculated from Reference [171] 

To represent the Hg-adsorbed structure, a single adatom was placed on the surface 

corresponding to a coverage of θ=0.25 ML. The Pd overlays were modeled with up to 

three Pd overlays and the surface composition of the Pd monolayer was varied in the case 

of one Pd overlay. Different compositions of Pd-M alloys have been modeled in our 

group previously. [21] However, to investigate the effect of Hg binding, the specific alloy 

compositions Pd3M(111) and PdM3(111) are studied in the current work in greater detail. 

The alloy surfaces are modeled as ordered fcc structures. Although in practice these 

alloys often exist as disordered systems [173-177], only ordered surfaces were examined 

in this work to gain a fundamental understanding of the interaction between Hg and the 

different metal atoms in the alloys and how this interaction changes as a function of 
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neighboring atoms. Further discussion about ordered and disordered alloys has been 

provided in the Results and Discussion section. 

 

 

 

 

 

 

 

 

Figure 5.1:  (a) Scheme of p(2x2) supercell of  (111) surfaces. (b)  Threefold adsorption 

sites of Pd3M binary alloys: a. pure-hcp site, b. pure-fcc site, c. mixed-hcp site, d. mixed-

fcc site (c)  Threefold adsorption sites of PdM3  binary alloys: a. pure-hcp site, b. pure-fcc 

site, c. mixed-hcp site, d. mixed-fcc site (d) Side view of  3Pd/M(111) structure.  

The binding energy of Hg, Ebind, at each surface site was calculated using equation 

(4.1). Subsequently, a more negative binding energy represents a stronger interaction. 

Wigner and Bardeen defined the work function as the difference between the energy 

necessary for the electrons to pass through the dipole barrier at the surface and the bulk 

chemical potential with respect to the metal interior. [177] The work function, ϕ, is 
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equivalent to the minimum energy required to extract one electron from inside the bulk to 

an infinite distance.  Here, the work function of the clean and Hg-bound surfaces are 

calculated as ϕ=V0-EF, where V0 is the energy level in the vacuum region defined 

sufficiently far from the surface and EF is the Fermi energy. [178] The corresponding 

change in charge density giving rise to the surface dipole is also examined and is 

calculated with equation (5.1), where the x-z plane lies parallel and perpendicular to the 

surface.   

                       (5.1) 

where the first term is the total charge density, the second term is the charge density of 

the bare surface and the third term is the charge density of the Hg adsorbate atom. 

5.3 Results and Discussion 

5.3.1 Binding Energy  

The interaction between Hg and pure Pd(111), Au(111), Ag(111) and Cu(111) surfaces 

on hollow, bridge and top adsorption sites were investigated using p(2x2) supercells with 

calculated binding energies compared against experimental measurements as reported in 

Table 5.2. The strongest binding occurred at both fcc and hcp hollow sites on all metal 

surfaces whereas weaker binding took place on bridge and top adsorption sites. The 

difference in the binding energies on hcp and fcc hollow sites are found to be negligible. 

For the Pd(111) surface, no stable geometry was found on bridge or top adsorption sites. 

The binding energies of Hg on four noble metals occur in the following order: Ebind(Pd) > 

Ebind(Cu) > Ebind(Ag) > Ebind(Au).  
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Table 5.2: Binding Energies of Hg on High Symmetry Adsorption Sides 

Ebind (eV) 

 Pd(111)  Au(111)  Ag(111)  Cu(111) 

Bridge -  -0.32  -0.35  -0.52 

Hcp -0.84  -0.34  -0.37  -0.54 

Fcc -0.84  -0.35  -0.38  -0.55 

Top -   -0.28   -0.28   -0.42 

The effect of position of M atoms to the Hg Binding 

Hg binding on PdM(111) binary alloys were calculated for the hollow, bridge and top 

adsorption sites. Because of the binary composition on the surface, additional hollow, 

bridge and top adsorption sites were also present. However, the bridge and top adsorption 

sites are again found to be less stable in comparison to the hollow sites, and so the Hg 

binding energy is only presented for the mixed and pure hollow adsorption sites, as 

shown in Figure 5.1b and 5.1c.  The positions of the M atoms in the various layers of the 

four-layer slab simulations are chosen at random due to the large number of spatial 

permutations of the Pd and M atoms therefore the binding energy of Hg is calculated as a 

function of the total M% composition. Calculations using these four-layer slabs of 

PdAu(111) show that the binding energy of Hg is sensitive to the number of Pd and Au 

atoms surrounding the adsorption sites. As shown in Figure 5.2, increasing the %Au 

composition can increase the binding energy of Hg but it also can increase the probability 

of creating a configuration of atoms that has a lower binding energy. This suggests that 

the binding energy of Hg is dependent on the physical position of Au and Pd atoms rather 

than just the total percentage of Au inside the alloy.  To further investigate the correlation 

between the binding energy and the physical position of the dopants in the alloyed 

materials, simulations of Hg on PdM(111) surfaces are run using two-layer slab 

structures to control the total M% composition and surface M% composition 

independently. Calculated binding energies on the PdM(111) alloys at hcp sites are 

illustrated in Figure 5.3. In general it can be seen that the binding energies of Hg on 

PdM(111) lie between the binding energies of Hg on pure Pd(111) and M(111) for both 

hcp sites. However, higher binding energies have been obtained at 12.5% and 25% total 
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M compositions when the surface M% composition is 0% and 25%. It is expected that in 

each of the alloyed materials there will be an optimal M% composition that maximizes 

the binding energy. In fact, from the figures it can be concluded that the addition of a 

small amount of M=Au, Ag and Cu, i.e., 12.5% - 25%, increases the binding energy of 

Hg on the PdM(111) surface, while higher levels of M composition decreases the binding 

energy. However, in some cases, it has been found that the binding energy depends not 

only on the total M% composition but also on the specific location of the Pd, Au, Ag and 

Cu atoms relative to the binding site and a lower binding energy has been observed even 

at low total M% composition and M% surface composition for both fcc and hcp 

adsorption sites. This behaviour appears to be due to the ability of the Au, Ag and Cu 

atoms to increase the surface reactivity when located in the sub-surface layers by 

enhancing the surface Pd atoms capacity to bind the Hg.   

 

Figure 5.2: Mercury adsorption energy as a function of Au composition in PdAu alloy 
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Figure 5.3: Binding energy of Hg on three-fold hcp site on PdM (111) binary alloys   

Hg binding on Pd3M(111) and PdM3(111)  

Hg binding on two-layer slabs of Pd binary alloys decrease large number of permutations 

of the Pd and M atoms and provide information about how the binding energy of Hg 

changes with the location of M atoms. Another possibility to decrease the large number 

of permutations in four-layer slabs is to model the top layer composition of the alloy 

having the same stoichiometry as the bulk. Hg binding on four-layer slabs of Pd3M(111) 

and PdM3(111) binary alloys were calculated for the hollow adsorption sites. The binding 

energies presented in Table 5.3 indicate that stronger Hg binding can be obtained on 

pure-hcp sites of Pd3Ag(111) and Pd3Au(111) surfaces compared to those of Pd(111), 
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Ag(111), Au(111) and Cu(111) surfaces. Further increase (beyond 25% composition) of 

the percentage of Au, Ag and Cu in Pd binary alloys causes Hg binding to weaken. 

Additionally, Hg is found to interact weakly with mixed-fcc and -hcp sites compared with 

pure sites on the Pd3M (111) surfaces, whereas the opposite is true on the PdM3 (111) 

surfaces. In particular, Hg prefers to remain on pure-hcp sites of Pd3Ag(111) and 

Pd3Au(111) surfaces and no stable geometry was found at the corresponding mixed fcc 

sites. The bond distances between Hg and the nearest substrate atoms, reported in Table 

5.3, suggest that stronger Hg binding can generally be obtained when Hg is closer to the 

surface Pd atoms rather than the surface M atoms. The addition of 25% Ag or Au in Pd 

(Pd3M) binary alloys can either improve Hg binding, or decrease the binding energy of 

Hg depending on the adsorption site. This behavior demonstrates the sensitivity of Hg 

binding to the position of the Pd and M atoms surrounding the adsorption sites. 

Specifically, M atoms improve the Hg reactivity of surface Pd atoms when they are 

located in subsurface layers of the alloy, as reported in previous work.
7
 It is important to 

note that throughout the alloy calculations, the binding energy of Hg is calculated on 

highly ordered p(2x2) surfaces. In real systems, Pd and M atoms can form disordered 

alloys and the randomness of the position of the atoms can affect Hg binding on the 

surface. Simulating disordered alloys is computationally expensive due to the larger super 

cell size required and increased number of permutations by which an adsorbate can bind. 

However, it is important to gain insight into the fundamental mechanisms that can 

enhance or reduce the binding strength from the ordered alloy investigations to estimate 

the binding energy of Hg on the more realistic disordered alloy surfaces. For ordered 

Pd3M alloys, stronger and weaker binding occurs at the hollow sites that are formed with 

3Pd (pure) and 2Pd (mixed) atoms, respectively. Since different orientations exist on 

disordered Pd3M alloys, additional hollow sites can be formed with 1Pd or 3M atoms. 

Therefore, weaker Hg binding can be found on these sites in comparison to the 2Pd 

hollow sites that exist in the ordered Pd3M alloys. [21] However, the strongest binding is 

still observed on the 3Pd hollow sites. Although weaker Hg binding will probably be 

obtained on disordered Pd3M alloys, the probability of finding 1Pd and 3M hollow sites 

on the surface is low and so the binding energy of Hg on disordered and ordered alloys in 

this case is expected to be similar. In the case of the disordered PdM3 alloys, the same 
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analogy can be made. Accordingly, 2Pd and 3Pd hollow sites will yield stronger Hg 

binding, but the weakest binding will still be on M3 hollow sites. 

Table 5.3: Hg adsorption on hcp sites of (111) metal surfaces and fcc, hcp, mhcp and 

mfcc sites of Pd3M(111) and PdM3(111) binary alloys: Ebind denotes binding energy of 

Hg; Pd-Hg and Pd-M denote distances between atoms; Φ denotes work function of clean 

metal surfaces; ΔΦ denotes work function change after Hg adsorption; εd denotes 

weighted d-band center of clean surfaces and ε'd denotes weighted d-band center of 

subsurfaces. 

  

Ebind 

(eV) 

Pd-Hg 

(Å) 

M-Hg 

(Å) 

Φ 

(eV) 

ΔΦ 

(eV) 

εd 

(eV) 

ε'd  

(eV) 

Pd(111) -0.84 2.84 - 5.31 -1.04 -1.83 -2.18 

Au(111) -0.34 - 3.02 5.21 -0.91 -3.39 -3.71 

Ag(111) -0.37 - 3.01 4.47 -0.52 -4.07 -4.25 

Cu(111) -0.54 - 2.77 4.75 -0.88 -2.52 -2.77 

Pd3M Alloys 

       Pd3Ag(111)-Fcc -0.79 2.82 3.92 5.18 -0.97 -2.18 -2.38 

Pd3Ag(111)-Hcp -0.88 2.82 3.91 5.18 -0.99 -2.18 -2.38 

Pd3Ag(111)-mFcc - - - - - - - 

Pd3Ag(111)-mHcp -0.72 2.79 3.07 5.18 -1 -2.18 -2.38 

Pd3Au(111)-Fcc -0.84 2.81 3.95 5.37 -1.21 -2.04 -2.38 

Pd3Au(111)-Hcp -0.87 2.84 4.58 5.37 -1.13 -2.04 -2.38 

Pd3Au(111)-mFcc - - - - - - - 

Pd3Au(111)-mHcp -0.76 2.78 3.07 5.37 -1.19 -2.04 -2.38 

Pd3Cu(111)-Fcc -0.72 2.84 4.01 5.15 -0.89 -1.83 -2.18 

Pd3Cu(111)-Hcp -0.83 2.84 4.01 5.15 -0.98 -1.83 -2.18 

Pd3Cu(111)-mFcc -0.78 2.83 2.71 5.15 -1.04 -1.83 -2.18 

Pd3Cu(111)-mHcp -0.76 2.85 2.67 5.15 -1.02 -1.83 -2.18 

PdM3 Alloys 

       PdAg3(111)-Fcc -0.41 4.99 2.89 5.15 -0.82 -3.29 -3.33 

PdAg3(111)-Hcp -0.36 4.93 3.04 5.15 -0.48 -3.29 -3.33 

PdAg3(111)-mFcc -0.63 2.72 3.11 5.15 -0.75 -3.29 -3.33 

PdAg3(111)-mHcp -0.65 2.73 3.06 5.15 -0.78 -3.29 -3.33 

PdAu3(111)-Fcc -0.46 4.17 2.94 4.73 -1.23 -2.83 -3.11 

PdAu3(111)-Hcp -0.36 4.25 3.03 4.73 -0.67 -2.83 -3.11 

PdAu3(111)-mFcc -0.61 2.74 3.06 4.73 -1.09 -2.83 -3.11 
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PdAu3(111)-mHcp -0.63 2.75 3.01 4.73 -1.14 -2.83 -3.11 

PdCu3(111)-Fcc -0.53 3.78 2.75 4.89 -1 -2.19 -2.46 

PdCu3(111)-Hcp -0.49 2.81 3.81 4.89 -0.54 -2.19 -2.46 

PdCu3(111)-mFcc -0.6 2.78 2.86 4.89 -0.86 -2.19 -2.46 

PdCu3(111)-mHcp -0.63 2.79 2.81 4.89 -0.97 -2.19 -2.46 

Pd Overlays 

       PdM3/Au(111) -0.42 4.28 2.99 5.25 -0.84 -2.74 -3.65 

PdM3/Ag(111) -0.38 4.29 3.02 4.61 -0.48 -3.36 -4.2 

PdM3/Cu(111) -0.5 3.74 2.81 4.9 -0.82 -2.45 -2.73 

PdM/Au(111) -0.56 2.76 3.06 5.27 -1.01 -2.39 -3.62 

PdM/Ag(111) -0.54 2.77 3.11 5.55 -0.65 -2.64 -4.05 

PdM/Cu(111) -0.5 2.88 2.87 5.06 -0.88 -2.25 -2.61 

Pd3M/Au(111) -0.93 2.81 4.01 5.29 -0.98 -1.9 -3.57 

Pd3M/Ag(111) -0.92 2.81 3.99 5.32 -0.8 -1.84 -3.88 

Pd3M/Cu(111) -0.56 2.88 2.97 5.34 -1.07 -2.26 -2.53 

Pd/Au(111) -0.93 2.81 4.47 5.22 -0.89 -1.49 -3.52 

Pd/Ag(111) -0.91 2.81 4.46 5.58 -0.98 -1.3 -3.84 

Pd/Cu(111) -0.58 2.96 4.76 5.51 -1.05 -2.37 -2.45 

2Pd/Au(111) -1.03 2.78 6.83 5.3 -1.08 -1.52 -1.86 

2Pd/Ag(111) -1.05 2.73 6.86 5.55 -1.12 -1.43 -1.87 

3Pd/Au(111) -0.96 2.79 8.96 5.19 -0.98 -1.62 -2.04 

3Pd/Ag(111) -0.96 2.79 9.01 5.47 -1 -1.53 -2.02 

 

One concern when using these metal surfaces under realistic environmental conditions 

is that the surface can be poisoned by S leading to a subsequent decrease in Hg 

adsorption. Previously, Alfonso et al. studied the interaction of S with noble metals and 

PdAg and PdCu binary alloys. They found that S binds strongly at the three-fold 

adsorption sites and a weak trend was observed in the reduction of the S binding energy 

on the alloy surfaces compared to the same sites on the Pd(111) surface. [167] In 

particular, the binding energy of S was found to be lower on pure hollow sites of PdCu3 

and PdAg3 alloys, which is a trend also observed for Hg in the current work. A 

comparison between S and Hg binding on Pd binary alloys clearly indicates that both 

adsorbates are attracted to the same surface atoms and bind to the same adsorption sites. 

Since the binding of S is approximately 2.3 eV stronger than that of Hg, it is expected 

that sulfur poisoning will occur on the surface. However, preliminary experiments carried 

out in the fuel gas suggest that hydrogen sulfide (H2S) promotes the adsorption of 
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mercury on the palladium sorbent surface. [180] Further studies are required to 

understand the interaction between S and Hg which will effectively enhance Hg binding. 

Hg Binding on Pd Overlays 

The binding of Hg on Pd3M and PdM3 binary alloys shows that the capacity of Pd atoms 

to adsorb Hg can be enhanced when the dopant M atoms in the alloy are located in 

subsurface layers. The next step is to examine Hg adsorption on overlays of Pd on 

M(111) surfaces. It has been well documented that strained metallic overlays can 

improve the surface reactivity. [164,165,181-188] In addition, for Pd/Au(111) and 

Pd/Cu(111) overlays it is possible to observe layer-by-layer growth with up to 4 Pd 

overlays on Au(111) under electrochemical conditions. [183] However, more recent 

studies indicate that perfect layer-by-layer growth of Pd on Cu(111) does not occur due to 

the lattice mismatch (%7.45) between the Pd and Cu crystals. This work also reported 

that after approximately 2 overlays, the lattice spacing of Pd reaches the value of pure 

Pd(111). [189,190] Furthermore, Christensen et al. calculated the segregation energy of 

Pd on Au, Ag and Cu host atoms, which were found to be -0.14, -0.3 and 0.13 eV/atom, 

respectively. [190] The segregation energy of one Pd atom on a surface of host atoms of 

type M shows that Pd atoms are expected to remain on the surface layer of Au(111) and 

Ag(111) and migrate to subsurface layers in Cu(111). In the current study, Pd overlays 

have been investigated with up to 3 overlays on Au(111) and Ag(111)  surfaces, as shown 

in Figure 5.1d, and the surface composition of a single Pd overlay has been varied 

between 25% and 100% Pd. For the Pd/Cu(111) overlays, Hg binding was only examined 

on one Pd overlay on Cu(111) due to the complex growth mechanism of Pd on Cu. [188] 

Binding energies and adsorption height of Hg on Pd/M(111) overlays are only calculated 

at hcp sites and are summarized in Figure 5.4.  
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Figure 5.4: Binding energy and adsorbate height of Hg on Pd/M(111) overlays. The 

numbers that are smaller than one in the x-axis represent the surface composition of Pd in 

one Pd overlay.  
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In all of the overlay cases studied, Pd overlay substrates appear to increase the binding 

energy of Hg in comparison to the M(111) surfaces. In particular, in Pd/Au(111) and 

Pd/Ag(111) overlay structures, stronger Hg binding occurs compared to those of the pure 

Pd(111) surfaces.  In both cases the binding energies of Hg are up to 0.1-0.2 eV larger 

than the pure Pd(111) surface and reach a maximum value on the surfaces with two Pd 

overlays. This is also consistent with the adsorbate height which reaches the lowest value 

in the two Pd/Au(111) and Pd/Ag(111) overlays. For the Pd/Cu(111) overlays, the 

binding energy of Hg fluctuates slightly with increasing Pd surface composition and the 

adsorbate height shows a 0.16Å increase. The reason for an increase in the adsorbate 

height might be due to the Cu host atoms reducing the reactivity of the Pd overlays 

because of the larger distance between the Hg and the surface compared to that of the 

pure Pd(111) surface. Again, bond distances between Hg and the nearest Pd atom, as 

presented in Table 5.3, on Pd/M(111) overlays are found to be closer in the cases of 

strong Hg binding. Larger binding energies on the Pd/Au(111) and Pd/Ag(111) overlays 

are the result of the lattice expansion of Pd substrates (geometric effect) and the 

subsequent electronic effect of the underlying host. The lattice constant of Au and Ag is 

~5% larger than the lattice constant of Pd, which leads to a lattice expansion of Pd 

overlays by ~5%. As the number of Pd overlays increases on Au and Ag, the bulk 

properties of Pd will start to be observed and the electronic effect of the underlying host 

will be suppressed. At this point the reactivity of Pd overlays will be strongly dominated 

by the geometric effects. The geometric effect of the underlying host on the binding 

energies of Hg can also be seen on Pd/Cu(111) overlays. Since Cu has a smaller lattice 

constant than Pd, a decrease of the lattice constant of Pd overlays is expected, which 

yields a weaker Hg binding compared to the case of the pure Pd(111) surface. To further 

understand the interaction of Pd overlays on Au, Ag and Cu metals, the binding energy of 

one Pd atom has been calculated on p(2x2) cells of M(111) surfaces and compared with 

that of the pure Pd(111) surface. It has been observed that one Pd atom is bound weakly 

to Au(111) (0.07 eV) and Ag(111) (0.18 eV) surfaces and bound more strongly to the 

Cu(111) (-0.27 eV) surface in comparison to the pure Pd(111) surface. Compared to the 

Pd(111) surface, the bond distances of Pd with the surface atoms are found to be longer 

on Au(111) and Ag(111) surfaces and shorter on the Cu(111) surface. Weak binding of 
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Pd on Au and Ag indicate that Pd has less of an overlap with the underlying host 

material, which leads to a stronger surface-adsorbate interaction. Similar behavior is also 

reported by other authors where they studied the reactivity of Pd overlays on Au. 

[164,165] Strong Hg interactions on both 2Pd/Au(111) and 2Pd/Ag(111) overlays 

demonstrates the effect of the subsurface layer on Hg binding, where 2Pd/M(111) 

denotes 2 monolayers of Pd on a Au(111) surface. Although the surface composition is 

exactly the same in both the one- and two-Pd overlays, the difference of the subsurface 

composition yields the higher reactivity. The effect of the subsurface layer is also 

observed at the fcc and hcp sites of Pd3M and PdM3 alloys. The different binding 

energies calculated at the fcc and hcp sites are the result of the composition of the second 

nearest neighbors in the subsurface layer.   

This work will be the first-step to determine the kinetics of Hg on noble metals and Pd 

overlays. Using the final configurations formed on noble metals (111) surfaces, one can 

determine the reaction pathways of Hg and the activation energies of surface 

intermediates. Calculating the trends on the kinetics of Hg removal will help to develop 

efficient Hg control technologies. 

5.3.2 Electronic Structure 

Nørskov and co-workers previously showed that the strength of the binding energy of an 

adsorbate on a transition metal surface is related to the coupling between adsorbate 

energy levels and transition metal d-bands. [183,192-200] Transition metals have both a 

broad sp band and a narrow d band, which interacts strongly with an adsorbate. Upon 

approach of an adsorbate to the metal surface, the electron levels of the adsorbate 

broaden and shift down in energy, implying that the adsorbate becomes more stable when 

adsorbed on the metal. In addition to the broadening and shifting of the adsorbate level, 

the interaction of d band with the adsorbate level leads to a pair of bonding and 

antibonding chemisorption orbitals. The antibonding component will be occupied as far 

as it falls below the Fermi level of the metal, which weakens the adsorption bond. [201] 

The reactivity of a transition metal depends on the position of the d-band center relative 
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to the Fermi level, d-band width and the occupancy of the d-bands.  As the d-band width 

gets narrower, the density of states around the Fermi level enlarges and the magnitude of 

the coupling matrix element decreases, thereby increasing the reactivity of the metal. 

[183,196] Among the three factors listed, the energy of the d-band center is the leading 

factor since it determines the energy position of the adsorbate metal bonding and 

antibonding states. [200] The width of the d band decreases as the band is filled when 

going to the right in the periodic table since the molecular orbitals become ever more 

localized and the overlap decreases. The d-band center for the surface (εd) and subsurface 

(εd`) metal atoms were calculated by taking the first moment of the normalized projected 

density of states up to the Fermi level as presented in Table 5.3. [194]  Figure 5.5 shows 

the d-band center of the surface atoms in Pd(111), M(111), PdM3(111), Pd3M(111) and 

Pd/M(111) structures as a function of Hg binding energy. It is clear that there is a fairly 

linear relation between the d-band center of the surface atoms and Hg binding. Because 

the total number of electrons is conserved in the adsorbate-substrate interaction, the 

lattice expansion of the Pd atoms reduces the d-band width, leading to an upshift of the d-

band center. [196] The effect of the substrate atoms, located in the subsurface layers, on 

the binding of Hg has been mentioned previously. It has been found that when alike 

atoms are grouped together, the d-band center of subsurface atoms also exhibit a linear 

relationship with Hg binding energy, as shown in Figure 5.6. Grouping the same atoms 

together minimizes the effect of the coupling matrix element resulting in an enhanced 

linear relationship. As observed in the case of surface atoms, the d-band center of 

subsurface atoms shifts down with smaller Hg binding energies.  
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Figure 5.5: Center of d-band of surface atoms of Pd binary alloys and overlays as a 

function of Hg binding energy. 
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Figure 5.6: Center of d-band of subsurface atoms of Pd binary alloys and overlays as a 

function of Hg binding energy. 
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The change in work function of all (111) surfaces after Hg binding stems from charge 

reorganization, which affects the surface dipole moment in addition to the Smoluchowski 

smoothing. [178] A decrease in the work function after binding is the consequence of a 

positive dipole layer, which leads to a charge transfer from the adsorbate to the substrate. 

In all surfaces the adsorbate-induced work function decreases after Hg binding, as shown 

in Table 5.3. A decrease in the adsorbate-induced work function indicates the 

electropositive behavior of Hg, which is consistent with the previous work of Steckel. 

[149] To understand the impact of Hg on Pd alloys and overlays, the local density of 

states (L-DOS) of surface atoms was examined. Overall, the L-DOS corresponding to the 

different surfaces with the stronger Hg interactions, such as Pd/Au(111), 2Pd/Ag(111) 

and Pd3Cu(111), are studied and compared with pure Pd(111).  

As shown in Figure 5.7, the d-band width of Pd on the clean Pd/Au(111) and 

2Pd/Ag(111) surfaces becomes narrower due to the hybridization of the d-states of the 

surface atoms with the second layer atoms. Also, the d-band centers of the surface atoms 

on Pd/Au(111) and 2Pd/Ag(111)  are found to be higher in energy, which leads to 

enhanced reactivity compared to the clean Pd(111) surface. In all the surfaces presented 

the d-band of Hg strongly overlaps with the s- and p- band of Pd at approximately 7eV. It 

appears that the s- and p- states of Pd form new resonance peaks at the Hg d-band energy 

for the 2Pd/Ag(111) surface, whereas for other surfaces, the shape of the s- and p- states 

of Pd is modified after Hg binding. Furthermore, the L-DOS plots of the Pd3Cu(111) 

surface before and after Hg binding suggests that the s-, p- and d- band of Cu are not 

affected significantly from the adsorbate interaction, which implies that Pd is the primary 

surface atom responsible for improving the binding of Hg.  The L-DOS plots of gas-

phase Hg and the adsorbed Hg atoms, presented in Figure 5.8, also illustrate the strong 

interaction of Hg with the surface. The d-band of Hg shifts down in energy with the 

surface interaction and both the s- and p- state broaden and become lower in energy. All 

of these findings show a higher reactivity of the Pd surface atoms to Hg.  In addition, on 

the Pd3Cu(111) surface, the binding of Hg is not expected to be as strong as those on 

Pd/Au(111) and 2Pd/Ag(111) surfaces because of the low lying s-, p- and d- band of Hg 

relative to the Pd overlays.  
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Figure 5.7: L-DOS graphs of metal atoms in Pd(111)+Hg, Pd/Au(111)+Hg, 

2Pd/Ag(111)+ Hg, Pd3Cu(111)+Hg structures before and after Hg binding. 
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Figure 5.8: L-DOS graphs of Hg in Pd(111)+Hg, Pd/Au(111)+Hg, 2Pd/Ag(111)+Hg, 

Pd3Cu(111)+Hg structures before and after Hg binding. 
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The surface dipole layer change in charge density along the direction parallel and 

normal to the surface and L-DOS of one of the Pd overlays after Hg binding were 

examined, as shown in Figure 5.9. In both the Pd/Au(111) and Pd/Ag(111) graphs, it is 

possible to observe marked changes in the charge density of the surface, first subsurface, 

and second subsurface layers upon Hg binding due to the strong Hg interaction. The 

negative and positive values in charge density indicate accumulation and depletion of 

electrons, respectively. It is clear that electrons accumulate on surface layers in the case 

of Au and Ag hosts and subsequently affects the charge distribution in the subsurface 

layers. The solid lines located around the Hg atom indicate a charge transfer from Hg to 

the surface. A Bader charge analysis [203,204] of the charge density also demonstrates a 

charge transfer (-0.07e) from Hg to the surface atoms on the Pd/M(111) overlays, which 

is consistent with the change in work function. The charge density difference between the 

surface layer and adsorbate has positive values approximately 1 Å from the surface, 

indicating the depletion of electrons from these regions and their corresponding 

contribution to bonding. For the Pd/Cu(111) overlays, the charge density change is not as 

significant as Pd/Au(111) and Pd/Ag(111) overlays leading to an unchanged charge 

density in the second subsurface layer. Again, charge distribution is reorganized within 

the surface and first subsurface layers as a consequence of charge transfer from Hg to the 

surface atoms in Pd/Cu(111) overlays upon Hg binding. The L-DOS graphs of surface Pd 

atoms are also consistent with the charge transfer analysis. In comparison to the Cu host 

atoms, the d-band width of the surface Pd atoms is found to be narrower on Au and Ag, 

which signifies the strong Hg interaction on Au and Ag hosts. Furthermore, s- and p- 

states of Pd overlap with the d-band of Hg modifying the shape of the states at 

approximately 7 eV; however, in the case of Au and Ag hosts, these states showed 

narrower and sharper peaks at the same energy due to the strong Hg interaction. 
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Figure 5.9: Charge density change on a Pd/M(111) surface along the direction normal and 

parallel to the surface and L-DOS graphs of surface Pd atoms after binding of Hg. In the 

top graphs, dashed lines represent the negative charge transfer (accumulation of 

electrons) whereas solid lines represent the positive charge transfer (depletion of 

electrons). Red squares show Hg atom whereas blue squares show surface, first and 

second subsurface layers. 
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5.4 Conclusions 

The binding and electronic structures of Hg were investigated on Pd binary alloys and 

overlays. The binding of Hg is found to be dominated mostly by the Pd atoms located in 

the surface layers. Furthermore, the position of the M atoms located in both the surface 

and the subsurface layers may enhance and reduce the reactivity of surface, respectively.  

When Pd is deposited on the top of another metal having larger lattice spacing, the lattice 

constant of the overlaid substrate matches that of the underlying metal, resulting in an 

upshift in energy of the surface Pd-atom d-states, leading to increased surface reactivity. 

In addition, there is an indirect interaction between Hg and the subsurface layer, when Au 

and Ag are present, in which leads to an increase in the binding interaction. Analysis of 

the L-DOS of the surface atoms showed that there is a significant overlap between the s- 

and p- states of Pd and the d-states of Hg leading to a strong adsorbate-substrate 

interaction. Lastly, a decrease in the work function with Hg binding indicates an electron 

transfer from Hg to the surface atoms.    
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Chapter 6 

Heterogeneous Mercury Reaction 

Chemistry on Activated Carbon 

6.1 Introduction 

Because of Hg amalgam use or replacement, Hg
0
 vapor concentrations of up to 

approximately 27 µg/m
3
 in the air of dental offices have been documented. [205-206] 

Several neuropsychological studies over the last 29 years have investigated an increase in 

symptoms of cognitive malfunction and impairment within dental personnel and dentists. 

[207-213] When Hg
0
 is inhaled, it is transported throughout the body via the bloodstream 

and can pass through the blood-brain barrier, subsequently oxidizing to Hg
2+

. [214] 

Functionalized AC may be a suitable sorbent for Hg removal for this application. 

Understanding the mechanisms associated with sorbent functionalization for enhanced 

Hg
0
 uptake in air and at ambient conditions is required to make this a viable option. 

Previous experimental studies [215] involving carbon (C) sorbents for the oxidation 

and/or adsorption of Hg
0
 have been primarily focused on the application of capture from 

coal-fired power plant emissions, which are far more complex than the air investigations 
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of the work presented here. However, knowledge and brief review of what has been 

learned within this related application will provide insight into the chemical mechanisms 

by which functionalized C sorbents act to effectively adsorb metallic Hg and its oxidized 

forms. Laumb et al. [216] have carried out surface analyses on ACs exposed to Hg-doped 

simulated flue gas, but they were unable to determine conclusively the oxidative state of 

surface-bound Hg because of XPS measured interference with silicon (Si), which is 

present at comparable levels to Hg within the C matrix. The work presented here involves 

the investigation of the possible binding mechanism of Hg on AC sorbents through 

packed-bed experiments, experimental characterization, and electronic structure 

calculations. Surface characterization experiments using XPS were carried out before and 

after exposure to air containing Hg
0
 (203–10,817 µg/m

3
; 24–1296 ppbv), which is crucial 

for determining the form of surface-bound Hg. Although the concentrations in air for the 

application of interest in the work presented here are lower than 200 µg/m
3
, these 

elevated levels were investigated to obtain sufficient surface concentrations of Hg for 

detection using XPS. It is assumed that at these low concentrations the mechanism of 

oxidation and/or adsorption would not differ substantially. The difference would be a 

potential increase in the Hg-Hg interactions taking place. Unfortunately, because mercury 

oxide (HgO), mercury bromide (Hg2Br2), and mercury bromide (HgBr2) have similar 

binding energies in XPS, these surface-bound species will not be speciated. To further 

assist in determining the mechanism by which Hg0 oxidizes and subsequently adsorbs on 

functionalized C, electronic structure calculations based on plane-wave density functional 

theory (DFT) have been carried out to determine the surface reactivity and subsequent 

stability of surface-bound Hg species. 

6.2 Methodology 

6.2.1 Experimental Methods 

Hg-adsorbed C samples have been prepared to identify the species of Hg adsorbed on C 

surfaces using XPS to investigate the possible Hg binding mechanisms. A packed-bed 
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reactor system was constructed as shown in Figure 6.1 to prepare the samples in an air 

environment containing Hg
0
. The powdered AC (e.g., 20 mg) samples were placed in a 

1.27 cm-diameter quartz packed-bed reactor. The reactor is covered with a 50-cm-long 

ceramic fiber heater (Semi-Cylindrical Units-Embedded Coiled Elements, Watlow) to 

conduct tests at controlled temperatures and to obtain a uniform temperature profile in the 

reactor. Hg
0
 vapor is introduced from an Hg calibration system (PSA 10.536 Mercury 

Calibration System, PS Analytical) and the outlet flow is measured using a commercially 

available Hg analyzer (PSA 10.525 Sir Galahad System, PS Analytical). The results 

described here are based on pure Hg0 injection with air over commercially available 

brominated AC (DARCO Hg-LH) and nonbrominated AC (DARCO Hg) sorbents, which 

are available through NORIT Americas, Inc. Various conditions were considered: (1) 140 

°C, 203 µg/m
3
 (24 ppbv, STD), with a flow rate of 2 L/min; (2) 140 °C, 6761 µg/m

3
 (810 

ppbv, STD), with a flow rate of 0.5 L/min; and (3) 30 °C, 10,817 µg/m
3
 (1296 ppbv, 

STD), with a flow rate of 0.5 L/min. These packed-bed tests were conducted until 

breakthrough was achieved (i.e., when the outlet Hg
0
 concentration approached the inlet 

Hg
0
 concentration). Because of the inherent Si-containing nature of AC, there was 

interference of oxidized Hg compounds and Si because of the similarity in their electron 

binding energies. To use XPS for surface characterization of Hg on C, it was necessary to 

investigate lower temperature conditions to increase Hg adsorption capacity of the C 

sorbent and to maximize the amount of Hg adsorbed on the sorbent surface. It is assumed 

that the chemical and related electronic interaction between Hg and the edge-site atoms 

would be the same at lower temperatures. 
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Figure 6.1: Schematic of the packed-bed reactor system 

The sorbent surface is oxidizing and adsorbing. A question is whether the oxidation 

step proceeds via an Eley–Rideal mechanism, by which Hg strikes an adsorbed Br atom 

with the collision leading to oxidized Hg, or whether oxidation occurs via a Langmuir–

Hinshelwood mechanism by which Hg strikes the surface, adsorbs, and reacts on the 

surface with a Br atom to form oxidized Hg. In both cases, the product formed will 

remain on the surface as an adsorbed complex or desorb directly into the gas phase, 

completing the reaction process. This step will depend on the relative stability of the 

reaction intermediates on the surface and the temperature and pressure conditions of the 

system. For instance, adsorption is an exothermic process so that a higher temperature 

would lead to desorption and in a similar manner, a decreased pressure would also lead to 

desorption. The Eley–Rideal mechanism requires that a reaction is barrierless and 

exothermic. [217] If a barrier to Hg oxidation exists, then the reaction pathway likely 

proceeds via a Langmuir–Hinshelwood mechanism. Previous investigations have shown 

that in the case of radical hydrogen (H) interactions with halogenated surfaces (gold 

[218,219] and Si [220]), the mechanism proceeds via an Eley–Rideal mechanism. 



77 

 

 

Because Hg
0
 is not expected to be in radical form at the temperature and pressure 

conditions of the work presented here, it is the authors‟ hypothesis that Hg oxidation 

proceeds via a Langmuir–Hinshelwood mechanism. In particular, the thermal energy of 

the system at 140 °C is only 0.818 kcal/mol and 0.600 kcal/mol at 30 °C. To test this 

hypothesis, XPS experiments were carried out on C samples before and after exposure to 

Hg
0
. The XPS experiments were performed using a Physical Electronics (PHI) 

5000VersaProbe scanning XPS system at the Stanford Nanocharacterization Laboratory 

at Stanford University. The data reduction was carried out with PHI MultiPak Software. 

The instrument is notequipped with a cold stage and the vacuum is 10
-11

 Torr, implying 

that physisorbed Hg (Hg
0
) will likely be removed from the surface under the transport 

and analysis of the sample and that the observed surface-bound Hg was likely strongly 

adsorbed. Spectra were collected using monochromatic Al Kα radiation at 1486 eV. 

6.2.2 Theoretical Methods 

Electronic structure calculations were carried out using plane-wave DFT to determine the 

surface reactivity of AC to Hg and surface-bound oxidized Hg species. DFT calculations 

were carried out using the Vienna ab initio Simulation Package. [79-81] The projector 

augmented wave method was used to describe the ion-electron interactions. [85,86] 

Electron exchange-correlation functionals are represented with the generalized gradient 

approximation, and the model of Perdew, Burke, and Ernzerhof is used for the nonlocal 

corrections. [78] The energy cutoff for the plane wave expansion was 400 eV, and 

Methfessel and Paxton Gaussian smearing of order 1 was used with a width of 0.2 eV to 

accelerate convergence of the total energy calculations. [221] The surface Brillouin zone 

integration was calculated using a  -centered 5 x 5 x 1 (for slab) or 5 x 1 x 1 (for ribbon) 

Monkhorst–Pack mesh. [87] Geometric optimization was performed using the conjugate 

gradient algorithm until the absolute value of the forces on unconstrained atoms was less 

than 0.03 eV/Å. The partial density of states (DOS) were calculated by projecting the 

electronic wave functions onto spherical harmonics centered on Hg, oxygen (O), and Br 

atoms. The integral of the DOS up to the Fermi level is proportional to the number of 

electrons participating in bonding and local reactivity. In general, the DOS analysis 
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allows for an understanding of how electrons are covalently shared between different 

atoms. In this work, the DOS analysis of the s- and p-staes of the simulated AC and the 

states of the surface-bound atoms (O and Br) have been investigated along with the s-, p-, 

and d-states of surface-bound Hg to determine the mechanism associated with Hg binding 

to C. 

6.3 Results and Discussion 

6.3.1 Surface Characterization of Activated Carbon 

Packed-bed reactor experiments were carried out to determine Hg
0
 oxidation and binding 

mechanisms in an air environment. It was found that the use of sand and quartz wool in 

the packed-bed tests should be limited because their composition includes Si, which 

interferes with the oxidized Hg XPS spectra; therefore, the experiments presented here 

were carried out in the absence of sand to isolate the Hg spectra. However, through an 

XPS survey scan the AC was found to inherently contain 0.8 and 1.3 atom % Si for the 

brominated and nonbrominated AC, respectively. This concentration was still higher than 

that of Hg present on the sorbent. Specifically, the Si2p and Hg4f peaks interfere with 

each other in the binding region between 100.7 and 104 eV, which is the region where 

oxidized species such as HgBr2, Hg2Br2, and HgO would be located. To circumvent these 

challenges, a higher concentration of Hg0 was used in the gas stream passing through the 

packed-bed (1296 ppbv). Additionally, for XPS detection the sorbent experiments were 

carried out at lower temperatures to maximize adsorption, which is an exothermic 

process. The XPS survey scan of the sorbent reveals that the brominated AC contains 

15.8% O and 0.4% Br, whereas the nonbrominated AC contains only O at 14.2%. It is 

important to note that XPS is a surface-sensitive technique and that these levels of Br 

detected are comprised of the Br available at the surface for interacting with Hg
0
. A 

technique such as inductively coupled mass spectrometry could be used to determine the 

total Br content of the sample, but this was beyond the scope of this study. Additionally, 

some of the potentially physisorbed Br contained in the sample may have been removed 
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upon exposure to the ultrahigh vacuum environment of the XPS instrument. Determining 

the speciation among the various surface-bound oxidized Hg species is difficult using 

XPS. The4f7/2 binding energies of Hg compounds (Hg
0
, HgO, HgBr2, Hg2Br2) range from 

99.9 eV (Hg
0
) to 101.0 eV (HgBr2). The Hg 4f core level XPS spectra for Hg-containing 

AC sorbents are shown in Figure 2 for various conditions. The interference of Si is 

visible in Figures 6.2a–2c and clearly masks the Hg peaks. Increasing the gas-phase Hg
0
 

concentration to 10,817 µg/m
3
 (1296 ppbv) reveals the two distinguishing oxidized Hg 

4f5/2 and 4f7/2 peaks in Figure 2b centered around 104.53 and 100.59 eV, respectively. 

From Figure 2, a and c, it can be seen that with increasing the gas-phase Hg concentration 

from 203 (24 ppbv) to 6761 µg/m3 (810 ppbv), the Hg doublet is just slightly enhanced 

in the latter; however, because of the noise in the data, additional characterization 

experiments should be carried out to verify this slight observed increase. It should be 

noted that the absolute intensities of the XPS spectra do not carry a lot of meaning, but 

rather the relative intensities within a given spectrum do. The reason that relative rather 

than absolute intensities carry the meaning is that there are aspects of the measurement 

(e.g., source produces more X-rays one day vs. another, height of one sample is 100 µm 

higher than another, etc.) that can change from day to day. This is why the baseline-

untested data in Figures 6.2a–2d each differ from one another. 
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Figure 6.2: Hg 4f core level XPS spectra for AC sorbents at various indicated conditions: 

(a–c) Darco-Hg LH brominated AC sorbents and (d) Darco-Hg virgin AC sorbent. 

Table 6.1 provides a summary of the XPS Hg and Br binding energies for Hg-Br 

reference compounds available in the literature [222] and for the Hg-containing 

brominated AC sorbent investigated in the work presented here compared with the study 

carried out by Hutson et al. [37] The reference data for the Hg 4f7/2 binding energy of 

HgBr2 indicate that this is the primary form of oxidized Hg on the surface; however, 

reference data are not available for the Hg 4f5/2 binding energy for this compound. 

Additionally, reference data are not available for a potentially surface-bound species of 

HgBr with an oxidation state of +1. To determine the speciation of the Hg doublet in 

Figure 6.2d, the reference data were compared. According to Table 6.1, the HgO doublet 

reference is 104.78 and 100.8 eV, compared with the measured doublet of 104.53 and 
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100.59 eV. This would imply that the doublet is HgO; however, when testing 

nonbrominated AC as shown in Figure 6.2d, it would be expected that the same doublet 

would be seen if Br in fact did not play the role in oxidation. Another option is a required 

combination of Br and O for Hg oxidation to take place. Further analysis of the Hg 4f7/2 

reference peaks in Table 6.1 indicate that the doublet may belong to HgO, Hg2Br2, or 

HgBr2 because the binding energies for these are 100.8, 100.7, and 101.0 eV, 

respectively, compared with that of 100.59 in the work presented here. It is also 

important to note that these results compare quite well to those of Hutson et al. [37] Also, 

from the XPS scan it was found that there was approximately 40 times more O than Br 

within the sorbent sampled, implying that if both of these species are reactive, and if Hg
0
 

has the potential to “see” O more often than Br, then the HgO doublet should be more 

prevalent in the XPS spectra. Although the O is present to a higher extent, its availability 

to bind is questionable. In other words, without a more detailed analysis of the 

differences in how O and Br are each coordinated within the pore surfaces or bulk matrix 

of the C, it is difficult to infer what percent of the O is actually available to interact with 

Hg
0
. At the elevated concentration and low temperature, the doublet peak of oxidized Hg 

is clearly evident in Figure 6.2b, with the oxidized form currently unknown. It is also 

clear from this figure that the doublet of Hg
0
 is not present at 99.9 and 104.0 eV. 
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Table 6.1: XPS binding energies for Hg
0
, Hg-Br, and HgO references and Hg-containing 

brominated AC 

  Hg 4f5/2  Hg 4f7/2  ΔE (eV)  Br 3d5/2 

Reference [222]         

Hg
0
  104.0  99.9  4.1   

HgBr2    101.0    69.3 

Hg2Br2    100.7    69.8 

HgO  104.78  100.8  3.98   

Hutson et al. [37]         

DARCO Hg-LH  105.3  101.4  3.9  69.7 

This study         

DARCO Hg-LH  104.53  100.59  3.94  69.0 

The evidence of these results implies that Hg adsorption at this low temperature and 

elevated concentration involves a chemical reaction, which, as outlined previously, would 

have an activation barrier if it were to proceed via a Langmuir–Hinshelwood mechanism. 

As a result, it appears that the data indicate one of the following: 

 The oxidation reaction proceeds via an Eley–Rideal mechanism. 

 The oxidation reaction proceeds via a Langmuir–Hinshelwood reaction with the 

activation barrier being overcome because of a cooperative effect based on high 

Hg coverage or Hg-Hg interactions due to the increased gas phase Hg 

concentration. However the atomic concentration of Hg on the AC surface is very 

low that Hg-Hg interaction on the surface is unlikely to occur.  As discussed in 

Chapter 7, the characterization experiments showed that Hg-Hg bond is not 

detected on the AC surface even at high Hg loading, supporting the low 

possibility of observing an Hg-Hg interaction on the AC. 

 There is a two-step adsorption process in which Hg is first oxidized by Br via one 

of the two mechanisms as previously described, desorbs from the surface into the 

gas phase, and readsorbs to the surface. 

The difference between the roles of O and Br with regards to Hg capture was further 

investigated in this study through electronic structure calculations, which allow for 
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deeper probing into the chemical bonding and potential surface complexes formed by 

these three species on C surfaces. 

6.3.2 Electronic Structure of Hg-Bound Carbon 

AC is exceedingly difficult to model given its highly inhomogeneous structure. Graphene 

may be used as a simplified model of carbonaceous surfaces to study the reactivity of 

sorbents such as AC. [223] The model of a single layer of graphene with unsaturated 

edge atoms to create active sites has been used in multiple studies to simulate 

carbonaceous surfaces. [49, 224-226] Radovic et al. showed that a graphene sheet can 

contain some or all of the oxygen functional groups including the free edge sites and 

represent the complex carbon structure. [224] Previous studies have considered models of 

C edges comprised of armchair and zigzag sites. [227-230] The major conclusion from 

these previous investigations is that the zigzag sites with carbene atoms are the most 

reactive with the C atom having two unpaired electrons. [53, 54] The goal of this work is 

to identify trends in the adsorption and oxidation of Hg
0
 on functionalized edge sites 

under relevant conditions of the surrounding flue gas. To model Hg adsorption on 

brominated, oxygenated, or hydrogenated C edge sites, a realistic model of the C sorbent 

and, specifically, its potential reaction sites, must be defined.  

The parameters used for the electronic structure calculations are first benchmarked by 

comparing C-C bond distances predicted by theory against experiments through 

simulating a bulk two-dimensional graphene sheet. Because the computational domain is 

periodic in three dimensions, the sheet is isolated from its periodic image sheets by a 10-

Å vacuum region. The optimized C-C bond length of 1.42 Å is in perfect agreement with 

the experimental results of 1.42 Å. [231-233] Because halogens (in particular, Cl and Br) 

and Hg have been found to react with the zigzag edge sites of graphene, the initial 

investigations use a graphene sheet with zigzag edge sites to model the reactive C 

surface. [234] The “surface” edge sites of the graphene sheet are created by modeling a 

slice perpendicular to the two-dimensional basal plane. A 25-Å vacuum is then used to 

isolate the edge sites from their periodic images. Two surfaces are required to correctly 
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resolve the surface dipole layers. The result is shown in Figure 6.3, with the two surfaces 

separated by 20 C atom layers, or 9 hexagonal C “rings,” in which each ring consists of 4 

layers of C atoms. The atoms outlined in the figure are the atoms included in the 

computational domain. The nine layers of rings were found to be the minimum necessary 

to ensure that the surfaces do not interact and that the center region retains the bulk 

configuration. Testing was carried out to determine the minimum number of C rings. C 

ribbons were simulated with depths ranging from 3 to 31 rings, and the change in C-C 

bond distance was recorded as a function of distance from the surface.  

 

Figure 6.3: Computational domain of model C ribbon with exposed zigzag edge sites 

 

The change in the C-C bonds during energy optimization is quantified by the percent 

relaxation of the C-C bonds from the bond distance represented in a bulk graphene 

system. As the number of layers was increased, the two symmetric edges, shown in 

Figure 3, interacted less, resulting in a decrease in relaxation (i.e., change from C-C bond 

distance of the bulk system). As the number of rings used to represent graphene was 

increased, the relaxation of the surface bonds converged to ±2% with no relaxation or 

bond-distance change within the center atoms. On the basis of these investigations, a 

graphene ribbon nine rings deep was determined to be the appropriate size to model the 
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zigzag edge sites of AC. Using the nine-ring-deep graphene ribbon model, electronic 

structure calculations were carried out to determine the most stable concentrations and 

configurations of H, Br, O, and Hg atoms at the edge sites. The initial investigations are 

represented with edges that contain five sites on each side of the graphene ribbon. Each 

structure is labeled in the form “X-X-X-X-X,” where the five letters represent the surface 

coverage of the five zigzag edge sites of graphene. The sampled coverages include 

various combinations of O, H, Br, and Hg bound at an edge site. Within this initial 

investigation, the number and type of atom is consistent with the neighbor and nearest-

neighbor configurations tested to determine which configuration results in the more 

stable edge. Although six configurations were tested overall, the two lowest and one 

highest configuration are adequate to discuss the trends in reactivity observed. These 

three configurations are pictured in Figure 6.4. Each atom -Hg, O, H, and Br- is 

covalently bonded to the surface C edge site, but each also interacts to a certain extent 

with their nearest and next-nearest neighbor on neighboring edge sites, with the 

interaction indicated in Figure 6.4 through a dotted line between the edge-site atoms. 

 
Figure 6.4: Surface configurations analyzed in the work presented here with stabilities 

ranging from the left (-945.113 eV) and center (-944.471 eV) to the right (-943.773 eV), 

with the configuration on the left being the most stable 

Table 6.2 provides the energy of each of the system configurations tested and the bond 

length between the bound Hg and the surface C atom. To the authors‟ knowledge, the 

Hg-C bond length for Hg adsorbed on graphene has not been experimentally determined; 

however, the Hg-C bond length for various Hg-organic complexes has been determined 

and ranges from 2.21 Å in Hg(C6F5)(CH2CH2PPH2)3(CF3SO3) [235] to 2.35 Å when Hg 

is bonded para to a toluene methyl group. [236] The Hg-C bond lengths calculated in this 

investigation (2.26–2.34 Å) agree reasonably well with the Hg-C bond lengths in other 
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Hg-organic complexes, but experimental work on Hg-graphene to determine the Hg-C 

bond length is needed for comparison. 

Table 6.2: Energies and bond distances of tested edge-site configurations 

Structure 

DFT      

Energy 

Hg-C 

Distance 

Br-C 

Distance 

O-C 

Distance 

Br-O 

Distance 

Hg-O 

Distance 

Hg-Br 

Distance 

(eV) (Å) (Å) (Å) (Å) (Å) (Å) 

Hg-O-H-Br-H -945.113 2.26 1.90 1.25 -- 2.63 -- 

   H-O-H-Br-Hg -944.474 2.32 1.91 1.24 -- -- 3.01 

H-O-Hg-Br-H -944.471 2.27 1.92 1.25 -- 2.49 2.99 

Hg-O-Br-H-H -944.417 2.27 1.90 1.25 2.74 2.61 -- 

H-O-Br-H-Hg -944.259 2.32 1.90 1.24 2.77 -- -- 

H-O-Br-Hg-H -943.773 2.34 1.91 1.24 2.66 -- 2.92 

 

The interaction distances suggest that Hg and Br tend to repel each other while 

interacting closer to an H or O neighbor if such an opportunity exists. For instance, the 

Hg-O distances in Hg-O-H-Br-H (2.63 Å) and Hg-O-Br-H-H (2.61 Å) configurations, in 

which Hg is not adjacent to Br, are greater than in the H-O-Hg-Br-H (2.49 Å) 

configuration, in which Hg is adjacent to Br, suggesting that Hg repels away from Br 

toward O, thereby decreasing the Hg-O bond distance. Similarly, the Br-O distances in 

Hg-O-Br-H-H (2.74 Å) and H-O-Br-H-Hg (2.77 Å) configurations, in which Br is not 

adjacent to Hg, are greater than in the H-O-Br-Hg-H (2.66 Å) configuration, in which Br 

is adjacent to Hg. 

By comparing the Hg-C bond lengths of the various structures, the significance of the 

surface atom configuration on the Hg-graphene interaction is also evident. For instance, 

the Hg-C bond length corresponds highly to the proximity of Hg to O. Specifically, in 

structures with a surface atom configuration that includes Hg-O, the Hg-C bond lengths 

are 2.26Å (Hg-O-H-Br-H) or 2.27Å (H-O-Hg-Br-H and Hg-O-Br-H-H); for the structure 



87 

 

 

with Hg and O separated by a H atom, the Hg-C bond distances are 2.32 Å (H-O-H-Br-

Hg and H-O-Br-H-Hg) and 2.34 Å(H-O-Br-Hg-H). In summary, the graphene surface C 

atom binds to Hg more tightly when the neighboring surface atom is O, and the Hg-

graphene structure is most stable when Hg is located next to a surface O atom but not 

immediately next to a bound Br atom. 

From these results there appears to be some lateral interaction that increases the binding 

strength of Hg when the neighboring atom is O but decreases the strength when the 

interaction is with a Br atom. To further investigate these relationships, a DOS analysis 

was undertaken for the three structures in Figure 6.4. The Hg s-, p-, and d-DOS before 

and after adsorption on the H-O-Hg-Br-H, Hg-O-H-Br-H, and H-O-Br-Hg-H edges are 

shown in Figures 6.5a–6.5c, respectively. The s-, p-, and d-states of the Hg atom change 

appreciably after adsorption, signifying the strong interaction with the surface. 

 

 

Figure 6.5: DOS showing the (a) s-, (b) p-, and (c) d-orbitals of Hg for various surface 

configurations compared with gas-phase Hg
0
 shown in black 

(a) 

(c) 

(b) 
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In particular, it can be seen that before adsorption no electrons are found in the 6 p-

states of Hg, but after Hg interacts with the surface, there is an increase in electron 

density in these states. In regard to the d states, although the peak shape has not changed, 

the energy has been reduced, denoting an additional interaction with the surface. The 

most information about the Hg-surface interaction, and in particular the differences 

between the interactions with the various surface configurations, is found in the DOS of 

the s-states of Hg. As can be seen in Figure 5a, not only does the shape of the DOS 

change after adsorption, but there is also a marked difference between the s-states of the 

lowest energy Hg-O-H-Br-H surface and the other two surfaces. When Hg is in the Hg-

O-H-Br-H configuration, there is a single main peak at approximately -3.5 eV and a 

smaller one at approximately -1.9 eV. In comparison, when Hg is in either of the other 

two configurations (i.e., H-O-Hg-Br-H and H-O-Br-Hg-H), the electron density is 

distributed into two or more main peaks. A wide distribution of states generally indicates 

a weakening of the overall interaction, which appears to be happening in these two cases. 

To further understand the mechanism affecting the interaction, the DOS of the s-, p-, 

and d-states of all of the surface atoms were plotted and are shown in Figure 6.6 for H-O-

Hg-Br-H (Figure 6.6a), Hg-O-H-Br-H (Figure 6.6b), and H-O-Br-Hg-H (Figure 6.6c). 

Because of the differences in magnitude, the s- and p-orbitals are plotted on a smaller 

scale (left axis) than the d-orbitals (right axis). The plots in Figure 6.6 provide 

information regarding the correlation of surface-bound Hg with the other surface atoms 

and show that the surface atom interactions change significantly depending on the surface 

atom configuration. In Figure 6.6c (H-O-Br-Hg-H, in which Br and O are adjacent), the 

Br and O p-orbitals are strongly correlated at -1.0 and -2.4 eV. This strong Br-O 

interaction is not present in the Hg-O-H-Br-H configuration, in which H separates O and 

Br; however, a similar strong correlation between the Br and O p-orbitals is shown in 

Figure 6.6a (H-O-Hg-Br-H), suggesting that Hg serves to bridge O and Br, forming a 

triatomic complex at the surface.  
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Figure 6.6: DOS showing the s-, p- (left axis), and d- (right axis) orbitals of surface atoms 

for (a) H-O-Hg-Br-H, (b) Hg-O-H-Br-H, and (c) H-O-Br-Hg-H 

Surface-bound Br influences the interaction between Hg and the C by modifying the 

electron density at the surface. For instance, when Br neighbors Hg, two notable Hg s- 

and Br p-peaks form one through this indirect surface modification and a second stronger 

(a) 

(b) 

(c) 
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(lower in energy) interaction through the direct Hg s- and Br p-orbitals. This splitting of 

the Hg s-electrons acts to reduce the strength of the Hg surface bond, making it less 

stable. Although the plots of both structures with the Hg-Br surface configuration (i.e., H-

O-Hg-Br-H [Figure 6.6a] and H-O-Br-Hg-H [Figure6. 6c]) show the split Hg s- and Br p-

peaks, the peaks are much stronger in the case of H-O-Br-Hg-H, in which O is not 

adjacent to Hg and thus does not detract from Hg‟s interaction with Br. On the other 

hand, as can be seen in the configuration of Figure 6.6b (Hg-O-H-Br-H, in which Br does 

not neighbor Hg), this interaction is not present, and the Hg s-peak corresponds primarily 

with O p-states. This Hg-O-H-Br-H configuration is the most stable structure of those 

simulated, likely because there is no direct Hg-Br interaction to destabilize the Hg-C 

bond. 

To date, only a small sample of all of the possible configurations of Br, O, H, and Hg 

on the model AC surfaces has been investigated. Even with this small sample it is 

possible to gain some insight into the mechanism by which Hg is interacting with the 

surface. The strength of the Hg-graphene interaction is very sensitive to the local 

environment. In particular, the Hg binding energy strengthens when the Hg is located 

next to a surface O but not immediately next to a bound Br atom. Through the DOS 

analysis, it appears that Br modifies the electron density of the surface C, making the Hg-

C bond weaker. In each of these cases investigated, configurations including direct Hg-C 

bonding with neighboring oxidizing atoms are presented; however, future work should 

include adsorbed configurations of Hg-Br and/or Hg-O to determine whether there are 

steps involving oxidation, desorption, and readsorption of the Hg
1+

 oxidized form of Hg 

(i.e., HgBr) to become fully oxidized on the surface through a combination of a 

neighboring oxidizing atom (Br or O) or C. 

6.4 Conclusions  

Through XPS surface characterization studies, it was found that Hg
0
 is most likely 

oxidized via Br, resulting in a surface-bound oxidized Hg species, but that O cannot be 

ruled out as a possible contributor in the oxidation/adsorption processes. Additionally, 
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preliminary theoretical results indicate that the position of certain surface atoms plays a 

role in stabilizing Hg on the surface. The Hg-C interaction is strongest when Br is a next-

nearest neighbor and O is a nearest neighbor, resulting in the overall tighter Hg-C 

binding. The results suggest that the C surface can be tuned to serve as an ideal sorbent 

because Br and O can serve to tightly bind Hg in a surface-bound oxidized form. 
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Chapter 7 

Mercury Chemistry on Brominated 

Activated Carbon 

7.1 Introduction 

The need for effective sorbent materials to capture harmful pollutants of flue gases 

continues to increase as coal consumption increases worldwide. Currently, it is possible 

to capture oxidized Hg by adsorption onto fly ash and injected AC. [237] Due to the 

physical and chemical heterogeneity of fly ash, its reliability as an effective sorbent is 

questionable. A major limitation with using AC is that in flue gases with low halogen 

concentrations a large amount of AC needs to be added to the system to effectively 

control Hg
0
.  Depending on the system conditions, an AC-to-Hg mass ratio of at least 

3,000-20,000 (C/Hg) is necessary to achieve 90% Hg removal. [238] 

The speciation of Hg adsorbed on carbon surfaces has yet to be elucidated, and the 

adsorption mechanism and the effects of flue gas components on Hg adsorption are not 

well understood. This current work represents a first step in determining the surface 

chemistry of AC and Hg in the presence of air through surface and bulk characterization 
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using XPS and EXAFS. The plane-wave density functional theory calculations (DFT) are 

carried out to identify the interaction of Hg with Br bound graphene edge sites. This work 

has been carried out in an attempt to simplify the chemistry of Hg
0
 on AC surfaces and 

thereby provide a foundation for understanding more complex systems. In future work, 

the effect of flue gas species will be considered individually to identify their specific 

effects on the mechanism of oxidation and subsequent adsorption. 

7.2 Methodology 

7.2.1 Sorbent Preparation  

Mercury-adsorbed brominated carbon samples have been prepared to identify the Hg 

oxidation state, bond distance, binding ligands, and number of ligands (coordination) 

when adsorbed to the AC sorbents using both XPS and EXAFS. To understand Hg 

adsorption in an air environment, a packed-bed reactor system was constructed (Figure 

7.1) to prepare samples for spectroscopic analysis. Sorbent particles were placed in the 

1.27 cm-diameter quartz packed-bed reactor. The reactor was covered with a 50 cm-long 

ceramic fiber heater to conduct tests at controlled temperatures while also providing a 

uniform temperature profile in the reactor. Elemental Hg vapor was introduced into the 

system using a Hg calibration system (PSA 10.536 Mercury Calibration System, PS 

Analytical). The concentration of Hg
0
 in the outlet flow was measured using a PSA 

10.525 Sir Galahad Hg analyzer (PS Analytical). The results described here are based 

upon pure Hg
0
 injection with air over commercially-available brominated AC powder 

(AC-Br) (DARCO Hg-LH, Norit Americas Inc.), and brominated AC fiber (ACF-Br) 

(Illinois State Geological Survey and University of Illinois) sorbents. The typical surface 

area of powder and fiber AC sorbents can vary between 100-800 m
2
/g. [239] A variety of 

conditions were considered, i.e., (1) 140°C, 403 μg/m
3
 Hg

0
, (2) 30°C, 403 μg/m

3
 Hg

0
 and 

(3) 30°C, 10817 μg/m
3
 Hg

0
, all in air with a flow rate of between 0.5 L/min and 0.7 

L/min. Typical flue gas conditions in an AC injection process contain 15 μg/m
3
 Hg, 

which is below the concentrations used in the experiments. High Hg concentrations were 
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used to decrease testing time and improve the intensity of the Hg4f spectrum in XPS 

analysis.  The powdered AC sorbents, prepared from lignite-based coal, contain Si by 

nature, which interferes with the spectra of oxidized Hg compounds due to the similarity 

in their electron binding energies of Hg4f and Si2p spectra. [23] All the tests were 

conducted until the outlet Hg concentration approached the inlet Hg concentration to 

maximize the amount of Hg adsorbed on the carbon surface. Since the goal of this work 

is to investigate the chemistry of Hg on AC sorbents, therefore, breakthrough curves of 

each sorbent were not generated. Mercury adsorption tests were also conducted at a lower 

temperature, i.e. 30°C, to promote Hg-surface interactions to enhance the intensity of the 

Hg spectrum in the presence of Si.  It was assumed that the chemical interaction of Hg 

with the surface will show similar behavior at 30°C to 140°C. 

 

Figure 7.1: Schematic of the packed-bed reactor system 
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7.2.2 XPS Analysis 

The XPS analyses were performed using a Physical Electronics (PHI) 5000VersaProbe 

Scanning XPS system at the Stanford Nanocharacterization Laboratory at Stanford 

University (Stanford, CA). Spectra were collected using monochromatic Al Kα radiation 

at 1486 eV. XPS is a surface-sensitive technique and the photoelectrons coming only 

from the top 5nm of the surface can be detected. The data reduction was carried out using 

the PHI MultiPak Software package. [240] All the spectra were calibrated to the C1s 

peak located at 284.6 eV. Due to the high vacuum of the analysis chamber (i.e., 10
-11 

Torr) it is anticipated that loosely-bound physisorbed Hg will like be removed leading to 

the assumption that the surface-bound Hg formed is chemisorbed.  

7.2.3 EXAFS Analysis  

Mercury LIII-edge EXAFS spectra were collected at wiggler beamline 7-3 at Stanford 

Synchrotron Radiation Lightsource (SSRL) using a LN2 cooled Si(220) double-crystal 

monochromator in the phi 90 orientation. Instead of de-tuning the monochromator 

crystals, the higher harmonics in the x-ray beam were removed using a harmonics mirror.  

The energy of the synchrotron at time of data collection was 3.0 GeV with a current 

between 85 and 100 mA.  Hg LIII-edge EXAFS spectra were collected in fluorescence 

mode using a 30-element germanium array detector along with 3 sets of ion chambers. A 

HgCl2 reference compound was placed between the I1 and I2 ion chambers to serve as a 

continuous energy calibration standard. AC samples were loaded into an aluminum 

sample holder and sealed with Kapton
®
 tape.  EXAFS spectra were collected at 80K 

using a LHe cryostat.  To determine if elemental Hg was present within the samples, a 

modified version of the slow-cooling Hg LIII-edge EXAFS method developed by Jew et 

al. was used. [241] Samples were loaded into the sample holders and sealed glass 

container prior to being cooled in a -20
o
C freezer for 30 minutes.  The sample was then 

immediately transferred to a -80
o
C freezer for an additional 30 minutes to allow any 

elemental Hg to slowly crystallize into -Hg(0), which, if present in the sample, would 

result in an identifiable EXAFS pattern. [241] The sample holder was taken from the -
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80
o
C freezer and placed directly into LN2 where it was mounted onto the LHe cryostat 

sample rod.  Up to 16 scans collected to a k of 15Å
-1

 were taken to improve the signal-to-

noise ratio. Background subtraction and analysis of the EXAFS spectra was performed 

using theoretical pathways created by FEFF 6L and the SixPACK XAS analysis software 

package. [242-244] Shell-by-shell fitting of the Hg LIII k
3
-weighted EXAFS spectra was 

done over a k range of 3-15 Å
-1

 with goodness of fit being determined by a reduced Χ
2
. 

7.2.4 Computational Details  

Electronic structure calculations based on plane-wave density functional theory (DFT) 

were carried out in parallel with experimental work in order to determine the surface 

reactivity and subsequent thermodynamic stability of surface-bound Hg species on 

simulated AC surfaces as well as to investigate the effects of Br surface functional 

groups. DFT calculations were carried out using the Vienna ab initio Simulation Package 

(VASP). [79-81] The projector augmented wave (PAW) method was used to describe the 

ion-electron interactions. [85,86] Electron exchange-correlation functionals were 

represented with the generalized-gradient approximation (GGA), with the Perdew, Burke 

and Ernzerhof (PBE) model used for the nonlocal corrections. [78] The energy cutoff for 

the plane-wave expansion was 400 eV and Methfessel, and Paxton Gaussian smearing of 

order one was used with a width of 0.2 eV to accelerate convergence of the total energy 

calculations. [221] The surface Brillouin zone integration was calculated using a gamma-

centered 5x5x1 (for slab) or 5x1x1 (for ribbon) Monkhorst-Pack mesh. [87] Geometric 

optimization was performed using the conjugate-gradient algorithm until the absolute 

value of the forces on unconstrained atoms was less than 0.03 eV/Å.  

Radovic et al. showed that the reactivity of AC can be studied using a simplified 

graphene model in which a single graphene sheet mimics the AC surface. [223] Many 

studies have used graphene zigzag edge sites with unsaturated edge atoms to simulate the 

active sites on carbonaceous surfaces. [49, 224,225,245] Many studies showed that LDA 

functional overestimates the binding energy of different adsorbents on graphene while 

GGA functional underestimates it. However in both cases the trend son the binding 
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energies do not change and the relative trends are the same with both functionals. [246-

249] Using a 9-ring deep graphene ribbon model, electronic structure calculations have 

been carried out to determine the most stable concentrations and configurations of 

hydrogen (H), bromine (Br), O, and Hg atoms on the edge sites. Details of the model are 

described elsewhere. [23]
 

The partial density of states (DOS) were calculated by 

projecting the electronic wave functions onto spherical harmonics centered on Hg, carbon 

(C), O and Br atoms to determine the potential mechanisms associated with Hg binding 

to edge sites of graphene. The integral of the DOS up to the Fermi level is proportional to 

the number of electrons participating in bonding and local reactivity. In general, the DOS 

analysis allows for an understanding of how electrons are covalently shared between 

different atoms. The strong binding is expected if the bonding states are shifted down 

below the Fermi level indicating occupancy.  

7.3 Results and Discussion 

Preliminary tests were conducted to assess the performance of the packed-bed reactor 

system as well as to determine the experimental conditions necessary for preparing 

sorbent samples for characterization to determine Hg
0
 oxidation and binding 

mechanisms. The most efficient configuration for Hg capture involved mixing the carbon 

sorbent with sand (e.g., 30 mg AC/6 g sand) and supporting this mixture with quartz 

wool. However, as both sand and quartz wool contain Si, an element whose main XPS 

lines coincide with those of oxidized Hg. Dilution is an additional complication, as the 

mole percent of Hg in the sample decreases significantly after mixing with sand, 

remaining below the detection limit of XPS.  To minimize this problem, all the 

experiments were carried out in the packed-bed reactor in the absence of sand and quartz 

wool. 

Table 7.1 shows the compositional analysis of AC-Br and ACF-Br sorbents before and 

after exposure to Hg. Since the powder sorbents are derived from lignite coal, their 

surface composition includes metals such as calcium (Ca), magnesium (Mg), aluminum 

(Al) and Si. For AC-Br sorbents, S was found to be present on the carbon surface. 
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Compositional analysis of the S2p core-level XPS spectra before exposure to Hg suggests 

that 85% of the S on the surface is oxidized to sulfate with binding energies in the region 

of 169.7eV. Other studies also found a significant presence of surface-bound sulfate, 

consistent with this work. [45,250] 

Table 7.1: Elemental compositional analysis of powdered and fiber-based brominated AC 

before and after exposure to Hg 

               Compositional Analysis % 

 

AC-

Br 

AC-Br-30°C 

air+Hg 

AC-Br140°C 

air+Hg  
ACF-Br 

ACF-Br 

air+Hg 

ACF-Br 

air 

C 78.4 77.7 71.7 

 

93 94.9 93.8 

O 16 15.5 24 

 

5.3 3.9 4.6 

Ca 1.9 1.9 1.4 

 

1 0.7 1 

Mg 0.3 0.2 <0.1 

 

- - - 

Si 0.7 1.9 0.9 

 

- - - 

S 0.7 0.7 0.3 

 

- - - 

Na 1.5 1.5 1.3 

 

- - - 

Br 0.5 0.5 0.3 

 

0.7 0.4 0.5 

Hg - 0.1 <0.1   - 0.1 - 

 

The surface mole composition of Si is found to be 0.7% for the AC-Br sample. This 

concentration is still much higher than the Hg present on the surface (<0.1%). The 

maximum surface composition of Hg is found to be 0.1% for the ACF-Br sample. Using 

the assumptions described in detail by Papelis et al., the surface coverage of Hg is 

estimated to be 0.7% monolayer. [251] Therefore, it is expected that the Si2p and Hg4f 

spectra will interfere with each other between 99.5 eV and 104 eV. The surface 

composition investigation carried out from an XPS survey scan of the ACF-Br sorbent 

only showed C, O, Ca and Br compounds without the presence of Si and other metals. 

The Hg4f core-level XPS spectra for Hg-containing AC-Br sorbents are shown in Figure 

7.2 at 140 °C and 30 °C. It is challenging to uniquely assign XPS spectral features to 

specific Hg compounds using XPS since the Hg4f7/2 binding energies for numerous 

compounds containing oxidized Hg lie in the tight range from 100.7 eV (Hg2Br2) to 101.4 

eV (HgCl2). Also, the Si2p spectral lines of Si-C, silicon dioxide (SiO2) and Si 
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compounds are expected to be in the region between 98.5 eV and 104 eV. The Si2p core-

level spectra can be separated from Hg4f spectra by using the area of the Si2s core-level 

spectra and the intensity ratios of the two Si spectral lines. [23] Table 7.2 provides a 

summary of the XPS of Hg and Br binding energies for Hg-Br reference compounds 

available in the literature [222,252] and for the Hg-containing brominated AC sorbent 

investigated in the current work compared against the study carried out by Hutson et al. 

[37] In the case of AC-Br tested at 403 μg/m
3 

and 140°C, Hg4f7/2 and Hg4f5/2 spectral 

lines are found to be in the binding region of 100.9 and 105 eV, respectively. Although 

this Hg doublet clearly indicates that the Hg on the surface is oxidized, it does not 

uniquely identify the Hg species.  

It is known that Hg adsorption on AC is an exothermic process [253] and that lower 

temperatures increase Hg adsorption on the surface; therefore, the sorbent experiments 

carried out at 30 °C were expected to have high enough surface Hg concentrations for 

XPS detection.  As shown in Figure 7.2b, the intensity of Hg4f doublet is slightly 

enhanced and the two distinguishing oxidized Hg4f7/2 and Hg4f5/2 peaks are centered 

around 100.7 and 104.7 eV, respectively. Reference data in Table 2 reveals binding 

energy positions for various oxidized forms of Hg: HgBr2, HgO, Hg2Br2 or mercuric 

carbide. The latter three are likely possibilities for the case of Hg sorption onto the AC-Br 

surface. To help identify which of these species are most likely on the surface, DFT 

calculations and EXAFS measurements were employed (see below). Additional XPS 

experiments were carried out with high inlet Hg concentrations, i.e., 10817 μg/m
3
, to 

increase the intensity of the Hg4f core-level spectra in the presence of Si and these results 

have been presented in a previous study. [23]  
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Figure 7.2: Hg4f core-level XPS spectra for AC-Br sorbents exposed to 403 μg/m
3
 Hg

0
 at 

(a) 140 °C and (b) 30 °C  

Table 7.2: XPS binding energies for Hg
0
, Hg-Br, HgO and mercuric carbide references 

and Hg-containing brominated AC 

Reference [222,252]  
Hg4f5/2 

(eV) 
 

Hg4f7/2 

(eV) 
 

ΔE 

(eV) 

Hg
0
  104  99.9  4.1 

HgBr2    101   

Hg2Br2    100.7   

HgO  104.78  100.8  3.98 

Mercuric Carbide    100.8-101.3  
Ɨ
 Hutson et al. [37]       

AC-Br  104.7  100.8  3.9 

Current Work       

AC-Br 403 μg/m
3
140 °C   105  100.9  4.1 

ACF-Br 403 μg/m
3
140 °C  104.6  100.6  4 

AC-Br 403 μg/m
3
30 °C  104.7  100.7  4 

Ɨ
 In this work all of the spectra are calibrated to the binding energy of C 1s photoelectrons at 

284.6 eV, whereas Hutson et al. calibrated all their spectra at 285.2 eV. For the consistency, the 

Hg4f binding energies reported in Hutson et al. are shifted by 0.6 eV. 

An additional Hg adsorption test was carried out on an ACF-Br sorbent at 140°C, in 

which the Si content was not determined and the Hg4f core-level spectra are expected to 
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be determined clearly. As shown in Figure 7.3a, the intensity of Hg4f doublet is slightly 

enhanced and the two distinguishing oxidized 100.6 and 104.6 eV, respectively. These 

energies are consistent with those determined for AC-Br. Composition analyses of the 

Hg4f spectral lines indicate that spectral lines are found to shift above the binding energy 

of 99.7 eV, suggesting that Hg bound on the surface is in the form of oxidized Hg, which 

is consistent with the results of Hutson et al. [37]
 
Even at low temperature, i.e., 30 °C, 

Hg
0
 is not detected, suggesting that the adsorption mechanism of Hg is either oxidative 

chemisorption at both 30 °C and 140 °C or that weakly bound Hg
0
 is removed in the ultra 

high vacuum environment. 

 

 

 

 

 

 

 

Figure 7.3: (a) Hg4f and (b) Br3d core-level XPS spectra for brominated fiber AC 

sorbent exposed to 403 μg/m
3
 Hg

0 
at 140°C 

A high-resolution scan of the Br3d region of the untested ACF-Br sorbent shows 

Br3d5/2 and Br3d3/2 doublet at 68.1 and 69.1 eV as shown in Figure 7.3b, attributed to 

different carbon-bound Br compounds. This is also consistent with previous studies, 

where they reported similar Br3d binding energy peaks for Darco Hg-LH and non-

halogenated AC and brominated carbon nanotubes. [37, 254-257]
 
Papirer et al. [255] 

studied brominated carbon black compounds with XPS and determined different Br 

compounds on the carbon surface depending on the bromination method and subsequent 

heating. The Br3d5/2 peak at 67.4 (±0.2) eV was reported to be Cn-Br2 surface complexes, 

in which Br was strongly bound and resistant to heating at 450°C. The physisorbed Br 
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produced a Br3d5/2 peak between 67.8 (±0.2) eV and 69.2 (±0.2) eV and is attributed to 

surface-bound HBr compounds, which are likely desorbed from the surface after vacuum 

outgassing at 100 °C for 4 days. [255] Bromine sp
2
 and sp

3
 hybridized covalent bonds to 

C atoms were also previously suggested to be at 70.0(±0.2) eV. [254] Based on these 

assignments, the Br3d spectra in Figure 3b can be attributed to the formation of all three 

of these Br-surface complexes on the C. Surface composition analysis of the ACF-Br 

sorbent reveals that the mole percentage of Br decreases to 0.5% and 0.4% in the cases 

where only air and air + Hg were injected into the reactor, respectively. In the case of 

AC-Br sorbents, a decrease in the mole percentage of Br is only detected when the 

temperature of the reactor is 140°C. These results indicate that physisorbed HBr might be 

desorbing from the surface due to the heat treatment in the reactor. It is important to note 

that XPS is a surface-sensitive technique and that these levels of Br detected comprise the 

Br available at the surface for interacting with Hg
0
. As seen in Figure 7.3b, the Br3d peak 

shifts to a higher binding energy after exposure of the ACF-Br sorbent to Hg
0

, which 

indicates that the chemical state of Br has changed. This behavior has also been reported 

by Qu et al., where they investigate the sorption of Hg on amorphous carbon particles 

impregnated with halides. [258] The shift was not detected when only air was injected 

into the reactor, indicating that the chemical state change likely arises from bromine‟s 

interactions with Hg
0
, possibly to form Hg-Br compounds on the surface.  

The results of the Hg LIII-edge EXAFS analysis of the three samples tested in the 

presence of air and Hg
0 

are shown in Figures 7.4a & 4b. The fits are overlaid with the 

EXAFS spectra and the Fourier Transform of each sample. The resulting parameters used 

in the EXAFS fitting are reported in Table 7.3, along with literature values for Hg the 

bond distances of Hg in the gas phase. [259] As shown in Table 7.3, the bond distances 

between Hg and its nearest neighbor are found to be between 2.55 ± 0.01 and 2.58 ± 0.01 

Å in the case of the AC-Br and ACF-Br sorbents, respectively. This bond distance is 

larger than that of Hg-O, but is closer to the gas-phase Hg2Br2 and HgBr2 bond distances. 

Fitting of the EXAFS spectra for AC-Br and ACF-Br showed no evidence for either a 

Hg-O bond or Hg having an oxygen in a second shell coordination (2.1-3.0 Å). Due to C 

being a weak backscatterer, detecting a Hg-C coordination is often difficult.  This 

difficulty increases with the presence of a strong backscatterer, such as Br, being present 
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in the sample. The presence of a Hg-Br bond would make the signal of a Hg-C too weak 

to be detected in the EXAFS signal.  
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Figure 7.4: Fitting results for the AC samples showing the EXAFS spectrum of the 

samples (gray solid line) and the best linear combination fit (black dash line): (a) AC-Br 

403 μg/m
3 

140°C, (b) ACF-Br 403 μg/m
3 

140°C, (c) AC-Br 10817 μg/m
3 

30°C  

(c) 

(b) 

(a) 

(c) 

(b) 

(a) 
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Table 7.3:  Structural parameters of the linear data fit to the EXAFS spectrum 

 
R (Å) N ΔE0 ζ

2
 Reduced χ

2
 

AC-Br 

10817μg/m
3 

30°C 

2.55 

±0.01 

2.20 

±0.07 

-0.75 

±0.57 

0.0042 

±0.0002 
10.04 

AC-Br  

403μg/m
3 

140°C 

2.55 

±0.01 

2.40 

±0.13 

-1.79 

±0.87 

0.0046 

±0.0002 
13.22 

ACF-Br 

403μg/m
3 

140°C 

2.58 

±0.01 

2.38 

±0.07 

-0.07 

±0.44 

0.0051 

±0.0002 
33.24 

Hg2Br2 (g) 2.62 
    

HgBr2 (g) 2.41 
    

HgO(g) 2.05 
    

R: Atomic Distance, N: Coordination number, ΔE0: Energy shift from the theoretical value, ζ
2
: 

Debye-Waller factor. The amplititude reduction value is fixed at 0.9 for all the three fits. 

In comparison to the Hg
2+

 reference compound (edge of HgCl2 set at 12,284 eV), the 

main absorption edge inflection points of the Hg/AC-Br and Hg/ACF-Br sorbents are 

shifted to higher energy values (12,287 eV), indicating the formation of Hg
2+

 compounds 

(or sorption complexes) rather than Hg
+
 compounds in the carbon matrix. . In all of the 

EXAFS spectra, the Hg LIII -edge spectra can only be fitted with high accuracy when the 

coordination number of Hg is 2.2, 2.4 and 2.38 with respect to Br for the AC-Br 30°C, 

AC-Br 140°C and ACF-Br 140°C samples, respectively. These results indicate that Hg
2+

 

is bonded to two Br atoms at a distance of 2.55 ± 0.01 Å. The data show no evidence for 

the presence of Hg
0
 within the samples.  The possible interaction of Hg with O or another 

Hg atom was investigated in the EXAFS spectra. A variety of Hg-O single-scattering 

pathways ranging from 2.1 to 3.0 Å were created and used during fitting the EXAFS 

spectra to determine if any Hg-O backscattering pathways existed. All FEFF-generated 

Hg-O pathways created resulted in the theoretical pathways being complete inverses of 

the data in a k range of 3-5.25Å
-1

. Beyond k = 5.25 Å
-1

 the FEFF-generated pathways 

were out of phase when compared to the data out to a k = 15Å
-1

. Because all of the FEFF-

generated Hg-O pathways created from 2.2-3.0 Å were out of phase when compared to 

the AC samples a coordination between Hg and O at a distance < 3.0 Å is highly 

unlikely. Though the Hg is considered to be bonded to carbon, it was not detected due to 

reasons described above.  XPS analysis reveals that the surface concentration of O is 
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much higher than that of Br. However, its availability to bind Hg is questionable since the 

formation of HgO compounds were not detected in the case of non-halogenated AC 

exposed to Hg
0
 and air.

 
[23] It is possible that the surface-bound O is not an effective 

binding site for the adsorption of Hg
0
 and does not form a bond with Hg; however, it 

might assist the surface-bound Br sites to react with Hg
0
.  

It is interesting to note that the AC-Br sorbents tested at different inlet Hg
0
 

concentrations and temperatures show similar oscillations and structural parameters in 

Figure 4. Although the surface reaction mechanism of Hg might change at different 

conditions on AC, the stable Hg form on the carbon surface is likely to be HgBr2 at both 

30 °C and 140 °C. The characterization results of AC and ACF sorbents using both 

EXAFS spectroscopy and XPS are in good agreement with each other. Our results are 

also in agreement with the previous studies showing that Hg is oxidized on the carbon 

surface and the anionic species, e.g., Br, are responsible for Hg capture. [36,37] 

7.3.1 Chemical Nature of Bound Mercury Species from DFT  

Electronic structure calculations based on plane-wave DFT were carried out to determine 

the surface reactivity and subsequent stability of surface-bound Hg species on simulated 

AC surfaces, as well as to validate the geometries and adsorption mechanisms postulated 

from the XPS and EXAFS analysis. The investigated structures are represented with 

surfaces that contain 5 edge sites (on each side of the graphene ribbon). Each structure is 

labeled in the form “X-X-X-X-X” where the five letters represent the surface coverage of 

5 zigzag edge sites of the graphene they are bound to, as shown in Figure 7.5. 

Additionally, “-X(Y)-” and “-X-(Y)-X-” denote an additional atom Y positioned above 

the surface atom X, and above and between the two X atoms, respectively. The sampled 

coverages include various combinations of -O, -H, -Br, and -Hg bound at an edge site. In 

some combinations, such as H-H-Hg(Br)-H-H,  H-Br-H-Hg(Br)-H,  and Hg-(Br)-H-O-H-

H structures, the optimized final structures and DOS are found to be similar and the effect 

of the O and Br on the binding of Hg is negligible when they are not located at the 

neighboring graphene edge site.  
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Figure 7.5: The optimized graphene structures showing the HgBr and HgBr2 formation 

on the edge sites of (a) H-H-Hg(Br)-H-H, (b) Br-Hg(Br)-H-H-H, (c) H-Hg(Br2)-H-H-H, 

(d) Hg(Br)-O-H-H-H. (Atoms are represented as C, black; Br, orange; Hg, gray; O, red; 

H, pink) 

Table 7.4 provides the energy of each of the system configurations tested in addition to 

the bond length of neighboring atoms. Configurations are grouped in clusters with 

consistent type and number of atoms, so that DFT energies may be compared directly to 

determine which configuration results in the more stable surface (edge). The lowest DFT 

energy in each cluster corresponds to the thermodynamically most stable structure. As 

shown in Table 7.4, the binding of Hg to the surface-bound Br is found to be 0.34 eV less 

stable in the case of the H-H-Br(Hg)-H-H structure in comparison to a corresponding 

structure where Br binds to the surface-bound Hg (H-H-Hg(Br)-H-H). As shown in 

Figure 7.5, a linear C-Hg-Br molecule forms on the graphene edge site with Hg-Br and 

Hg-C bond distances of 2.45 Å and 2.1 Å, respectively. A similar interaction was also 

observed in a previous study where Padak et al. carried out a Mulliken bond population 

analysis of Hg and chlorine (Cl) structures bound on four-ring graphene clusters using 

DFT. [49] They reported that the C-Hg bond was stronger when Hg was bound to the 

graphene edge site interacting with the Cl atom bound atop of Hg, which is in agreement 

with the current work. Additionally, a comparison of the DFT energies of the H-Br-Hg-

H-H and H-Br-H-Hg-H structures reveals that the Hg-Br interaction can be repulsive 

when both Hg and Br are bound to neighboring carbon edge sites. The bond distance of 

Hg-Br is found to be larger in H-Br-Hg-H-H than that obtained in the EXAFS analysis, 

indicating that this configuration is not likely the structure formed on the surface.   

 

 

 

(a) (c) (d) (b) 
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Table 7.4: Energies and bond distances of tested edge-site configurations 

Structure Energy 

Distance Between Atoms
0
 

Br-CA
1
 Hg-CA O-CA Br-Hg O-Hg 

  (eV) (Å) (Å) (Å) (Å) (Å) 

H-H-Hg(Br)-H-H -950.724 -- 2.1 -- 2.45 -- 

H-H-Br(Hg)-H-H -950.381 1.91 -- -- 3.47 -- 

       H-Br-Hg-H-H -938.066 1.91 2.35 -- 3.01 -- 

H-Br-H-Hg-H -938.451 1.91 2.33 -- -- -- 

       Br-Hg-Br-H-H -932.51 1.94 2.2 -- 2.8 -- 

Br-Hg-H-Br-H -933.643 1.91 2.33 -- 3.03 -- 

       Br-Br(Hg)-H-H-H -944.493 1.92 -- -- 3.73 -- 

Br-Hg(Br)-H-H-H -945.92 -- 2.08 -- 2.45/2.92 -- 

H-Br-H-Hg(Br)-H -946.319 1.904 2.095 -- 2.444 -- 

       H-Hg(Br2)-H-H-H -953.743 -- 2.2 -- 2.58/2.58 -- 

       Br-O(Hg)-Br-H-H -950.924 1.9 -- 1.23 3.93 3.49 

Br-(Hg)-Br-O-H-H -949.674 1.91 -- 1.24 3.73 -- 

Br-(Hg)-Br-H-O-H -950.787 1.91 -- 1.24 3.72 -- 

Hg(Br)-Br-H-O-H -952.193 1.91 2.13 1.23 2.45/2.93 -- 

Hg(Br)-Br-O-H-H -951.509 1.91 2.13 1.23 2.45/2.84 -- 

Hg(Br)-Br-H-H-O -952.196 1.91 2.15 1.25 2.45/2.97 2.5 

       Hg(Br)-O-H-H-H -957.435 -- 2.11 1.25 2.44 2.66 

Hg(Br)-H-O-H-H -957.125 -- 2.1 1.24 2.44 -- 

       O(HgBr)-H-H-H-H -963.56 -- -- 1.24 2.61 2.98 
 

0
Bond distance is given for the two nearest neighbors of given types  

1
CA = Surface carbon atom directly below given surface atom 

 

In addition to a single Br interaction, the effect of two Br atoms on Hg binding has been 

investigated and reported in Table 7.4. It has been observed that Hg is more stable if it 

interacts directly with the C edge site, while making additional bonds with Br atoms. In 

the case of the Br-Br(Hg)-H-H-H structure, the  interaction between Hg and surface 
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bound Br is repulsive and the Hg-Br bond distance is found to be 3.73 Å. Again, as with 

the single Br structures, a surface-bound Br adjacent to a surface bound Hg or Hg(Br) 

complex is thermodynamically unstable in comparison to a corresponding structure 

where the Br and Hg are separated by a surface-bound H. For instance, the DFT energy 

of H-Br-H-Hg(Br)-H is 0.4 eV lower than that of Br-Hg(Br)-H-H-H. In the case of the 

Br-Hg(Br)-H-H-H structure, the vertical and adjacent Hg-Br bond distances are found to 

be 2.45 Å and 2.95 Å, respectively and do not match the EXAFS results. The bond 

distance predicted between Hg and the surface-bound Br atom is large in comparison to 

those found in the gas phase and on the graphene edge site. An additional calculation, i.e., 

the H-Hg(Br2)-H-H-H structure, was carried out with two Br atoms and reveals a Hg-Br 

bond distance is 2.58 Å. The hydrogen atoms bound to graphene edge sites decrease the 

effect of the C-Br interaction leading to a smaller Hg-Br bond distance in comparison to 

the Br-Hg-Br-H-H structure. The Hg-Br bond distance in the H-Hg(Br2)-H-H-H structure 

matches well with the EXAFS analysis, and the stability of the HgBr2-type structures will 

be discussed in the following DOS analysis. 

The effect of O on the binding of Hg in the presence of two Br atoms has also been 

considered. It is again observed that Hg is more stable when it directly interacts with the 

edge site of graphene. Oxygen is found to increase the DFT energy (less stable) of the 

structure when it is located at the neighboring carbon edge site of the bound Br atom; 

however, our previous work indicated that the edge C binds to Hg more tightly when it is 

located next to a surface O atom, but not immediately next to a bound Br atom. [23]
 

Hence, the formation of the Hg(Br)-O type structure might be thermodynamically more 

favorable when Hg is bonded directly to the graphene edge site, with Hg bonded to one O 

atom adjacent to Hg on a neighboring graphene edge site, and one Br atom bound atop 

Hg. As shown in Table 7.4, the Hg(Br)-O-H-H-H structure is found to be the 

thermodynamically more stable structure in comparison to the Hg(Br)-H-O-H-H 

structure. The opposite effect can be seen, when O bound to the edge C atom is saturated 

with another H atom forming hydroxyl groups. In the case of the Hg(Br)-O-H-H-H 

structure, the adjacent Hg-O and the vertical Hg-Br bond distances are found to be 2.66 Å 

and 2.44 Å, respectively. Since the ionic radius of O
2-

 is smaller than that of Br
-
, the Hg-

O distance is expected to be smaller than the Hg-Br bond distance on the graphene edge 
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site, which is not in agreement with the current work. In addition, it is expected that a 

linear Br-Hg-O molecule exists on the graphene edge site, however, the angle between 

the bound Br-Hg-O complex is found to be 117° in the DFT simulations.  If a linear 

molecule forms on the surface, i.e., the O(HgBr)-H-H-H-H structure, the Hg-O bond 

distance increases. As discussed in the above section, Hg-O single scattering pathways 

created from 2.1-3.0 Å in the EXAFS spectra were found to be out phase showing no 

evidence for a Hg-O bond at a distance of 2.66 Å.  

7.3.2 Density of States Analysis 

To further investigate Hg-Br, Hg-surface C (CA) and Hg-O interactions a DOS analysis 

was undertaken for the Hg-Br-H-H-H, H-H-Hg(Br)-H-H, Br-Hg(Br)-H-H-H,  H-Hg(Br2)-

H-H-H, Hg(Br)-O-H-H-H structures. Comparing the DOS of similar systems, one can 

determine the relative strength of the bond of particular atoms. Figure 7.6 shows DOS 

results for s- and p- states of CA and O; and  s-, p- and d- states of Hg and Br of Hg 

adsorbed in (a) H-H-Hg(Br)-H-H, (b) Br-Hg(Br)-H-H-H, (c) H-Hg(Br2)-H-H-H, (d) 

Hg(Br)-O-H-H-H structures. A comparison of the Hg DOS pre-adsorption (gas phase, not 

shown) and post-adsorption (on the surface) shows that Hg p-states play the most 

significant role in the adsorption process. While gas-phase Hg s-, p- and d- states show 

single peaks at -1 eV, 4.8eV and -4 eV, respectively, they shift to more negative energy 

values and split into multiple peaks upon adsorption. The hybridization of Hg s- and Hg 

p-states with the Br p-state is clearly seen in the four structures shown in Figure 7.6. 

However, an interaction between the Hg p-states and Br p-states is not observed in the 

case of the H-Br-Hg-H-H structure (not shown), indicating a weaker Hg bonding. 

Furthermore, in this structure the Hg s- and p-states located at the Fermi level are partly 

occupied and only interacting with C p-states.  
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Figure 7.6: DOS comparing adsorbed Hg on (a) H-H-Hg(Br)-H-H, (b) Br-Hg(Br)-H-H-

H, (c) H-Hg(Br2)-H-H-H, (d) Hg(Br)-O-H-H-H structures 
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In the case of the H-H-Hg(Br)-H-H structure, the Hg s-, p- and d- bonding states are 

shifted below the Fermi level and are located at more negative energies than that of the 

other three structures. This observation indicates that, for the configurations investigated, 

the C-Hg bond is strongest when HgBr is bound to the edge C atom with the Hg. When 

Br is attached to the edge site of graphene, i.e., in the H-Br-Hg-H-H (not shown) and Br-

Hg(Br)-H-H-H-H structures, the Br s-states interact with the CA s-states at approximately 

-17 eV. In addition, the Br p-states interact with the Hg d- and CA p-states at -6 eV. These 

interactions are not observed in the case of the H-H-Hg(Br)-H-H and Hg(Br)-O-H-H-H 

structures where Br is only located at the top of Hg without attaching to the edge site of 

graphene.  In all the structures investigated the CA s- states do not show significant 

change, where as the first moment of the CA p- bonding states shift down due to the 

interaction between Hg and Br in the case of the H-H-Hg(Br)-H-H structure. When Br s- 

and p-states are compared in Figure 7.6, they are found to be closer to the Fermi energy 

in the case of the H-Hg(Br2)-H-H-H structure indicating that Hg-Br bonds are less stable, 

although the Hg-Br bond distance is found to match well with the EXAFS analysis. In 

addition, using the same reasoning one can conclude that Hg is more strongly bound on 

the graphene edge site in the case of the H-H-Hg(Br)-H-H or Hg(Br)-H-O-H-H structures 

compared to the Hg(Br)-O-H-H-H structure.  However, the DFT energies of both the 

Hg(Br)-H-O-H-H and Hg(Br)-O-H-H-H structures reveal that the Hg(Br)-O-H-H-H 

structure is energetically more stable, likely due to the increased strength of O atom when 

it is closer to the Hg and Br atoms.. It is shown in Figure 6d that O p-states overlap with 

the Br p-states at approximately -1.7 eV, leading to a shift in the O s- and p-states to 

lower energy values compared to the Hg(Br)-H-O-H-H structure (not shown). Although 

the increased bond strength of O leads to a more stable structure, the Hg-Br and C-Hg 

bond strengths are found to decrease. These results are in agreement with the bond 

distances shown in Table 7.4.  

EXAFS characterization indicates that Hg is oxidized in the carbon surface pores and 

forms Hg
2+

 compounds interacting with two Br atoms. Additionally, EXAFS analysis 

reveals that neither O nor a second Hg was located adjacent to Hg in the samples 

characterized. The optimized structures reported in this study show that Hg is most stable 

bound directly to a surface carbon. Mercury interaction with brominated AC likely 
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involves Hg interaction with the surface-bound Br by possibly detaching/replacing it 

from the graphene edge site. It is possible that Hg surface reactions on the carbon surface 

are kinetically controlled, as observed in Hg gas phase reactions, [260] and that the most 

stable structures found on DFT simulations may not form on the carbon surface. Given 

the results, we think that although Hg(Br) species are more stable on the surface, the 

activation barriers of surface intermediate reactions may lead to the stable formation of 

Br-Hg(Br) and Hg(Br2) type species on graphene edge sites. The bond distances of Br-

Hg(Br) and Hg(Br2) type structures are found to be closer to our EXAFS analysis results, 

and it is possible that surface-bound Br may not form an actual bond with Hg. Since Br-

Hg(Br) and Hg(Br2) type species are not strongly bound on the graphene edge site, it is 

possible that they can desorb from the surface when a more acidic species (i.e., SO2) are 

present. 

7.4 Conclusions 

The speciation of Hg adsorbed on brominated AC sorbents has been investigated in the 

presence of air. Both XPS and EXAFS experimental characterization results reveal that 

Hg is adsorbed on brominated AC as Hg
2+

 at both 30 °C and 140 °C, indicating that 

chemisorption is the likely adsorption mechanism of Hg. Fitting of the EXAFS spectra 

shows that Hg interacts with two Br atoms at a distance of 2.55 ± 0.01Å inside the C 

matrix. Plane-wave DFT calculations reveal that Hg s- and Hg p-states hybridize with Br 

and C p-states to form stable complexes on graphene edge sites. The interaction between 

C and Hg is possibly strong enough to detach Br from the graphene edge site, so that Hg 

can bind to the surface C directly. Although the C-Hg bond is more stable when Hg only 

interacts with one Br atom bound atop of Hg, relatively less stable complexes, i.e., 

Hg(Br)Br and Hg(Br2), can also form on the surface. The formation of the Hg-Br bond is 

found to be stronger than that of the Hg-O bond on the surface. If Br is present in the 

carbon matrix, O decreases the strength of C-Hg and Hg-Br bonds when it is located at 

the nearest neighbor position. Additional surface characterization experiments of AC 

sorbents will be carried out in the future using both XPS and EXAFS spectroscopy to 



114 

 

 

 

identify the role of other flue gas species and halogens on Hg adsorption and its 

subsequent oxidation. 
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Chapter 8 

Adsorption of Mercury on Activated 

Carbon in Simulated Flue Gas 

8.1 Introduction 

The flue gas species, e.g., SO2, HCl, NO and NO2, are known to have potential effects on 

Hg oxidation and its subsequent adsorption. In this chapter the effect of flue gas species 

are considered individually to identify their specific effects on Hg adsorption. The effect 

of Br2 gas on Hg adsorption is also investigated. Virgin, brominated and sulfonated ACFs 

have been tested using the packed-bed reactor to determine their effective capture of Hg
0
 

in a coal combustion flue gas environment.  The surface chemistry of ACF sorbents 

before and after exposure to Hg in the presence of flue gas has been investigated through 

surface and bulk characterization using XPS and XANES.  

The major findings of the Hg adsorption experiments on ACF sorbents are summarized 

as follows: 

1) Halogens are required to adsorb elemental Hg from simulated flue gas with 

mechanisms of oxidation and adsorption suggested in the current work. Mercury 
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adsorption experiments carried out on the virgin and brominated ACF sorbents 

indicate that Hg-Cl and Hg-Br compounds form on the surface. XAFS analysis of 

brominated ACF sorbents exposed to air and Hg indicates that Hg is in the 

oxidized form, Hg
2+

.  

2) The type of sulfur groups on the carbon surface affect the adsorption of Hg. Hg-S 

compounds are observed when the sulfur is in the elemental form.  SO2 reacts 

with water vapor to form sulfate groups that then occupy surface sites. Sulfate 

groups are attracted to the same active sites on the surface, which bind oxidized 

Hg compounds. Oxidized Hg is found to desorb from the surface when sulfate 

groups are present on the surface.  

3) The N1s spectrum is analyzed for all samples. We could not detect any N1s peaks 

for all the samples except the ACF-V sorbent tested in SO2, Br2, NO, NO2 and Hg 

gases. The N1s peaks are found between 401 and 403eV could be ammonium or 

C-N compounds. 

4) In all experiments, Hg
0
 is not found on the AC surface. 

8.2 Experimental Methodology 

8.2.1 Sample Preparation and Combustion Experiments  

An experimental system has been designed and built to simulate both the combustion and 

postcombustion flue gas environment. It is important to note that Hg has an affinity for 

surfaces and to prevent artificial heterogeneous reactivity, all glassware is quartz to 

minimize surface reactions. To simulate coal-fired flue gas, Hg and chlorine (or bromine) 

are introduced into a laminar premixed methane-air flame to simulate coal combustion, as 

depicted in Figure 8.1. Stoichiometric ratios of CO2 and water vapor are formed with 

slight NO formation from the flame with an O2 content of approximately 3%. Passing 

chlorine in the form of HCl into the flame allows for the generation of short-lived 

radicals that are characteristic of a real coal-fired utility boiler. Bromine injection is 
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carried out to determine its effect on Hg adsorption and oxidation behavior, specifically, 

since it is well known that bromine is a better oxidizing agent than chlorine.  

 

Figure 8.1: Schematic of the packed-bed reactor with flue gas assembly. Methane (CH4) 

is combusted in the burner and a laminar premixed flame is generated at the burner tip 

A packed-bed reactor (PBR) system was constructed as shown in Figure 8.1 to prepare 

the samples and also to investigate Hg adsorption on sorbents in both an air and flue gas 

environment. Samples are placed in a 1.27 cm (Reactor 1) and 0.7 cm (Reactor 2) –inner 

diameter quartz PBR. The reactor is covered with a 50 cm-long ceramic fiber heater 

(Semi-Cylindrical Units-Embedded Coiled Elements, Watlow, St. Louis, Missouri) to 

conduct tests at controlled temperatures and to obtain a uniform temperature profile in the 

reactor. Elemental Hg vapor is introduced from a Hg calibration system (PSA 10.536 

Mercury Calibration System, PS Analytical, England) with the concentration of outlet 

flow measured using a commercial Hg analyzer (PSA 10.525 Sir Galahad System, PS 

Analytical, England). Breakthrough curves are obtained for the PBR experiments by 

measuring the Hg concentration at the reactor outlet. The ratio of outlet to inlet 

concentration is plotted as a function of time, and as the outlet concentration approaches 

that of the inlet, breakthrough is achieved. The results described here are based upon 

brominated AC (AC-Br) from Norit Americas Inc., brominated AC fiber (ACF-Br), 

sulfonated ACF (ACF-S) and virgin ACF (ACF-V), with all fiber-based sorbents 
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obtained from our collaborator, Dr. Massoud Rostam-Abadi of the University of Illinois. 

Samples are tested in a simulated flue gas with compositions as indicated in Table 8.1. 

Typical flue gas conditions in an AC injection process contain 15 μg/m
3
 Hg, which is 

below the concentrations used in the current experiments. Elevated Hg concentrations are 

preferred to decrease testing time and improve the intensity of the Hg spectrum in the 

XPS and XAFS surface characterization experiments. Mercury adsorption tests are 

carried out on ACF sorbents with flow rates of 0.5 and 1 l/min at 140°C in the presence 

of simulated flue gas. 

Table 8.1: The flue gas composition tested in two different conditions: HCl injected after 

and before the flame (The Br2 gas flow rate is controlled using a needle valve. Although 

the most precise needle valve is used to control the Br2 flow rate, it can still show 

variability due to the low bromine flow rate. The use of a needle valve was required over 

a more accurate mass flow instrument due to the propensity of bromine condensation, 

which can ruin these devices.) 

 Flue Gas Composition 

 HCl after the flame HCl before the flame 

CO2 6% 8% 

H2O 12% 16% 

O2 0.6% 3.2% 

Hg 50 ppb 50 ppb 

SO2 -- 300 ppm 

HCl 17 ppm 50 ppm 

NO -- 300 ppm 

NO2 -- 5 ppm 

Br2 -- 25 ppm 

 

8.2.2 XPS Analysis  

The XPS analyses were performed using a Physical Electronics (PHI) 5000VersaProbe 

Scanning XPS system at the Stanford Nanocharacterization Laboratory at Stanford 

University (Stanford, CA). Spectra were collected using monochromatic Al Kα radiation 
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at 1486 eV. XPS is a surface-sensitive technique and the photoelectrons coming only 

from the top 5nm of the surface can be detected. The data reduction was carried out using 

the PHI MultiPak Software package. [240] All the spectra were calibrated to the C1s 

peak located at 284.6 eV. Due to the high vacuum of the analysis chamber (i.e., 10
-11 

Torr) it is anticipated that loosely-bound physisorbed Hg will like be removed leading to 

the assumption that the surface-bound Hg formed is chemisorbed.  

8.2.3 XANES Analysis  

Chlorine and Sulfur K-edge XANES spectra were collected at wiggler beamline 4-3 at 

Stanford Synchrotron Radiation Lightsource (SSRL) using Si(111) double-crystal 

monochromator in the phi 0 orientation. All spectra were recorded in fluorescence mode 

using a germanium multi-array detector. The energy of the synchrotron at time of data 

collection was 3.0 GeV with a current between 295 and 300 mA.  Samples were pressed 

into the open face on one side of Kapton tape to reduce the self-absorption effect that 

commonly occurs for a thick sample with S content higher than 0.3 wt. %. [261] Sodium 

thiosulfate was used as reference and the energy was calibrated at 2,471.4 eV with this 

compound. [262] Each XANES spectrum represents the average of 5 to 15 scans 

depending on the quality of spectra. 

8.3 Results and Discussion  

These results represent the postcombustion conditions, that is, with the inclusion of CO2, 

O2, and H2O vapor from burning CH4 in air, as indicated in Table 8.1. In some cases, the 

investigation of Hg and its interaction with a given surface in an air environment is 

considered, to assist in further elucidating mechanisms and this specified as necessary. 

So, unless otherwise noted all tests are represented of simulated flue gas. 

As shown in Table 8.2, the following test matrix has been completed for this study to 

understand the effect of each individual flue gas species. Species NOx and SO2 were 
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always added after the flame and all other gas species are added prior to the flame unless 

otherwise noted. 

Table 8.2: The test matrix of the combustion and air experiments 

Samples Experiment Reason for the Experiment 

Reactor 1 

ACF-V, ACF-Br, 

ACF-S 

air 
Baseline for XPS:  to compare  

bromine shifts w/ and w/out Hg 

Hg
0
+air To observe elemental Hg 

   

ACF-V, ACF-Br 

Hg
0
+ HCl (after the flame) 

To investigate the effect of 

halogens on Hg adsorption 
HCl (after the flame) 

Hg
0
 

  

Reactor 2 

ACF-Br 

Hg
0
+ SO2 

Hg
0
+ NO 

To investigate how bromine 

chemistry is affected with the 

addition of  SO2, compare results 

with URS samples and to 

investigate the effect of each flue 

gas species on Hg adsorption 

Hg
0
+NO+ SO2 

Hg
0
+NO+NO2+ SO2 

   

ACF-V 

Hg
0
 + HCl To investigate the effect of 

halogens on Hg adsorption Hg
0
+ Br2 

  

Hg
0
+ SO2+HCl 

To investigate the effect of  SO2 
Hg

0
+ SO2+Br2 

  

Hg
0
+NO+NO2+HCl+ SO2 To investigate how HCl and  Br2 

injection affect Hg adsorption Hg
0
+NO+ NO2+ Br2+SO2 

  

NO+ NO2 + SO2+HCl 
Baseline for XPS: to compare 

chlorine shifts w/ and w/out Hg 

 

 Table 8.3 shows the compositional analysis of ACF-Br and ACF-V sorbents before 

and after exposure to Hg. As both sand and quartz wool contain Si, an element whose 

main XPS lines coincide with those of oxidized Hg. To minimize this problem, all the 

experiments were carried out in the packed-bed reactor in the absence of sand and quartz 

wool. Although ACF sorbents do not include Si inherently, the glass filter used in the 
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reactor leads to an increase in the Si concentration. As shown in Table 8.3, the untested 

ACF-V sorbents contain only C and O elements, where as C, O, Ca and Br are detected 

on the ACF-Br sorbents. The mole percentage of C and O elements showed consistent 

numbers in all tests. However, in the case of the ACF-Br HCl(after flame)+Hg test the O 

concentration is found to be larger in comparison to other experiments. To our experience 

the O concentration can only increase with the injection of SO2 into the reactor which 

leads to the formation of sulfate compounds on the carbon surface.  We think that the 

XPS chamber is contaminated by the previous user and the ACF-Br sorbent adsorbed 

oxygen during the XPS analysis. The compositional analysis of the sorbents is discussed 

in details in the following sections. 
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Table 8.3: Elemental compositional analysis of virgin, brominated and sulfonated ACF 

sorbents before and after exposure to Hg 

 
C O Ca Si Br Cl S Hg 

ACF-V 

        Untested 97.3 2.7 - - - - - - 

 Hg 97.1 2.6 - 0.3 - - - <0.1 

HCl+Hg 95.4 3.6 - - - 0.8 - 0.2 

 HCl(after flame)  95.2 4.3 - - - 0.5 - - 

 HCl(after flame)+Hg 93.8 4.7 - 0.5 - 0.8 - 0.2 

Br2+Hg 95.2 3.3 - 0.5 0.9 

 

- 0.1 

 HCl+SO2+Hg 92.2 6 - 0.9 - 0.3 0.5 0.1 

 Br2+ SO2+Hg 85.1 12.8 - 0.8 0.1 - 1.2 <0.1 

 HCl+ SO2+NO+NO2 93.3 5.5 - 0.4 - 0.5 0.3 - 

 HCl+ SO2+NO+NO2+Hg 92.3 6.4 - 0.2 - 0.5 0.5 0.1 

 Br2+ SO2+NO+NO2+Hg 84.2 13.2 - 0.4 0.1 - 2 <0.1 

         ACF-Br 

        Untested 93 5.3 1 - 0.7 - - - 

Air+Hg 94.9 3.9 0.7 - 0.4 - - 0.1 

Hg 90.2 7.6 0.5 0.9 0.6 - - 0.2 

 HCl(after flame) 93.9 3.7 1.4 0.3 0.2 0.5 - - 

 HCl(after flame)+Hg 74.9 17.6 4.7 1.3 0.3 1 - 0.2 

SO2+Hg 81.3 14.3 1.8 0.6 0.2 - 1.7 <0.1 

SO2+NO+Hg 84 11.9 0.8 2 0.3 - 0.9 0.1 

         ACF-S 

        Untested 87.7 6.3 - - - - 6 - 

Air+Hg 89.6 4.1 - - - - 6.2 <0.1 

 

8.3.1 Evidence Supporting Major Findings 

Major Finding #1 

 Halogens are required to adsorb elemental Hg from simulated flue gas. Mechanisms of 

oxidation and adsorption are suggested in this work. Mercury adsorption experiments 

carried out on the virgin and brominated ACF sorbents indicate that Hg-Cl and Hg-Br 
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compounds form on the surface. XAFS analysis of brominated ACF sorbents exposed to 

air and Hg indicates that Hg is in the oxidized form, Hg
2+

.  

Effect of Halogens on Hg Adsorption  

Surface characterization experiments were carried out using XPS on both powder and 

fiber AC sorbents before and after exposure to Hg
0
. Powder AC sorbents inherently 

contain silicon (Si), which interferes with the Hg4f core-level spectra. The surface 

composition investigation carried out from an XPS survey scan of the ACF sorbents only 

shows carbon (C), oxygen (O), and impregnated species such as bromine (Br) and sulfur 

(S) compounds without the presence of Si and other minerals, making the carbon fiber 

sorbents excellent materials for investigating Hg adsorption mechanisms. Although using 

fiber-based sorbents decreases the Si content, it is still possible to see a Si peak in the 

Hg4f spectrum, which is likely sourced from the glass filter used in the experiments. The 

Hg4f high-resolution spectrum is shown in Figure 8.2. In all cases, the typical Hg4f 

doublet can be seen clearly.  The major findings are summarized below for the Hg4f 

spectrum: 
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Figure 8.2: Hg4f core-level XPS spectra for ACF-V and ACF-Br sorbents 

1)  Determining the speciation among the various surface-bound oxidized Hg species 

is difficult using XPS. The 4f7/2 binding energies of Hg compounds (Hg
0
, HgO, 

Hg2SO4, (Hg2NO3)2 HgCl2, Hg2Cl2, HgBr2, Hg2Br2) range from 99.9 eV (Hg
0
) to 

101.4 eV (HgCl2). Although a clear XPS spectra can be obtained on selected 

sorbents, XAFS analysis is required to distinguish between surface-bound 

oxidized Hg species, e.g., Hg
+
 (Hg2Cl2) and Hg

2+
(HgCl2). 

2) There is no significant difference found when HCl is injected before and after the 

flame, which questions the role and influence of the short-lived radicals present in 
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a real utility boiler. As shown in Table 8.4, the Hg4f7/2 peaks line up at 100.6 eV 

and 100.8eV in the case of HCl+Hg and HCl(after flame)+Hg tests respectively, 

indicating that the same type of Hg compounds form on the surface. This can be 

depicted from the Cl2p spectrum as well. 

Table 8.4: XPS binding energies for Hg4f, Br3d and Cl2p spectral lines tested at different 

conditions on ACF-V and ACF-Br sorbents 

  Hg4f7/2 Hg4f5/2 Br3d5/2 Br3d3/2 Cl2p3/2 Cl2p1/2 

ACF-V       
Hg 100.6 105 - - - - 

HCl+Hg 100.6 104.6 
- - 197.8 199.4 

  

200.4 202.0 

Br2+Hg 100.4 104.5 
67.7 68.7 

- - 
70.2 71.2 

HCl(after flame)  - - - - 200.2 201.8 

HCl(after flame) + Hg 100.8 104.8 - - 
197.9 199.5 

200.5 202.1 

HCl+SO2+Hg 101.0 105.0 - - 
198.8 200.2 

200.7 202.3 

Br2+SO2+Hg - - 70.1 71.1 - - 

HCl+SO2+NO+NO2 - - - - 200.1 201.7 

HCl+SO2+NO+NO2+Hg 100.7 104.7 - - 
198.1 198.7 

200.4 202.0 

Br2+SO2+NO+NO2+Hg - - 70.2 71.2 - - 

ACF-Br 

      Untested - - 68.1 69.1 - - 

Hg 100.65 104.7 
68.3 69.3 

- - 
70.3 71.3 

HCl(after flame)+Hg 100.9 104.9 
68.3 69.3 198.5 200.1 

70.2 71.2 200.1 201.7 

HCl(after flame) - - 
67.6 68.6 197.8 198.4 

70.1 71.1 200.5 202.1 

SO2+Hg 100.85 104.9 
67.9 68.9 

- - 
69.9 70.9 

SO2+NO+Hg 100.6 104.6 
68.2 69.2 

- - 
69.8 70.7 
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3) When the results are compared from the tests of Hg with the ACF-Br sorbent and 

Br2+Hg with the ACF-V sorbent, the binding energy of the Hg4f7/2 peak decreases 

to 100.4 eV in the case of the ACF-V Br2+Hg test. 

4) When the results of testing HCl+Hg and SO2+HCl+Hg are compared on the ACF-

V, the Hg4f7/2 peaks are broadened and shift to 101.1 eV in the case of the 

SO2+HCl+Hg test. A possibility is that Hg is binding to different sites on the 

carbon surface in the presence of SO2, which leads to a broadening in the 

spectrum. Although SO2 has negative effects on Hg binding, we can still detect 

some Hg compounds on the surface.  

5) In the case of the ACF-Br SO2+Hg and ACF-Br SO2+NO+Hg tests, the typical 

Hg4f doublet exhibit a slight shoulder when the sorbents are exposed to SO2, as 

shown in Figure 8.3. This indicates that SO2 has a larger effect on Hg adsorption 

in the presence of bromine than chlorine. As shown in Table 8.3, the Br 

concentration in the ACF-V Br2+Hg test is found to be 0.9% which is decreased 

to 0.1% after the SO2 injection. It is clear that SO2 desorbs most of the Br content 

from the ACF-V sorbent. In the case of HCl and SO2 injection, although the Cl 

concentration is still found to decrease on the ACF-V sorbent, it is possible to 

detect up to 0.5 % Cl on the surface. In all of the scans the Si2p interference is 

clearly observed. Although the ACF sorbents do not contain any Si, it is likely 

that the glass filter used in the experiments causes this interference. 
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Figure 8.3: Hg4f high resolution XPS scans for ACF-Br sorbents  

Effect of Chlorine  

The Cl2p high-resolution spectrum can be seen in Figure 8.4. The major findings are 

summarized below for the Cl2p spectrum: 

1) As shown in both Table 8.4 and Figure 8.4, analysis of the Cl2p core level spectra 

in the case of the ACF-V SO2+HCl+NO+NO2 and ACF-V HCl(after flame) tests 

without the presence of Hg shows Cl2p3/2 peaks at the binding energy of 200.1 eV 

and 200.2 eV, respectively. With the presence of Hg and HCl, new spectral lines 

are detected at 197.8, 197.9, and 198.1 eV in the case of the ACF-V HCl+Hg, 

ACF-V HCl(after flame)+Hg and ACF-V HCl+SO2+NO+NO2+Hg tests, 

respectively. The appearance of the new spectral lines represents the bonding 

between Hg and Cl on the surface. Quantitative analysis of the Cl2p and Hg4f 

regions imply that the Cl2p area is found to be 2.27 and 2.42 times higher than the 

Hg4f area in the case of the HCl +Hg and HCl(after flame) +Hg, respectively. 

These results indicate that two Cl atoms are bonded to one Hg atom, showing the 

formation of HgCl2 compounds on the surface. 
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2) As observed in Hg4f spectra, there is no significant difference found in the Cl2p 

spectra when HCl is injected before and after the flame. It is likely that the same 

chlorine compounds form on the surface.  
In
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Figure 8.4: Cl2p core-level XPS spectra for ACF-V and ACF-Br sorbents 

3) When the ACF-V HCl (after flame) tests with and without the presence of Hg are 

compared, it is clearly seen that not all of the HCl molecules bind with the Hg 

atoms on the carbon surface. The type of the C-Cl bond formed on the surface is 

an important factor that affects Hg capture. 
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4) Unlike the Hg-Br compounds, Hg-Cl compounds can still be detected in the case 

of the ACF-V SO2+HCl+Hg and ACF-V HCl+SO2+NO+NO2+Hg tests. As 

discussed in the analysis of breakthrough curves in the following section, oxidized 

Hg species, likely in the form of Hg-Cl, is detected across the sorbent in the case 

of the ACF-V SO2+HCl+Hg. These results show that although SO2 leads the Hg-

Cl compounds to be desorbed from the AC surface, the Cl2p3/2 peaks of strongly 

bound Hg-Cl compounds can still be detected in the presence of SO2.   

5) As shown in Figure 8.5, XANES results of the Cl K-edge indicate the formation 

of new peaks when Hg is tested with the ACF-V sorbent. The Hg-Cl bond 

formation has been determined in both virgin and brominated ACF sorbents. In 

the presence of SO2, the Hg-Cl peaks can still be observed, which is consistent 

with the XPS analysis. 

6) When HCl is injected on the ACF-Br sorbents, unlike the ACF-V sorbents, two 

different types of Cl bonds are detected on the surface at 197.8 and 200.5 eV, as 

shown in Table 8.4. In addition, the surface concentration of Br, as depicted in 

Table 8.3, is found to decrease to 0.2% with the addition of HCl. It is possible that 

another type of C-Cl bond might form on the surface, while Br is desorbing from 

the surface. In the presence of Hg, Cl2p3/2 peaks are detected at 198.5 and 200.1 

eV in the case of the ACF-Br HCl (after flame)+Hg. Unfortunately, it is not 

possible to determine whether the 198.5 eV peak belong to the Hg-Cl or C-Cl 

bond due to the low resolution of the XPS spectra. However, the XANES spectra 

of ACF-Br sorbents in Figure 8.5 show that the Cl K-edge spectrum stays the 

same after Hg is injected on the sorbent. We could not find any indication 

showing the formation Hg-Cl compounds on the ACF-Br sorbents.   
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Figure 8.5: XANES spectra of Cl K-edge for the ACF-V and ACF-Br sorbents tested in 

the presence of HCl and SO2 gases 

Effect of Bromine  

The Br3d high-resolution spectrum can be seen in Figure 8.6. The major findings are 

summarized below for the Br3d spectrum: 

1) A high-resolution scan of the Br3d region of the untested ACF-Br sorbent shows 

a major peak at 68.1 eV, attributed to carbon-bound Br compounds. When the 

sorbent is exposed to Hg
0 

the Br3d core-level spectra shift to higher binding 

energies. This shift was not detected when only air was injected into the reactor 

indicating that Br interacts with Hg
0
 forming Hg-Br compounds on the surface. 

The details have been discussed in Chapter 7. 
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Figure 8.6: Br3d core-level XPS spectra for ACF-V and ACF-Br sorbents 



132 

 

 

 

 

2) When Br2 + Hg tests are carried out on the ACF-V sorbent, two major Br3d5/2 

peaks form at 67.7 and 70.2 eV, as shown in Table 8.4. The first peak located at 

67.7 eV belongs to the oxidized Hg-Br compounds, where as the second peak at 

70.2 eV likely belongs to the Br sp2 and sp3 hybridized covalent bonds associated 

with C atoms, which were also suggested to be at 70.0(±0.2) eV. [254] These 

results clearly show that not all of the Br2 molecules bind with the Hg atoms on 

the carbon surface, since the Br3d spectra of Hg-Br compounds are known to 

generally form at 69eV. The type of the C-Br bond formed on the surface is an 

important factor that affects the Hg capture. 

3) The Br3d peak formed at 67.7 eV disappears with the addition of SO2, indicating 

that the oxidized Hg-Br compounds desorb from the surface. It is important to 

note that SO2 removes all of the Br3d peaks for the Hg-Br compounds formed on 

the surface. However in the presence of HCl and SO2 gases, the Cl2p peaks for 

the Hg-Cl compounds are still observed, as shown in Figure 8.4. This could 

indicate that the Hg-Cl compounds are less affected by the injection of SO2 in 

comparison to the Hg-Br compounds, which is also in consistent with the 

compositional analysis. 

4) It is clear that the Br2 gas injection tests with the ACF-V surface creates different 

bromine compounds in comparison to those formed on the ACF-Br sorbent. 

Unlike the C-Br compounds form on the ACF-V sorbent, the C-Br compounds are 

found to form at lower binding energies than the Hg-Br compounds on the ACF-

Br surface. The Br 3d5/2 peaks at 68.3. 68.3, 67.9 and 68.2 eV are attributed to the 

Hg-Br compounds in the case of the ACF-Br Hg, ACF-Br HCl(after flame)+Hg, 

ACF-Br SO2+Hg and ACF-Br, SO2+NO+Hg tests, respectively. When the 

injection of SO2 is compared for the ACF-V Br2+SO2+Hg and ACF-Br SO2+Hg 

tests, the Br impregnation on the sorbent (ACF-Br) surface creates stronger Hg-Br 

compounds than those formed when Br2 gas phase is injected on ACF-V sorbent. 

Unfortunately, we were not able to compare breakthrough curves of these two 

tests to determine the actual performance of the sorbents, due to catalyst overload 

within the Sir Galahad instrument in the final weeks of these experiments.  We 
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have recently replaced the catalyst set-up within the Sir Galahad instrument so 

that future experiments can include further investigation of these tests. 

Major Finding #2  

The type of sulfur groups on the carbon surface affect the adsorption of Hg. Hg-S 

compounds are observed when the sulfur is in the elemental form as in the case of the 

ACF-S sorbents exposed only to air and Hg.  SO2 reacts with water vapor to form sulfate 

groups that then occupy surface sites. Sulfate groups are attracted to the same active 

sites on the surface, which bind oxidized Hg compounds. Oxidized Hg is found to desorb 

from the surface when sulfate groups are present on the surface. 

The S2p high-resolution spectrum can be seen in Figure 8.7. In all cases, the typical 

Hg4f doublet can be seen clearly.  The major findings are summarized below for S2p 

spectrum: 

1) The major S2p peaks are found to be located between 163-165eV for the ACF-S 

sorbents and 168-170eV for the ACF-V and ACF-Br sorbents. The higher B.E. 

peak is likely from S (VI) (SO4
2-

), while the origin of the lower binding energy 

peak has more possibilities, including thiols (-SH) and elemental sulfur (S).  In all 

simulated flue gas tests, SO2 is found to be oxidized on the carbon surface 

reacting with water vapor. As SO2 reacts with water vapor on the carbon surface, 

the surface O concentration increases, as shown in Table 8.3. We also expect to 

see oxidized S2p peaks for the ACF-S sorbents in the presence of SO2 gas.  

2) HgS, HgSO4 and Hg2SO4 compounds are expected to form at 162eV, 168eV and 

169eV, respectively. From the XPS analysis of S2p spectrum, there is not any 

strong evidence showing the formation of these Hg-S compounds on the carbon 

surface. We could not detect any visible shift in the S2p spectrum of ACF-V and 

ACF-S sorbents when Hg is injected to the reactor.  

3) As shown in Table 8.3, the S concentration in the presence of Br on both ACF-V 

and ACF-Br sorbents is found to be higher than that in the presence of Cl. This 

behavior is in agreement with desorption of Br from the surface. As depicted in 
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the previous sections, the surface Br concentration decreases significantly, when 

both Br2 and SO2 are injected into the reactor at the same time and the Hg-Cl 

compounds are less affected by the injection of SO2 in comparison to the Hg-Br 

compounds. It is likely that sulfate, Hg-Cl and Hg-Br species are all attracted by 

the same surface active sites on the carbon surface. Since the Hg-Br species are 

weakly bound on the surface, it is observed that the formation of sulfate groups on 

the surface increases in the presence of Br2.  

4) When Br2 gas is injected to the reactor, the S2p peaks of the ACF-V sorbent shift 

to higher binding energy values. It is possible that S-Br compounds might form on 

the surface, e.g., ((CH3)3SO)Br. 

5) When the ACF-Br SO2+NO+NO2+Hg and ACF-Br SO2+Hg tests are compared, 

S2p peaks are found to shift higher binding energies in the presence of NO and 

NO2 gases.  
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Figure 8.7: S2p core-level XPS spectra for ACF-V and ACF-Br sorbents 
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As shown in Figure 8.8, the EXAFS spectrum of the ACF-S sorbents exposed to air and 

Hg is compared with those of the ACF-Br sorbents. The details of the EXAFS analysis of 

the ACF-Br sorbents are discussed in the Chapter 7. In the case of the ACF-S sorbent, the 

measured bond distance between Hg and sulfur is 2.36 Å. This value matches well with 

the reference value (2.36 Å) of cinnabar (HgS), as shown in Figure 8.8. The Sp core-level 

XPS spectra show the presence of the S in the form of elemental S on the carbon surface. 

Elemental S is expected to react with Hg to form HgS compounds, which is in agreement 

with the EXAFS results. In all sorbents tested, the inflections at the pre-edge of the 

XANES region show two distinct points, whereas one distinct point is expected if Hg
0
 

was present in the sorbents. In summary, these preliminary Hg XAFS spectra indicate 

that Hg is oxidized on the surface and the oxidized species are likely HgS in the case of 

ACF-S sorbents.  

 

R: Atomic Distance ± 0.002Å , N: Coordination number ± 0.11, ΔE0: 

Energy shift from the theoretical value ± 0.82,  ζ2: Debye-Waller factor ± 
0.0003 

Figure 8.8: Linear fitting results for AC samples showing the XAFS spectrum of the 

sample (black line) and best linear combination fit (red line). Structural parameters of the 

fit to the EXAFS spectrum are shown in the table. 

The XANES spectra of the S K-edge of the ACF sorbents tested at different conditions 

are compared with the reference materials, i.e., L-cysteine and 3-(1-pyridinio)-1-

propoanesulfonate. As shown in Figure 8.9, in the case of all sorbent materials except the 

ACF-S sorbents, similar sulfur groups form at 2483eV. The sulfur K-edge of L-cysteine 

consists of C-SH bonds and similar to those of the ACF-S sorbents. This indicates that 

elemental sulfur groups are available in the ACF-S sorbents. In addition, the 3-(1-

pyridinio)-1-propoanesulfonate reference material consists of –(SO3) groups in its 

 R (Å) N ΔE0 ζ2 

AC-Br 10817μg/m3 30°C 2.55 2.2 -0.75 0.0042 

AC-Br 403μg/m3 140°C 2.55 2.4 -1.79 0.0046 

ACF-Br 403μg/m3 140°C 2.58 2.38 -0.07 0.0051 

ACF-S 403μg/m3 140°C 2.36 2.17 6.88 0.0033 

Hg2Br2 (g) 2.62    

HgBr2 (g) 2.41    

HgS (g) 2.36    

HgO(g) 2.05    
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structure. The XANES spectrum of 3-(1-pyridinio)-1-propoanesulfonate does not match 

well with the spectra of the ACF sorbent exposed to SO2 and H2O vapor. The S K-edge 

of these sorbents shifts to higher energies, indicating the possible formations of SO4
2-

 

groups, which are in agreement with the XPS analysis of S2p spectra.  

 

Figure 8.9: XANES spectra of S K-edge for the ACF-V, ACF-Br and ACF-S sorbents 

tested in the presence of HCl, Br2, SO2, NO, NO2 and Hg gases 

Major Finding #3 

The N1s spectrum has been analyzed for all samples. We could not detect any N1s peaks 

for all the samples except the ACF-V sorbent tested in SO2, Br2, NO, NO2 and Hg gases.  

As shown in Figure 8.10, the N1s peaks are found between 401 and 403eV. The N1s 

peak location does not match that of either NO (405 eV) or NO2 (407 eV), Hg2(NO3)2 

(407 eV) or Hg2(NO2)2 (403.4 eV) and could be ammonium or some C-N compound. 
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Figure 8.10: N1s core-level XPS spectrum for the ACF-V SO2+Br2+NO+NO2+Hg test 

Major Finding #4 

In all experiments, elemental Hg is not found on the AC surface.  

Composition analyses of the Hg4f spectral lines indicate that the spectral lines shift 

above the binding energy of 99.7 eV, suggesting that Hg bound on the surface is in the 

oxidized form. Even in the case of the ACF-Br sorbents exposed to air and Hg at low 

temperature, i.e., 30 °C, Hg
0
 is not detectable using XPS, suggesting that the adsorption 

mechanism of Hg is chemisorption at both 30 °C and 140 °C or that weakly bound Hg
0
 is 

removed in the high-vacuum environment. In the XAFS scan of these samples, Hg
0
 is 

also not observed, although the samples were cooled down to -80
o
C for thirty minutes to 

allow any Hg
0
 to slowly crystallize into -Hg(0), which if present in the sample, would 

result in an identifiable EXAFS pattern. [241] 
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8.3.2 Breakthrough Curves of Brominated ACF  

Brominated AC fiber sorbents have been tested in different flue gas conditions with and 

without the presence of HCl gas. It is clear from Figure 8.11 that SO2 decreases the Hg 

adsorption on the carbon surface. When both NO and SO2 are injected, the breakthrough 

time decreases in comparison to the case of SO2+Hg. It is possible that NO can behave as 

an oxidizer and increase the adsorption and chemisorption of SO2 to form sulfate groups 

on the surface. An increase in the sulfate groups on the carbon surface might decrease the 

Hg adsorption. The effect of NO2 on Hg adsorption has not been fully elucidated in this 

study. We expect that NO2 can assist in Hg oxidation directly; [263] however, it is also 

known to decrease Hg adsorption by increasing the formation of sulfate groups on the 

surface. [264] Unfortunately, these trends could not be validated in the current 

investigations. The ACF-Br SO2+NO+NO2+Hg test will be repeated to determine if the 

same trend is observed when NO2 is injected.   

 

Figure 8.11: Breakthrough curves of ACF-Br sorbents tested in SO2, NO and NO2  

Figure 8.12 shows the total and elemental Hg concentrations as a function of time in the 

case of the SO2+Hg and SO2+NO+Hg tests. The difference between total mercury (Hg
T
) 

and Hg
0
 indicates the amount of oxidized Hg desorbing from the carbon surface. As 
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shown in Figure 8.12, when SO2 is present oxidized Hg desorbs from the surface. It is 

likely that Hg and SO2 is attracted by the same active sites. Hg is adsorbed and oxidized 

on the bromine bound sites of the carbon. The affinity of these sites might be higher for 

SO2, leading to desorption of Hg-Br compounds from the surface. The binding strength 

of the Hg-Br compounds on the carbon surface has been investigated and the details are 

omitted here, but available in Chapter 7. Both XPS and XAFS analyses indicate that the 

HgBr2 compounds form on the brominated carbon surface when they are exposed to only 

air and Hg
0
. DFT analysis indicates that HgBr2 compounds on the carbon edge site are 

thermodynamically less stable in comparison to HgBr compounds justifying the 

possibility that HgBr2 may desorb from the surface when SO2 is present. 

 

Figure 8.12: The total and elemental Hg concentrations as a function of time: (a) 

SO2+Hg, (b) SO2+NO+Hg 

8.3.3 Breakthrough Curves of Virgin ACF 

The breakthrough curves of the ACF-V sorbents are shown in Figure 8.13, when they are 

exposed to HCl+SO2+Hg and Br2+SO2+Hg gases. These breakthrough curves are also 

compared with that of SO2+Hg on ACF-Br. The effect of SO2 on Hg adsorption is also 

seen in these experiments in that presence of SO2 decreases the time in which 

breakthrough is reached. When Br2 and SO2 are injected with the virgin ACF sorbent in, 

Hg adsorption is found to increase compared to the HCl+SO2+Hg test. It is possible that 

Br2 increases the homogenous Hg oxidation, which increases the adsorption of Hg on the 
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carbon surface. In addition, ACF-Br sorbents showed higher capacity when SO2 is 

present, in comparison to the Br2+SO2+Hg test on ACF-V. Although injection of Br2 

increases the performance of ACF-V sorbents than that of HCl, it is found in XPS 

analysis that Hg-Br compounds are desorbed completely from the surface, where as Hg-

Cl compounds can still be detected on the surface in the presence of SO2. It is likely that 

weak Hg-Br compounds form on the virgin ACF surface when Br2 gas is injected, which 

has been discussed in detail in the major finding #1 section including the XPS analysis of 

the bromine peaks. 

 

Figure 8.13: Breakthrough curves of ACF-V sorbents tested in SO2, HCl and Br2 

Figure 8.14 shows the total and elemental Hg concentrations as a function of time in the 

case of HCl+SO2+Hg and Br2+SO2+Hg tests.  It is again observed that SO2 desorbs 

oxidized Hg from the surface. After the experiment is stopped, only air is injected into 

the packed-bed reactor and additional Hg desorption is observed. Since active surface-

binding sites are taken by SO2, it is possible that physisorbed Hg may be desorbed from 

the surface when air is injected to the reactor. 
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Figure 8.14: The total and elemental Hg concentrations as a function of time: (a) 

HCl+SO2+Hg, (b) Br2+SO2+Hg 

8.4 Conclusions 

The Hg adsorption experiments have been carried out on AC surfaces and the effect of 

HCl, Br2, SO2, NOx gases has been investigated. The experiments carried out on the 

virgin and brominated ACF sorbents indicate that halogens are required to adsorb Hg
0
. In 

all experiments, Hg
0
 is not found on the AC surface. Elemental Hg is likely adsorbed 

with a surface oxidation reaction forming oxidized Hg compounds in the form of Hg
2+

. 

The type of S groups on the carbon surface affects the adsorption of Hg. The EXAFS 

analysis indicates that when the S is in the elemental form, the Hg-S compounds are 

found in the ACF-S sorbents. In the presence of flue gas, SO2 is oxidized on the surface 

forming sulfate compounds that then occupy active surface sites.  

Based on the XPS and XAFS characterization experiments, a model is proposed to 

summarize the oxidation and desorption reactions of Hg on the virgin and brominated AC 

sorbents, as shown in Figure 8.15. Virgin AC sorbents react with the HCl and Br2 gases 

forming the C-Cl and C-Br compounds on the surface. When the Hg
0
 is present, Hg 

reacts with some of the halogen species on the surface forming HgX2 compounds.  In the 

presence of SO2, the sulfate compounds form on the surface leading to desorption of the 

oxidized Hg species from the AC surface, likely in the form of HgX2. The XPS analysis 

shows that the formation of sulfate compounds increases the desorption of the Hg-Br 
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species more than that of the Hg-Cl species. As shown in Figure 8.15, all of the HgBr2 

species are found to be desorbing from the surface where as some HgCl2 species can still 

be detected on the surface. Although the sulfate compounds cause the HgX2 compounds 

to desorb from the surface, C-Cl and C-Br bonds can still be observed, indicating that 

these bonds are strong enough and not affected by the sulfate compounds. It is also 

possible that the sulfate compounds are attracted by different active sites and do not bind 

to the active sites where the C-Cl and C-Br compounds are bound.  

A similar Hg oxidation and desorption mechanism is proposed on the brominated AC 

sorbent. When Hg
0
 is injected on the ACF-Br sorbents, it is likely that only some of the 

Br compounds are bound to the Hg on the surface. This might be related with the fact that 

the initial surface concentration of Br is much higher than the gas phase concentration of 

Hg and the Br sites are not saturated by Hg.  In the presence of SO2, the sulfate groups 

form on the surface, causing some of the HgBr2 species to desorb from the surface. 

Unlike the Br2 injection on the ACF-V sorbents, the Br impregnated ACF sorbents lead 

to the formation of stable Hg-Br compounds and not all of the HgBr2 species desorb from 

the surface. When both HCl and Hg
0
 are injected onto the ACF-Br sorbents, we could not 

find any indication showing the formation of Hg-Cl species on the surface. It is likely that 

Hg
0
 interacts with the Br species on the surface despite the presence of Cl species on the 

surface. 
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Figure 8.15: Proposed model for Hg oxidation and desorption on the virgin (on the left) 

and brominated (on the right) AC sorbents. X represents HCl or Br2 
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Chapter 9 

Summary and Future Work 

9.1 Summary 

In this work Hg capture processes in coal-fired power plants are described and ab-initio 

quantum mechanical tools are applied to provide a fundamental understanding of the 

adsorption mechanism of SO2 and Hg species on CaO and Pd-based sorbents. From the 

theoretical predictions, it has been determined that Hg strongly adsorbs to CaO surfaces 

as Hg
2+

 and forms a stable complex on the surface. SO2 also binds strongly to CaO 

surfaces with chemisorption being the likely adsorption mechanism. These results 

indicate that both Hg and sulfur bind to Ca-based sorbents in wet FGD systems. Pd alloys 

and overlays have also been investigated as a replacement for Ca and organic-based Hg 

sorbents, and the results show that the addition of a small amount of Au and Ag is able to 

enhance the sorbent performance. It is important to note that the binding energy is 

sensitive to the specific local concentration of Au and Ag atoms and it would be difficult 

to optimize the structure for fabrication due to the invariance of the atomic configuration. 

The use of overlays removes the dependence of the random atomic arrangement, making 

the fabrication process easier, increasing the potential for these novel materials to be 

scaled up. Quantum chemical modeling tools will guide the experimental research by 



146 

 

 

 

helping to understand the physical mechanism and reducing the time and cost typically 

required for material fabrication.  

In addition AC-based sorbents were also investigated, which are the most widely tested 

sorbents for Hg removal in coal-fired power plants. A major problem in Hg removal is 

the limited understanding of the mechanism associated with heterogeneous Hg
0
 oxidation 

and its subsequent adsorption. The possible binding mechanism of Hg
0 

onto brominated 

fiber and powder AC sorbents are investigated through packed-bed experiments in the 

presence of air.  To better understand the mechanisms involved, a combination of 

quantum mechanical modeling and spectroscopy were used to characterize the sorption 

process. The XPS and EXAFS spectroscopy were used to analyze both the surface and 

bulk of brominated AC sorbents reacted with Hg
0
.  It was found that Hg

0
 oxidizes on the 

brominated carbon surfaces at both 30 °C and 140 °C. The oxidation state of adsorbed Hg 

is found to be Hg
2+

, which was coordinated to two Br atoms with no detectable bonding 

between Hg and O. Though plane-wave DFT and DOS calculations indicate that Hg is 

more stable when it is bound to the edge C atom interacting with a single Br bound atop 

of Hg, a model that includes an interaction between the Hg and an additional Br atom 

matches best with experimental data obtained from EXAFS spectroscopy. Because the 

most stable structures optimized in the DFT simulations were not found on the samples 

analyzed using EXAFS spectroscopy, Hg surface reactions on the carbon surface are 

thought to be kinetically controlled. 

The experiments carried out on the virgin and brominated ACF sorbents in the presence 

of HCl, Br2, SO2, NOx gases indicate that halogens are required to adsorb Hg
0 

on the AC 

surface. In all experiments, Hg
0
 is not found on the AC surface. Elemental Hg is likely 

adsorbed with a surface oxidation reaction forming oxidized Hg-Br and Hg-Cl 

compounds in the form of Hg
2+

. It is observed that SO2 is oxidized by the H2O vapor on 

the surface forming sulfate compounds which then occupy the active surface sites. Both 

sulfate compounds and oxidized Hg compounds are likely attracted by the same active 

sites on the surface and the weakly bound oxidized Hg compounds are found to be 

desorbed from the surface when sulfate groups are present. Based on the XPS and XAFS 
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characterization experiments, a model is proposed to summarize the oxidation and 

desorption reactions of Hg on the virgin and brominated AC sorbents. 

9.2 Future Work 

There are further issues to be explored to understand the binding mechanism of Hg on the 

AC surfaces. Some open issues that need to be addressed are: 

1) DFT calculations should be carried out to investigate the effect of SO2 on the 

binding of Hg on simulated AC surfaces. The active sites on the graphene edge 

sites should be formed either by removing the carbon atoms on the graphite edges 

or creating unsaturated carbon atoms at the edge sites. The edge sites should be 

functionalized with halogens such as Cl and Br. The mechanism of Hg binding in 

the presence of SO2 should be investigated by considering the heterogeneous 

oxidation of Hg. A DOS analysis should be carried out to interpret the binding 

energies calculated on active sites of AC to explain the mechanism of Hg binding.   

2) The Hg adsorption tests on AC should be carried out in the packed-bed reactor 

followed by surface and bulk characterization of the sorbent to understand the 

effect of NO and NO2 gases on the capture of Hg.  The results from the NO and 

NO2 experiments should be implemented into the model developed for the Hg 

oxidation and desorption reaction in the presence of halogens and SO2. 

3) Experimental investigations, similar to those of AC, should be carried out on the 

precious metal sorbents to determine their Hg adsorption and/or oxidation 

performance. 
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Appendix 

A.1 Protocol for Combustion Experiments 

1
st
: Turn on the furnace. The desired operation temperature is 1000 °C 

 

2
nd

: Turn on the Cavkit. The temperature should be selected depending on the 

experiments. To select the temperature go to the temperature controller and press the * 

bottom (left bottom). This will let you read the target temperature. While holding the * 

bottom, we can increase/decrease the temperature with the arrow up/down bottoms 

(middle and right bottoms) until it reaches desired temperature. Later on, when it reaches 

a constant temperature (20min-30min) and is the moment to inject Hg and air, it is 

necessary to increase the pressure to 10psi and select the desired Hg concentration by 

adjusting the Hg and air flows. Keep in mind that both gases have different units.  
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3
rd

: Preparing the Reactor. 

1. Put on gloves and prepare work area by laying down paper cover 

a. Always wear gloves when handling any experimental equipment that may 

have been exposed to mercury or other hazardous materials 

2. Cut pre-filter to correct size (reactor internal diameter) 

3. Load the pre-filter 

4. Pack the pre-filter down using rod/wire 

5. Weigh out desired amount of sample 

6. Pour into reactor onto pre-filter  

7. Secure insulation sleeves around reactor at top and bottom 

4
th

: Installing the Reactor inside the Furnace. 

1. Remove frame holder and top tightening clamp 

2. Open heating furnace 

3. Insert reactor and close the furnace 

a. Hold reactor at top at least until bottom tightening clamp is secure and top 

tightening clamp is replaced 

4. Replace and tighten top tightening clamp 

5. Replace frame holder 

6. Attach inlet into top of the reactor  

Pressure 

regulator

Temperature 

regulator 

(°C)

Air flow 

controller 

(L/min)

Hg flow 

controller 

(mL/min)

Pressure 

regulator

Temperature 

regulator 

(°C)

Air flow 

controller 

(L/min)

Hg flow 

controller 

(mL/min)
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7. Attach bottom of reactor to probe line, by-pass line, and condenser line (if using 

additional vacuum pump) 

8. Wrap heating tape around probe line and “T” as best as possible without double 

wrapping, and then plug into variable heat controller 

9. NEVER FORGET: Make sure Cavkit is connected to one of the holes in inlet 

tube and that the vent valve is open 

10. For the calibration step: Open bypass line, and close direct access to reactor, close 

waste valve above the reactor, close cavkit valve to burner, and open cavkit vent 

valve to hood 

11. NEVER FORGET: Insert Thermo couple into furnace until it hits reactor and 

then pull back slightly 

a. If thermo couple is not inserted furnace will keep heating up to +1000 °C, 

parts of set up will melt and a fire could occur 

12. Turn on probe line heat tape, set variable heat controller, allow to stabilize and 

then measure temperature (~130°C) 

13. Turn on furnace temperature controller and set desired reactor temperature 

14. Turn on vacuum pump and MFC (if used in experiment) 

15. Perform calibration of Sir Galahad (see Calibration (OnLine Software) section) 

16. Turn mercury on cavkit to 0 ml/min 

17. Open waste valve above reactor, open cavkit valve to burner, close cavkit line to 

reactor by-pass, close cavkit vent valve to hood 
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18. Open the gas cylinders of HCl, SO2, NO, NO2, Br2 or H2Se necessary for 

experiment 

19. Open methane cylinder, and set MFC  

20. Plug in burner control box 

21. Open all methane valves 

22. Hold flame near narrower part of constriction on burner inlet side, until loud 

clicking noise indicates solenoid valve is open; keep flame until a stable flame is 

achieved inside burner tube at the constriction 

a. If solenoid valve does not open: 

i. Stop lighter flame, until red light on burner control box goes out, 

light again 

ii. If still fail, close methane valve and loosen connection between 

solenoid valve and methane MFC to relieve pressure, and try 

lighting again 

iii. If still fail, close methane valve, set methane MFC to 1% and undo 

connection between solenoid valve and methane MFC, open 

methane valve and very briefly check for flow out of tube. 

Reconnect, set methane flow rate back, and try lighting again 

23. Set desired halogen flow rates 

24. Increase mercury flow rate on cavkit to calibration levels  

25. In Online software click “Pause” button to commence sampling sequence 

5
th

: Turn on Sir Galahad. 

Turn on Sir Galahad a few hours before experiment so it can stabilize 

1. Turn on the compressed air 

a. NEVER turn off the compressed air while Sir Galahad is running 

2. Turn on Argon gas to Cavkit 

3. Turn on mass flow controller (MFC) 

a. Set at 0.8 L/min 

4. Turn on vacuum Pump 

5. Enable sampling in OnLine software (see step 8 of Experiment Startup) 

a. Once peak readouts are constant the instrument is stable 
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6
th

: Calibration (OnLine Software). 

1. Select calibration profile different from the one used for previous experiment 

a. Click “edit contents of grid” under Instrument Sequence tab 

i. Change column “Cal” to new calibration letter 

 

 

ii. Develop Calibration profile, by specifying Cavkit settings, and 

using “Calibrator setup” to calculate concentration 
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iii. Enter calculated concentrations into “Name” column next to 

“Type” calibration 

iv. To initiate calibration, select Once in “Run” column next to 

“Type” “Calibration*”, and Yes next to the first calibration point 

b. To confirm and enable changes to grid by selecting “Update Selected 

Changes” 
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2. Gather two peaks for each calibration point 

3. To change calibration point follow above instructions for editing grid, and in the 

“Run” column select No for current calibration and Yes for the next calibration 

point 

4. Adjust Cavkit settings to match new concentration 

5. Calibration point changes can be performed during Instrument Status B,C, or D 

(see below) 

6. Once all calibration points are collected, correlation coefficient should read ~.99 

a. If correlation coefficient is lower, run calibration again 

b. If problem persists, there might be a leak in the system 

7. In “Run” column select No for all “Type” calibration sections, and Yes next to 

“Type” Sample 

8. Click “Pause” button under “instrument Sequence” and continue experiment set-

up for combustion 
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Status A: Sampling 

 

 

Status B: Heating Sample 
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Status C: Cooling Sample 

 

 

Status D: Bypass Analyzer/Stand-by 

 

7
th

: Combustion Experiment Shut Down. 

1. Push Stop or Pause button in OnLine software Instrument Sequence tab 

2. Wait until Sir Galahad closes down, Start button will turn green, before turning of 

vacuum pump 

3. Turn off pump to reactor and the compressed air 

4. Reduce mercury flow rate in cavkit to 0 ml/min 

5. Turn off MFCs and shut off cylinder 
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6. Turn off air from Cavkit 

7. Open cavkit vent valve to hood 

8. Open bypass valve, close cavkit valve to burner, close waste valve above reactor, 

open cavkit line straight to reactor bypass 

9. Zero and turn off cavkit 

10. Shut down air cylinder (turn off last to flush lines) 

11. Unplug burner control box 

12. Turn off all heating elements 

13. NEVER FORGET: Turn off the furnace (the burner tube will remain red hot for 

some time, while it cools) 

14. Once Sir Galahad is closed down, turn off argon gas 

15. Turn off Sir Galahad MFC and vacuum pump 

a. NEVER turn off Sir Galahad instrument, the fluorescent lamp inside will 

cool down 

16. Turn off and unplug furnace temperature control module 

17. Turn off probe temperature 

18. Disconnect mixing line heating element control unit from system and remove 

from hood to save space 

19. Disassemble everything in order to remove reactor 
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