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ABSTRACT 

 

The goal of this research is to obtain the adsorption mechanisms of toxic mercury-

containing species (Hg, HgCl and HgCl2) and carbon dioxide (CO2) on inorganic 

solid surfaces using theoretically predicted results because experiments have been 

unable to unravel the involved issues.  The understanding of the adsorption 

mechanisms of the mercury species and carbon dioxide from flue gases is important 

when considering mercury capture from coal-fired power plants, artisanal gold mining, 

and cement manufacturing industries.  The current research attempts to explain each 

adsorption mechanism for mercury species, and those for carbon dioxide adsorption, 

on the surfaces through optimized geometries, energies and thermodynamic data.   

To investigate this research, density functional theory, which is one of useful tools for 

analyzing reactions on solid surfaces, was used to determine first principles-based 

theoretical adsorption models.  Mainly, results from computational work indicate that 

mercury-containing species and carbon dioxide adsorption on calcium oxide surfaces 

and elemental mercury adsorption on a gehlenite surface are exothermic reactions.  

Calcium oxide is a promising adsorbent for oxidized mercury (HgCl and HgCl2), but 

not for elemental Hg.  Interestingly, the elemental mercury, which is the major form 

(> 90%) in the flue gases of the coal-combustion power plants, is chemisorbed on a 

gehlenite surface, which is partially composed of calcium oxide and comes from a 

mineral transition at high temperature.  Strong adsorption on this inorganic sorbent is 

enhanced at high temperatures even though this adsorption process is exothermic.  In 

addition, CaO surfaces are effective at capturing CO2, generating calcium carbonate 
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compounds at flue gas temperatures, and water vapor enhances its adsorbability due 

to a larger CO2 adsorption energy. The current research shows that inorganic sorbents 

are not only effective in removing the elemental and oxidized forms of mercury but 

also in mineralizing CO2 at high temperatures into a solid form.  The mercury species 

and carbon dioxide adsorption mechanisms investigated in this research may be 

utilized in the application of more efficient mercury and carbon dioxide control 

technologies.  Future work will examine the reaction transition state and predict the 

kinetic data of the carbonation reactions, and, additionally, may prove the hypothesis 

that H2O molecules play a role as catalysts, increasing reaction rates.   
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CHAPTER 1. INTRODUCTION 

 

Mercury is a ubiquitous chemical element in the environment and a unique metal 

which has a high vapor pressure and exists in the liquid phase at ambient conditions 

(Hammond 2000).  It has high volatility and is easily transported between 

environmental compartments where it is distributed on a global scale (EPA 2009).  

There are two types of global mercury emission sources; natural and anthropogenic.   

 

Interestingly, oceans have continuously emitted 36 % of the total mercury emissions 

through natural processes (Pirrone 2010).  It is very difficult to control natural 

mercury contribution sources from oceans, natural biomass burning, volcanoes, etc.; 

however, industrial point sources could be controlled through mercury removal 

technologies to reduce the large anthropogenic mercury emission levels.  Fossil fuel 

combustion is the largest anthropogenic mercury emission source.  This research 

focuses specifically on mercury removal from the flue gases of coal-fired power 

plants because it is a major contributor, as will be discussed next.     

 

The concentration of mercury-containing species in flue gases varies with the types of 

coal used in the power plants (Park 2008).  In particular, the mercury concentration 

from anthracite coal after combustion is higher than from bituminous coal (Park 2008).  

Sulfur dioxide scrubbers remove 35 ~ 65 % of the oxidized mercury from bituminous 

coal while they allow only ~ 5 % mercury removal for lignite coal (Brown 2000).  

However, the elemental form of mercury that exists in the vapor phase is dominant in 



 
 

20 

flue gases.  Elemental mercury accounts for 90 % of the mercury-containing species 

and it is difficult to control because of its insolubility in water and other liquids, and 

its low reactivity.  The major aspect of this research is to investigate how both 

elemental and oxidized mercury species can be adsorbed stably on an inorganic 

sorbent.   

 

The other major gas emitted in flue gases from the coal-fired power plants is carbon 

dioxide.  The global surface temperature has increased 0.74 ± 0.18 °C during the 20th 

century, and the Intergovernmental Panel on Climate Change (IPCC) estimates it will 

rise between 1.1 to 6.4 °C during the 21st century using climate model projections 

(IPCC 2007) due to greenhouse gas emissions, the major contributor being CO2.  The 

IPCC concludes that the increased temperature of the Earth surface will cause global 

climate changes, but those predictions depend on the time-dependent concentrations 

of greenhouse gases.  The damages examined during speculative climate change 

models create the perceptiveness that global warming will be a major threat to world 

stability and humanity's ability to continue in existence.   

 

As a result of the seriousness of the modeling result implications, the European 

Community and 37 industrial countries adopted the Kyoto Protocol on December 

1997.  The Kyoto Protocol went on to be signed and ratified by most industrialized 

nations to reduce six greenhouse gases emissions (CO2, CH4, N2O SF6, 

hydrofluorocarbons (HFCs) and perfluorocarbons (PFCs)), with 183 countries that 

ratified the protocol (UNFCCC 2009).   
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The most prominent greenhouse gas is carbon dioxide, which contributes 76% of the 

climate change effects in the Earth’s atmosphere among the six compounds that 

would have been controlled through the Kyoto protocol (UNFCCC 2009).  Carbon 

dioxide is chosen as the reference gas to calculate global warming potentials (GWP) 

for other greenhouse gases because of this large contribution.  Global warming 

potentials (GWP) is a relative scale and represents quantitatively the mass of carbon 

dioxide that could be emitted compared to 1 kg of a specific greenhouse gas as 

estimated to contribute to total global warming.  For instance, methane’s GWP around 

15 indicates that you can either emit 15 kg of CO2 or 1 kg of methane and the climate 

change effects would be the same.  

 

Even if fossil fuel combustion is also the major source of carbon dioxide emissions, 

there is difficulty in controlling carbon dioxide in flue gases because of the large 

quantities of carbon-content in fossil fuels.  In order to derive novel adsorbents for 

removing carbon dioxide, it is important to understand the adsorption mechanisms of 

CO2.  The second aspect of this research is to investigate theoretically how carbon 

dioxide from flue gases of coal-fired power plants is adsorbed on an inorganic surface.  

 

The increasing use of fossil fuels to supply the demand for energy has inevitably led 

to higher carbon dioxide, and mercury, emissions into the atmosphere.  Energy 

production from fossil fuels has grown due to increases in population as that is a key 

determinant of energy consumption.  Total coal demand, among fossil fuels, increased 

worldwide due to it having the lowest energy price per kilowatt hour along with a 

rising demand for energy.  Coal use totaled 27 percent of world fuel consumption for 
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energy needs in 2006.  Figure 1-1 shows world coal consumption by country grouping, 

1980-2030 (EIA 2009).  Peculiarly, the United States consumed 92 percent of the 

total coal consumption in North America and it accounted for 48 percent of the 

consumption of Organization for Economic Co-operation and Development (OECD) 

countries in 2006.  Also, the coal consumption of the U.S. has increased and will 

continue to increase gradually from 1980 to 2030 according to world energy 

projection statistics of OECD coal consumption by region (EIA 2009).  Nonetheless, 

increased use of coal in non-OECD countries significantly influenced the growth in 

the use of coal.  Non-OECD countries consume double the coal amounts, per capita, 

of OECD countries.   
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Figure 1-1.  World coal consumption by country grouping, 1980-2030 (EIA 2009)   

 

 

 

Coal remains the most important energy source for electricity generation since the 

primary energy provider from this fuel type is power plants.  Figure 1-2 not only 

represents the trend that coal consumption for electricity generation grew faster than 

other sources, but coal also remains the dominant source for electricity, while other 

alternative energy sources remain at lower levels.  Especially, China consumes the 

largest quantity of coal in the world, and the rate of coal consumption has accelerated 

in recent years. Chinese coal consumption will be expanded from 1.7 billion tons in 

2003 to 3.3 billion tons by 2020 according to estimations of the USGS 

(USGS(U.S.Geological Survey) 2003).  
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 Figure 1-2.  Electricity generation by fuel, 1980-2035 (billion kilowatthours) (EIA 

2009) 

 

 

 

 

Coal-fired power plants are the major global pollutant sources of both mercury and 

carbon dioxide (Levin 2005).  For mercury removal systems, there are many 

experimental papers using various kinds of sorbents, such as activated carbon, 

calcium-based sorbents, fly ash and zeolites, to treat the flue gases of coal fired power 

plants (Otani 1986; Otani 1988; Krishnan 1994; Karatza 1996; Lancia 1996; Hocquel 

2001; Scala 2001a; Scala 2001b; Ghorishi 2002; Jurng 2002; Chang 2003; Olsen 

2003).   Although activated carbon is mainly used in the facilities, carbon-based 

sorbents have limitations for their applications, such as requiring low operating 
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temperatures, deterioration of the quality of the fly ash after mercury removal, and 

high operating expenses (Ghorishi 1998; Pavlish 2003; Lee 2004).  

The current challenge is to explore options for effective and inexpensive sorbents. 

Among others, Paper Waste Derived Sorbents (PWDS) marketed under the trade 

name, MinPlus, are a newly developed sorbent to replace activated carbon which 

proved to be very effective in a bench scale Hg control system (Wendt 2007).  The 

overall maximum mercury removal efficiency achieved was 83 – 90 %, even in high 

temperature ranges (900-1100 °C) (Wendt 2007). MinPlus sorbent is a waste product 

from paper recycling producers, and is a non-carbon, but mineral based inorganic 

substance. Mercury adsorption on this sorbent appears to be irreversible, and there is a 

possibility of using the highly stable MinPlus-Hg containing materials in building 

materials which can have the possibility to guarantee non-leaching and no mercury re-

emission (Wendt 2007). However, the energetics and mechanisms of mercury 

adsorption on MinPlus are not well understood.  

 

On the one hand, it is very difficult to examine the adsorption mechanisms of Hg-

containing species on surfaces experimentally. On the other hand, theoretical methods 

can be employed to investigate how Hg-containing species are adsorbed on a sorbent. 

The increase in computer speed and the accuracy of computational quantum 

chemistry methods lead them to be applied to the study of surface chemistry more 

frequently (Matyska 1996; Cramer 2002). Meanwhile, understanding the adsorbent's 

surface properties theoretically will help us to choose the best adsorbent for certain 

adsorbates. 
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There are few theoretical investigations that investigate the CO2 adsorption 

mechanism on metal oxides (Gupta 2002; Kuramoto 2003; Alvarez 2005; Grasa 2006; 

Sun 2007; Martavaltzi 2008; Wang 2008; Yang 2008), even though researchers have 

published many experimental papers about mineral based adsorbents (Jensen 2005; 

Allen 2009).  Jensen and Allen used quantum chemical simulations of the surface 

carbonation of calcium and magnesium oxide surfaces and showed that the 

chemisorbed CO2 leads to carbonation reactions on both metal oxide surfaces (Jensen 

2005; Allen 2009).  However, they used small cluster models of the metal oxides, 

such as 2×2 and 3×3 cluster sizes with only two layers.  Small cluster sizes make the 

energy results unreliable because of significant boundary edge effects by Herman van 

Bekkum(Accelrys Inc.).  In order to obtain more accurate results, an appropriate 

cluster size to handle the adsorbate is investigated in this adsorption model work.  

Besides, the effect of water vapor, which is one of constituents of flue gases, on the 

mechanism of CO2 adsorption is also investigated, which has not been done prior to 

this work. 

 

The optimized geometries, energies and thermodynamic data of the adsorption 

mechanism of mercury-containing species and carbon dioxide on solid surfaces are 

examined throughout this research.  Predicting thermodynamic data and the 

mechanisms of mercury species and carbon dioxide adsorption on inorganic solid 

surfaces based on theoretical results is required to understand adsorption process of 

this novel sorbent and hopefully lead to new insights that will influence industrial and 

research practices that improve the capture of the wide-scale contaminants studied in 
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this work.  To put this work in context, the scope and importance of contaminant 

emissions is discussed soon. 

 

The detailed data and information about mercury and carbon dioxide emissions will 

be stated in Chapter 2 as background.  The mercury-containing species' (Hg, HgCl, 

and HgCl2) adsorption on the fixed CaO surface and the rumpled CaO surface will be 

discussed in Chapters 4 and 5, respectively.  As a final research topic for mercury 

adsorption, the investigation of elemental mercury on a gehlenite surface, including  

the role of oxygen on mercury removal will be reported in Chapter 6.  Finally, carbon 

dioxide adsorption on a rumpled CaO surface through mineralization will be 

discussed in Chapter 7.     
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CHAPTER 2. BACKGROUND 

 

Natural sources contribute to 70 percent of global mercury emissions, while 

anthropogenic sources account for 30 percent of total mercury released to the 

environment (Pirrone 2010).  The specific contribution data of global mercury 

emission sources are listed in Table 2-1.  Anthropogenic sources were estimated to 

release 2,320 Mg yr-1 to the atmosphere in 2009, and the amount of mercury 

emissions from man-made sources has increased during the last several decades.  

Fossil fuel combustion has contributed 810 Mg yr-1 to global mercury emissions and 

accounts for the second largest emission source of total emissions.  Also, this 

contribution is a major anthropogenic carbon dioxide emission.  Artisanal gold mining 

production processes are the second major source of mercury emissions to the 

environment; they emitted 400 Mg yr-1.   
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Table 2-1  Global mercury emissions by natural and anthropogenic sources (Pirrone 

2010) 

Source Mercury (Mg yr-1) Contribution (%) 

Natural sources 

Oceans 2,682 36 

Lakes 96 1 

Forests 342 5 

Tundra/Grassland/Savannah/Prairie/Chaparral 448 6 

Desert/Metalliferous/Non-vegetated Zones 546 7 

Agricultural areas 128 2 

Evasion after mercury depletion events 200 3 

Biomass burning 675 9 

Volcanoes and geothermal areas 90 1 

Anthropogenic sources 

Coal and oil combustion 810 11 

Non-ferrous metal prod. 310 4 

Pig iron and steel prod. 43 1 

Cement production 236 3 

Caustic soda production 163 2 

Mercury production 50 1 

Artisanal gold mining prod. 400 5 

Waste disposal 187 2 

Coal bed fires 32 0 

VCM production 24 0 

Other 65 1 

Total 7,527 100 
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To highlight the contribution of global CO2 emissions in 2008, total emissions were 

over 30 billion tons (IEA 2009).  The main stationary sources of CO2 emissions come 

from fossil fuel combustion, cement and steel plants, and oil refineries.  Power plants 

and cement production contribute 40 % of the global CO2 emissions.  CO2 

concentrations in the flue gas from cement production processes depending on the 

types of cement and processes being used and are higher than power generation 

process (IEA GHG 1999).  However, the total quantity of CO2 emissions from fossil 

fuels is higher.   

 

The specific data of mercury and carbon dioxide emissions from each source and 

removal technologies are discussed in next sections. 
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2.1. Mercury emissions from coal fired power plants 

 

There are many aspects to the environmental and health damages caused by pollution 

of coal–fired power plants since coal demand has increased for generation of 

electricity.  Coal–combustion power plants are the single biggest air pollution 

contributors in the United States, as coal generates 54 percent of U. S. electricity 

(Union of Concerned Scientist).  Coal–fired power plants are the largest sources of 

global pollutants such as SOx, NOx, particular matter, carbon dioxide and mercury.  

The US EPA conducted a study of possible health impacts of toxic pollutants from 

emissions by incomplete coal combustion (USGS 2000) and concluded that there was 

no convincing evidence to indicate health impacts due to 14 potentially toxic trace 

elements when assessing 20 toxic substances.  Conversely, mercury does have 

compelling evidence that it causes human health problems.   

 

The global emissions of mercury from anthropogenic activities were estimated to be 

6,000 tons per year (Morita 1998).  The United States contributed 242 tons of mercury 

to global anthropogenic mercury emissions in 1993 (DOE 2009).  The Environmental 

Protection Agency (EPA) estimated that coal-fired power plants in the U.S. yielded 48 

of those tons of mercury annually, which is about one-third of the total anthropogenic 

mercury emissions (EPA 2009).  Coal fired power plants have been the main energy 

generating units in the world, as well as in the U.S., since coal is the most abundant 

fossil energy source, and is the cheapest fuel for electricity generation (Freme 2009).  

This is important because mercury released from coal fired boilers accounts for the 

largest amount of worldwide anthropogenic mercury emissions based on the EPA 
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Mercury Study Report (Adamson 1997; Rener 2004).  The released mercury goes on 

to exist in its elemental form (Portzer 2004; Granite 2006) and then is dispersed 

through the entire atmosphere.  The Clean Air Mercury Rule (CAMR) adopted by the 

US Environmental Protection Agency (EPA) in March 2005 was enacted to reduce 

US national emissions of mercury to 15 ton/yr, an approximate 70 % reduction from 

2005 mercury emissions, by 2018 (EPA 2005).  

 

China has rocketed to be  the largest global emitter of mercury of all countries since 

that country produces and consumes the largest quantity of coal in the world; 1.7 

billion tons of coal were produced in China in 2003 (Dastoor 2004).  Coal combustion 

plants in China contributed 536 tons of mercury to the atmosphere, accounting for 

38 % of the total global anthropogenic mercury emissions.  Cement manufacturing 

plants in China emitted 75 tons of mercury per year contrasting to approximately 15 

tons of mercury for the U.S. cement industries (The McIlvaine Company 2010).  The 

lack of advanced pollution control technologies in China releases three times more 

mercury emissions per ton of coal burnt than the U.S.   

 

In the flue gases from coal combustion, some of mercury is oxidized into Hg(I) and 

Hg(II) forms as HgCl and HgCl2, promoted by chlorine present in the flue gases as 

proposed by Sliger et al. (Sliger 2000).  The unstable form of HgCl is directly 

oxidized to HgCl2 in the flue gases.  However, the major form of mercury in the flue 

gas remains elemental mercury, which accounts for 90 % of mercury-containing 

species (Portzer 2004; Granite 2006).  Also, elemental mercury occupies a dominant 
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portion of total mercury emissions from small scale gold mining production (UNIDO 

2006) and cement production (Portzer 2004), as discussed next.  
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2.2. Mining impacts on global mercury emissions 

 

The recent gold rush has enabled many people to find employment in gold production.  

At least 100 million people, including women and children, are involved with 

artisanal small scale gold mining (ASM), producing 23-30% of the world’s gold 

production in over 55 countries (UNIDO 2006).  Figure 2-1 shows the trend of gold 

prices persistently rising in the time period of 1995 – 2009.  The price of gold has 

rapidly increased since 2000.  The increased ASM industry combined with a rising 

gold price up to US$ 1150/oz in December 2009 has led to the consumption of large 

amounts of mercury that go on to be emitted to the atmosphere.   

 

 

 

Figure 2-1.  The trend of gold prices between 1995 to 2009 (kitco 2010) 
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Mercury amalgamation is most commonly used in ASM because it is inexpensive and 

is the easiest way to purify gold while not requiring technical knowledge to extract 

gold particles from the ore.  This process has released 650 – 1,000 tons of mercury per 

year into the environment.  Roughly, 300 tons of consumed mercury from small scale 

gold mining sectors is volatilized directly to the atmosphere while 700 tons is 

discharged into soil, river and lakes (UNIDO 2006).  The total amount makes up one-

third of total global anthropogenic mercury emissions.  Mercury emissions from gold 

mining are difficult to quantify because of differences in the order of magnitude from 

region to region, particularly in smaller countries with economically depressed mining 

sectors.  This is the reason why the estimated amount of mercury emissions from 

artisanal gold mining varies.   

 

The highest levels of mercury from small-scale gold mining are consumed and 

released in South America (Brazil), Russia and Asia (de Lacerda 2003).  South 

American countries including Brazil, Colombia, Ecuador and Venezuela, are the 

major mercury emissions contributors of small scale gold mining; emitting about 107 

– 228 tons of mercury per year.  The major mining sites of these countries are located 

in the Amazon Basin.    

 

During gold purification, amalgam burning releases elemental mercury vapor; about 

70 % of the total mercury emitted during gold purification and 30% of the total is 

transported to the atmosphere while the rest remains in mine tailings, contaminating 

soil and water.  The discharged metallic mercury into water bodies has fatal impacts 

on organisms throughout the aquatic food chain.  70-90% of the deposited mercury 
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into water is methylated and bioaccumulated in the human food chain.  So, not only 

the people directly involved in ASM, but also many other people living far from 

mining sites are thus contaminated.  In addition, mercury has long-term 

environmental and health impacts through the extended mercury cycle.  Poverty-

driven people working at amalgam burning sites and gold shops are unaware of the 

environmental long-term damage caused by their processes.  

 

While the Clean Air Mercury Rule has a goal of regulation to achieve 15 tons of 

mercury emissions from coal fired power plants in 2018 (EPA 2005), accounting for a 

70 % reduction from the current mercury levels, the Global Mercury Project (GMP) 

has recommended a 50% reduction of mercury consumption from gold purification 

retort methods from ASM by 2017 (UNIDO 2006).  This process will continue to 

remain the largest mercury contamination source, releasing about 325-500 tons of 

mercury annually.  
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2.3. The mercury cycle 

 

Mercury is toxic to humans and wildlife even at exceedingly low dosages; it is a 

mobile environmental pollutant and there can be extensive exposure as it 

bioaccumulates in the human food chain.  The emitted mercury from natural and 

anthropogenic sources is distributed to the atmosphere and assimilated through 

terrestrial and aquatic deposition on solid and marine surfaces.  The mercury emitted 

from anthropogenic sources is accumulated in the atmosphere when mercury control 

strategies are not implemented.  The detailed mercury cycle is represented in Figure 

2-2.   

 

 

Figure 2-2.  The mercury cycle of natural and anthropogenic sources (EPA 1997) 

 

 

 



 
 

38 

Elemental mercury vapor, Hg (0), is the major form released to the environment 

through the flue gas and gold purification production methods (UNIDO 2006).  This 

form of mercury is lethally noxious to humans when inhaled.  The rest of mercury 

emissions are distributed as metallic elemental mercury in liquid form.  Afterwards, 

some distributed metallic mercury is oxidized to methyl mercury, Hg (II), through 

biotransformation pathways.   

 

There are two ways of mercury to undergo deposition in the environment; wet and dry.  

The overall oxidation rate of mercury in the gas phase is too slow in the atmosphere.  

Conversely, ozone can rapidly oxidize mercury on the surface of water droplets.  The 

following reaction indicates a wet deposition process, 

( ) ( ) ( ) ( ) ( ) ( )aqOaqOHaqHglOHaqOgHg 2
2

23
0 2 ++→++ −+  

The water droplets adsorb oxidized mercury, Hg2+, which will then be precipitated out 

of the atmosphere as rain.  This process accounts for 66 % of global mercury 

deposition from the atmosphere.  In dry deposition, oxidized mercury (Hg2+) can form 

mercuric chloride (HgCl2) combining with chlorine in the atmosphere or combining 

with other particles before settling or being scavenged from the atmosphere.   

 

Particularly, wet deposited mercury bioaccumulates in the aquatic food chain through 

plants and then fish.  This transformed methyl mercury is most harmful when ingested.  

Mercury poisoning of fish has a pestilent effect on the diet of humans and wildlife.  

The emitted mercury thus obstructs water and land sustainability.   
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2.4. CO2 emissions from coal fired power plants 

 

The CO2 concentration in the atmosphere has been increasing dramatically recently, 

and has risen to 360 ppmv since the industrial revolution began (Wagner 1996).  

Since 1997,  annual global emissions of carbon dioxide have been estimated to be 23 

billion tons (Andres 2000; Marland 2000).  The average rate of CO2 emissions has 

been increasing by 2 % a year since the beginning of the 20th century.  Electricity and 

heating production sectors accounted for 32 % of total CO2 emissions from fuel 

combustion, and coal accounted for 38 % from the predominant fuel types.  CO2 

emissions released by coal-fired power plants were estimated to be 1,788 million 

metric tons in 1999 (DOE & EPA 2000).  Recently, carbon dioxide released from 

fossil fuel combustion sources in U.S. was shown to be 6,103 Mt of CO2/yr, according 

to the IPCC in 2007 (IPCC 2009).  In 2008, U.S. primary energy-related carbon 

dioxide emissions totaled 5,814 million metric tons, and electric power accounted for 

41 % of total CO2 emissions (2,359 MtCO2) (EIA 2009).  Although the total amount 

of carbon dioxide emissions has been decreasing recently, the percentage of energy-

related CO2 emissions has been increasing.   

 

Coal consumption of non-OECD Asian countries accounts for 90 % of the world's 

coal use, according to the projected data from 2006 to 2030; especially, in the electric 

power industries of China and India (EIA 2009).  Hence, the global CO2 emissions 

from coal-fired power plants have been rising dramatically due to the increased coal 

consumption by non-OECD Asian countries since 1980.  In order to reduce global 

CO2 emissions, OECD countries must take the initiative in ratifying and abiding by a 
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Kyoto-like Protocol, and non-OECD countries must participate in that accord as well.  

Since power generation sectors will account for reductions of about 50 % of total CO2 

emissions from OECD countries by 2050, the most challenging technology choices 

are related to environmental issues for control of carbon dioxide emissions due to it 

being the primary greenhouse gas (IEA 2002).   
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2.5. Cement manufacturing 

 

Global CO2 emissions from the cement manufacturing industry were 829 million 

metric tons of CO2 (MMTCO2/yr), accounting for 3.4 % of global carbon dioxide 

emissions from cement production in 2000 (Hanle 2000).  China is the largest cement 

producing country in the world; generating 661 MMT of CO2 in 2001 alone.  The 

United States produced a much smaller amount of 90 MMT of CO2 from cement 

manufacturing, the third largest amount and just behind the 100 MMT from India 

(USGS 2003).  The world’s largest cement producing country, China, manufactured 

1.24 billion tons of cement in 2006, which is double the amount in 2001 (China 

Cement Working Team 2007).  Also, China is responsible for approximately 14 % of 

the global carbon dioxide emissions, with cement producers contributing an overall 6 

– 8 % of worldwide CO2 emissions (Cho 2007).   We turn now from numeric 

assessments of emissions to the steps of cement production that have an impact on 

global climate change. 

 

The cement production process includes three steps: 

1) kiln feed preparation,  

2) clinker production,  

3) finish grinding.   

 

Cement production is a significant source of CO2 emissions through the clinker 

production step in which coal and petroleum coke fuel the kilns.  When clinker is 

produced in a kiln, the temperature is driven up to approximately 1500 °C by fossil 
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fuel combustion.  The primary source of fuel in the cement industry in the U.S. has 

been coal since the 1970s (Worrell 2004).  In 2001, coal contributed to a total of 71 % 

of fuel used for the cement clinker step, making it the largest share of energy 

consumption at cement kilns (USGS 2003).  

 

CO2 emissions also depend on the cement type.  As Portland cement is composed 

with 95 % clinker, it produces the largest CO2 emissions.  On the other hand, 

pozzolanic cement which is constituted with only 60 % clinker and 40 % pozzolana 

releases less carbon dioxide (Worrell 2001).  These emissions are currently 

uncontrolled by any regulations. 
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2.6. Mercury and carbon dioxide control technologies 

 

This section is a general introduction to control strategies for both mercury and 

carbon dioxide as they are the foci of this thesis.  First, mercury control is discussed 

before considering carbon dioxide. 

 

There are two different types of mercury control technologies available for coal-fired 

power plants; pre-combustion treatment methods and flue gas treatment technologies.  

Pre-combustion methods include oxy-coal combustion or clean coal technologies 

which treat coal prior to combustion (American Coal Council).  Pre-combustion 

mercury control systems lower the amount of sulfur, nitrogen, mercury and other 

toxic metals contained in coal through clean coal technologies.  A sample advanced 

clean coal process is shown in Figure 2-3.  Clean coal is produced from processing by 

the first-stage dryer/reactor and second-stage thermal reactor to remove impurities 

from raw coal.  This has an indirect energy impact and increases overall emissions 

because these steps involve many drying and cooling steps, while the stack gases 

include environmental contaminants.  However, these technologies make fuel more 

efficient and cleaner after these steps.   
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Figure 2-3. Block flow diagram clean coal process (DOE 2004) 
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The flue gas treatment technologies for mercury removal in post-combustion systems 

include: 

• Carbon filter beds 

• Wet scrubbing methods 

• Depleted brine scrubbing 

• Treated activated carbon adsorption systems 

• Selenium filters 

• Activated carbon injection systems 

 

While there are various different technologies that are commercially available, 

generally, coal-fired power plants use wet scrubbing and activated carbon injection 

methods.  Wet scrubbers can achieve 70 – 85 % mercury removal capability with 

oxidizing agents to convert elemental mercury to oxidized mercury, HgCl2, but 

mercury removal is no greater than 50 percent(EPA 1997; Changsuphan 2003).  This 

method allows subsequent pollution by emissions of oxidizing additives.  Sulfur 

dioxide (SO2) in the flue gas acts as a reducing agent to transform oxidized mercury 

back to elemental mercury where elemental mercury is more difficult to control 

because of its insolubility in water.   

 

The most actively used mercury control system in coal combustion is activated carbon 

injection (ACI) which achieves mercury reductions of at least 85 percent (EPA 1997).  

The injection of activated carbon into the stack exhaust gas has been used 

successfully before a particulate collection device.  This promising system allows 

elemental mercury to be removed from the flue gas.  The most important factors in the 
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efficacy of activated carbon to capture mercury from the flue gas include the flue gas 

temperature, mercury concentration, chloride content and the volumetric flow rate of 

flue gas.  If one of these optimal operating factors is not required, performance of this 

mercury control system becomes largely ineffective.  There is only a narrowly 

constrained window of conditions that leads to effective mercury removal.  Because 

of these reasons, activated carbon injection has limitations for its application because 

removal effectiveness depends on the expensive operating costs required by the 

technical performance of these systems.  For instance, this system operates at low 

temperatures; this means the cost is $67,700 – $70,000 per pound of mercury 

removed due to large cooling costs that are not avoidable.  Additionally, carbon-based 

sorbents deteriorate the quality of the fly ash after mercury removal.  Carbon content 

is a key parameter in determining the quality of the fly ash that is used in concrete 

applications.  High carbon levels, typically unburned carbon remaining in the fly ash, 

can cause significant air-entrainment problems and adversely affect the durability of 

the concrete made from the materials (American Coal Ash Association 2003). 
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The considerations around control of carbon dioxide are now discussed.  There are a 

few methods in use that have reduced carbon dioxide emissions from coal-fired power 

plants and the cement industry (Hendriks 2004); 

• A more energy efficient process was created by shifting from wet to dry 

processes 

• High carbon-containing fuels were replaced by low carbon-content fuels 

• Development of blended cements with lower clinker and cement ratios were 

used successfully 

• Application of CO2 removal steps from the flue gases was used to reduce 

impacts 

 

The CO2 removal methods from flue gases are most commonly applied in industrial 

facilities.  As post-CO2 treatments, absorption (solvents), membrane or adsorption 

(sorbents) methods are used in CO2 capture systems.  Currently, amine scrubbing 

systems are the commercially available technology to capture CO2.   However, this 

approach has severe limitations such as power generation efficacy penalties, the 

special handing required, evaporation problems and high energy requirements (Rao 

2002).  Solid sorbents have been investigated to reduce the efficiency penalties at high 

temperatures (IPCC 2005).  The gas-solid reaction between CO2 and a sorbent allows 

carbon dioxide to be separated into potentially re-generable sorbents.  Although 

current solid sorbents in post-combustion capture systems are zeolites and activated 

carbon, emerging mineral based sorbents like metal oxides have been explored, 

instead of incurring the expensive operating cost of current sorbents (Seifritz 1990; 

Dunsmore 1992; Lackner 1995).  For instance, CaO can be an effective destructive 
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sorbent for small compounds such as fluoro-, chloro-, and bromocarbons and sulfur- 

and organophosphorous compounds (Decker 2002).  CaO also proved to be an 

effective sorbent to capture CO2 at high temperatures by Grasa et al. (Gupta 2002; 

Alvarez 2005; Grasa 2006; Sun 2007).   
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CHAPTER 3. THEORETICAL METHODOLOGIES 

 

3.1 Density functional theory 

 

Density functional theory (DFT), as one of many other computational chemistry 

methods, is a quantum mechanical theory to investigate ground state properties and 

the complex electronic structure of many–bodied systems, in particular, atoms, 

molecules, condensed phases, surfaces, crystals and their interactions (Parr 1989; 

Dreizler 1990).  The electron density, ( )rρ  is the key parameter in DFT.  The 

electronic density is defined by (Kohn 1965), 

( ) ( ) 2

∑=
i

i rr ψρ                                                                                                       (3.1) 

Where { }iψ  are called Kohn-Sham orbitals, and the sum runs over all occupied 

electron states.  Two theorems by Hohenberg and Kohn are the foundation of DFT 

(Hohenberg 1964).  The theorems have as a consequence that the total energy can be 

expressed in terms of the total electron density rather than the wavefunction to 

describe the electronic structure of a sophisticated interacting system in the ground 

state, and this is also a unique functional of the electronic density (Young 1998).  The 

total energy is expressed by (Kohn 1965), 

( ) ( ) ( ) [ ] [ ] [ ]ρρρυρρ FEFdrrrE extext +=+= ∫                                                         (3.2) 

where ( )rextυ  is an external potential and [ ]ρF  is a functional of kinetic and 

Coulombic contributions.  Other variables will be defined in the next equations as 

well.  This is generally separated into the following terms, 
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[ ] [ ] [ ] [ ]ρρρρ xcee EETF ++= 0                                                                                  (3.3) 

Then, plug Eq. (3.3) into Eq. (3.2) 

[ ] [ ] [ ] [ ] [ ]ρρρρρ xceeext EETEE +++= 0                                                                    (3.4) 

where [ ]ρextE  is the energy due to the external potential, [ ]ρ0T  is the kinetic energy 

of a non-interacting electron gas, [ ]ρeeE  is the classical electron–electron interaction, 

and [ ]ρxcE  is the exchange and correlation energy which incorporates all quantum 

and many–body effects.  The explicit form for the exchange-correlation energy is 

unavailable and has to approximate the contribution due to the electronic density.  

Two approximate approaches to estimate the exchange-correlation energy will be 

discussed in the next section.     

 

DFT has grown in use for large scale calculations investigating a fundamental 

understanding of mechanisms within heterogeneous catalysis due to the dependence 

of the electronic density only on position (three variables) (Koch 2000).  This simple 

function of three variables for position requires less computational expense and still 

leads to reliable accuracy for many parameters, no matter how large the system is, i.e., 

how many electrons the system contains.  This approach has enabled  calculation of 

up to ~ 100 atoms, whereas traditional quantum chemical methods, like ab initio ones, 

are restricted to ~10 atoms (Gronbeck 2004).  It is important to be able to calculate 

large systems such as adsorbate – adsorbent interactions encountered within 

heterogeneous reactions to facilitate comparisons with experimental data directly.  

The DFT methods have the advantage to be able to calculate properties of many – 
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electron systems to a sufficiently high accuracy with a simple computation depending 

only on the electron density.   

 

 

 

3.2. The DMol3 modeling approach 

 

DMol3 (Delley 1990) is a modeling program using DFT which is a user–friendly 

application in the Materials Studio® software environment (Accelrys Inc.).  DMol3 

has been applied to investigate chemical processes, to predict the chemical, electronic 

and structural properties of materials in the gas phase, and for both solution and solid 

state systems rapidly and accurately.  Its unique approach has the advantage of being 

available to calculate larger systems with over 500 atoms in both molecular and solid 

state problems.  Numerical functions on an atomic centered spherical-polar mesh as 

its atomic basis allow high accuracy and speed in DMol3, achieved by efficient 

parallelization of the numerical integration procedure (Delley 1990; Delley 1996).   
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3.2.1. Local Density Approximation (LDA) 

 

The simplest approximation for the exchange-correlation energy functional in DFT is 

the Local Density Approximation (LDA).  This approach estimates the local 

electronic density contribution at each point in space (Gronbeck 2004).  LDA 

functionals are accurate analytically in exchange and numerically in correlation, and 

this approximation was derived from the homogeneous electron gas (HEG).  

The LDA functional can be described by the general form; 

[ ] ( ) ( )drrE LDA
xcxc ∫= ρρερ                                                                                          (3.5) 

The exchange-correlation energy is separated into exchange and correlation terms, 

cxxc EEE +=                                                                                                            (3.6) 

where the exchange energy term in LDA is exact analytically, but the correlation 

energy term is not exact except at the high and low density limits. 

[ ] ( )∫






−= drrELDA
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( ) ( )( )DrCrBrA sssc +++= lnlnε  in the high density limit                                    (3.8)  
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where the Wigner-Seitz radius, (sr ) corresponds to the density as 

ρ
π 1

3

4 3 =sr                                                                                                                (3.10)  

In order to provide accurate values of the correlation energy, the LDA method is 

combined with various different correlation functionals that have analytic forms.  
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There are two functionals available for combination with the LDA method in DMol3 

program; the VWN functional developed by Vosko, Wilk and Nusair, and the PWC 

functional proposed by Perdew and Wang (Perdew and Wang 1992).  Sophisticated 

interpolation schemes are used within these methods to calculate accurate correlation 

energies.  The PWC functional developed more recently is more accurate for the 

correlation energy calculation than the VWN functional.  In this study, LDA was 

combined with the PWC functional to optimize geometries of the adsorption systems.   

 

The correlation energy, cε  is represented by, 

( ) ( ) ( ) ,
2

1
0,, 2

L++= ζαεζε ccscsc rrr                                                                     (3.11) 

where ζ is relative spin polarization and sr  is the density parameter. 

( ) ( )↓↑↓↑ +−= nnnn /ζ                                                                                            (3.12)  

( )[ ] 3/14/3 ↓↑ += nnrs π                                                                                             (3.13) 

where ↑n  and ↓n are the up-spin and down-spin electron densities, respectively.  The 

correlation energy representation has different expressions for the high- or low-

density expansions. 

  

LDA functionals overestimate bond energies for realistic non-homogeneous systems, 

instead of including information of the shape of the electronic density (Perdew 1986).  

Therefore, this approximation method has higher accuracy for optimized geometries 

(Curtiss 1991; Kantorovich 1997; De Leeuw 2000; Mattsson and Jennison 2002; 

Pacchioni 2002) and vibrational frequencies (Johnson 1993; Zhou 1996).   
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3.2.2. Generalized Gradient Approximation (GGA) 

 

The exchange-correlation energy for the non-homogeneous gas in a real system can 

deviate significantly from the uniform result because the LDA functional has the limit 

of being able to represent only a homogeneous electron gas.  This deviation can be 

described by the gradient and higher spatial derivatives of the total charge density.  

The GGA method uses the gradient of the charge density to correct this deviation and 

is a more advanced approximation for improving the accuracy of certain physical 

properties over LDA where the charge density variation is not captured.  The 

generalized gradient approximation can be described by the general form (Gronbeck 

2004); 

[ ] ( ) ( )( ) ( )drrrrE GC
xcxc ρρρερ ∫ ∇= ,                                                                          (3.14) 

The exchange-energy functional form accounting for inhomogeneities is, 

[ ] ( )∫−= drsFCE x
GGA
x

3
4

ρρ                                                                                    (3.15)   

And, the measure of inhomogeneity is, 

ρ
ρ

Fk
s

2

∇
=                                                                                                                 (3.16)   

where the Fermi wave vector for a homogeneous electron gas with a given density is, 

( ) 3
1

3
1

23 ρπ=Fk                                                                                                      (3.17) 

 

For instance, [ ] [ ]ρρ LDA
x

GGA
x EE =  for the homogeneous electron gas, where 0=s  and 

( ) 10 =F .  The GGA functional for non-homogeneous systems leads to more accurate 
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total energy calculations for atoms and molecules over the LDA method (Thomas 

1927; Fermi 1928).   

 

The GGA approach was used with the BLYP (Becke, Lee, Yang and Parr) functional 

in this research.  Becke developed a new gradient-corrected exchange energy 

functional containing the exact asymptotic behavior (Becke 1998a).  This functional 

modified by Becke is given by,  

( ) rd
xx

x
EE LDA

xx
3

1

2
3/4

sinh61∑∫ −+
−=

σ σσ

σ
σ β

ρβ                                                      (3.18) 

where σρ  is a spin density, and β  is a constant parameter which might be determined 

by a least squares fit to exact atomic Hartree-Fock data.  σx is the dimensionless ratio, 

3/4
σ

σ
σ ρ

ρ∇
=x                                                                                                               (3.19) 

 This exchange energy functional is combined with the LYP correlation energy 

functional.  These conventional second-order gradient expansion formulas for closed 

and open shells were derived separately (Lee 1988); 

for closed shells, 
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and, for open shells, 
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where super- and sub-scripts, α and β denote α-spin and β-spin of electron densities, 

and 349.0,2533.0,132.0,049.0 ==== dcba .  A fitting scheme corresponding only 



 
 

56 

to the Hartree-Fock orbital for the helium atom can be used to obtain the constants 

cba ,,  and d  in the final correlation energy formula.  

( ) ( ) ( )
( ) 
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−=
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12
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γ βα                                                                                     (3.23) 

( ) 3/223
10

3 π=FC                                                                                                       (3.24) 

( ) ( )
( ) ρ

ρ
ρ 2

2

8

1

8

1 ∇−
∇

=
r

r
rtW                                                                                      (3.25) 

which is the local Weizsacker-kinetic energy density.  

This functional is completed by inserting Eq. (3.23), (3.24) and (3.25) into Eq. (3.20) 

and (3.21) for closed- and open-shells, respectively.  The GGA/BLYP functional 

based on modified exchange-correlation energy expressions leads to more accurate 

total energy calculations. 
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3.2.3. Numerical Basis Sets 

 

The wavefunctions are represented as vectors which are the components 

corresponding to coefficients in a linear combination of the basis functions in the 

basis set used.  Quantum molecular calculations are performed with a finite set of 

basis functions which are composed of a finite number of atomic orbitals.  These 

atomic orbitals being typically the Slater type orbitals (STO) incorporating an 

( )rζ−exp  function that can be approximated with linear combinations of Gaussian 

type orbitals (GTO) referring to Gaussian functions like ( )2exp r− .  Gaussian basis 

functions lead to easier calculations of the overlap and other integrals with less 

computational cost (Pople 1973).  

 

Numerical atomic orbital basis sets are used in this research.  Values on an atomic-

centered spherical-polar mesh lead to the numerical basis functions, mχ , rather than 

analytical functions such as the Gaussian orbitals.  These numeric basis functions 

involve the angular portion, spherical harmonic ( )φθ ,lmY , and the radial portion ( )rF  

obtained by solving the atomic DFT equations numerically. 

 

There are four options contained in DMol3; MIN, DN, DND and DNP basis sets.  The 

sizes of the DND (Double-numerical + d-DNP basis with no p functions on hydrogen) 

and DNP (Double-numerical basis with polarization functions) basis sets used in this 

research are comparable to the Gaussian 6-31G* and 6-31G**  basis sets, respectively.  
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However, these atomic numerical basis sets are more accurate than Gaussian basis 

sets with the same size (Delley 1990).  

 

The numerical basis functions in DMol3 are more complete functions than Gaussian 

functions and are expected to have small BSSE (the basis set superposition error) 

contributions.  When ab initio methods include the errors associated with their 

incomplete basis sets, these methods use BSSE calculations to estimate the errors 

(Simperler 2006).  Govind, Andzelm and et al. verified a small BSSE contribution due 

to the basis sets of DMol3 from calculating properties of the water dimer with a larger 

basis set (Govind 2002; Andzelm 2003).  They, indirectly, proved that further basis 

set extensions have a small BSSE effect on interaction energies through the small 

change of interaction energy by less than 0.5 kcal/mol in their calculations.  
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3.2.4. Spin –restricted and –unrestricted computation 

 

In the DMol3 program, the density is expressed by the charge density where the sum 

runs over all occupied molecular orbitals, iφ .  α-electrons (spin-up) or β electrons 

(spin-down) may occupy the molecular orbitals, iφ .  A spin-restricted calculation uses 

the same iφ  for both α and β electrons.  On the other hand, a spin-unrestricted (spin-

polarized) calculation uses different iφ  for α and β electrons individually.  The 

correlation contribution depends on a spin-restricted or unrestricted calculation (Pople 

1954).  The correlation contribution expression is given by: 
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For a spin-unrestricted computation the expression is: 
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Both spin –restricted and –unrestricted computation options were chosen selectively 

for mercury and carbon dioxide adsorption systems.  Which adsorption system 

requires spin-restricted or –unrestricted calculation will be discussed in the next 

chapters. 
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3.2.5. Zero–Point Energy (ZPE) 

 

A quantum mechanical physical system which is in the zero-point field encompassing 

the energy of the ground state may have the lowest possible energy and this is called 

the zero-point energy (ZPE) (Gribbin 1998).  ZPE originates in the Heisenberg 

uncertainty principle and Albert Einstein and Otto Stern proposed this concept in 

1913.  Quantum mechanics predicts the lowest quantized energy level of a quantum 

mechanical system for the strong- and weak-electromagnetic interactions at absolute 

zero temperature.  ZPE remains when all other energy is removed from a system and 

is sometimes called the vacuum energy, which is associated with the vacuum of 

empty space.  In order to calculate accurate thermodynamic data such as entropies, 

Gibbs free energies and equilibrium constants, ZPE, which was calculated 

automatically during generation of the frequency results in DMol3, was included. 
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3.2.6. Harris approximation 

Harris developed the simplest approximate of the Kohn-Sham scheme for calculating 

properties of molecules in their ground state (Harris 1985).  Self-consistent field 

cycling (SCF) calculations are not required to solve the Kohn-Sham equation in the 

Harris approximation.  This change in approach  reduces the computational cost, but 

is only accurate for weakly interacting systems.  This approximation is useful for 

systems in which an exact solution of the Kohn-Sham problem is not available.  

 

When the DMol3 program was used with the Harris approximation in this thesis to 

incur less time less computational time, it was only possible to be used for the 

adsorption systems that had fixed geometries for the surface.  However, the Harris 

approximation cannot describe accurately the complicated systems, such as adsorption 

on a relaxed surface.  Also, the ability to use the method also depends on the choice of 

basis sets and the functional methods (Koch 2000) being used.  For instance, this 

approximation can be used with DND basis set in the DMol3.   
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3.2.7. Density functional semicore pseudopotentials (DSPP) 

The pseudopotential is an additional approximation made in all electron (AE) 

calculations.  The pseudopotential in quantum chemistry is designed to generate 

eigenstates shaped with AE orbitals and while using a localized basis set (Hay 1985).  

The DMol approach allows the core to keep semicore states as valence functions 

when seimicore functionas are not pseudized away in the pseudopotential.  This is 

called “density functional semicore pseudopotentials” and is useful for better accuracy, 

transferability and in predicting local magnetic moments.   

 

This pseudopotential, including the semilocal cuspless form, is localized inside a 

cutoff radius, cr .  All-electron and pseudo partial waves are identical outside of this 

choice of cutoff radius.  The projector potentials for a partial wave ℓ are defined by; 

( )∑
−

=

<−>+=
1

0

maxl

l

l
ll mVVmVV loclocps                                                                       (3.32) 

where psV  is the projector potential, locV  is the local potential, and 
l

V  is the cuspless 

function. 

The cuspless functions are expanded in even Legendre polynomials; 

( ) ( )
llll ,

0
,2, ,/ c

i
cii rrrrLarV <=∑

=

                                                                               (3.33) 

where 
l,ia  are the four highest Legendre coefficients, and 

l,cr  is the cutoff radius of 

the external potential for each partial wave.  To improve transferability and magnetic 

property predictions, a core density avoiding a very small electron density near the 

nucleus is chosen.  And a core density is defined by; 
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( )[ ] ( ) d

n

i

i
dic rrrrcr >=∑

=

− ,/log
1

2ρ                                                                             (3.34) 

where dr  is the matching radius outside the core density, and ic  are the coefficients 

determined by a least squares fitting to the core density of the all electron calculation.   

 

The advantages of this method are to define correct atomic scattering properties as a 

function of occupation, to speed up plane wave convergence, and to perform 

derivations of the variation basis function set from the neutral atom and for positive 

ions. 
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3.2.8. HOMO, LUMO, and band gap 

There are two primary interactions between molecular orbitals when a system is 

considered to be an interacting molecular system; the highest energy occupied 

molecular orbital (HOMO) of one molecule and the lowest energy unoccupied 

molecular orbital (LUMO) of the other molecule.  These orbitals are called the 

frontier orbitals as they lie at the outmost boundaries of the electrons of the molecules. 

These orbitals are the pair that are closest in energy of any pair of orbitals where the 

two molecules permit them to interact most strongly.  The HOMO, which is the 

highest energy (outermost) orbital containing electrons, is the orbital acting as an 

electron donor.  On the other hand, the LUMO is the lowest energy (innermost) 

orbital having space to accept electrons.  The band gap regards the difference of the 

energies between the HOMO and LUMO levels.   

 

The representation of HOMO, LUMO energy level and band gap for the interaction of 

two different molecules is shown in Figure 3-1, clearly.  Figure 3-2 shows an electron 

transfer to a higher energy state filling unoccupied molecular orbitals, and is called 

the excited state from the ground state.  This phenomenon can be explained by 

HOMO-LUMO analyses. 
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Figure 3-1  HOMO-LUMO and band gap diagram with two interacting molecules 

(Department of Chemistry; University of Maine 2004). 
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Figure 3-2  HOMO and LUMO diagram in ground and excited state (Wikipedia 2010). 
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3.2.9. The Mulliken and Hirshfeld population analyses 

Charge analyses results can describe the electronic structure and how electron density 

is partitioned by the different methods used.  In this research, the Mulliken and the 

Hirshfeld population methods are used to analyze atomic charge transfer for 

adsorption systems.  The Mulliken charges estimate partial atomic charges from 

calculations using computational chemistry based on the linear combination of atomic 

orbitals and a molecular orbitals method.  The Mulliken population analysis, as a 

common method, uses the charge density at a point r  defined by (Mulliken 1955); 

( ) ( ) ( )∑∑=
µ υ

υµµυ φφρ rrPr *                                                                                        (3.35) 

where the density is written in terms of the density matrix, P, and ( )rφ  are the basis 

functions for the molecular orbitals. 

The Mulliken population, kN , for any particular atom k  is defined as, 

( )∑
∈

=
k

k PSN
µ

µµ ,                                                                                                       (3.36) 

where S is the overlap matrix. 

Also, the equation of the Mulliken charge, Q , is written as: 

( ) ( ) ( ) ( ) ( ) ( )kNkNkQrNrNrQ −=−= 00 ;                                                                 (3.37) 

where ( )rN0  is the number of electrons in the atomic orbital and ( )kN0  is the total 

number of electrons in the ground state of the free neutral atom k . 

 

The Hirshfeld population analysis method defines atomic charges regarding the 

deformation density, ( )rdρ , between atoms in the molecule, which is the difference 
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between the molecular and the un-relaxed atomic charge densities.  The deformation 

density is called pro-molecular density and is defined by (Saha 2009): 

( ) ( ) ( ) ( ) ( )∑ −−=−=
α

ααρρρρρ Rrrrrr molpromol
d                                                   (3.38) 

where ( )rmolρ  is the molecular electron density, ( )rproρ  is the pro-molecular density, 

and ( )ααρ Rr −  is the spherically averaged ground state electron density of the free 

atom α, approximately centered at the site of the atom nucleus, αR .   

The Hirshfeld charge for neutral molecule is calculated from the deformation density; 

( ) ( )∫−= rdrrq d
3

αα ωρ                                                                                            (3.39) 

And, ( )rαω  is the sharing function measuring the relative share of atom α in the pro-

molecular density at the position r : 

( ) ( ) ( )
1−
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3.3. Adsorption models 

 

Adsorption systems in this research start with adsorbates in a gas phase and 

adsorbents in the solid state.  It is more difficult to design the surface structure of 

solids than gas molecules because the adsorbent system sizes become larger with 

larger numbers of atoms.  Cluster and periodic slab models of adsorbents were used to 

investigate adsorption reactions in order to reduce the computational cost that would 

have been incurred by modeling a complete surface.  The cluster model and the 

periodic slab model will be discussed in the next section. 

 

 

 

3.3.1. Cluster model 

 

A cluster model of a non-periodic system is often applied for simple cubic crystal 

structures.  The adsorbate (gas molecule) is place on top of the cluster surface at some 

distance from the adsorption system.  Figure 3-3 shows a general form of adsorption 

system on metal oxide cluster model represented by Pacchioni et al.  In this figure, 

they used embedded cluster model to investigate the interaction between SO2 and 

metal oxide surface.   
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Figure 3-3. A general adsorption model of gas molecule and cluster surface 

(Pacchioni 1994)  

 

 

 

 

The cluster modeling of metal oxides should obey the neutrality principle, which 

includes stoichiometry principle and coordination principle (Lu 1998).  A 

stoichiometric cluster model is the best if the edge effect, which influences the 

electron distribution on the surface to fill the valencies of dangling bonds of the edge 

atoms, is the smallest.  Therefore, the most important factor of this cluster model is 

the edge effect.  The size convergence of the cluster is important when applying a 

cluster model for adsorption reactions because small clusters have larger edge effects 

(Itoh 1993; Klaubunde 1998).  

 

The sketch (a) in Figure 3-4 shows the small size of a cluster where the cluster size is 

not large enough, while (b) represents a system that is large enough to handle the 

adsorbate 

adsorbent 
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adsorbate.  The adsorbate of (a) moved to the corner to fill valencies of the edge 

atoms after geometry optimization and had large error for adsorption energies.  This 

model of mercury adsorption on CaO surface was investigated by Li and she proved 

the adsorption system on a small cluster had large edge effect (Li 2006).  Also, the 

cluster model, (b), has no terminal atoms to reduce dangling bonds because the 

electrons are well distributed on the large cluster (Lu 1998).    

   

 

Figure 3-4.  Sketches of the adsorption complexes on small (a) and large (b) bare 

cluster models of metal oxide surface 

                     

 

 

The adsorbate coverage can be investigated to design the appropriate cluster size 

while avoiding edge effects.  In the various crystal structures built in DMol3, the 

Miller indices (hkl), which are a set of numbers quantifying the intercepts and 

identifying the surfaces, are used to describe planar surfaces.  A simple procedure is 

used to design a cluster model in DMol3.  The surface can be cleaved by setting up the 

number of Miller indices after importing a crystal structure.  Surface vectors (uv) are 

then assigned for appropriate cluster size.              
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3.3.2. Periodic slab model 

 

In this alternative model to the cluster model, the solid surface structures are extended 

infinitely by repeating the size of unit cell in the periodic slab model.  The periodic 

system has 2-5 times less computational cost than cluster models because of mapping 

each position onto equivalent positions in the neighboring unit cells (Material Studio 

Online Help).  Also, one advantage of a periodic slab model is to avoid the 

fluctuations of charge distribution.  The periodic system has a vacuum space (bulk) 

for three dimensions in the adsorption system as shown in Figure 3-5.  The general 

example of the adsorption system on the periodic slab is shown in Figure 3-5.  The 

distance of a vacuum thickness is chosen to eliminate spurious interactions between 

the adsorbate and the periodic image of the bottom layer of the surface which would 

appear on the top of the bulk. 
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Figure 3-5. General example of the adsorption system on the periodic slab 

 

 

 

 

Setting up k–points is important for accurate calculations for a periodic slab model.  A 

set of plane waves is considered with the periodicity of the lattice.  The periodic basis 

is given by (Leach 2001): 

( ) ( )rerk Rik χψ ⋅=,                                                                                                    (3.41) 

where vectors k  are called k-points, r is any point in the crystal, and 

332211 anananR ++=  ( ia , a crystal lattice vector). 

 

Integrals over the finite first Brillouin zone in reciprocal space for a periodic system 

replace integrals in real space over the infinitely extended system.  The k–point mesh 

contains integrals summing the function values of the integrand at a finite number of 

points in the Brilliouin zone which is based on the uniquely defined primitive 
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reciprocal space lattice vectors in the frequency domain and the spacing parameter.  

Divisions along three reciprocal space axes by explicitly setting the k1 k2 k3 values 

characterize the Monkhorst-Pack k–points identical to the resulting k–point mesh of 

DMol3.  The quality of the k–point set can be quantified by the distance between the 

points in reciprocal space as a numerical measure in DMol3. 
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3.4. Atomistic adsorption equations 

 

The adsorption energy in this research was calculated through the following equation, 

for instance for Hg adsorption: 

ΔEads = EHg-species+surface – EHg-species – Esurface                                                            (3.42) 

where ΔEads is the adsorption energy, EHg-species+surface represents the energy of the 

adsorbate species – surface, EHg-species is the energy of the gas phase mercury – 

containing species, and Esurface is the energy of the isolated cluster, in kcal/mol.  

 

The Gibbs free energy and the equilibrium constant for the adsorption systems contain 

the computed zero-point energy and frequencies from the quantum calculations 

(Loffreda 2006):  

∆Gads ≈ ∆Eads + ∆E0 + T(∆Svib + ∆Strans,rot) – kTln 








0P

P
                                     (3.43) 

Keq = exp(-∆G / RT)                                                                                               (3.44) 

where the ∆Gads is the change of Gibbs free energy for the adsorption process, ∆E0 is 

the zero-point energy change during the adsorption process, and ∆Svib and are 

∆Strans,rot the vibrational and translational, rotational entropy changes during 

adsorption in cal/mol K. T is the temperature in K and R is the ideal gas constant in 

cal/mol K. k is Boltzmann's constant, and the pressure terms cancel out because the 

pressure is constant in this adsorption system.  The equilibrium constants (Keq) are 

calculated to investigate exothermicity of the adsorption processes and to determine 

favorability of the spontaneous reaction as a function of temperature.  
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∆Svib is derived from the vibrational partition functions containing the gas, clean 

surface and adsorbed system, and ∆Strans,rot is derived from the translational and 

rotational partition functions developed by Loffreda (Loffreda 2006),  
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where k  is the Boltzmann constant in J/K, h is Planck’s constant in Js, and gassufads
i

,,ω  

are the frequencies of adsorbed state, clean surface and gas phase mercury species, 

respectively. 
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where A  is the adsorption area, gasM  is the molecular weight of the gas, h  is 

Planck’s constant, σ  is the number of energy minima when the molecule rotates, and 
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0
,, zyxI  is the reduced moment of inertia.  The derived equations in this section are used 

for adsorption energies and thermodynamic data, and for investigating temperature 

effects for each adsorption system.  In the next chapters, the calculation methods will 

be discussed more specifically for different adsorption systems with applying the 

appropriate methods.   

 

The content of each of the following chapters was accepted for publication and the 

primary text of these papers is included to a great extent.  This may involve some 

repetition of the introductory three chapters, but this was felt to be the best approach 

to handle the details important in carrying out this research. 
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CHAPTER 4. ADSORPTION ENERGIES OF MERCURY-CONTAIINING 

SPECIES ON CaO AND TEMPERATURE EFFECTS ON EQUILIBRIUM 

CONSTANTS PREDICTED BY DENSITY FUNCTIONAL THEORY 

 

4.1. Introduction 

 

Mercury released from coal fired boilers accounts for the largest amount of mercury 

emissions in the U.S. based on the EPA Mercury Study Report (Adamson 1997; 

Rener 2004).  In flue gases, elemental mercury-Hg(0) is oxidized into mercurous-

Hg(I), and mercuric-Hg(II) species in the form of HgCl and HgCl2 (Niksa 2001), 

mostly promoted by chlorine and atomic chlorine, as proposed by Sliger, et al. 

(Galbreath 1996; Sliger 2000).  However, only the mercuric-Hg(II) form (HgCl2) 

exists in the flue gases because HgCl is directly oxidized to HgCl2.  The EPA has set 

regulations on mercury emission concentrations of 0.1 µg Hg / 1 kg coal / day, and 

choosing appropriate sorbents to reduce Hg emissions is an essential key in meeting 

this regulation.  There are many experimental papers on Hg reduction and various 

kinds of sorbents being used in coal fired power plants, such as activated carbon, 

calcium-based sorbents, fly ash and zeolites (Otani 1986; Otani 1988; Krishnan 1994; 

Karatza 1996; Lancia 1996; Hocquel 2001; Scala 2001a; Scala 2001b; Ghorishi 2002; 

Jurng 2002; Chang 2003; Olsen 2003).  Finding and exploring the properties of 

effective and inexpensive sorbents is the current challenge.  Paper Waste Derived 

Sorbent (PWDS) is a newly-developed sorbent and was proved to be very effective in 

a bench scale Hg control system (Wendt 2007).  The components in PWDS are CaO 
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23 wt%, Al2O3·SiO2 29 wt%, CaCO3 41 wt%, inert 6 wt% and Ca(OH)2 1 wt%. Since 

CaO is one of the primary constituents in this novel sorbent that could be used in coal 

fired power plants, the adsorption of Hg, HgCl and HgCl2 on the CaO surface were 

investigated so the fundamental interactions between Hg-species and the sorbent 

could be explored.  Although there is no mercurious form of mercury (HgCl) in flue 

gases, we investigated adsorption of HgCl in order to compare with adsorption of Hg 

and HgCl2 on CaO surfaces. 

 

It is very difficult to examine the adsorption mechanisms of Hg-containing species on 

surfaces experimentally (Noguera 2001).  On the other hand, theoretical methods can 

be employed to investigate how Hg-containing species are adsorbed on the sorbent.  

The increase in computer speed and the accuracy of computational quantum 

chemistry methods leads them to be applied to the study of surface chemistry more 

frequently.  Meanwhile, understanding the adsorbents’ surface properties theoretically 

will help us to choose the best adsorbent for certain adsorbates.  

 

Since metal oxides are commonly used in industrial applications as catalysts or as 

support materials, structural and energetic properties of the metal oxide surfaces are 

important for understanding complex and comprehensive mechanisms.  Many 

properties of metal oxide surfaces have been studied during the past decade (Freund 

1996; Pacchioni 2000; Noguera 2001).  The most prevalent compounds in PWDS are 

metal oxides.  The CaO component chosen in this research, however, is the simplest 

rock-salt structure and has surface characteristics of alkaline earth metal oxides 

investigated by Broqvist, et al. (Broqvist 2004).  Moreover, CaO can be an effective 
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destructive adsorbent for small compounds such as fluoro-, chloro-, and bromo-

carbons, sulfur- and organophosophorus compounds (Decker 2002).  The adsorption 

of Hg-containing species with other select components of PWDS will appear in 

subsequent sections of this thesis.  

 

We studied Hg, HgCl and HgCl2 adsorption on the CaO(0 0 1) surface by performing 

DFT calculations using LDA/PWC and GGA/BLYP functionals on cluster models, as 

well as by using a periodic model in this work.  Cluster models have proved to be 

successful for simulating metal-oxide surfaces (Pelmenschikov 1996; Pelmenschikov 

2000; Hoeft 2001; Rivanenkov 2003).  In this work, the cluster method was 

predominantly used to simulate the CaO (0 0 1) surface while several tests were run 

with periodic methods for comparison.  

 

DFT has already been proved to be fairly accurate (Gross 2002) and can be used to 

calculate structural properties that are typically within 0.05 Å and 1-2° of experiment, 

while overall adsorption and reaction energies are typically within 5 – 7 kcal/mol of 

experimental values, and spectroscopic analyses are within a few percent of 

experimental data (Van santen 1995; Van santen 1995).  However, it should be 

pointed out that the accuracy of DFT in treating the Hg transition metal system does 

have limitations since the system possesses spin multiplet structures that are 

energetically close to each other (Gutsev 2002; Rao 2002).  

 

In this work, we used both the LDA and GGA functionals to obtain the geometries, 

adsorption energies and frequencies of proposed cluster and adsorption site structures.  
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The goal of the research is to investigate which functional gives more reliable answers 

compared to available data, and also to introduce the use of computational chemistry 

methods for predicting Hg species adsorption on CaO, which has never been studied 

before with theoretical calculations.  Finally, we were interested in understanding the 

effects of temperature on the adsorption ability.  

 

The number of published papers employing CaO cluster models is quite limited, but 

some publications have appeared (Pacchioni 1994; Bawa 2001; Karlsen 2002; 

Broqvist 2004; Di Valentin 2004; Michalkova 2007).  Recent work on a similar 

cluster looked at NOx and other compounds being adsorbed on a relatively small CaO 

cluster that was allowed to relax during the geometry optimization (Karlsen 2003).  

Other researchers used a fixed cluster approach, as we have used here (Pacchioni 

1994; Karlsen 2002; Di Valentin 2004).  There are some calculations on CaO surfaces, 

which are for much smaller adsorbates where more elaborate methods can be applied 

(Pacchioni 1994; Karlsen 2002; Di Valentin 2004; Jensen 2005).  It is already 

generally accepted that cluster models and DFT calculations, as employed in the 

present work, offer a useful description for the thermodynamic properties of 

adsorption on metal-oxides (Rogal 2006; Kolodziejczyk 2007). 
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4.2. Methods 

 

Density Functional Theory (DFT) with the DMol3 (Delley 1990) package in the 

Accelrys Materials Studio 2001 (Accelrys Inc.) was used for this study.  All 

simulations for cluster and periodic CaO models used the AE (all electron) method 

and DND (double-numeric) basis set.  The local density approximation (LDA) 

combined with the PWC functional (Perdew 1992) was used with the Harris 

Approximation (Harris 1984) in order to reduce the computational time for geometry 

optimizations.  The generalized gradient approximation (GGA) was combined with 

the BLYP correlation functional (Lee 1988; Becke 1988b; Becke 1998a).  The higher 

level calculations of the GGA/BLYP method used the fully optimized geometries 

from the LDA/PWC functional to obtain the adsorption energies.  Mulliken and 

Hirshfeld population analyses were computed with the LDA/PWC method, not only 

to calculate atomic charges for Hg, HgCl and HgCl2 adsorption models on CaO 

periodic slabs, but also to investigate how the mercury-containing species interact 

with the model CaO surfaces. 

 

Spin unrestricted calculations on the cluster models and spin restricted methods on the 

periodic slab were also conducted because spin polarization could have an affect on 

the adsorption energies.  However, when we tested spin restricted and unrestricted 

methods on adsorption of the same species and the 4×4×2 surface model, the 

adsorption energy difference between spin restricted and unrestricted calculations was 

only ~0.5 kcal/mol which is too small to impact our results.  Spin-orbit coupling 

effects are neglected in this scalar relativistic approach based on prior research with 
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other mercury calculations (Williams 2004; Huda 2005; Cremer 2008).  The 

numerical basis functions of DMol3 are more complete functions than Gaussian 

functions, and are expected to have small BSSE (the basis set superposition error) 

contributions while ab initio methods use BSSE calculations to estimate the errors 

associated with their incomplete basis sets(Simperler 2006), as discussed in Chapter 3.  

A small BSSE contribution due to the basis sets of DMol3 was verified by Govind, 

Andzelm and et al. calculating water dimer with a larger basis set.  The interaction 

energy was changed by less than 0.5 kcal/mol in these calculations(Govind 2002; 

Andzelm 2003).  They, indirectly, proved that further basis set extensions have a 

small BSSE effect on interaction energies.  

 

The surface of CaO (0 0 1) which has been used by other theoretical researchers 

(Pacchioni 1994; Bawa 2001; Karlsen 2002; Di Valentin 2004) was investigated.  It 

should be noted that the 3×3×2 cluster model had edge effects but the 4×4×2 and 

5×5×2 cluster models succeeded in size convergence (Li 2006).  We claim the 4×4×2 

and 5×5×2 cluster models are large enough to handle the adsorbates studied here.  In 

this work, the clean perfect surface was modeled by a 4×4×2 cluster, a 5×5×2 cluster, 

and a periodic structure.  The Hg coverages for the 4×4×2 and 5×5×2 cluster models 

are 6.25% and 4.0%, respectively, and Hg coverage for the periodic slab is 4.0% since 

the surface was designed with a 5×5 unit cell.  These low coverages were used to 

approximate pure component adsorption on fresh adsorbates which would 

overestimate the results for aged systems.  However, we also calculated the adsorption 

energies of elemental mercury at higher coverages on the CaO 5×5 periodic slabs in 

order to predict some trends in coverage.  
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Two surface layers of metal-oxide were employed to investigate interactions between 

the adsorbate and surface (Karlsen 2003; Xu 2004; Zhang 2005).  For some 

calculations, all CaO (0 0 1) structures were fixed with a bond length of 2.405 Å 

between every distance for the Ca–O pairs for rapid investigation of mercury 

adsorption.  This bond length is the default for the CaO (0 0 1) cleaved surface in 

DMol3.  The periodic system studied has a vacuum thickness of 10 Å.  This distance 

was chosen to eliminate spurious interactions between the adsorbate and the periodic 

image of the bottom layer of the surface which would appear on the top of the 5×5 

unit cell.  Also, the k-point was set to the 2×2×1 mesh by Monkhorst-Pack scheme in 

this calculation on the periodic slab.   

 

The DFT adsorption energy was calculated through the following equation: 

ΔEads = EHg-species+surface – EHg-species – Esurface                                                              (4.1)     

where ΔEads is the adsorption energy, EHg-species+surface represents the energy of the 

adsorbate species – surface, EHg-species is the energy of the gas phase mercury – 

containing species, and Esurface is the energy of the isolated cluster, in kcal/mol.  

 

The computed zero-point energy and frequencies from the quantum calculations were 

used to obtain the Gibbs free energy for the equilibrium constant (Loffreda 2006):  

∆Gads ≈ ∆Eads + ∆E0 + T(∆Svib + ∆Strans,rot) – kTln 








0P

P
                                          (4.2) 

Keq = exp(-∆G / RT)                                                                                                  (4.3) 

where the ∆Gads is the change of Gibbs free energy for the adsorption process, ∆E0 is 

the zero-point energy change during the adsorption process, and ∆Svib and ∆Strans,rot 
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are the vibrational and translational, rotational entropy changes of adsorption in 

cal/mol K. T is the temperature in K and R is the ideal gas constant in cal/mol K. k is 

Boltzmann's constant and the pressure terms cancel out.  

 

∆Svib is derived from the vibrational partition functions containing the gas, clean 

surface and adsorbed system and ∆Strans,rot is derived from the translational and 

rotational partition functions developed by Loffreda (Loffreda 2006),  
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are the frequencies of adsorbed state, clean surface and gas phase mercury species, 
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where A  is the adsorption area, gasM  is the molecular weight of the gas, h  is 

Planck’s constant, σ  is the number of energy minima when the molecule rotates, and 

0
,, zyxI  is the reduced moment of inertia.   

 

The calculated entropy and zero point energy data of Hg, HgCl and HgCl2 adsorption 

on each surface were available in the temperature range from 25 K to 1000 K.  

Nevertheless, the equilibrium constants were investigated in the 250 – 600 K 

temperature range as this temperature range is most experimentally relevant for real 

adsorption systems (Wendt 2007).  The above equations were used to obtain the 

Gibbs free energy and the equilibrium constant for different adsorption scenarios. 
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4.3. Results and Discussion 

 

Three different coverages (4%, 8% and 12 % ) of elemental mercury on the CaO 

periodic surface were investigated.  Table 4-1 shows that low coverage leads to the 

strongest calculated adsorption energies.  The adsorption energies are -6.53, -6.32 and 

0.5861 kcal/mol when the coverage increases from 4%, 8% and to 12%, respectively.  

The calculations performed show that the best case scenario is at the lowest coverage.  

All adsorption models of mercury-containing species on the CaO cluster and periodic 

surface structures were therefore calculated at the low coverage limit of the model 

structures and had the following results.   

 

 

 

Table 4-1 The adsorption energies on CaO periodic slabs as Hg coverage increases 

calculated with geometry optimizations at LDA/PWC and energies from GGA/BLYP 

functionals  

 CaO(5×5 Periodic) 
 Hg (4%) 2Hg(8%) 3Hg(12%) 
R(1Hg-O) Å 3.037 3.044 2.689 
R(2Hg-O) Å  3.056 2.701 
R(3Hg-O) Å   2.693 
Eads(kcal/mol) -6.53 -6.33 0.59 
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(i)  Optimized geometries and adsorption energies 

 

Hg consistently adsorbed on an atop site over the oxygen atoms on the surfaces, and 

each chlorine atom gravitated to calcium sites according to the optimized geometries, 

as shown in Figure 4-1.  The distances between mercury and oxygen on the 4×4×2 

surface are 3.04 Å for Hg(0), 3.288 Å for Hg(+1) and 3.728 Å for Hg(+2) at the lower 

lever calculation levels; the mercury atom is farther away from oxygen as the mercury 

is oxidized.  However, the chlorine atom has shorter bond lengths to the surface with 

calcium: 2.787 Å for HgCl, and 2.854 Å and 2.952 Å for HgCl2.  

 

The adsorption energies of mercury-containing species on the modeled structures, 

investigated with LDA/PWC and GGA/BLYP methods were calculated with equation 

(4.1) and the results are in Table 4-2.  Bond lengths and adsorption energies for each 

species in Table 4-2 indicate which species are more strongly adsorbed to the surface.  
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Figure 4-1 Representations of top views and side views of adsorption of Hg-species 

on CaO (Accelrys Inc.) surfaces with the LDA/PWC method.  (a) Hg atom adsorbed 

on a 4×4×2 cluster, (b) HgCl molecule adsorbed on a 5×5×2 cluster, (c) HgCl2 

molecule adsorbed on a 5×5×2 periodic slab.  The mercury atom is shown in gray, 

oxygen in red, calcium in green, chlorine in light green. 

              

        
 

       
 



 
 

90 

Table 4-2 The optimized geometries and adsorption energies obtained with LDA/PWC and GGA/BLYP functionals from different 

simulated structures (4×4×2 cluster, 5×5×2 cluster and periodic slab).  All energies are reported in kcal/mol. 

  CaO(4×4×2) CaO(5×5×2) CaO(Periodic) 
  Hg HgCl HgCl2 Hg HgCl HgCl2 Hg HgCl HgCl2 
LDA/PWC 
R(Hg-O) (Å) 3.040 3.288 3.728 3.095 3.250 3.453 3.037 3.255 3.438 
R(Cl-Ca)1 (Å)   2.787 2.854   2.801 2.827  2.804 2.826 
R(Cl-Ca)2 (Å)     2.952     2.829     2.831 
GGA/BLYP 
Eads(kcal/mol) -7.51 -40.80 -16.38 -6.33 -37.00 -18.73 -6.53 -30.95 -11.93 
Eads(kcal/mol)a       -5.59  -29.79  -31.26  

Eads(kcal/mol)a : adsorption energies on relaxed periodic CaO surfaces 
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Figure 4-2 shows the trends in adsorption energies for several mercury species on the 

model structures.  The GGA/BLYP method using optimized geometries from the 

LDA/PWC method leads to more accurate adsorption energies, in general, as proved 

by many other researchers (Curtiss 1991; Perdew 1996; Kantorovich 1997; De Leeuw 

2000; Mattsson 2002; Pacchioni 2002).  Figure 4-2 shows the trends as the adsorption 

strength is changed for the different oxidation states.  Metallic mercury, which is not 

reactive, has the weakest adsorption, with values of -7.51, -6.33 and -6.53 kcal/mol on 

the 4×4×2 cluster, 5×5×2 cluster, and a periodic slab, respectively.  The adsorption of 

elemental mercury on the 4×4×2 cluster, 5×5×2 cluster, and a periodic structure is 

attributed to be physical adsorption according to the fact that the adsorption energy of 

Hg(0) from the GGA/BLYP calculations falls into the physical adsorption range of 

about 6 kcal/mol (Adamson 1997). 
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Figure 4-2 Predicted ∆Eads(kcal/mol) using different cluster sizes and adsorbate 

species calculated at the GGA/BLYP level using LDA/PWC geometry optimizations.  

The ∆Eads predicted using the 4×4×2 cluster, 5×5×2 cluster, and periodic structure are 

close to each other. 

 

 

 

 

 

The adsorption energy of HgCl which has a +1 oxidation state for mercury is   -40.80 

kcal/mol on the 4×4×2 cluster and the addition of two chlorine atoms to increase the 

oxidation state of mercury to +2 leads to a reduced value of -16.38 kcal/mol on the 

4×4×2 cluster.  Other cluster and periodic slab models have the same trends.  The 

oxidized mercury in the form of HgCl2 over metallic Hg has stronger adsorption 

energy values with -16.38, -18.73 and -11.93 kcal/mol on the 4×4×2 cluster, 5×5×2 

cluster, and a periodic slab, respectively.  These results suggest that CaO will be a 

stronger adsorbent for the reactive oxidized mercury species.  Adsorption of HgCl 

leads to the strongest adsorption energies among mercury species because the HgCl 
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molecule has one unpaired electron and this leads to strong interactions with the 

surface on each of the cluster and periodic models.  The adsorption of HgCl on the 

CaO (0 0 1) surface is predicted to be through chemisorption (Adamson 1997) while 

the adsorption energies of HgCl2 on the CaO surfaces are at the threshold between 

physisorption and chemisorption.  The chlorine atoms released from HCl or Cl2 in the 

coal combustion flue gas system greatly enhance the adsorption capability of the CaO 

according to these predicted results.  The fact that fluoro-, bromo-, and chloro-carbons 

are destructively adsorbed on the CaO surfaces and that calcium oxides can be 

effective in removing halogenated carbons as shown by Decker, et al. is consistent 

with our results (Decker 2002). 

 

 

 

(ii)  Temperature effect on equilibrium constants 

 

The effect of temperature on the equilibrium constants for the adsorption of mercury-

containing species on the CaO (0 0 1) surface was investigated with GGA/BLYP 

calculations.  Figures 4-3, 4-4 and 4-5 show the results in the temperature range of 

250 – 600 K.  These figures were generated by using the atomistic thermodynamic 

calculations described earlier (Loffreda 2006).  Temperature has a stronger effect on 

the equilibrium constant for HgCl adsorption than for elemental mercury or HgCl2.  

The adsorption energy changes for HgCl adsorbed on the surfaces are quite large as 

the temperature varies because the free radical energy of HgCl is more sensitive to 



 
 

94 

temperature.  The equilibrium constant having the steepest changes for HgCl 

adsorption versus temperature is, therefore, intuitive. 

 

 

 

Figure 4-3 The predicted equilibrium constants for adsorption of Hg, HgCl and HgCl2 

on a 4×4×2 cluster as a function of temperature calculated with the GGA/BLYP 

functional.  The results show similar trends of the equilibrium constant getting larger 

with decreasing temperature. 
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Figure 4-4 The predicted equilibrium constant for adsorption of Hg, HgCl and HgCl2 

on a 5×5×2 cluster as a function of temperature calculated with the GGA/BLYP 

functional.  
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Figure 4-5 The predicted equilibrium constant for adsorption of Hg, HgCl and HgCl2 

on a periodic slab as a function of temperature calculated with the GGA/BLYP 

functional.  

 

 

 

The equilibrium constants decrease as the temperature increases and the adsorption of 

all mercury species is more favored at low temperatures.  This is in good agreement 

with trends for exothermic systems (Lancia 1996).  Figure 4-4 shows that the two 

oxidized forms of mercury have stronger adsorption than elemental mercury on a 

5×5×2 cluster at all temperature ranges.  However, the small equilibrium constants of 

all mercury species at high temperatures means that oxidized forms are not effectively 

adsorbed under these conditions.  The equilibrium constants for HgCl2 adsorption on 

the 4×4×2 cluster and periodic slab are lower than Hg adsorption above some high 

temperatures as shown in figures 4-3 and 4-5.  However, oxidized mercury has 

positive adsorption trends on CaO surface models.  Adsorption is likely to occur in 
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combustion flue gases, although the elemental mercury adsorption is going to be most 

favorable at low temperatures.  

 

 

 

(iii)  Electronic structure 

 

Charge analyses results depend on the methods used and show how electron density is 

partitioned.  In order to understand the trends in atomic charge transfer, atomic 

charges with two different methods including the Mulliken and the Hirshfeld 

population analyses are compared.  The Mulliken method is the most commonly used 

population method and the Hirshfeld population analysis is based on the deformation 

density on the free atom electron density (Hirshfeld 1977).  The atomic charges for a 

fixed clean periodic CaO slab and CaO slabs reacted with Hg, HgCl and HgCl2 were 

used to obtain the final Mulliken and Hirshfeld charges.  The results of atomic charge 

transfer of the Mulliken and Hirshfeld methods are in Table 4-3 and atom numbers 

used in the analyses are indicated in Figure 4-6.  
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Table 4-3 Changed atomic charges based on Mulliken and Hirshfeld population analysis of Hg, HgCl and HgCl2 adsorption models on 

fixed 5×5 CaO periodic slabs (data for atoms most influenced by atomic charge transfer – all data is available in Table 4 of Appendix A).  

  Mulliken  Hirshfeld 
  CaO-Hg CaO-HgCl CaO-HgCl2 CaO-Hg CaO-HgCl CaO-HgCl2 
Ca 7 -0.02 -0.01 -0.01 -0.04 -0.03 -0.02 
Ca 8 -0.02 0.01 -0.01 -0.04 -0.02 -0.02 
Ca 9 0.01 0.02 0.01 0.00 0.01 0.01 
Ca 10 -0.02 -0.01 0.00 -0.04 -0.03 -0.12 
Ca 11 0.01 0.02 0.01 0.00 0.02 0.01 
Ca 12 -0.02 0.02 0.00 -0.04 -0.12 -0.12 
Ca 13 0.00 0.01 0.01 0.00 0.01 0.01 
O  17 0.01 0.01 0.02 0.00 0.01 0.01 
O  18 0.01 0.01 0.02 0.00 0.01 0.01 
O  19 0.01 0.01 0.02 0.00 0.01 0.01 
O  20 0.01 0.06 0.02 0.00 0.03 0.01 
O  30 0.00 0.03 0.04 0.00 0.02 0.03 
O  31 0.00 0.00 0.01 0.00 0.01 0.01 
O  32 0.05 0.06 0.04 0.03 0.04 0.02 
          
Hg -0.07 -0.29 -0.18 0.09 -0.16 -0.10 
Cl  1   -0.17 -0.08  0.02 0.08 
Cl  2     -0.08     0.08 
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Figure 4-6 The atom indicies for HgCl2 adsorbed on CaO periodic surface to indicate 

the charge transfer with LDA/PWC functional 

 

 

 

The Mulliken charges of the mercury atoms in Hg, HgCl and HgCl2 on the surfaces 

are changed by -0.07, -0.29 and -0.18, respectively and the chlorine is negatively 

charged to -0.17 in HgCl and -0.08 in HgCl2.  On the CaO surface, the atomic charges 

of the near atoms with Hg, HgCl and HgCl2 as adsorbates were changed as adsorption 

occurred.  The final atomic charges of the calcium 7, 8, 10 and 12 atoms were 

changed by -0.02 after CaO – Hg adsorption.  All charges on oxygen atoms were 

changed positively after CaO – mercury-species were formed.  The adsorption of CaO 

– HgCl receives more charge transfer between HgCl and the CaO surface compared 

with the other mercury-species adsorptions.  This is intuitive because the adsorption 

of HgCl is strongest because bonding occurs, as described earlier.  

 

The trends in the Hirshfeld charges are similar to the Mulliken charge analysis, The 

Hirshfeld charges of the calcium 7, 8, 10 and 12 atoms were all changed by -0.04 for 

Hg adsorption, -0.03, -0.02, -0.03 and -0.12 for HgCl, and -0.02, -0.02, -0.12 and -
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0.12 for HgCl2, respectively.  This is consistent with the Mulliken charge analysis as 

the same calcium atoms of the surface interact with mercury adsorbates.  Again, when 

the mercury is oxidized, mercury is charged more negatively.  This result is in good 

agreement with the fact that adsorption becomes stronger when a larger charge 

transfers occur.  

 

When rumpling and relaxation on the surfaces were allowed, adsorption energies were 

affected strongly for HgCl2 but not HgCl or elemental mercury.  To show the 

comparison, the results of adsorption energies and charge transfer analyses between 

fixed surfaces and relaxed surfaces were investigated with the Mulliken and Hirshfeld 

population of mercury-species adsorptions on the first layer of the relaxed geometry 

optimization results for the CaO slabs.  The values of adsorption energies of mercury 

adsorption on fixed and relaxed periodic surfaces are reported in Table 4-2.  

 

Additionally, the optimized geometries of adsorption on the relaxed periodic surfaces 

are represented in Figure 2 in Appendix A.  The adsorption energies of Hg, HgCl and 

HgCl2 species on relaxed periodic slabs were -5.59, -29.79 and -31.26 kcal/mol, 

respectively.  The HgCl2 adsorption had a three times stronger adsorption energy on 

the relaxed periodic slab than on the fixed slab, while the differences in adsorption 

energies of Hg and HgCl between fixed and relaxed surfaces were less than ~1 

kcal/mol.  While the relaxation effect is not essential for the Hg and HgCl adsorption 

models, the relaxation effect plays an important role in the HgCl2 adsorption model to 

move the adsorption energy into the chemisorption range.  The movement of the 

oxygen out of the flat surface makes it more favorable for strong interactions with 
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mercury so that the Hg is much closer to the surface at 2.267 Å as opposed to 3.438 Å 

for the fixed surface.  The chlorine interactions with calcium are unchanged.  The 

comparison of results of adsorption energies are in accordance with the results of the 

charge transfer calculations. 
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Table 4-4 Changed atomic charges based on Mulliken and Hirshfeld population 

analysis of Hg adsorption model on relaxed 4×4 CaO periodic slab and HgCl and 

HgCl2 adsorption models on relaxed 5×5 CaO periodic slabs (data for atoms most 

influenced by atomic charge transfer – all data is available in Table 5 of Appendix A). 

 Mulliken  Hirshfeld  

 CaO-Hg CaO-HgCl CaO-HgCl2 CaO-Hg CaO-HgCl CaO-HgCl2 

Ca 1 -0.01 0.01 0.01 -0.05 0.01 0.01 

Ca 2 -0.01 0.03 0.04 -0.05 0.01 0.01 

Ca 4 0.01 0.03 0.03 0.01 0.03 0.04 

Ca 7 0.01 0.00 -0.01 0.00 -0.04 -0.03 

Ca 8 0.01 0.00 -0.01 0.00 -0.04 -0.03 

Ca 10 0.01 -0.02 0.01 0.00 -0.07 -0.10 

Ca 12 0.01 0.01 0.01 0.00 -0.10 -0.10 

Ca 14 -0.01 0.01 0.01 -0.05 0.01 0.00 

Ca 16 -0.01 0.02 0.01 -0.05 0.00 0.00 

O  17 0.00 0.02 0.01 0.00 0.01 0.00 

O  18 0.00 0.02 0.01 0.00 0.01 0.00 

O  26 0.11 0.01 0.00 0.06 0.01 0.00 

O  30 0.00 -0.03 -0.05 0.00 0.01 0.00 

O  31 0.00 -0.02 -0.02 0.00 0.00 0.00 

O  32 0.00 0.16 0.16 0.00 0.10 0.11 

         

Hg -0.15 -0.26 -0.11 0.06 -0.10 -0.07 

Cl 1  -0.13 -0.11   0.03 0.03 

Cl 2     -0.11     0.03 
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In order to calculate the change of charge transfer on a relaxed slab, we employed the 

same methods and functionals with the ones from the fixed CaO slab calculations.  

Table 4-4 shows the major atoms and charges transferred with the magnitude of the 

transfers when relaxed 4×4 and relaxed periodic 5×5 clusters were used.  The 

Mulliken and Hirshfeld charges of mercury-species atoms on the relaxed surfaces 

were smaller in magnitude than those on the fixed surfaces.  The atomic charges of 

the relaxed surfaces were changed not only for different atoms but also the amount of 

charges transferred against the fixed surfaces changed as well.  The atomic charges 

for HgCl2 adsorption on the CaO surface when the relaxation of the surface occurred 

were different from the fixed CaO surface in the both Mulliken and Hirshfeld 

population analysis.  However, Hg and HgCl adsorption on relaxed CaO surfaces had 

similar trends and magnitude of atomic charge transfer as the fixed CaO slab results.  

HgCl2 adsorption on a relaxed surface had stronger interaction, and the relaxation of 

the surface influenced the adsorption energies.  

 

HOMO (the highest occupied molecular orbital), LUMO (the lowest unoccupied 

molecular orbital) energy levels and band gaps of Hg, HgCl and HgCl2 adsorption 

models, and clean 4×4×2 and 5×5×2 CaO clusters were calculated with the 

GGA/BLYP functionals. HOMO, LUMO energy levels and HOMO & LUMO energy 

gaps are shown in Table 4-5 and Figure 4-7.  
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Table 4-5 The calculated HOMO, LUMO energy levels and band gaps with GGA/BLYP functionals (HOMO and LUMO energy levels 

are in Hartrees, and band gaps are in eV)  

 CaO(4×4×2) CaO(5×5×2) 
 cluster Hg HgCl HgCl2 cluster Hg HgCl HgCl2 
HOMO -0.091 -0.093 -0.106 -0.107 -0.089 -0.091 -0.099 -0.103 
LUMO -0.046 -0.047 -0.053 -0.089 -0.043 -0.044 -0.050 -0.083 
Band gap 
(Gutsev) 1.230 1.244 1.437 0.495 1.274 1.276 1.331 0.539 
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Figure 4-7 The plots in HOMO, LUMO energy levels and HOMO & LUMO energy 

gap for Hg, HgCl and HgCl2 adsorptions on 4×4 and 5×5 CaO cluster models with 

GGA/BLYP functionals (HOMO and LUMO energy levels are in Hartrees, and band 

gaps are in eV) 
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The HOMO and LUMO energy level decreased as the mercury is oxidized.  The 

HOMO energy levels of HgCl2 on both 4×4 and 5×5 CaO surfaces significantly drop.  

The smallest band gaps occur when the HgCl2 adsorption occurs on the CaO surface 

because the conduction band goes down to a lower level while HgCl adsorption on the 

CaO clusters has the largest band gaps.  When the chlorine atoms are adsorbed on top 

of calcium, this makes the metal oxide more metallic.  

 

 

 

Figure 4-8 The plots in HOMO molecular orbitals for fully optimized 5×5 CaO 

cluster model and Hg, HgCl and HgCl2 adsorptions on 5×5 CaO cluster models with 

GGA/BLYP functionals 
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Figure 4-8, above, shows the HOMO molecular orbitals for the fully optimized 5×5 

CaO cluster model and Hg, HgCl and HgCl2 adsorption on the 5×5 CaO cluster model.  

For the clean CaO cluster, the edge oxygen atoms have a high energy state and π* 

molecular orbitals which are formed from 4s(Ca) and 2p(O) atomic orbitals.  When 

Hg is adsorbed on the surface, the shape of the HOMO did not change much 

compared to the clean CaO surface.  The HOMO for HgCl adsorption was localized 

between the adsorbate and the middle of the surface and strongly interacted with the 

first layer of the surface while the LUMO was localized at HgCl2 adsorptions of the 

surface.  There is a degenerate set of occupied π* molecular orbitals between the σ 
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and σ* orbitals for the HOMO of HgCl molecule.  Occupied π* molecular orbitals 

occur with the destabilization of HgCl bond and inhibit the stabilizing effect of the π 

bonding electrons.  This lone pair destabilizing effect generates a HgCl molecule that 

is strongly bonded to the CaO cluster models.  The HOMO energy levels of Hg and 

HgCl2 are much lower and do not appear on the figures.  When HgCl2 adsorption 

occurs, it is difficult to identify how the molecule interacts with the surface from the 

figure.  The density of states can show more clear interactions between the molecule 

and the surface, as shown on the next pages.  
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Figure 4-9 Total density of states (DOS) and the partial density of states (PDOS) of 

the adsorptions of Hg, HgCl and HgCl2 on CaO periodic surfaces and the pure CaO 

periodic surface with LDA/PWC functional: a) CaO 5×5 periodic surface, b) Hg 

adsorption of CaO 5×5 periodic surface, c) HgCl adsorption of CaO 5×5 periodic 

surface, d) HgCl2 on CaO 5×5 periodic surface (Fermi level is set to zero) 
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Figure 4-9 shows the total density of states (DOS) and the partial density of states 

(PDOS) for the adsorption of Hg, HgCl and HgCl2 on CaO periodic surfaces and a 

clean CaO periodic surface.  The DOSs were calculated using DFT LDA/PWC based 

on the CaO periodic slab model.  In order to check the accuracy of the DOSs for CaO, 

the result was compared with other theoretical work because there was no 

photoemission spectrum for CaO available.  The DOSs of CaO which was studied by 

Baltache et al. using the FP-LAPW approach is similar to our result (Baltache, 2004).  

The occupied states of the oxygen 2p lone pair electrons of CaO are located from -0.1 

to 0 Hartrees.  The shapes of the DOSs after the adsorption of Hg, HgCl and HgCl2 on 

CaO surfaces are similar.  However, a new peak, which is the bonding state between 

mercury and oxygen, arises around -0.3 Hartrees after adsorbing the Hg-species on 

the CaO surfaces.  This peak is the major difference between the clean periodic CaO 

surface and after adsorption of mercury-species.  When HgCl is adsorbed on the 

surface, the DOSs between -0.5 and -0.55 Hartrees for HgCl bonding on the CaO 

surface are slightly broadened.  This is due to the interaction of the s orbitals with the 

surface.  The DOSs of Hg and HgCl adsorption models have similar patterns and band 

gaps.  On the other hand, the DOS after adsorbing HgCl2 on the CaO surface has an 

extra peak around -0.175 to -0.1 Hartrees.  The peak for the bonding state between the 

mercury and oxygen atoms for HgCl2 adsorbed on the CaO surface is shifted to -0.1 

Hartree, and a peak of the conduction band is shifted to the Fermi level.  This 

confirms that the LUMO energy level of HgCl2 adsorption is lower than the other 

adsorption models. 
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4.4. Conclusion 

 

The adsorption energies of Hg, HgCl and HgCl2 adsorption on CaO surfaces were 

calculated by GGA/BLYP methods using optimized geometries from LDA/PWC 

calculations.  Even though the mercury atom of the mercury-containing species is 

farther away from the oxygen atom of the CaO surface as mercury is chlorinated, 

chlorine forms a shorter bond length with the calcium atom. Elemental mercury 

adsorption on the CaO (0 0 1) surface is physisorption.  Additionally, HgCl 

adsorption is chemisorption and the adsorption energies of HgCl2 on the calcium 

oxide surface are at the threshold between physisorption and chemisorption.  Stronger 

adsorption occurs when mercury is oxidized.  The oxidized mercury has an active 

interaction with the surface according to the Mulliken and Hirshfeld charge analyses.  

The effect of temperature on the equilibrium constant for the adsorption of mercury-

containing species on CaO (0 0 1) surface was investigated by using the GGA/BLYP 

calculations.  The equilibrium constants for mercury adsorption on CaO surfaces are 

affected by temperature, especially, HgCl as the equilibrium constants decrease with 

increasing temperature, in good agreement with exothermic systems.  From the trends 

in equilibrium constant predictions, all mercury-containing species adsorption on CaO 

surfaces is favorable at very low flue gas temperatures. 

 

This research paper is the first in a series of investigating the mechanism of mercury 

adsorption on PWDS.  Since flue gases are generally released at high temperatures, 

the CaO component of PWDS might not be a very strong adsorbant itself to remove 
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mercury.  Future work in other chapters will examine more chemical arrangements 

that include CaO components as a part of a more complex sorbent environment. 
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CHAPTER 5. THE ADSORPTION OF MERCURY-SPECIES ON RELAXED AND 

RUMPLED CaO (0 0 1) SURFACES INBESTIGATED BY DENSITY 

FUNCTIONAL THEORY 

 

5.1. Introduction 

 

Mercury is a ubiquitous chemical element in the environment and is a unique metal 

which has a high vapor pressure and exists as a liquid at ambient conditions.  It has 

high volatility and is easily transported between environmental compartments where it 

is distributed on a global scale.  There are two types of global mercury emission 

sources, natural and anthropogenic.  Natural sources contribute 70 percent of the 

global mercury emissions, while anthropogenic sources account for the rest of the 

total mercury released to the environment (Pirrone 2010).  The amount of mercury 

emissions from man-made sources has been increasing during the last few decades, 

mainly due to fossil fuel combustion which has distributed 810 Mg yr-1 to global 

mercury emissions.  This amount accounts for the second largest emission source of 

total mercury emissions, and is the major anthropogenic source.  Industrial point 

sources could be controlled by mercury removal technologies to reduce the large 

anthropogenic mercury emissions.  This research focuses specifically on mercury 

removal from the flue gases of coal-fired power plants.  

 

There are few commercially available flue gas treatment technologies, but generally 

coal-fired power plants use wet scrubbing or activated carbon injection methods 
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(Otani 1986; Otani 1988; Krishnan, Gullett et al. 1994; Karatza 1996; Lancia 1996; 

Hocquel, Unterberger et al. 2001; Scala 2001; Scala 2001; Ghorishi 2002; Jurng 2002; 

Chang and Ghorishi 2003; Olsen 2003).  Elemental mercury is difficult to control 

because of its insolubility in water.  However, wet scrubbers can achieve 70 – 85 % 

mercury removal with an oxidizing agent that converts elemental mercury to oxidized 

mercury, HgCl2. If HCl or Cl2, or other oxidizing agents are not injected into the flue 

gases, then total mercury removal is no greater than 50 percent (EPA 1997; 

Changsuphan 2003).  Sulfur dioxide (SO2) in the flue gas plays a counteracting 

reducing function that transforms oxidized mercury to elemental mercury, which 

allows subsequent pollution to the environment.  

 

The most prominent mercury control system is activated carbon injection (ACI) 

which achieves mercury reduction at least 85 percent (EPA 1997).  The injection of 

activated carbon in the stack exhaust gas has been used successfully when it is placed 

before a particulate collection device.  This promising system allows elemental 

mercury to be removed from the flue gas.   

 

The most important factors in the efficacy of activated carbon in capturing mercury 

from the flue gas include the flue gas temperature, mercury concentration, chloride 

content and the volumetric flow rate of the flue gas.  If even one of these operating 

parameters is out of a narrow range of acceptability, then performance of this mercury 

control system is largely ineffective.  Activated carbon injection thus, has limitations 

for its application because removal effectiveness depends on the expensive operating 

conditions.  For instance, these systems must operate at low temperatures, and the 
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cooling costs for the stack gases are high, leading to a cost effectiveness that is in the 

range of $67,700 – $70,000 per pound of mercury removed.  Additionally, carbon-

based sorbents deteriorate the quality of the fly ash after mercury removal, limiting 

the use of fly ash in building materials, in addition to having leaching problems at 

high temperatures where mercury species desorb from the surface (Luo 2006).  

 

The current challenge is to find sorbents that are effective at high temperatures while 

also being inexpensive.  Paper Waste Derived Sorbent (PWDS), in market under the 

name MinPlus, is newly-developed and has proved to be effective at high 

temperatures in a bench scale Hg control system (Wendt 2007).  Mercury adsorption 

on this sorbent appears to be irreversible, and there is a possibility of using the highly 

stable MinPlus-Hg product in construction materials if leaching or mercury re-

emission can be prevented.  MinPlus is also a waste product from paper recycling 

producers, indicating it could be a green design solution to mercury emissions control.  

 

The energetics and mechanisms of mercury adsorption on the MinPlus sorbent are not 

well understood.  In the flue gases, mercury exists in the elemental form (Zeng, Jin et 

al. 2004) but some of it is oxidized into Hg(I) and Hg(II) forms as HgCl and HgCl2 

promoted by the presence of chlorine, as proposed by Sliger, et al. (Galbreath 1996; 

Sliger 2000).  The unstable gas form of HgCl is directly oxidized to HgCl2 in flue 

gases.  Calcium oxide (CaO) is one of the main components of MinPlus which has a 

composition that is 23 wt% CaO, 29 wt% Al2O3·SiO2, 41 wt% CaCO3, 6 wt% inert 

and 1 wt% Ca(OH)2.  Based on differential thermal analysis of the MinPlus sorbent, 

the CaCO3 is converted through calcination into CaO and CO2, as is Ca(OH)2, leading 
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to CaO making up more than 50% of the MinPlus sorbent at elevated temperatures.  

Because of this, we used the CaO structure which is the resulting predominant 

constituent of the MinPlus sorbent.  In this study, the adsorption of mercury-species 

(Hg, HgCl and HgCl2) on the CaO (0 0 1) surface was investigated using density 

functional theory calculations.  This investigation on relaxed CaO surfaces is part of a 

series on adsorption of mercury-containing species on MinPlus sorbents.  

 

In previous chapter, we investigated the adsorption of mercury-species on fixed CaO 

surfaces (Kim, Li et al. 2009).  However, relaxation effects play an important role in 

predicting adsorption energies of species on oxidized metal surfaces (Trubitsyn, 

Zakharov  et al. 2007).  When applying the relaxation effect on the surface, it allows 

rearrangement of the surface and adjusts in the layer spacing perpendicular to the 

surface, but there is no change in the periodicity parallel to the surface or in the 

symmetry.  For instance, recent work looked at adsorption of NOx and other species 

on a relatively small CaO cluster that was allowed to relax during geometry 

optimization at the B3LYP level (Karlsen 2002).  The authors found that relaxation 

enhances stabilities and increases binding energies.  

 

To investigate Hg, HgCl and HgCl2 adsorption, we considered clean non-defective 

CaO surface models while accounting for surface relaxation.  The surface calculations 

employed cluster models that have proved to be successful for simulating metal oxide 

surfaces (Freund, Kuhlenbeck et al. 1996; Pacchioni 2000; Noguera 2001; Broqvist 

2004), but periodic slab calculations were also done.  We confirm again in this work 

that the 5×5 unit cell of the CaO surface is the critical cluster size to obtain reliable 
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adsorption energies for mercury-containing species while avoiding edge effects.  In 

order to investigate the influence of surface layers on surface relaxation, we tested 

mercuric chloride adsorption on both CaO 5×5×2 and 5×5×3 surface structures.  The 

HgCl2 adsorption model for the relaxed CaO surfaces placed adsorption in the 

chemisorption range while the HgCl2 adsorption model on the fixed CaO surface is at 

the border between physisorption and chemisorption.  Since relaxation plays a 

significant role in this adsorption system, we chose to investigate the effect of the 

number of surface layers on energetics of HgCl2 adsorption after surface relaxation. 

 

The geometry optimization results, relaxation effects and adsorption energies of the 

Hg-species adsorption models are discussed in sections (i) and (ii).  Then temperature 

effects on equilibrium constants are described in section (iii) since the equilibrium 

constants are strongly dependent on temperature.  HOMO and LUMO energy analysis 

of mercury-containing species on 5×5×2 CaO clusters were done to probe the 

stabilities of the adsorption models and are discussed in section (iv).  Finally, the 

adsorption results for relaxed CaO surfaces are compared with adsorption energies for 

mercury-species on the flat fixed CaO surfaces explored in previous work.  
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5.2. Methods 

 

The theoretical calculations based on density functional theory (DFT) were performed 

using the DMol3 package (Delley 1990) in the Accelrys Materials Studio 2001 

(Accelrys Inc.).  The local density approximation (LDA) was combined with the PWC 

functional (Perdew and Wang 1992), which optimizes geometries reliably (Jaffe 

1996).  The LDA method calculates less accurate energetics, even if it leads to 

accurate geometry optimization (Curtiss, Raghavachari et al. 1991; Perdew 1996; 

Kantorovich 1997; De Leeuw 2000; Mattsson and Jennison 2002; Pacchioni 2002).  

Therefore, the generalized gradient approximation (GGA) was combined with the 

BLYP correlation functional (Becke 1988; Lee, Yang et al. 1988; Curtiss, 

Raghavachari et al. 1991; Becke 1998a) for more accurate single point energy 

calculations using the geometries optimized at the LDA level to give improved 

energetics.  We tested DND and DNP basis sets on the HgCl2 molecule to determine 

which basis set leads to more reliable results.  When the entropy values at standard 

state were compared with experimental data from the NIST webbook, the DND basis 

set showed higher accuracy (Chase 1998).  The entropy of HgCl2 reported in the 

NIST webbook is 294.78 J mol-1 K-1 at the standard state.  The percent error of the 

theoretically calculated entropy with the DND basis set was 8.8% compared to the 

reference entropy, while the error with the DNP basis set was 9.5%.  Therefore, we 

used the DND basis set and the all electron method for all cluster and periodic slab 

models in this work.  
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A clean 5×5×2 cluster model and 5×5×2 and 5×5×3 periodic slabs with no defects 

were employed.  These cluster models have low Hg coverage at 4.0 % to approximate 

adsorption on clean adsorbents.  The Hg coverage for the periodic slab is also 4.0 % 

since the surface was designed with a 5×5 unit cell.  A two layered surface was 

employed to investigate interactions between the adsorbate and surface which has 

proven to be accurate in the past (Xu 2004; Jensen 2005; Zhang 2005).  However, we 

also employed both two and three layered surfaces for the CaO surface in order to 

compare relaxation due to the number of layers.  Adsorption processes of HgCl2 on 

5×5×2 and 5×5×3 periodic slabs were investigated because this species had the 

strongest relaxation effect.  The top layer was allowed to relax during the geometry 

optimization.  All CaO (0 0 1) structures were started with bond lengths of 2.405 Å 

for the two layered model and 2.304 Å for the three layered structure, which is the 

default for the CaO (0 0 1) cleaved surface in DMol3.  The periodic slab geometries 

were infinitely extended to avoid edge effects and to reduce computational time.  The 

periodic system studied used a vacuum thickness of 10 Å that was chosen to eliminate 

spurious interactions between the adsorbate and the periodic image of the bottom 

layer of the surface which would appear on top of the 5×5 unit cell.  Also, the 

calculations were performed with 4×4×1 mesh k-points by the Monkhorst-Pack 

scheme for the 5×5×2 CaO model and 5×5×2 k-point set for the 5×5×3 CaO system. 

 

Results were obtained with spin unrestricted polarization calculations.  The spin 

unpolarized calculations were conducted for adsorbed elemental mercury and each 

clean cluster, while spin polarized calculations were conducted for adsorbed oxidized 

mercury species for the cluster models and periodic slabs because spin polarization 
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could have an effect on the adsorption energies.  However, when we investigated 

spin-restricted and -unrestricted calculations for Hg on a 4×4×2 surface in the 

previous work, the adsorption energy difference was ~2.1 kJ mol-1, which is too small 

to impact results.  Spin-orbit coupling effects are neglected in the scalar relativistic 

approach based on prior research with other mercury calculations (Williams and 

Edwards 2004; Huda and Ray 2005; Cremer, Kraka et al. 2008). BSSE (basis set 

superposition error) contributions have not been accounted for because, technically, 

the BSSE calculations are unavailable in DMol3.  However, the numerical basis 

functions of DMol3 are more complete functions than Gaussian functions and are 

expected to have small BSSE contributions while ab initio methods use BSSE 

calculations to estimate the errors associated with their incomplete basis sets 

(Simperler 2006).  
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5.3. Results and discussion 

 
(i) Optimized geometries 

 

Most mercury molecules moved to, and adsorbed atop the middle oxygen atom of the 

surface after geometry optimization when many different starting configurations for 

the mercury-containing species were used on the CaO surfaces.  The geometries 

presented in Figure 5-1 are the most stable ones and we investigated geometries and 

energetics using the most stable configurations in this research.  
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Figure 5-1 The top views and side views of optimized geometries for Hg, HgCl and 

HgCl2 adsorption models on the relaxed CaO 5×5×2 cluster and periodic slab (red 

atom: oxygen, green atom: calcium and gray atom: mercury) 

1) Optimized geometries of (a) Hg, (b) HgCl and (c) HgCl2 adsorption on 5×5×2 

cluster 
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2) Optimized geometries of (a) Hg, (b) HgCl and (c) HgCl2 adsorption on a periodic 

slab 
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3) Optimized geometries of HgCl2 adsorption on a 5×5×3 periodic slab 

                  

 

 

 

The fully optimized geometries for Hg, HgCl and HgCl2 adsorption models on the 

relaxed CaO 5×5×2 cluster, 5×5×2 and 5×5×3 periodic slabs using the LDA/PWC 

method are represented in Figure 5-1.  The mercury adsorbates were initially placed 

horizontally on the surface with mercury oriented towards the oxygen site and the 

chlorine towards the calcium site.  The mercury adsorbed on an atop site of the middle 

oxygen while chlorine bonded with the calcium sites on the 5×5×2 cluster and 

periodic slabs after optimization.  The bond lengths are listed in Table 5-1.  
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Table 5-1 The bond distances between mercury adsorbates on the surfaces calculated at the LDA/PWC level, adsorption energies with 

GGA/BLYP, the surface relaxation (∆d) and percentage calculated with respect to the default distance (2.405 Å and 2.304 Å) on 5×5×2 

and 5×5×3 surfaces from DMol are listed, respectively.  To compare the results, the adsorption energies on fixed CaO surfaces are also 

listed below 

 

  CaO(5×5×2) CaO(5×5×2 Periodic) CaO(5×5×3 Periodic) 
  Hg HgCl HgCl2 Hg HgCl HgCl2 HgCl2 

LDA/PWC 
R(Hg-O) (Å) 3.34 2.51 2.28 2.58 2.39 2.26 2.27 
R(Cl1-Hg) (Å)  2.65 2.50  2.60 2.48 2.47 
R(Cl2-Hg) (Å)   2.50   2.48 2.46 
R(Cl1-Ca) (Å)  2.86 3.02  2.91 3.06 3.02 
R(Cl2-Ca) (Å)   3.03   3.06 3.03 

GGA/BLYP 

Eads(kJ/mol) -27.11  -160.46  -149.33  -23.01 -165.18 -147.57 -119.49 
Eads(kJ/mol)a -26.48 -154.81 -78.37 -27.32 -129.49 -49.92  

Relaxation effect 
∆d(Å) -0.26 0.13 0.25 0.13 0.19 0.27 0.35 

Relaxation % -10.69  5.24  10.56  5.24 8.02 11.23 15.32 
                                          Eads(kcal mol-1)a : adsorption energies on fixed CaO surfaces [18] 
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It should be noted that, when we tested the adsorption on the 4×4×2 cluster for 

evaluating the reliability of cluster size, the mercury-containing species on that cluster 

adsorbed quite differently from the other models.  The mercury species were shifted 

on the 4×4×2 surfaces with mercury moved from the atop site of oxygen toward a 

hollow site.  The bond lengths of the Hg – O bond on the 4×4×2 cluster became 

longer as the mercury was oxidized; the distance between mercury for Hg, HgCl and 

HgCl2 and oxygen on the surface were 3.352, 3.772, and 4.147 Å.  While the 4×4×2 

model led to longer bond distances, the energies indicated stronger adsorption 

energies than on the 5×5×2 cluster and periodic slab models.  The edge oxygen atoms 

were noticeably contracted and this strongly influenced the bond lengths and 

adsorption energies, showing that this cluster is not large enough to model this 

system.  Therefore, the unreliable results of the 4×4×2 cluster are not reported in the 

rest of this work.  

 

The distances between mercury for Hg, HgCl and HgCl2 and oxygen on the 5×5×2 

cluster were 3.34 Å, 2.51 Å and 2.28 Å, respectively.  Mercury has a shorter distance 

to oxygen as mercury is oxidized on the 5×5×2 and periodic models.  The chlorine 

atom contributes to the shorter Hg – O bond although Cl bonds further from the 

surface calcium; the bond lengths between Cl and Ca were 2.86 Å for HgCl and 

3.02±0.05 Å for HgCl2 on the 5×5×2 cluster surface.  The optimized geometries of 

mercury-species on the periodic slabs have the same trends as the 5×5×2 cluster 

model.  Interestingly, when the Hg-species were adsorbed on the relaxed 5×5×2 

surface, the structural configurations of the adsorbates after optimization were 

different from adsorption on the fixed surfaces (Kim 2009).  The mercury on the 
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relaxed CaO surface moved closer to the surface as chlorine atoms moved farther 

away from the calcium atoms of the surface.  However, the HgCl2 molecule on the 

fixed CaO surface had the opposite trends. 

 

The adsorption of mercury-species containing chlorine on the 5×5×2 cluster and 

periodic slabs led to positive ∆d(Å) relaxation values.  The relaxation results are 

reported in Table 5-1, where the distance change between two consecutive layers after 

optimization, the initial default distance and percentages of the surface relaxation are 

shown.  The distance change is defined as ∆d = {[z(Ca - O)i]– [z(Ca - O)j]} / [z(Ca - 

O)j] .  Indices i indicated the distance between the first relaxed layer and the bottom 

layer, and j indicates the initial default distance in the 5×5×2 periodic system.  Indices 

i and j for the 5×5×3 periodic slab are represented in Figure 5-2.  The relaxed CaO 

surface in this theoretical research has a small relaxation of about 0.26 % which,  

agrees with comparison to the LEED experimental result.  The surface contraction of 

1 % after relaxation in CaO experiments shows these calculation methods and theory 

are reliable for structures (Prutton 1979).   
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Figure 5-2 Representation of indices i and j on 5×5×3 periodic slab.  Indices i 

indicated the distance between the first relaxed layer and the second layer, and j 

indicated the fixed default distance in 5×5×3 periodic system.  

 

 

 

The percentages of the surface relaxation for Hg, HgCl and HgCl2 adsorption on the 

5×5×2 clusters were -10.69, 5.24 and 10.56 %, respectively.  The percentages of 

∆d(Å) relaxation values after HgCl2 adsorption on the 5×5×2 and 5×5×3 periodic 

slabs were 11.6 % and 15.32 %, respectively.  The HgCl2 adsorption on the 5×5×2 

periodic slab has only a small percentage difference from the 5×5×3 periodic model.  

This suggests that the number of surface layers has no significant effect on the 

geometry of the relaxation process for mercury species adsorption on the CaO 

periodic surface.  This result is consistent with the result that two surface layers of 

metal-oxide are enough to investigate interactions between these adsorbates and the 

adsorbent surfaces.  

 

 

i=2.657Å 

j=2.304Å 
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(ii)  Adsorption energies 

 

The adsorption energies were calculated with the GGA/BLYP method using 

optimized structures obtained from the LDA/PWC calculations where the energies are 

defined by  

∆Eads = EHg-species, surface – (EHg-species + Esuface)       (5.1) 

The adsorption energies are listed in Table 5-1.  The GGA/BLYP adsorption energies 

of elemental mercury on the 5×5×2 cluster, and the periodic structure were -27.11, 

and -23.01 kJ mol-1, respectively, which places them in the physical adsorption range 

(Adamson 1997).  The modeled CaO structures are unfavorable for elemental mercury 

adsorption, even when the relaxation effect is included.  However, the adsorption 

energies for HgCl2 on the 5×5×2 cluster and the periodic structure are -149.33 and -

147.57 kJ mol-1, respectively, and indicate chemisorption.  The oxidized mercury 

formed with chlorine in the flue gases (Galbreath 1996; Sliger 2000) favorably 

enhances the adsorption ability of mercury on the relaxed CaO surface.  Also, the 

adsorption energy of HgCl2 on the three layered periodic system is -119.49 kJ mol-1, 

also in the chemisorption range.  They are different by ~ 28 kJ mol-1, which is not in  

the chemisorption range.  This series of results indicate that the number of surface 

layers has no significant effect on adsorption energies. 

 

There were no large differences in adsorption energies for elemental mercury and 

HgCl on fixed and relaxed calcium oxide surfaces which had ~4.184 kJ mol-1 energy 

differences.  The HgCl molecule has an unpaired electron, which leads to stronger 
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interactions with the modeled fixed CaO surfaces.  In general, the effect of relaxation 

was small when adsorption was clearly in either the physisorption or chemisorption 

ranges according to the adsorption energies of Hg and HgCl.  On the other hand, 

relaxation plays an important role moving some mercury species over the threshold 

between physisorption and chemisorption.  For instance, the adsorption energy of 

HgCl2 on the 5×5×2 rumpled cluster and the periodic slab are -149.33 and -147.57 kJ 

mol-1, respectively, but are -78.37 and -49.92 kJ mol-1 on the corollary fixed surfaces.  

The relaxation effect moved the weak adsorption energy for the fixed surface to 

stronger adsorption for the relaxed surface.  

 

 

 

(iii) Temperature effect on equilibrium constants  

 

In order to calculate thermodynamic data, we used general relationships for statistical 

thermodynamic partition functions (translational, rotational, and vibrational partition 

functions).  Contributions from electronic motion are neglected due to the electronic 

ground state of our adsorption systems.  The equilibrium constant was calculated by  

( )
RT

G
K eq

∆−=ln
 (5.2) 

where G∆  is the Gibbs free energy change, R is the ideal gas constant, and T is the 

temperature.  The change of the Gibbs free energy during the adsorption process,G∆  

is defined as  
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,0 ln

P

P
kTSSTEEG rottransvibads

 (5.3)  

The change of adsorption energy (∆Eads), change in zero-point energy (∆Eo)and 

entropy changes for the adsorption process were found through the atomistic 

calculation method developed by Loffreda (Loffreda 2006).  The pressure terms 

cancel out because the mercury adsorption for these simulations assumes constant 

pressure due to low coverage.  The equilibrium constants and Gibbs free energy were 

calculated as functions of temperature and were investigated in the temperature range 

of 250 – 1400 K because experiments indicate this range is appropriate.  

 

 

 

Figure 5-3 Representation of the equilibrium constants of Hg, HgCl and HgCl2 on a 

5×5×2 cluster vs. temperature effects.  The adsorption of the oxidized mercury 

species are favorable at low temperature. 
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Figure 5-4 Representation of the equilibrium constants of Hg, HgCl and HgCl2 on the 

periodic slab vs. temperature effects.  Adsorption of the oxidized mercury species is 

favorable at low temperatures. 
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Figure 5-5 Representation of equilibrium constants of HgCl2 on 5×5×2 and 5×5×3 

periodic slabs vs. temperature effects.  There are small differences for equilibrium 

constants based on the number of surface layers.  
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Figs. 5-3, 5-4, and 5-5 show that the equilibrium constants for all mercury-species on 

the 5×5×2 clusters, two layered periodic slab and three layered periodic slab increase 

as temperature decreases.  The figures are consistent with these being exothermic 

systems (Lancia 1996).  The calculated entropy, Gibbs free energy changes, and 

equilibrium constants of HgCl2 adsorption on the relaxed CaO 5×5×2 and 5×5×3 

periodic slabs are shown in Table 5-2.  
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Table 5-2 The results of equilibrium constants, ∆S (J mol-1 K-1) and ∆G (kJ mol-1) for 

HgCl2 adsorption on the relaxed CaO 5×5×2 and 5×5×3 periodic slabs between 250 K 

~ 1400 K ( ln(Keq), ∆S and ∆G vs. 1000/T) 

 

ln(Keq) ∆G (kJ/mol) ∆S (J/molK) 
T(K) 1000/T 3 layers 2 layers 3 layers 2 layers 3 layers 2 layers 
250 4.00 74.08 79.61 -165.46 -162.92 -144.19 -80.02 
275 3.64 69.05 73.50 -168.05 -165.67 -145.26 -82.15 

298.15 3.35 65.16 68.78 -170.50 -168.33 -146.19 -83.98 
400 2.5 53.48 54.66 -181.77 -181.11 -149.83 -90.79 
600 1.67 42.32 41.24 -205.72 -210.17 -155.34 -100.44 
700 1.43 39.21 37.52 -218.37 -226.22 -157.54 -104.16 
800 1.25 36.91 34.79 -231.38 -243.10 -159.49 -107.41 
900 1.11 35.15 32.70 -244.70 -260.69 -161.24 -110.27 
1000 1.00 33.77 31.07 -258.31 -278.93 -162.82 -112.85 
1100 0.91 32.65 29.76 -272.16 -297.74 -164.26 -115.18 
1200 0.83 31.74 28.69 -286.24 -317.08 -165.59 -117.32 
1300 0.77 30.98 27.81 -300.52 -336.91 -166.82 -119.28 
1400 0.71 30.34 27.06 -315.00 -357.17 -167.97 -121.11 
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Even though HgCl2 adsorption on the relaxed CaO 5×5×2 periodic slab has higher 

entropies than the CaO 5×5×3 periodic slab, the trends of equilibrium constants are 

the same.  As temperatures approach around 500 K, the equilibrium constant values 

on the 5×5×2 CaO surface are identical to the 5×5×3 CaO slab model results.  The 

representation of equilibrium constants of HgCl2 on 5×5×2 and 5×5×3 periodic slabs 

vs. temperature effects shown in Figure 5-5 indicate both adsorption systems have a 

similar slope at all temperatures.  However, HgCl2 adsorption on the 5×5×2 periodic 

model has a gradually larger slope as temperatures go below 450 K.  At extremely 

low or high temperatures, the number of surface layers influences thermodynamic 

properties of mercury adsorption systems because of the vibrational entropy 

dependency on the temperature.  When the results of HgCl2 adsorption on the relaxed 

surface were compared with the equilibrium constants on fixed surfaces, the 

relaxation effect contributed to more favorable adsorption at all temperatures.  The 

ability to adsorb HgCl2 on the periodic slab approaches the same values for 

equilibrium adsorbability of HgCl at high temperatures.  The high adsorbability of 

HgCl2 is important for real flue gas systems because, for oxidized mercury, the 

mercury predominantly exists as HgCl2 and not HgCl.  The employed CaO surfaces 

are more effective at capturing the oxidized mercury rather than elemental mercury at 

all temperatures.  
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(iv)  HOMO and LUMO energy analysis of mercury-containing species on 5×5×2 

CaO clusters 

 

HOMO (the highest occupied molecular orbital) and LUMO (the lowest unoccupied 

molecular orbital) energy levels, and band gaps for the Hg, HgCl and HgCl2 on clean 

5×5×2 CaO clusters were calculated with the GGA/BLYP functional.  The HOMO, 

LUMO energy levels and HOMO&LUMO energy gaps are shown in Figure 5-6.  

 

 

 

Figure 5-6 The plots of HOMO and LUMO energy levels and the HOMO & LUMO 

energy gap for Hg, HgCl and HgCl2 adsorption on 5×5 CaO cluster models with 

GGA/BLYP functionals (HOMO and LUMO energy levels are in Hartrees, and band 

gaps are in eV) 

HgCl2HgClHgclus ter

-0.100

-0.080

-0.060

-0.040

-0.020

0.000

Cluster(5×5) and Hg-species

H
O

M
O

 &
 L

U
M

O
 e

n
e

rg
y 

le
ve

l 
(H

a
)

HOMO

LUMO

Hg Cl2HgClHgcluster
0.000

0.200

0.400

0.600

0.800

1.000

1.200

1.400

Cluster(5×5) and Hg-species

H
O

M
O

 &
 L

U
M

O
 g

a
p

 (
e

V
)

 

 

 

 



 
 

137 

HOMO – LUMO energy gaps are important in explaining the stabilities of the 

adsorption models.  The clean CaO cluster had π* molecular orbitals which are 

formed from 4s(Ca) and 2p(O) atomic orbitals in a diagonal direction while the 

middle oxygen atom had the highest energy state due to relaxation effects.  The 

HOMO and LUMO energy level decreases as the mercury is oxidized.  The HOMO 

energy level of HgCl on the 5×5 CaO surfaces significantly dropped.  The largest 

band gap occurred for HgCl adsorption and the HOMO for HgCl adsorption was 

localized between the adsorbate and the middle of the surface through strong 

interactions with the first layer.  There was a degenerate set of occupied π* molecular 

orbitals between the σ and σ* orbitals for the HOMO of the HgCl molecule.  

Occupied π* molecular orbitals occurred with the destabilization of the HgCl bond 

and inhibited the stabilization of the π bonding electrons.  This lone pair destabilizing 

effect generated an HgCl molecule that was strongly bonded to the CaO cluster 

models.  The results of large energy gaps for HgCl and HgCl2 on the CaO surface 

show high stabilities, which allow calcium oxide to remove oxidized mercury 

effectively.  When the chlorine atoms were adsorbed on top of the calcium atoms of 

the surface, the LUMO energy levels dropped.  The relaxation on the surface 

influenced oxidized mercury species adsorption by also significantly lowering HOMO 

energy levels.  These results indicate that the HgCl2 adsorbate had strong interactions 

with the relaxed CaO surface, as much as HgCl adsorption, leading to similar 

adsorption energies.  
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5.4. Conclusions 

 

DFT calculations were used to investigate the adsorption of mercury-species on 

relaxed CaO surfaces with LDA/PWC calculations for the geometry optimization and 

GGA/BLYP functionals for the adsorption energies.  On the 5×5×2 CaO cluster and 

periodic slabs, optimized geometries and adsorption energies had similar trends.  The 

mercury adsorbed on an atop site of the middle oxygen while chlorine bonded with a 

calcium site.  Mercury has a shorter distance to oxygen as mercury is oxidized for the 

5×5×2 cluster and periodic models.  The chlorine atom contributes to the shorter Hg – 

O bond although Cl moves further from the surface.  The calculated adsorption 

energies of HgCl2 adsorption on relaxed 5×5×2 cluster and periodic slab models were 

stronger by -70.96 ~ -97.65 kJ mol-1 than on the fixed CaO models, placing them in 

the chemisorption range rather than being at the threshold between physisorption and 

chemisorption.  This was due to the relaxation effects.  However, adsorption energies 

of Hg and HgCl adsorption were not changed compared to the fixed surface.  

Adsorption energies of Hg on a 5×5×2 cluster and periodic slab were placed in the 

physisorption range.  The number of surface layers does not strongly affect adsorption 

geometry or energy for HgCl2 adsorption on periodic slab systems after comparison 

between adsorption results on 5×5×2 and 5×5×3 periodic slab systems.  Moreover, 

thermodynamic data of oxidized mercury adsorption on the CaO surface at all 

temperature ranges are not significantly dependent on the number of surface layers.  

This proves that two layer surfaces are sufficient for mercury-containing species 

adsorption on metal oxide surface.  Finally, the CaO component of MinPlus sorbents 

could be a strong adsorbent to capture oxidized mercury, HgCl2. 
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CHAPTER 6. THE ROLE OF O2 ON SORPTION OF ELEMENTAL MERCURY 

ON MINERAL, NON CARBON BASED SORBENTS 

 

6.1. Introduction 

 

Global emissions of mercury from anthropogenic activities are estimated to be 

between 2,000 and 6,000 tons per year (Morita, Yoshinaga et al. 1998).  Mercury 

released from coal fired boilers accounts for the largest amount of anthropogenic 

mercury emissions (Adamson and Gast 1997; Renner 2004) and Hg control 

technologies have been the subject of considerable research, because of mercury's 

high toxicity to human health and throughout the ecosystem (Pavlish, Sondreal et al. 

2003; Portzer, Albritton et al. 2004; 2005; Granite, Myers et al. 2006). 

 

There are many experimental papers describing the use of sorbents, such as activated 

carbon, calcium-based materials, fly ash and zeolites, for Hg removal from flue gases 

of coal fired power plants (Otani, Kanaoka et al. 1986; Otani, Kanaoka et al. 1988; 

Krishnan, Gullett et al. 1994; Karatza, Lancia et al. 1996; Lancia, Karatza et al. 1996; 

Hocquel, Unterberger et al. 2001; Scala 2001; Scala 2001; Ghorishi, Singer et al. 

2002; Jurng, Lee et al. 2002; Chang and Ghorishi 2003; Olson, Laumb et al. 2003).  

Activated carbon (AC) is commonly used as a sorbent and is injected as a fine powder 

upstream of ash particle control devices such as electrostatic precipitators (ESP), or 

fabric filters (FF) (Ghorishi and Sedman 1998; Liu, Vidic et al. 2000; Serre, Gullett et 

al. 2001; Pavlish, Sondreal et al. 2003; Lee, Seo et al. 2004; Biermann, Higgins et al. 
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2006).  Bromine has also been found to enhance sorption on carbon (Hutson 2007).  

Carbon-based sorbents, however, require low operating temperatures (300 °C) and 

can cause deterioration of the quality of the fly ash for cement manufacturing.  

Therefore, carbon-based sorbents are not suitable for injection upstream of hot side 

ESP’s or in hot gas clean up streams in gasification systems. 

 

A new mineral-based sorbent derived from paper recycling products has been shown 

to capture mercury at high temperatures (Wendt 2010), at temperatures in excess of 

600 °C.  For brevity, we refer to this sorbent as MinPlus which is the name under 

which it is marketed.  Mechanisms of mercury capture have not been determined for 

this sorbent, and results from tests in larger units are mixed. There is therefore a need 

to understand pertinent mechanisms, and this chapter addresses that need.  Also, the 

studies in this chapter provided new insight for ongoing experiments on mercury 

control.  

 

 

 

6.1.1. MinPlus Sorbent 

 

MinPlus sorbent material is currently produced from a feedstock originating from the 

paper-industry during recycling and is generated at a rate of 50,000-tons/year.  Apart 

from its application for metal sorption, it is also sold as a specialty mineral additive in 

cement and concrete applications where it delivers a positive contribution to 

compressive strength, pozzolanity, and leaching control.    Since it can be shown that 
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the mercury and other trace metals captured on the sorbent are strongly (chemically) 

bound, one can hypothesize that the spent sorbent when captured with the fly ash has 

no negative influence on the fly-ash quality. 

 

De-inking- and paper sludge contain valuable and well-specified minerals such as 

highly dispersed kaoline clay and precipitated calcium carbonate.  The MinPlus 

production process converts these minerals into a highly reactive form by means of 

partial dehydration and calcination process, while driving off excess water and 

incinerating the paper-fibers present in the sludge.  All reactions are carried out in a 

proprietary and highly controlled fluidized reactor.  The MinPlus conversion process 

thus serves a number of “green” goals.  It reduces the amount of de-inking- and paper 

sludge; it produces energy from these sludge materials, and it produces a valuable 

mineral product that might potentially be used to clean power production flue-gases. 

 

The chemical composition of the MinPlus sorbent based on wt % is CaCO3 (41%), 

Al2O3·2SiO2 (29%), CaO (23%) and inert (7%).  A Malvern particle size distribution 

analysis showed a mean particle size of about 10 µm.  
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6.1.2. MinPlus transformations at high temperatures 

 

Thermo-gravimetric and thermal analyses showed that this sorbent was reactive and 

responded to temperature changes.  A typical differential thermal analysis is shown in 

Figure 6-1.   

 

 

 

Figure 6-1. Differential thermal analysis of MinPlus sorbent.  Note the mass, but not 

energy, neutral transformations between 850 °C and 950 °C 
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The trace with the various peaks shows heat taken in (endothermic) and given out 

(exothermic) from reactions that occur as a function of temperature.  After initial 

fluctuations, the first peak is denoted as being caused by Ca(OH)2 conversion to CaO 

at approximately 400 °C, while the second peak describes CaCO3 calcination to CaO 

and CO2, which is expelled at approximately 700 °C.  Significantly, there are two 

mass neutral conversions to (possibly) gehlenite and mullite that occurred sequentially 

between 880 °C and 1000 °C, which happens to coincide with the temperature regime 

in which the sorbent is active for adsorption (Wendt 2010).   

 

The most important conclusion to be drawn from Figure 6-1 is that MinPlus sorbent is 

reactive over a wide temperature range, over which it undergoes important 

transformations.  Some of these reactions are internal solid reactions/transformations, 

which are often slow compared to gas/solid reactions.  These transformations are 

similar, but not necessarily identical, to those reported between kaolinite and a calcite 

mix by Traoré et al (Traore, Kabre et al. 2003) and Okada et al (Okada, Watanabae et 

al. 2003).  Fixed bed experiments reported by Yang and Wendt (Yang 2010) suggest 

that one of these transformations results in shrinkage of sorbent particles.  There is 

circumstantial evidence that it is the high temperature transformation into gehlenite 

(or other form of calcium silicate) that activates MinPlus for Hg capture.  Therefore, a 

theoretical analysis of mercury sorption on gehlenite is appropriate, and comprises a 

first step to understanding the fundamental mechanisms of adsorption involved in 

mercury capture. 
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6.2. Theory 

 

In the previous theoretical work, we investigated the adsorption of mercury-species 

(Hg, HgCl and HgCl2) on fixed and relaxed CaO surfaces using simple rock-salt 

structures.  The elemental mercury adsorption energies were -6.33 kcal/mol on the 

fixed 5×5×2 CaO surface and -6.48 kcal/mol on the relaxed 5×5×2 CaO surface, 

placing them in the physisorption range.  When HgCl2 was adsorbed on the relaxed 

CaO surface, the CaO surface was predicted to be effective for removal of oxidized 

mercury as the adsorption energy was increased to -35.69 kcal/mol.  However, since 

elemental mercury (Hg) exists as the dominant form in flue gases, the CaO 

component of MinPlus sorbents might not be a very strong adsorbent by itself for 

removal of elemental mercury. 

 

A mineral transition between calcium compounds and kaolinite at high temperatures 

was observed by Okada et al. (Okada, Watanabae et al. 2003; Traore, Kabre et al. 

2003) and they suggested the following mineral transition reaction to form gehlenite 

                      Al2Si2O7 + (2+n) CaO → Ca2Al2SiO7 + n CaOSiO2                          (6.1) 

They found that the gehlenite component was dominant among the possible transition 

products, and gehlenite and calcium silicate oxide were observed in this work after 

chemical rearrangement of the raw components of the sorbent at high temperatures, 

shown in Figure 6-2. 
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Figure 6-2 XRD analysis for raw (1) and spent in-flight sorbents (2) tested at 1100 °C 
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Our aim in this study was to explore the high efficiency of elemental mercury 

adsorption on the inorganic, mineral-based sorbent at high temperature ranges and to 

theoretically explain the adsorption mechanism.  To this end we explore the 

adsorption of elemental mercury on a simulated gehlenite surface using DFT (Density 

Functional Theory).   
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6.2.1. Computational Methods 

 

The theoretical calculations based on density functional theory (DFT) were performed 

using the DMol3 package (Delley 1990) in the Accelrys Materials Studio 2001 

(Accelrys Inc.).  In this work, the local density approximation (LDA) combined with 

the PWC functional (Perdew and Wang 1992) was employed because it yields 

accurate optimized geometries (Jaffe 1996).  The LDA functional calculates less 

accurate energetics even if it leads to accurate geometry optimization (Curtiss, 

Raghavachari et al. 1991; Perdew 1996; Kantorovich 1997; De Leeuw, Purton et al. 

2000; Mattsson and Jennison 2002; Pacchioni 2002).  Therefore, the generalized 

gradient approximation (GGA) was combined with the BLYP correlation functional 

(Becke 1988; Lee, Yang et al. 1988; Becke 1998a) for improved energetics.  The 

adsorption energies were calculated by the GGA/BLYP method using structures 

optimized using the LDA/PWC method.   

The adsorption energy was defined as:  

                       ∆Eads = EHg, surface – (EHg + Esuface)                                         (6.2) 

Also, we used the partition functions derived by Loffreda (Loffreda 2006) and the 

following equations in order to calculate the equilibrium constants where entropies 

are in calories per mole-Kelvin and Gibbs free energies in kcal/mol:  
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where 0E∆  is zero-point energy change during the adsorption process, k is Boltzmann 

constant, Q  is a symbol that contains translational, rotational and vibrational partition 

functions, and pressure terms cancel out since the pressure is constant during these 

calculations. 

 

The higher level calculations of GGA/BLYP method used the fully optimized 

geometries from the LDA/PWC functional to obtain the adsorption energies.  We 

used a DNP (double numeric polarization) basis set with DFT semi-core 

pseudopotential core treatment.  Spin unrestricted polarization calculations were 

performed in this study.  Spin-orbit coupling effects are neglected in this scalar 

relativistic approach based on prior research with other mercury calculations 

(Williams and Edwards 2004; Huda and Ray 2005; Cremer, Kraka et al. 2008).  The 

numerical basis functions of DMol3 are more complete functions than Gaussian 

functions and are expected to have small BSSE (the basis set superposition error) 

contributions while ab initio methods use BSSE calculations to estimate the errors 

associated with their incomplete basis sets (Simperler, Watt et al. 2006).  A small 

BSSE contribution due to the basis sets of DMol3 was verified by Govind, Andzelm 

and et al. for the water dimer with a larger basis set.  The interaction energy was 

changed by less than 0.5 kcal/mol in those calculations (Govind, Andzelm et al. 2002; 
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Andzelm, Fitzgerald et al. 2003).  They indirectly prove that further basis set 

extensions have a small BSSE effect on interaction energies.  

 

We exported a unit cell of the amorphous gehlenite structure from the Inorganic 

Crystal Structure Database (ICSD) to construct a periodic model structure (ICSD).  

The gehlenite structure had a 7.69 Å × 7.69 Å area, which is the default for the 

gehlenite (0 0 1) cleaved surface in DMol3.  The periodic slab geometries were 

infinitely extended to avoid edge effects and to reduce computational time.  The 

periodic system had a vacuum thickness of 10 Å that was chosen to eliminate spurious 

interactions between the adsorbate and the periodic image of the bottom layer of the 

surface.  Also, the calculations were performed with 3×3×1 mesh k-points with a 

Monkhorst-Pack scheme and the surface was fixed during optimization.  

  

 

 

6.2.2. The Computational Adsorption Model and the Influence of Oxygen 

 

The aluminum site was the best adsorption site among the three different aluminum, 

silicon, and oxygen adsorption sites.  We report only the strongest elemental mercury 

adsorption results in this paper.  The elemental mercury was placed on the top of a 

middle aluminum atom site on the surface prior to geometry optimization, but it 

moved to the hollow site between silicon and aluminum during optimization.  When 

elemental mercury was adsorbed on the bare gehlenite surface, the adsorption energy 

was -16.7 kcal/mol, which placed it at the threshold between physisorption and 
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chemisorption.  The bond distance between aluminum and Hg was 2.214 Å.  This 

value does not guarantee irreversible strong mercury adsorption on the sorbent as 

suggested from the experimental data.  Therefore, we considered three consecutive 

reaction steps involving oxygen molecules as possibly being more energetically 

favorable:  

1) An oxygen molecule is dissociated on the gehlenite surface at high 

temperatures   

2) Dissociated oxygen atoms form strong bonds with an aluminum atom of the 

gehlenite surface and make active sites for mercury adsorption, and 

3) An elemental mercury atom is adsorbed on the new active site on the surface. 
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Figure 6-3 The 3D views and top views of optimized geometries of Hg adsorption on 

gehlenite itself (a), dissociated oxygen molecule with Hg adsorption on gehlenite (b), 

dissociated oxygen atom adsorption on gehlenite (c) and Hg adsorption on activated 

gehlenite (d) (red atom : oxygen, green atom : calcium, yellow atom : silicon, violet 

atom : aluminum, gray atom : mercury) 
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Figure 6-3 shows the series of steps hypothesized to be important for strong elemental 

mercury adsorption on a gehlenite surface with the important atoms and surface sites 

detailed.  The geometry optimization results and adsorption energies of these three 

steps were calculated and are reported in Table 6-1.  
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Table 6-1 The bond distances between mercury adsorbate and oxygen and between 

oxygen and aluminum on the active sites of the surfaces calculated by LDA/PWC, 

adsorption energies by GGA/BLYP are reported. The bond distance between mercury 

and oxygen of the gehlenite surface and adsorption energy is compared. 

  Gehlenite-O  Gehlenite-O-Hg Gehlenit(Al)-Hg 

  LDA/PWC 

R (Al-O) (Å) 1.653 1.681  
R (Hg-O(Al)) (Å)   2.197 2.214 

  GGA/BLYP 

Eads (kcal/mol) -127.592 -30.292 -16.700 

 

 

 

 

When the elemental mercury was adsorbed atop the oxygen molecule after the oxygen 

molecule was optimized, the mercury atom moved to a hollow site between silicon 

and aluminum atoms while bonding with the oxygen atom.  As a result, the oxygen 

molecule was dissociated.  The bond distance in the oxygen molecule changed from 

1.558 to 3.452 Å.  The second dissociated oxygen atom on the surface can be 

transferred to the next available surface site to adsorb another mercury atom.  From 

these results, our hypothesized reaction steps were slightly modified to be: 

1) An oxygen molecule is adsorbed on the gehlenite surface, 

2) When the elemental mercury is adsorbed on the surface of step 1), the oxygen 

molecule is dissociated, and 

3) The dissociated oxygen atom is transferred to the next available site to adsorb 

another mercury atom. 
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Computational work was done to investigate the above modified mechanism.  In the 

first step, an oxygen atom was added on top of the aluminum atom of an optimized 

clean gehlenite surface with a bond length of 1.85 Å.  After optimization, the bond 

length was found to be 1.653 Å with a calculated adsorption energy of -127.592 

kcal/mol.  A mercury adsorption active site was formed after oxygen adsorption 

occurred on the gehlenite surface.   

 

In the second step, a mercury atom was placed on top of the oxygen molecule at a 

distance of 2.1 Å.  As adsorption occurred, the mercury moved to the hollow site 

between an edge aluminum atom and the adsorbed oxygen atom.  The bond distance 

between aluminum and oxygen decreased to 1.681 Å and the bond length between the 

active oxygen and mercury atom was 2.197 Å.  Although the bond lengths were 

slightly longer than at the geometry starting point, the adsorption energy was -30.292 

kcal/mol for elemental mercury adsorption on the active site.  This value indicated 

that adsorption is in the chemisorption range and the presence of the oxygen atom 

makes adsorption more favorable compared to the calculated results without an 

activated oxygen atom present. 

 

Since the original calculations were performed at 25 oC, the equilibrium constants 

were calculated using statistical thermodynamics at higher temperature ranges.  Table 

6-2 shows the equilibrium constants, entropies and Gibbs free energies at 25 oC and in 

the 400 ~ 1000 oC range.  The ln(Keq) and ∆G at 900 °C where the maximum in-flight 

mercury capture occurred in experiment values were 12.993 and -30.979 kcal/mol, 

respectively.   
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Table 6-2 The equilibrium constant, entropy and Gibbs free energy values are listed at 

room temperature and high temperature ranges (298.15 – 1300 K). 

T(K) 1000/T ln(Keq) ∆S(cal/molK) ∆G(kcal/molK) 
298.15 3.354 47.755 2.332 -28.291 

700 1.429 20.697 0.284 -28.788 
800 1.250 18.317 -0.162 -29.116 
900 1.111 16.499 -0.577 -29.506 
1000 1.000 15.073 -0.963 -29.949 
1100 0.909 13.928 -1.323 -30.442 
1175 0.851 13.210 -1.578 -30.841 
1200 0.833 12.993 -1.661 -30.979 
1300 0.769 12.217 -1.978 -31.558 

 

 

 

 

A linear relationship between temperature and equilibrium constant is shown in 

Figure 6-4.  The equilibrium constant decreased as temperatures increase.  Although 

the equilibrium constant dropped at higher temperatures, their values showed that the 

reaction occurred favorably at high temperatures.  The results show that  adsorption is 

an exothermic (Lancia, Karatza et al. 1996) and irreversible reaction at all high 

temperatures from the fact that reactions are irreversible when the equilibrium 

constant is large (Atkins).   
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Figure 6-4 The temperature effects on the equilibrium constants on elemental mercury 

adsorption on an activated gehlenite surface: when the temperature increases the 

equilibrium constant linearly decreases showing exothermic reaction.  
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We can conclude that elemental mercury adsorbed on gehlenite surface at higher 

temperatures is never desorbed because the equilibrium constant was 47.755 at 25 oC 

and, adsorption is exothermic.  Treated sorbents that are cooled down will retain the 

mercury even stronger.  Although adsorption is an exothermic reaction, strong 

elemental mercury adsorption occurs at high temperatures due to the endothermic 

dissociation reaction of oxygen molecules, which requires 117.838 kcal/mol of energy 

to dissociate in the gas phase.  This compensates for the overall energetics (Huber 

1979).  The dissociation energy of O2 decreases as O2 is adsorbed on gold surfaces; 

Edissociation of O2 atop a pyramidal Au surface is 28.364 kcal/mol and the dissociation 

energy value on a Au cluster surface is 32.515 kcal/mol (Tielens, Viscart de Bocarme 

et al. 2006).  The decrease in dissociation energy compared to the gas phase combined 
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with exothermic energetics for mercury adsorption can balance each other out until 

higher temperatures are reached.  Hence, the ability to remove mercury significantly 

drops at temperatures over 1000 °C because the exothermic adsorption reaction 

becomes more unfavorable at high temperatures compared to the required dissociation 

energy of the oxygen molecules.  

 

 

 

6.2.3. Charge Analyses Based on the Mulliken and Hirshfeld Methods 

 

Charge analyses computations show how electron density is partitioned.  Atomic 

charges were calculated with the Mulliken and the Hirshfeld population analyses and 

compared in order to understand the trends in atomic charge transfer and electronic 

structures based.  The deformation density on the free atom electron density is applied 

for the Hirshfeld population analysis method while the Mulliken method is the most 

commonly used charge analysis method (Hirshfeld 1977).  The atomic charges for 

four different geometry configurations including the clean periodic gehlenite structure, 

and gehlenite slabs reacted with an elemental mercury atom and then surfaces 

consecutively reacted with oxygen and then mercury were calculated with the 

GGA/BLYP functional.  These results are reported in Table 6-3 and atom indicies for 

Hg and O adsorbed on the gehlenite periodic surfaces are indicated in Figure 6-5.   
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Table 6-3 Data for atoms most influenced by atomic charge transfer based on 

Mulliken and Hirshfeld population analyses of Hg adsorption model on a gehlenite 

periodic surface  

  Mulliken  Hirshfeld 
  Gehlenite-O-Hg Gehlenite-O Gehlenite-Hg Gehlenite-O-Hg Gehlenite-O Gehlenite-Hg 

O 2 -0.03 -0.05 -0.01 0.01 0.01 0.00 
O 3 -0.04 -0.05 -0.01 0.01 0.01 0.00 

Si 10 0.05 0.11 0.02 0.04 0.10 -0.01 
Ca 12 0.01 0.00 0.01 0.00 0.01 0.00 
Si 13 0.08 0.11 0.02 0.05 0.10 -0.01 
O 17 -0.03 0.01 -0.02 -0.03 0.02 0.03 
Si 19 0.01 0.01 0.00 0.01 0.01 0.00 
O 20 -0.03 0.01 -0.02 0.02 0.02 -0.02 
Al 21 0.01 0.02 0.00 0.01 0.02 0.00 
Al 22 0.14 0.07 0.04 -0.04 0.06 -0.07 
Al 23 0.01 0.03 0.00 0.01 0.03 0.00 
Al 24 0.46 0.36 0.04 0.07 0.03 -0.06 

O 27/Hg 27 -0.76 -0.67 -0.04 -0.47 -0.49 0.18 
Hg 28 0.16    0.31   

surface total 0.60 0.67 0.04 0.16 0.49 -0.18 
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Figure 6-5 Atom indicies for Hg on Gehlenite periodic surface to indicate the charge 

transfer with GGA/BLYP functional  

 

 

 

 

 

The total Mulliken charges on the surfaces for gehlenite with Hg, gehlenite with O, 

and gehlenite with O and Hg were 0.04, 0.67 and 0.60, respectively.  Compared to the 

adsorption energy results, more positive charge transfer occurs to the surface from the 

adsorbate and leads to stronger adsorption on the surface.  For instance, the adsorption 

energy of Hg on the gehlenite surface was -16.7 kcal/mol and the surface was charged 

by 0.04.  The adsorption energy of Hg on the gehlenite surface reacted with O was -

30.292 kcal/mol, in the chemisorption range, and the total surface charge was 0.60.  

The results from the Hirshfeld method agree with these trends.  In the Hirshfeld 

analyses, the chemisorption model of Hg on an activated gehlenite surface after 

adsorbing O had a positively charged surface by 0.16 with an adsorption energy of -
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30.292 kcal/mol, and the gehlenite surface after absorbing O with an adsorption 

energy of -127.592 kcal/mol showed 0.49 value of the total surface charge.  On the 

contrary, a negative charge transfer from the adsorbate to the surface makes the 

interaction between the adsorbent and adsorbate weaker.  The negative surface charge 

value, -0.18, for Hg adsorption on the bare gehlenite surface indicated that this 

adsorption is less favorable than on the activated gehlenite surface.   

 

The most charge-influenced atoms of the gehlenite surface after elemental mercury 

adsorption occurred were Al 24, Al 22, Si 10 and Si 13 shown in Figure 6-5.  This is 

intuitive because the closest atoms significantly affect the adsorbed atom.  

Nevertheless, the charge transfer values were very small for Hg adsorption on the bare 

gehlenite surface compared to the activated surface.  In the Mulliken method, the 

values of positively charged atoms were 0.01 to 0.04 and oxygen atoms were changed 

by -0.01 or -0.02.  On the other hand, the aluminum and silicon atoms closest to the 

mercury atom on the activated surface were positively charged by 0.05 thru 0.46 in 

the Mulliken analysis, but other oxygen atoms of the surface were negatively changed 

by -0.03±0.01.  An adsorbed oxygen atom accepted electrons from the surface and 

was negatively changed by -0.76 which leads to strong interaction with the surface.  

We conclude that the oxygen atom adsorbed on the gehlenite surface at high 

temperatures influences strong mercury adsorption on the surface, agreeing with the 

adsorption energy results.  This finding was tested by a colleague at the University of 

Utah experimentally in the following section.    
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6.3. Experimental validation 

 

6.3.1. Experimental set-up 

 

A schematic diagram of the experimental set up used to support the theory, is shown 

in Figure 6-6.   

 

Figure 6-6 Schematic of the disperse phase, entrained-flow reactor 
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Two furnaces (Thermcraft, Inc.USA, three zone split) were installed vertically in 

series to control the reaction temperature; the maximum furnace temperature was 

1200 ˚C.  The quartz reactor (50 mm O.D., 47 mm I.D, 190 cm in length) consists of 

three parts:  

1) the top part for introducing the sorbent, simulated flue gas, and elemental 

mercury, 

2) the main body, which has two sampling ports used to sample at two different 

residence times, and  

3) the bottom part for particle/gas separation, collection and ventilation.   

 

A pre-heater was set at temperatures greater than 850 ˚C to heat the carrier gas before 

it entered the reactor.  The reaction temperature range was 600-1100 ˚C.  The mercury 

concentration was monitored by a cold vapor atomic fluorescence (CVAF) type Hg 

analyzer (Tekran 2537A, Canada) with a 4 channel sampling port.  Elemental mercury 

was generated by a temperature controlled Hg0 generator (Cavkit Hg calibration, 

PSA), which produced about 25 µg/m3 at a total flow rate 2.2 - 4.7 L/min with 

compressed air.  The flow of all gas components was controlled by calibrated mass 

flow controllers (MFC).  Flow rates were checked and verified before each 

experiment. 

 

Hg speciation was determined on-line by a twin set of wet chemical impinger systems.  

One set of impingers contained SnCl2-HCl and NaOH solutions in series, yielding 

total mercury (Hg (T)) while the other set of impingers contained KCl-Na2S2O3 and 
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NaOH solutions in series to yield elemental Hg (Hg0) only.  The difference between 

Hg(T) and Hg0 represents the oxidized mercury (Hg2+) amounts.   

 

Powdered MinPlus sorbent was injected into the reactor by a specially designed 

sorbent feeder.  This allowed an aliquot of several grams of sorbent to be steadily 

transported from a glass tube (1/2 ”O.D) into the reactor, using 0.5 L/min of nitrogen 

gas (N2) as a carrier, a syringe pump and vibration.  The sorbent feeding rate of 2-7 

g/hr was controlled by the forward motion velocity of the syringe pump and the 

carrier gas flow rate coupled with the frequency of vibration applied. 

 

 

 

6.3.2. Experimental Results 

 

The heat of adsorption (∆Hads) of mercury on this sorbent observed from experiment 

was -27.72 kcal/mol while the theoretical calculation led ∆Hads to be -32.69 kcal/mol.  

There was an error of ~ 5 kcal between theoretical and experimental investigations.  

 

Figure 6-7 shows temporal traces of Hg measured at the outlet of the reactor in the gas 

phase.  The temperature was kept fixed at 1000 °C and the oxygen concentration in 

the carrier gas was varied.  Previous data (Wendt 2010) had shown that this 

temperature is well within the optimum mercury capture range.   One can observe that 

capture appears to occur over time scales substantially greater than the 7 second gas 

phase residence time.  Note also that the finest temporal resolution is 2 minutes, 
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which is due to limitations of the Tekran analysis system.  Clearly, sorbent residence 

times are longer than gas phase residence times. 

 

 

 

Figure 6-7 Temporal trace of Hg concentration by different oxygen concentration at 

1000  oC  
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Figure 6-8 shows a summary of total Hg capture including “in-flight” and “deposit” 

capture.  Clearly, there is zero capture in the complete absence of O2, with a sudden 

increase observed at very low O2 levels, namely around 4000 ppm.  This is in good 

agreement with the mechanisms uncovered by the theory above that suggested a very 

small amount of oxygen was sufficient to greatly increase the energetic favorability of 

adsorption of Hg on gehlenite.  

 

 

Figure 6-8 Test results of total Hg adsorption efficiency at different oxygen 

concentration at 1000 oC  
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6.4. Conclusion 

 

We presented theoretical and experimental studies providing insight on mechanisms 

of elemental mercury adsorption on a non-carbon based sorbent.  Differential thermal 

analyses suggested that a mass neutral transition to gehlenite and then mullite 

occurred at temperatures at which the sorbent has been shown to be active.   The most 

important practical result of this work relates to the role of oxygen in the Hg capture 

process.  Theory suggested that an oxygen molecule might activate a gehlenite surface 

at high temperatures in order to favor mercury adsorption.  Experiments showed that 

mercury adsorption did not occur in the absence of oxygen but that greatly increased 

mercury removal efficiencies were achieved in the presence of low levels of oxygen 

molecules.  Thus, there is good agreement between the predictions of the fundamental 

density functional theory and the experimental observations.  Even though capture on 

gehlenite, the assumed form of the activated sorbent, is strongest at lower 

temperatures, it is shown to be still potentially significant at high temperatures where 

sorbent activation occurs. 
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CHAPTER 7. ADSORPTION OF CO2 ON A RUMPLED CaO (0 0 1) SURFACE 

AND THE EFFECT OF WATER VAPOR INVESTIGATED WITH DENSITY 

FUCTIONAL THEORY 

 

7.1. Introduction 

 

The Kyoto protocol was signed and established by nearly all industrialized nations in 

an effort to reduce six greenhouse gas emissions (CO2, CH4, N2O SF6, 

hydrofluorocarbons (HFCs) and perfluorocarbons (PFCs)) when 183 countries ratified 

the protocol (UNFCCC 2009).  The most prominent greenhouse gas is carbon dioxide, 

which contributes 76% to the greenhouse gas impact in the Earth’s atmosphere among 

the six compounds.  This problem is due to the fact that global CO2 emissions in 2008 

were over 30 billion tons (IEA 2009) where stationary sources of CO2 emission are 

mainly due to fossil fuel combustion and cement and steel plants and oil refineries.  

Power plants and cement production alone contribute to 40 % of the global CO2 

emissions.   

 

CO2 concentrations in the flue gas from cement production processes depend on the 

types of cement, and these processes have higher emissions than power generation 

processes (IEA GHG 1999).  However, the total quantity of CO2 emissions from 

fossil fuels is higher due to the larger number of power utility facilities.  The 

increasing use of fossil fuel to supply the demand for energy has inevitably led to 

higher carbon dioxide emissions into the atmosphere.  Carbon dioxide released from 
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fossil fuel combustion sources in the U.S. alone is 6,103 Mt of CO2/yr according to 

the IPCC (Intergovernmental Panel on Climate Change) in 2007 (IPCC 2009).  

Because of this, the power generation sector will need to account for 50% of the 

reduction in total CO2 emissions from OECD (Organization for Economic 

Cooperation and Development) countries by 2050 (IEA 2002) for a Kyoto-like 

instrument to be successful.  The most challenging environmental technology issues 

are how to control carbon dioxide emissions and how to accomplish these reductions 

in a cost effective and sustainable manner.      

 

Absorption into solvents, use of membranes for separation, and adsorption on to 

sorbents are all methods used in CO2 capture systems.  Currently, the amine scrubbing 

system is the most widely used commercially available technology for capturing CO2.   

However, this process has severe limitations due to power generation efficacy 

penalties due to the high energy requirements, the special handling required for the 

chemicals, and evaporation problems (Rao 2002).  Solid sorbents have been 

investigated for reducing the efficiency penalties at high temperatures (IPCC 2005).  

In these processes, the gas-solid reaction between CO2 and the sorbent allow flue 

gases to be separated into a gas stream and a regenerable sorbent.  Although solid 

sorbents currently being used in post-combustion capture systems are zeolites and 

activated carbon, emerging mineral based sorbents, especially, metal oxides have 

been explored to reduce the expensive operating costs for current sorbents (Seifritz 

1990; Dunsmore 1992; Lackner 1995).   
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Metal oxides are commonly used in industrial applications as catalysts or as support 

materials (Bonenfant 2009).  For instance, CaO can be an effective destructive 

adsorbent for small compounds such as fluoro-, chloro-, and bromocarbons, and 

sulfur- and organophosphorous compounds (Decker 2002).  CaO also proved to be an 

effective sorbent for capturing CO2 at high temperatures by Grasa et al. (Gupta 2002; 

Alvarez 2005; Grasa 2006; Sun 2007).  Carbon dioxide is formed at high temperatures, 

and emissions naturally occur at temperatures above 600 °C for flue gases. The 

adsorbability of CO2 on CaO was improved in the presence of a steam catalyst 

because of CaO carbonation and hydration reactions (Kuramoto 2003; Yang 2008).  

However, the stabilized CaO form must be explored since CaO is very reactive and 

unstable under atmospheric conditions.  Martavaltzi et al. investigated CaO-Ca12 

Al14O33 for adsorbing CO2 with and without the addition of water, and they found 

high sorption capacities at temperatures under 900 °C with stability to retain the CO2 

(Martavaltzi 2008).  CO2 adsorption on calcium silicate was also investigated by 

Wang et al. where they found a high adsorption ability on that surface at 800 °C 

(Wang 2008).   

 

Even though many researchers have published experimental papers about mineral 

based adsorbents, there are relatively few theoretical investigations that investigate 

the CO2 adsorption mechanism on metal oxides.  Jensen and Allen investigated 

surface carbonation of calcium and magnesium oxide surfaces with quantum chemical 

simulations and showed that the chemisorbed CO2 leads to the carbonation reaction 

on both metal oxide surfaces (Jensen 2005; Allen 2009).  However, they used small 

cluster models for the metal oxides such as 2×2 and 3×3.  Small cluster sizes make the 
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energy results unreliable because of significant boundary edge effects (Itoh 1993; 

Klaubunde 1998), and as discussed earlier in this thesis.   

 

In this research, we investigated the carbonation reaction for adsorbing CO2 

molecules on a 5×5×3 CaO surface to avoid the boundary effects while showing how 

water vapor influences and enhances CO2 adsorption.  We used simple carbonation 

(Eq. 7.1) and hydration Eq. (7.2) reactions:  

( ) ( ) ( )sCaCOsCaOgCO 32 ↔+                                                                                (7.1) 

( ) ( ) ( ) ( )sOHCasCaOgOH 22 ↔+                                                                            (7.2) 

( ) ( ) ( ) ( ) ( )gOHsCaCOgCOsOHCa 2322 +↔+                                                        (7.3) 

                           

The change of enthalpy for calcium carbonate (calcite) is -178.49 kJ/mol and it is a 

strongly exothermic reaction (CRC Handbook of Chemistry and Physics 2002-2003).  

When we investigated the enthalpy change (∆H) for one molecule of calcium 

carbonate using theoretical chemistry.  The calculated enthalpy change was -234.87 

kJ/mol, which yields a 24 % error compared to the experimental value.  This 

confirmed one molecule of calcium carbonate could not lead to reliable adsorption 

results because it exists in a crystal structure.  Therefore, the surface adsorption 

method was applied and a 5×5×3 CaO surface was used in this research.  In the results 

and discussion section, we represent optimized geometries, adsorption energies, 

equilibrium constants, entropy changes and Gibbs free energy changes during  CO2 

adsorption with, and without, water vapor on a 5×5×3 CaO periodic slab model with 

temperatures between 250 – 1400 K.  
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7.2. Methods 

 

Atomistic simulations for CO2 adsorption on a rumpled CaO (0 0 1) surface used DFT 

(Density Functional Theory) with the DMol3 package (Delley 1990) in  Accelrys 

Materials Studio (Accelrys Inc.).  The CaO surfaces were modeled using a periodic 

slab designed with a 5×5×3 unit cell.  Structures of CO2 on the CaO surface were 

optimized with the Perdew-Wang (PWC) functional (Perdew and Wang 1992) with 

the local density approximation (LDA), while adsorption energies of CO2 binding on 

the CaO surface were calculated with the generalized gradient corrected 

approximation (GGA) method with the BLYP functional for more reliable energetics 

using the fully optimized lower level geometries (Becke 1988; Lee 1988; Becke 

1998a).  All atomistic adsorption models on the periodic CaO surface used the DFT 

semi-core pseudopotentials method (Delley 1996) and double-numeric polarization 

basis set (DNP), which is comparable with the Gaussian 6-31G** basis set.  The spin 

polarization effect was included in the calculations for higher quality results.  In this 

research, BSSE (basis set superposition error) was not taken into account because the 

BSSE function is unavailable in DMol3.  However, the numerical basis functions of 

DMol3 have small BSSE contributions compared to the more complete functions than 

Gaussian functions when evaluating BSSE calculations to estimate the errors 

associated with their incomplete basis sets (Simperler 2006).   

 

While the CO2 molecule and carbonate ion adsorption studies on the CaO surface 

have been investigated by a few other theoretical researchers (Jensen 2005; Allen 

2009), there is still a lack of theoretical investigations of the carbonation mechanism.  
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Jensen et al. employed a 3×3×2 CaO cluster model for monodentate adsorption.  But 

their cluster size model was not large enough to handle the CO2 adsorbates because of 

edge effects.  In this work, the clean non-defected surface was modeled with a 5×5×3 

periodic slab.  CO2 coverage for the periodic slab model is 12 % since the surface was 

designed with a 5×5 unit cell.  This low coverage was used to approximate pure 

component adsorption on clean sorbents.  All CaO (0 0 1) structures were started with 

bond lengths of 2.304 Å in a three layer periodic slab, which is the default distance for 

the CaO (0 0 1) cleaved surface in DMol3.  The periodic slab geometries were 

infinitely extended to avoid edge effects and to reduce computational time.  The 

periodic system used a vacuum thickness of 10 Å that was chosen to eliminate 

spurious interactions between the adsorbate and the periodic image of the bottom 

layer of the surface which would appear on top of the 5×5 unit cell.  Also, the 

calculations were performed with 5×5×2 mesh k-points by the Monkhorst-Pack 

scheme.  Other theoretical investigation of carbonation mechanism by Jensen and 

Allen did not allow surface relaxation for their research.  The top layer was allowed to 

relax during the geometry optimization in this research since rumpling and relaxation 

play an important role in adsorption energy calculations of adsorbed species on oxide 

surfaces, as seen in earlier chapters.  The adsorption of CO2 on the rumpled CaO 

surface in the presence of water molecule was studied with the same methods.   

 

In the atomistic calculations, the general statistical thermodynamic equations were 

used.  The zero point energy and thermal corrections were taken into account for more 

reliable thermodynamic data.  The equilibrium constant was calculated by  
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                                  ( )
RT

G
Keq

∆−=ln                                                         (7.4) 

where G∆  is the Gibbs free energy change, R is the ideal gas constant, and T is 

temperature.  The change of Gibbs free energy during the adsorption process,G∆  is 

defined as  

                       ( ) 







−∆+∆+∆+∆≈∆

0
,0 ln

P

P
kTSSTEEG rottransvibads                       (7.5)  

The change of adsorption energy, change in zero-point energy and entropy changes 

for the adsorption process were found through the atomistic calculation method 

developed by Loffreda (Loffreda 2006).  The pressure terms cancel out because the 

mercury adsorption for these simulations assumes constant pressure due to low 

coverage.  We calculated vibrational frequencies for vibrational entropy change in 

fully optimized geometries and moments of inertia for the rotational entropy changes.  

The equilibrium constants and Gibbs free energy were calculated as functions of 

temperature and were investigated in the temperature range of 250 – 1400 K because 

experiments indicate this range is appropriate.   
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7.3. Results and Discussion 

 

The initial structure and fully optimized geometries for the CO2 adsorption model, 

with and without a water molecule, on the relaxed 5×5×3 periodic slab using the 

LDA/PWC method are represented in Figures 7-1, 7-2, and 7-3.  The linear carbon 

dioxide adsorbates were initially placed horizontally on the surface with carbon 

oriented towards the oxygen site and the oxygen towards the calcium site.  The carbon 

adsorbed and partially bonded at an atop site of the middle oxygen while oxygen 

atoms were distorted by about 45 degrees from the 5×5×3 periodic slab after 

optimization.  Both double bonds of carbon dioxide on the surface were broken and 

reconstructed to form a calcite structure having three partially double bonds.   
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Figure 7-1 The top view and side view of initial structure of CO2 adsorption on a 

5×5×3 CaO periodic slab before optimization (red atom: oxygen, green atom: calcium, 

gray atom: carbon). The surface is marked with the lattice lengths.   
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Figure 7-2 The top view and side view of optimized geometries for CO2 adsorption 

model on the relaxed 5×5×3 CaO periodic slab 
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Figure 7-3 The top view and side view of optimized geometries for CO2 adsorption 

model in presence of water vapor on the relaxed 5×5×3 CaO periodic slab  
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Table 7-1 The bond distances and angle between carbon dioxide adsorbates 

with/without water vapor on the relaxed CaO 5×5×3 periodic surface and geometry 

information of the calcite (CaCO3) structure 

  CaO(5×5×3) periodic slab 
  CO2 CO2-H2O calcite 

LDA/PWC 
R(C-O) (Å) 1.37 1.38 1.28 
R(C-O1) (Å) 1.26 1.26 1.28 
R(C-O2) (Å) 1.26 1.25 1.28 
R(O1-Ca) (Å) 2.56 2.43 4.45 
R(O2-Ca) (Å) 2.59 2.34 4.45 
A(CO2)  130.03 129.17 120.00 

GGA/BLYP 
Eads(kJ/mol) -100.82  -171.31    

Eads(kJ/mol)a -60.00    

Eads(kJ/mol)b -102.24 -93.56   
│∆d(Å)│ 0.08 0.04   
% relaxation 3.4 1.53   
a: Jensen(2005), b: Allen(2009) 
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Geometry data such as bond lengths and the angle of the carbon dioxide molecule are 

listed in Table 7-1.  The distance between carbon of the carbon dioxide molecule and 

oxygen on the surface is 1.37 Å after optimization.  The bond lengths between carbon 

and the oxygen atoms of CO2 molecule have changed from 1.51 Å to 1.25 Å when the 

double bonds are broken.  In the calcite (CaCO3) structure, the default bond lengths 

between carbon and oxygen are all equally 1.28 Å from DMol3.  As the CaO surface 

is relaxed and rumpled, the optimized structure shows similarity to the calcite 

geometry.  When the CO2 adsorbs on the rumpled CaO surface in the presence of 

water vapor, it has the same geometry as the CO2-only adsorption model, as seen in 

Table 7-1 and Figure 7-3.  This indicates that water vapor does not affect the 

optimized CO2 adsorption geometry in forming the calcite structure.   

 

The adsorption of a carbon dioxide molecule on the 5×5×3 periodic slabs led to 

negative ∆d(Å) values, where ∆d is described by: 

∆d = {[z(Ca - O)i]– [z(Ca - O)j]} / [z(Ca - O)j]                                                        (7.6) 

Indices i and j for the 5×5×3 CaO periodic slab are represented in Figure 5-2. 

 

We report the relaxation results as absolute values in Table 7-1 where the distance 

change between two consecutive surface layers after optimization and the initial 

default distance and percentages of the surface relaxation are shown.  Although 

percentages of the surface relaxation are small, negative ∆d(Å) values mean that the 

surface contracts after CO2 adsorption and the distance between carbon of the carbon 

dioxide molecule and oxygen on the surface become shorter.  Therefore, the final 
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optimized geometry is similar to a natural calcite structure, indicating the formation is 

consistent with a general carbonation reaction on the CaO surface.   

 

The adsorption energies were calculated with the GGA/BLYP method using 

optimized structures obtained from the LDA/PWC calculations where they are 

defined by  

                  ∆Eads = Egas-species, surface – (Egas-species + Esuface)                                        (7.7) 

The adsorption energies are listed in Table 7-1 and show the trends in adsorption 

energies.  The GGA/BLYP adsorption energies of CO2 with and without a water 

molecule on the 5×5×3 periodic structure were -100.82, and -171.31 kJ/mol, 

respectively, which places them in the chemical adsorption range (Adamson 1997).  

This adsorption energy for strong CO2 adsorption as chemisorption is in agreement 

with the -102.24 kJ/mol from Allen’s research (Allen 2009).  The modeled CaO 

structures are favorable for CO2 adsorption even at high temperatures.  Jensen et al. 

investigated five different configurations of carbon dioxide adsorption on CaO surface, 

and their monodentate adsorption at CaO terrace site with a 45° angle is the same 

geometry as our adsorption model (Jensen 2005).   

 

Nevertheless, the adsorption energy which they calculated was -60 kJ/mol, placing it 

at the threshold between physisorption and chemisorption.  The differences in energy 

are because they used a 3×3×2 unit cell and did not allow relaxation on the surface.  

The adsorption energy calculations in this paper show higher quality results since we 

used a larger 5×5×3 unit cell to eliminate edge effects while also  including relaxation 
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effects, which play an important role during adsorption on metal oxide surfaces as we 

have demonstrated before (Kim 2009).     

 

The presence of water vapor significantly enhances the adsorption ability of carbon 

dioxide on the relaxed CaO surface as it increases the adsorption energy by ~ -70 

kJ/mol.  Interestingly, the adsorption energy with a water molecule in Allen’s model 

was -93.56 kJ/mol (Allen 2009).   They indicated in their work that the liquid form of 

water was more stable than that of a gaseous molecule as they used more than one 

molecule in their adsorption systems.  Carbon dioxide and water molecules might 

have strong competition for active adsorption sites under higher  surface coverages.  

High surface coverage might reduce adsorbability of the adsorbents.  In this research, 

we used one carbon dioxide molecule with a single water molecule to avoid 

competition on surface coverage and to investigate the interaction between CO2 and 

pure adsorbates.  The water vapor leads to more favorable CO2 adsorption on the 

relaxed CaO here.  The strong hydration effect is in agreement with experimental 

results.  Steam was attributed to improving carbonation performance on CaO surfaces, 

and steam influenced carbonation reactions were considered to be catalyzed according 

to Yang’s investigation (Yang 2008).     

  

The calculated entropies, Gibbs free energy changes, and equilibrium constants are 

reported in Table 7-2.   
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Table 7-2 The results of equilibrium constants, ∆S (J/molK) and ∆G (kJ/mol) for CO2 

adsorption with/without water molecule on the relaxed  CaO 5×5×3 periodic slab 

within 250 ~ 1400 K ( ln(Keq), ∆S and ∆G vs. 1000/T) 

lnK(eq) ∆S (J/molK) ∆G (kJ/mol) 
T(K) CO2 CO2-H2O CO2 CO2-H2O CO2 CO2-H2O 
250 61.97 78.85 -138.66 -26.58 -128.80 -163.89 
275 57.85 71.73 -138.62 -24.51 -132.26 -163.98 

298.15 54.65 66.19 -138.62 -22.88 -135.47 -164.07 
300 54.42 65.78 -138.62 -22.77 -135.72 -164.07 
400 45.02 49.47 -138.90 -18.16 -149.70 -164.51 
600 35.74 33.34 -140.20 -15.09 -178.25 -166.29 
800 31.22 25.51 -141.91 -15.53 -207.66 -169.67 
900 29.76 22.98 -142.81 -16.33 -222.66 -171.94 
1000 28.61 21.00 -143.70 -17.34 -237.84 -174.58 
1100 27.69 19.42 -144.59 -18.48 -253.18 -177.57 
1200 26.93 18.13 -145.45 -19.69 -268.67 -180.87 
1300 26.31 17.07 -146.28 -20.94 -284.30 -184.46 
1400 25.78 16.18 -147.09 -22.21 -300.06 -188.33 

 

 

The experimental Gibbs free energy change for the CO2-CaO reaction to  generate 

calcium carbonate (calcite) at 298.15 K is -143.1±1.3 kJ/mol based on reference data 

(Glushko 1971).  The theoretically calculated Gibbs energy change of carbonation 

reaction on the model CaO surface in this research is -135.47 kJ/mol, with only a 

5.3 % error compared to experiment.  This evidence shows that our calculated 

thermodynamic data is reliable. 
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Figure 7-4 shows that the equilibrium constants for CO2 adsorption with and without 

the presence of a water molecule on the 5×5×3 layered periodic slab increase as the 

temperature decreases.  This is consistent with both carbonation reactions being 

exothermic (Lancia 1996).   

 

Figure 7-4 Representation of equilibrium constants of CO2 molecule with and without 

water vapor on the relaxed 5×5×3 CaO periodic slab vs. temperature effects. The 

adsorption including the hydration effect is more favorable at low temperatures (T ≤ 

500 K). 
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When the results of CO2 adsorption were compared with the equilibrium constants for 

CO2 adsorption with water vapor, the hydration effect contributed to much more 

favorable adsorption at low temperatures under 500 K.  The high adsorbability of CO2 

with a water molecule on the relaxed CaO surface is valuable for real flue gas systems 
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because most CO2 exists in the presence of water vapor.  However, CO2 adsorption 

without a water molecule on the relaxed CaO surface is more favorable at high 

temperatures.  These results elucidate that a water molecule in the gas phase might 

compete with carbon dioxide molecules for adsorption sites onto the surface.  Also, a 

water molecule in the liquid form, which is the condition at lower temperatures (< 500 

K) of the flue gases, would lead to more favorable CO2 adsorption on calcium oxide 

surface.  Regardless, the ability for adsorbing CO2 in the presence, or absence, of a 

water molecule on the CaO periodic slab is chemisorption at all temperature ranges.   
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7.4. Conclusion 

 

The adsorption of carbon dioxide on the relaxed calcium oxide surfaces was 

investigated with DFT calculation methods with the LDA/PWC functional for the 

geometry optimization and GGA/BLYP calculation for the adsorption energies.  

Carbon dioxide adsorption on the 5×5×3 CaO periodic slab surface led to formation 

of a calcium carbonate structure (calcite) through the carbonation reaction.  There was 

enhanced CO2 adsorption ability in the presence of water vapor.  In both cases, the 

carbon dioxide adsorbed on an atop site of the middle oxygen of the surface while the 

oxygen atoms of CO2 molecule were repelled by the surface.  The resulting carbon 

atom has partial double bonds with three oxygen atoms, similar to the geometry of 

calcite.  The calculated adsorption energies for CO2 adsorption without and with a 

water molecule on the 5×5×3 CaO surface were -100.82 and -171.31 kJ/mol, 

respectively, both being in the chemisorption range.  Results show that a water 

molecule leads to enhanced CO2 adsorption on the relaxed CaO surface through the 

hydration effect.   

 

Thermodynamic data and equilibrium constants for carbon dioxide adsorption on the 

CaO surface with and without the hydration effect in all temperature ranges indicated 

the adsorption would occur.  The water molecule contributed to more favorable CO2 

adsorption performance at low temperatures while CO2 adsorption without hydration 

on the relaxed CaO surface is more favorable at high temperatures.  Nevertheless, the 

CaO component could be a strong adsorbent to capture carbon dioxide through the 

carbonation process.  
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CHAPTER 8.  CONCLUSIONS 

 

The purpose of this research was to investigate the adsorption mechanisms of 

mercury-containing species and carbon dioxide on inorganic solid surfaces using DFT 

calculations.  Theoretical computational methods are useful for predicting the reaction 

mechanisms regarding environmental issues that cannot be solved through 

experimental methods.  There are two major conclusion sections involving mercury-

containing species adsorption on MinPlus sorbents and carbon dioxide adsorption on 

calcium oxide.    

 

The results from investigating the adsorption of mercury-species (Hg, HgCl and 

HgCl2) on fixed and relaxed CaO surfaces show the different optimized geometries 

when allowing relaxation of the surfaces.  The chlorine atom contributes to a larger 

Hg–O bond length, although Cl moves closer to the fixed surface.  While the Hg is 

close to the oxygen atom of the relaxed CaO surface as mercury is chlorinated, 

chlorine moves further away from the surface.  The calculated adsorption energies for 

HgCl2 adsorption on the relaxed 5×5×2 cluster and periodic slab models were 

stronger by -70.96 ~ -97.65 kJ mol-1 due to the relaxation effects than on the fixed 

CaO models, placing them in the chemisorption range rather than being at the 

threshold between physisorption and chemisorption.  However, adsorption energies of 

Hg and HgCl adsorption were not changed compared to the fixed surface.  We 

conclude that the CaO component of MinPlus sorbents could be a good adsorbent to 

capture oxidized mercury, HgCl2. 
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However, the elemental form of mercury (Hg) is dominant in flue gases.  From the 

fact that the CaO is not a good adsorbent for Hg, we provide a new mechanism of 

elemental mercury adsorption on a sorbent different from CaO.  We presented 

experimental and theoretical studies to provide insight on the mechanisms of 

elemental mercury adsorption on the MinPlus sorbent as a mineral based sorbent.  An 

in-flight mechanism in experiments conducted at the University of Utah showed a 

maximum effectiveness of total Hg removal at approximately 900 °C.  From the 

corresponding theoretical calculations done in this work, when elemental mercury 

with an oxygen molecule are adsorbed on the gehlenite surface, the oxygen molecule 

played a role in increasing the adsorption energy into the chemisorption range at high 

temperatures.  An oxygen molecule might activate the gehlenite surface at high 

temperatures in order to favor mercury adsorption.  This is in accordance with the 

experimental results that increased mercury removal efficiency was achieved in the 

presence of low levels of oxygen molecules.  Also, the thermodynamic data of 

mercury adsorption on the gehlenite surface confirm an exothermic and irreversible 

reaction due to the relationship between the equilibrium constant and temperature.   

 

Carbon dioxide adsorption on a relaxed 5×5×3 CaO periodic slab surface leads to a 

natural calcium carbonate structure (calcite) through the carbonation reaction.  The 

effect of water vapor on the CO2 adsorption was investigated regarding enhanced CO2 

adsorption in the presence of water vapor because experimental data indicates this is 

favorable.  The carbon atom forms partially double bonds with three oxygen atoms to 

lead to a calcite-like geometry.  Adsorption energy results show that the presence of a 
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water molecule leads to enhanced CO2 adsorption on the relaxed CaO surface through 

a hydration effect.  For this reason, the CaO material has a good possibility of 

capturing carbon dioxide in flue gases.  The water molecule contributed to more 

favorable CO2 adsorption performance at low temperatures.  Nevertheless, the CaO 

component could be a strong adsorbent, with or without water vapor, to capture 

carbon dioxide through the carbonation process.  Thermodynamic data and 

equilibrium constants for carbon dioxide adsorption on the CaO surface, with and 

without hydration effects, in all temperature ranges showed they were exothermic and 

favorable reactions.   
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CHAPTER 9. FUTURE WORK 

 

The adsorption energy of the oxidized mercury on 4×4×2 CaO surface shows strong 

chemisorption and the shape of the surface is possibly changed to becoming a sphere 

according to the relaxation effect.  Nanoparticles of CaO to capture mercury-

containing species should be examined with experiments accordingly.   

 

A major aspect of carbon dioxide adsorption on calcium oxide with or without a water 

molecule in chapter 7 is that adsorption mechanisms have been performed with 

theoretically based computations.  The current theoretical research proved that the 

carbon dioxide is mineralized through the carbonation reaction; additionally, this 

adsorption ability is enhanced by a water molecule.  The effect of steam on carbon 

dioxide adsorption on CaO was investigated by Yang and Xiao (Shaojun Yang and 

Yunhan Xiao, 2008, Ind. Eng. Chem. Res. 47, 4043-4048).  The performance of 

carbonation on CaO with steam is better than without steam and steam is attributed as 

a catalyst.  When considering the theoretical future work, the following three 

questions arise: 

1) how does a water molecule react as a catalyst, 

2) what is the limit of the effect of water molecules, 

3) and, what the kinetic rates  will be, both with and without water present. 

 

In order to investigate the limits on the effects of water molecules, the energies and 

geometries of carbon dioxide adsorption will be calculated with adding water 
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molecules on the same size of the CaO surface.  The use of transition state theory 

(TST) to analyze the kinetics and calculate the reaction rate constants is necessary.  

The rate constants for carbon dioxide adsorption, with or without water molecules, 

will be estimated by rate theory.  The final expression of a rate constant is given by 

(Alcala 2003), 

i
prodi

reaciB

P

P

RT

G

h

Tk
k θ

,

,
,0

exp 






 ∆−=
≠

                                                                              (9.1) 

where, Bk  is Boltzmann’s constant, h is Planck’s constant, R is the ideal gas constant, 

T is the temperature, iθ  is the fraction of i gas phase species, reaciP,  is the partial 

pressure of reactants in the form of the i gas phase species, atmP prodi 1, =  in this 

research, and ≠∆ ,0G  is the Gibbs free energy of activated complex.  The equilibrium 

constant expression, Eq. 3.35 is used to calculate Gibbs free energy for the transition 

state. 

 

Figure 9-1 shows the proposed sequence of steps to obtain the transition state.  The 

energies of all proposed structures will be determined by DFT.  The bond distance 

between carbon dioxide molecule and the calcium oxide surface will be investigated 

with a 0.2 Å increment size from the starting point.  The carbonation reaction with 

water molecule follows by the same steps.    
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Figure 9-1 The proposed sequence of steps of carbon dioxide adsorption on calcium 

oxide surface  
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Future theoretical studies will focus on the kinetics of carbon dioxide mineralization, 

such as prediction of transition states and reaction rate constants.  This information 

will help in understanding the adsorption mechanisms and to explain how water 

molecules play the role of a catalyst in this carbonation reaction.   
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APPENDIX A. THERMODYNAMIC DATA ON A FIXED CaO SURFACE  

The results of the equilibrium constants, ∆S(cal/mol) and ∆G(kcal/mol) of Hg, HgCl 

and HgCl2 adsorptions on each fixed cluster and periodic slab in temperature range 

(250K ~ 600K) in Table 1-3. Changed atomic charges based on Mulliken and 

Hirshfeld population analysis of Hg, HgCl and HgCl2 adsorption models on fixed 5×5 

CaO periodic slabs in Table 4. Changed atomic charges based on Mulliken and 

Hirshfeld population analysis of Hg, HgCl and HgCl2 adsorption models on relaxed 

4×4 and 5×5 CaO periodic slabs in Table 5. Initial and final 3D-pictures of CaO(44)-

Hg, CaO(55)-HgCl and CaO(periodic)-HgCl2 models in Figure 1. The top views and 

side views of optimized geometries of adsorptions on relaxed periodic surfaces in 

Figure 2.  

 

 

 

 

 

 

 

 

 

 

 

 



 
 

193 

Table 1. The results of equilibrium constants for Hg, HgCl and HgCl2 adsorptions on 4×4×2 CaO cluster model within 250 K ~ 600 K 

( ln(Keq), ∆S and ∆G vs. 1000/T) 

ln(Keq) ∆S(cal/molK) ∆G(kcal/molK) 
1000/T Hg HgCl HgCl2 Hg HgCl HgCl2 Hg HgCl HgCl2 
4.000 20.543 76.514 30.316 -10.316 12.627 5.690 -10.205 -38.008 -15.059 
3.636 19.292 68.899 27.230 -10.602 12.788 5.828 -10.541 -37.648 -14.879 
3.354 18.331 62.983 24.831 -10.846 12.922 5.942 -10.860 -37.313 -14.710 
3.333 18.261 62.549 24.655 -10.865 12.932 5.950 -10.885 -37.286 -14.697 
3.077 17.399 57.172 22.473 -11.108 13.062 6.060 -11.236 -36.920 -14.512 
2.857 16.670 52.559 20.599 -11.335 13.180 6.161 -11.593 -36.552 -14.325 
2.667 16.045 48.557 18.972 -11.546 13.290 6.255 -11.956 -36.181 -14.136 
2.500 15.505 45.053 17.545 -11.744 13.392 6.342 -12.323 -35.808 -13.945 
2.353 15.034 41.958 16.284 -11.930 13.488 6.424 -12.696 -35.433 -13.752 
2.222 14.621 39.205 15.161 -12.106 13.578 6.502 -13.074 -35.055 -13.556 
2.105 14.256 36.739 14.153 -12.273 13.664 6.576 -13.455 -34.675 -13.358 
2.000 13.932 34.517 13.245 -12.431 13.745 6.647 -13.841 -34.293 -13.158 
1.905 13.642 32.505 12.420 -12.581 13.823 6.715 -14.231 -33.908 -12.957 
1.818 13.382 30.674 11.669 -12.724 13.897 6.780 -14.624 -33.522 -12.753 
1.739 13.147 29.000 10.982 -12.861 13.968 6.843 -15.021 -33.133 -12.547 
1.667 12.935 27.464 10.351 -12.992 14.037 6.903 -15.421 -32.743 -12.340 
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Table 2. The results of equilibrium constants for Hg, HgCl and HgCl2 adsorptions on 5×5×2 CaO cluster model within 250 K ~ 600 K 

( ln(Keq), ∆S and ∆G vs. 1000/T) 

ln(Keq) ∆S(cal/molK) ∆G(kcal/molK) 
1000/T Hg HgCl HgCl2 Hg HgCl HgCl2 Hg HgCl HgCl2 
4.000 15.506 72.851 35.268 -5.566 4.498 5.384 -7.702 -36.189 -17.519 
3.636 14.389 66.030 31.662 -5.642 4.482 5.688 -7.863 -36.080 -17.301 
3.354 13.526 60.736 28.852 -5.709 4.466 5.945 -8.013 -35.982 -17.093 
3.333 13.463 60.349 28.646 -5.714 4.464 5.965 -8.025 -35.974 -17.076 
3.077 12.682 55.543 26.084 -5.781 4.445 6.219 -8.190 -35.869 -16.844 
2.857 12.016 51.426 23.879 -5.845 4.425 6.454 -8.357 -35.764 -16.606 
2.667 11.442 47.859 21.959 -5.905 4.405 6.674 -8.526 -35.661 -16.362 
2.500 10.941 44.739 20.273 -5.962 4.385 6.881 -8.696 -35.559 -16.113 
2.353 10.501 41.987 18.779 -6.016 4.367 7.076 -8.868 -35.457 -15.858 
2.222 10.112 39.541 17.444 -6.068 4.349 7.261 -9.042 -35.356 -15.598 
2.105 9.765 37.354 16.246 -6.117 4.332 7.437 -9.217 -35.255 -15.333 
2.000 9.454 35.385 15.162 -6.164 4.316 7.604 -9.393 -35.155 -15.063 
1.905 9.175 33.604 14.177 -6.209 4.301 7.764 -9.571 -35.055 -14.789 
1.818 8.921 31.986 13.278 -6.252 4.287 7.918 -9.750 -34.955 -14.511 
1.739 8.691 30.508 12.453 -6.293 4.273 8.065 -9.930 -34.856 -14.228 
1.667 8.481 29.154 11.694 -6.333 4.260 8.207 -10.111 -34.757 -13.941 
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Table 3. The results of equilibrium constants for Hg, HgCl and HgCl2 adsorptions on 5×5×2 periodic slab within 250 K ~ 600 K ( ln(Keq), 

∆S and ∆G vs. 1000/T) 

ln(Keq) ∆S(cal/molK) ∆G(kcal/molK) 
1000/T Hg HgCl HgCl2 Hg HgCl HgCl2 Hg HgCl HgCl2 

4.000 18.132 63.501 22.688 -10.064 0.451 4.114 -9.007 -31.544 -11.270 
3.636 17.074 57.728 20.299 -10.323 0.393 4.387 -9.330 -31.544 -11.092 
3.354 16.263 53.245 18.436 -10.544 0.339 4.618 -9.635 -31.544 -10.922 
3.333 16.204 52.917 18.299 -10.562 0.335 4.636 -9.659 -31.544 -10.908 
3.077 15.478 48.846 16.597 -10.783 0.280 4.864 -9.995 -31.544 -10.718 
2.857 14.864 45.356 15.130 -10.989 0.227 5.075 -10.337 -31.543 -10.522 
2.667 14.339 42.332 13.852 -11.183 0.178 5.273 -10.684 -31.543 -10.321 
2.500 13.886 39.686 12.726 -11.365 0.131 5.459 -11.037 -31.542 -10.115 
2.353 13.492 37.351 11.728 -11.536 0.088 5.635 -11.394 -31.542 -9.904 
2.222 13.147 35.275 10.834 -11.699 0.048 5.803 -11.755 -31.541 -9.687 
2.105 12.842 33.418 10.030 -11.853 0.010 5.962 -12.121 -31.541 -9.467 
2.000 12.572 31.746 9.302 -12.000 -0.026 6.114 -12.491 -31.540 -9.241 
1.905 12.332 30.234 8.639 -12.139 -0.059 6.261 -12.864 -31.539 -9.012 
1.818 12.116 28.859 8.032 -12.273 -0.090 6.401 -13.241 -31.539 -8.778 
1.739 11.922 27.604 7.475 -12.401 -0.119 6.536 -13.622 -31.538 -8.540 
1.667 11.747 26.453 6.961 -12.524 -0.147 6.667 -14.005 -31.538 -8.298 
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Table 4. Changed atomic charges based on Mulliken and Hirshfeld population analysis of Hg, HgCl and HgCl2 adsorption models on 

fixed 5×5 CaO periodic slabs obtained with LDA/PWC functionals 

  Mulliken  Hirshfeld 
 CaO-Hg CaO-HgCl CaO-HgCl2 CaO-Hg CaO-HgCl CaO-HgCl2 

Ca 1 0.00 0.01 0.01 0.00 0.01 0.01 
Ca 2 0.00 0.02 0.02 0.00 0.01 0.01 
Ca 3 0.00 0.01 0.01 0.00 0.01 0.00 
Ca 4 0.02 0.03 0.02 0.01 0.01 0.01 
Ca 5 0.01 0.03 0.03 0.00 0.02 0.00 
Ca 6 0.01 0.03 0.03 0.00 0.00 0.01 
Ca 7 -0.02 -0.01 -0.01 -0.04 -0.03 -0.02 
Ca 8 -0.02 0.01 -0.01 -0.04 -0.02 -0.02 
Ca 9 0.01 0.02 0.01 0.00 0.01 0.01 
Ca 10 -0.02 -0.01 0.00 -0.04 -0.03 -0.12 
Ca 11 0.01 0.02 0.01 0.00 0.02 0.01 
Ca 12 -0.02 0.02 0.00 -0.04 -0.12 -0.12 
Ca 13 0.00 0.01 0.01 0.00 0.01 0.01 
Ca 14 0.00 0.01 0.01 0.00 0.01 0.01 
Ca 15 0.00 0.01 0.01 0.00 0.01 0.01 
Ca 16 0.00 0.02 0.01 0.00 0.01 0.01 
O  17 0.01 0.01 0.02 0.00 0.01 0.01 
O  18 0.01 0.01 0.02 0.00 0.01 0.01 
O  19 0.01 0.01 0.02 0.00 0.01 0.01 
O  20 0.01 0.06 0.02 0.00 0.03 0.01 
O  21 0.00 0.00 0.00 0.00 0.01 0.00 
O  22 0.00 0.00 0.00 0.00 0.01 0.00 
O  23 0.00 0.01 0.00 0.00 0.01 0.00 
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O  24 0.00 0.00 0.00 0.00 0.01 0.00 
O  25 0.00 0.01 0.01 0.00 0.01 0.01 
O  26 0.00 0.01 0.01 0.00 0.01 0.01 
O  27 0.00 0.00 0.01 0.00 0.01 0.00 
O  28 0.00 0.01 0.01 0.00 0.01 0.00 
O  29 0.00 0.00 0.00 0.00 0.01 0.01 
O  30 0.00 0.03 0.04 0.00 0.02 0.03 
O  31 0.00 0.00 0.01 0.00 0.01 0.01 
O  32 0.05 0.06 0.04 0.03 0.04 0.02 

         
Hg -0.07 -0.29 -0.18 0.09 -0.16 -0.10 

Cl  1   -0.17 -0.08   0.02 0.08 
Cl  2     -0.08     0.08 
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Table 5. Changed atomic charges based on Mulliken and Hirshfeld population analysis of Hg, HgCl and HgCl2 adsorption models on 

relaxed 5×5 CaO periodic slabs obtained with LDA/PWC functionals 

   Mulliken  Hirshfeld  

  CaO-Hg CaO-HgCl CaO-HgCl2 CaO-Hg CaO-HgCl CaO-HgCl2 
Ca 1 -0.01 0.01 0.01 -0.05 0.01 0.01 
Ca 2 -0.01 0.03 0.04 -0.05 0.01 0.01 
Ca 3 0.01 0.01 0.01 0.01 0.01 0.01 
Ca 4 0.01 0.03 0.03 0.01 0.03 0.04 
Ca 5 0.01 0.02 0.02 0.00 0.02 0.02 
Ca 6 0.02 0.02 0.02 0.01 0.02 0.02 
Ca 7 0.01 0.00 -0.01 0.00 -0.04 -0.03 
Ca 8 0.01 0.00 -0.01 0.00 -0.04 -0.03 
Ca 9 0.01 0.01 0.01 0.00 0.01 0.01 
Ca 10 0.01 -0.02 0.01 0.00 -0.07 -0.10 
Ca 11 0.01 0.02 0.01 0.00 0.02 0.01 
Ca 12 0.01 0.01 0.01 0.00 -0.10 -0.10 
Ca 13 0.01 0.01 0.01 0.01 0.01 0.00 
Ca 14 -0.01 0.01 0.01 -0.05 0.01 0.00 
Ca 15 0.01 0.02 0.01 0.01 0.00 0.00 
Ca 16 -0.01 0.02 0.01 -0.05 0.00 0.00 
O  17 0.00 0.02 0.01 0.00 0.01 0.00 
O  18 0.00 0.02 0.01 0.00 0.01 0.00 
O  19 0.00 0.00 0.01 0.00 0.01 0.00 
O  20 0.00 0.00 0.01 0.00 0.01 0.00 
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O  21 0.01 0.00 0.00 0.00 0.00 0.00 
O  22 0.01 0.00 0.00 0.00 0.00 0.00 
O  23 0.01 0.01 0.00 0.00 0.00 0.00 
O  24 0.01 0.01 0.00 0.00 0.00 0.00 
O  25 -0.01 0.01 0.00 0.00 0.01 0.00 
O  26 0.11 0.01 0.00 0.06 0.01 0.00 
O  27 0.00 0.00 -0.01 0.00 0.00 0.00 
O  28 -0.01 0.00 -0.01 0.00 0.00 0.00 
O  29 0.00 -0.01 -0.01 0.00 0.00 0.00 
O  30 0.00 -0.03 -0.05 0.00 0.01 0.00 
O  31 0.00 -0.02 -0.02 0.00 0.00 0.00 
O  32 0.00 0.16 0.16 0.00 0.10 0.11 

         
Hg -0.15 -0.26 -0.11 0.06 -0.10 -0.07 
Cl 1   -0.13 -0.11   0.03 0.03 
Cl 2     -0.11     0.03 
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Figure 1. Initial and final 3D-pictures of CaO(44)-Hg, CaO(55)-HgCl and 

CaO(periodic)-HgCl2 models with LDA/PWC functional 

 

Initial and final pictures of CaO(44)-Hg 

 

          

 

 

 

 

                                                                                                                                                    

Initial and final pictures of CaO(55)-HgCl 
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Initial and final pictures of CaO(periodic)-HgCl2 
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Figure 2. The top views and side views of optimized geometries of (a) Hg, (b) HgCl 

and (c) HgCl2 adsorptions on relaxed periodic slab 
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APPENDIX B. THERMODYNAMIC DATA ON RUMPLED CaO SURFACE 

The results of the equilibrium constants, ∆S(cal/mol) and ∆G(kcal/mol) of Hg, HgCl 

and HgCl2 adsorptions on each relaxed cluster and periodic slab in temperature range 

(250K ~ 600K) in Table 1-3.  
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Table 1. The results of equilibrium constants, ∆S (cal/molK) and ∆G (kcal/mol) for Hg, HgCl and HgCl2 adsorptions on the relaxed 

4×4×2 CaO cluster model within 250 K ~ 600 K ( ln(Keq), ∆S and ∆G vs. 1000/T) 

lnK(eq) ∆S (cal/molK) ∆G (kcal/mol)   
1000/T Hg HgCl HgCl2 Hg HgCl HgCl2 Hg HgCl HgCl2 
4.000  13.517  124.404  96.576  -4.183  21.275  12.565  -6.715  -61.798  -47.974  
3.636  12.513  111.871  87.003  -4.248  21.772  13.000  -6.837  -61.129  -47.540  
3.354  11.736  102.126  79.557  -4.306  22.185  13.362  -6.953  -60.502  -47.131  
3.333  11.679  101.924  79.011  -4.311  21.198  13.390  -6.962  -60.757  -47.098  
3.077  10.978  93.133  72.237  -4.370  21.457  13.743  -7.089  -60.143  -46.649  
2.857  10.379  85.596  66.421  -4.426  21.682  14.066  -7.218  -59.528  -46.192  
2.667  9.863  79.063  61.371  -4.480  21.879  14.364  -7.349  -58.912  -45.729  
2.500  9.413  73.345  56.944  -4.531  22.054  14.640  -7.481  -58.295  -45.259  
2.353  9.018  68.300  53.032  -4.580  22.210  14.898  -7.615  -57.677  -44.784  
2.222  8.669  63.814  49.547  -4.627  22.349  15.139  -7.751  -57.059  -44.303  
2.105  8.357  59.800  46.424  -4.672  22.475  15.366  -7.888  -56.441  -43.817  
2.000  8.079  56.187  43.609  -4.715  22.589  15.580  -8.026  -55.822  -43.325  
1.905  7.828  52.918  41.056  -4.756  22.693  15.784  -8.166  -55.203  -42.829  
1.818  7.601  49.946  38.732  -4.795  22.788  15.977  -8.306  -54.583  -42.328  
1.739  7.394  47.232  36.606  -4.834  22.875  16.160  -8.448  -53.963  -41.823  
1.667  7.206  44.744  34.653  -4.870  22.955  16.336  -8.591  -53.344  -41.314  
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Table 2. The results of equilibrium constants, ∆S (cal/molK) and ∆G (kcal/mol) for Hg, HgCl and HgCl2 adsorptions on the relaxed 

5×5×2 CaO cluster model within 250 K ~ 600 K ( ln(Keq), ∆S and ∆G vs. 1000/T) 

  lnK(eq) ∆S (cal/molK) ∆G (kcal/mol) 
1000/T Hg HgCl HgCl2 Hg HgCl HgCl2 Hg HgCl HgCl2 
4.000  17.455  74.620  29.812  -10.637  6.277  0.528  -8.671  -37.067  -35.469  
3.636  16.464  67.638  27.099  -10.854  6.099  0.493  -8.996  -36.959  -35.466  
3.354  15.704  62.228  24.993  -11.041  5.941  0.460  -9.303  -36.865  -35.464  
3.333  15.648  61.832  24.839  -11.056  5.929  0.458  -9.328  -36.858  -35.464  
3.077  14.967  56.928  22.928  -11.243  5.767  0.424  -9.665  -36.762  -35.464  
2.857  14.391  52.732  21.291  -11.419  5.612  0.391  -10.008  -36.672  -35.464  
2.667  13.898  49.102  19.873  -11.585  5.466  0.361  -10.356  -36.587  -35.466  
2.500  13.472  45.931  18.632  -11.742  5.327  0.332  -10.708  -36.506  -35.469  
2.353  13.102  43.138  17.537  -11.890  5.195  0.305  -11.065  -36.429  -35.472  
2.222  12.778  40.659  16.565  -12.031  5.069  0.280  -11.425  -36.356  -35.475  
2.105  12.492  38.445  15.695  -12.166  4.950  0.256  -11.790  -36.286  -35.480  
2.000  12.238  36.456  14.912  -12.295  4.836  0.234  -12.159  -36.219  -35.484  
1.905  12.012  34.659  14.204  -12.418  4.727  0.214  -12.531  -36.155  -35.489  
1.818  11.810  33.027  13.560  -12.536  4.623  0.194  -12.906  -36.094  -35.494  
1.739  11.628  31.540  12.973  -12.650  4.524  0.176  -13.285  -36.035  -35.500  
1.667  11.464  30.179  12.434  -12.759  4.429  0.159  -13.667  -35.980  -35.506  
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Table 3. The results of equilibrium constants, ∆S (cal/molK) and ∆G (kcal/mol) for Hg, HgCl and HgCl2 adsorptions on the relaxed 

periodic CaO slab within 250 K ~ 600 K ( ln(Keq), ∆S and ∆G vs. 1000/T) 

  lnK(eq) ∆S (cal/molK) ∆G (kcal/mol) 
1000/T Hg HgCl HgCl2 Hg HgCl HgCl2 Hg HgCl HgCl2 
4.000  13.871  56.124  49.066  -6.485  6.887  -11.928  -6.891  -27.880  -33.715  
3.636  13.013  50.755  45.054  -6.696  6.792  -12.076  -7.111  -27.734  -34.054  
3.354  12.356  46.593  41.943  -6.878  6.703  -12.204  -7.320  -27.603  -34.372  
3.333  12.308  46.288  41.716  -6.892  6.696  -12.214  -7.337  -27.593  -34.398  
3.077  11.721  42.516  38.896  -7.076  6.602  -12.345  -7.569  -27.456  -34.745  
2.857  11.225  39.289  36.483  -7.248  6.509  -12.467  -7.806  -27.323  -35.097  
2.667  10.801  36.497  34.396  -7.410  6.418  -12.583  -8.048  -27.195  -35.452  
2.500  10.437  34.058  32.572  -7.564  6.331  -12.693  -8.295  -27.069  -35.810  
2.353  10.120  31.910  30.966  -7.710  6.245  -12.797  -8.546  -26.947  -36.172  
2.222  9.843  30.004  29.540  -7.849  6.163  -12.896  -8.801  -26.828  -36.537  
2.105  9.600  28.302  28.266  -7.982  6.083  -12.991  -9.061  -26.712  -36.904  
2.000  9.385  26.773  27.122  -8.109  6.005  -13.081  -9.324  -26.599  -37.274  
1.905  9.193  25.392  26.089  -8.230  5.930  -13.167  -9.590  -26.488  -37.646  
1.818  9.022  24.138  25.151  -8.347  5.858  -13.250  -9.860  -26.380  -38.021  
1.739  8.869  22.996  24.296  -8.459  5.787  -13.329  -10.133  -26.274  -38.398  
1.667  8.731  21.951  23.513  -8.567  5.719  -13.406  -10.410  -26.170  -38.777  
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APPENDIX C. THERMODYNAMIC DATA ON GEHLENITE SURFACE 

The results of the equilibrium constants, ∆S(cal/mol) and ∆G(kcal/mol) of oxygen 

and elemental mercury adsorptions on gehlenite periodic slab in temperature range 

(298.15K ~ 1300K).  
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Table 1. The results of the equilibrium constants, ∆S(cal/mol) and ∆G(kcal/mol) of 

oxygen adsorptions on bare gehlenite periodic slab in temperature range (298.15K ~ 

1300K).  

1000/T ln(Keq) ∆S(cal/molK) ∆G(kcal/molK) 
3.354 214.506 -6.789 -127.079 
1.600 105.263 -9.071 -130.724 
1.538 101.468 -9.226 -131.051 
1.481 97.959 -9.378 -131.385 
1.429 94.704 -9.528 -131.724 
1.379 91.678 -9.675 -132.069 
1.333 88.857 -9.819 -132.419 
1.290 86.221 -9.961 -132.775 
1.250 83.754 -10.101 -133.135 
1.212 81.439 -10.238 -133.501 
1.176 79.263 -10.372 -133.871 
1.143 77.214 -10.504 -134.246 
1.111 75.281 -10.635 -134.626 
1.081 73.456 -10.762 -135.010 
1.053 71.729 -10.888 -135.398 
1.026 70.092 -11.012 -135.791 
1.000 68.540 -11.134 -136.188 
0.976 67.065 -11.254 -136.590 
0.952 65.662 -11.371 -136.995 
0.930 64.327 -11.488 -137.404 
0.909 63.054 -11.602 -137.817 
0.889 61.839 -11.714 -138.233 
0.870 60.679 -11.825 -138.654 
0.851 59.569 -11.935 -139.078 
0.833 58.508 -12.042 -139.505 
0.816 57.491 -12.148 -139.936 
0.800 56.516 -12.253 -140.371 
0.784 55.580 -12.356 -140.809 
0.769 54.682 -12.458 -141.250 
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Table 2. The results of the equilibrium constants, ∆S(cal/mol) and ∆G(kcal/mol) of 

elemental mercury adsorptions on active gehlenite periodic slab in temperature range 

(298.15K ~ 1300K).  

1000/T ln(Keq) ∆S(cal/molK) ∆G(kcal/molK) 
3.354 47.755 2.332 -28.291 
1.600 23.019 0.641 -28.586 
1.538 22.182 0.520 -28.649 
1.481 21.410 0.401 -28.716 
1.429 20.697 0.284 -28.788 
1.379 20.036 0.169 -28.864 
1.333 19.422 0.057 -28.944 
1.290 18.850 -0.054 -29.028 
1.250 18.317 -0.162 -29.116 
1.212 17.818 -0.269 -29.208 
1.176 17.350 -0.373 -29.304 
1.143 16.912 -0.476 -29.403 
1.111 16.499 -0.577 -29.506 
1.081 16.111 -0.676 -29.612 
1.053 15.745 -0.773 -29.721 
1.026 15.399 -0.869 -29.834 
1.000 15.073 -0.963 -29.949 
0.9756 14.7633 -1.0550 -30.0681 
0.9524 14.4702 -1.1458 -30.1899 
0.9302 14.1920 -1.2351 -30.3145 
0.9091 13.9278 -1.3230 -30.4421 
0.8889 13.6766 -1.4094 -30.5724 
0.8696 13.4375 -1.4945 -30.7054 
0.8511 13.2098 -1.5782 -30.8411 
0.8333 12.9926 -1.6606 -30.9795 
0.8163 12.7853 -1.7417 -31.1204 
0.8000 12.5873 -1.8216 -31.2638 
0.7843 12.3981 -1.9003 -31.4097 
0.7692 12.2171 -1.9779 -31.5580 
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APPENDIX D. CREATING PROBLEMS RELATED TO RESEARCHES 

My research about carbonation reactions was used for CHEE 201 homework 

problems.  These homework problems based on more complex real-case scenarios 

give students a chance to think how the researches of the real world are related to the 

concepts from class.  
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Question 1: Cement production is an issue from a global warming perspective, 

especially with the rapid rise of construction in the former third world 

countries of India and China.  China announced a few years ago that they 

wanted to build enough housing for about 100 million people in only a 

few years.  Find an estimate of the amount of cement that China used in 

2007 in units of mass.  Report that number and give a citation.  In fact, 

give citations that are proper for all data that you pull from any source. 

Portland cement is a specific formulation of cement commonly used in 

construction.  Find the composition of this formulation of cement.   

You should find that CaO is a primary component of Portland cement.  

Write a potential reaction that shows how CaCO3 is transformed to CaO 

used in the cement.  Determine the mass of CaCO3 that was needed in 

2007 in China assuming a 90% conversion during the reaction.  Then 

estimate the amount of CO2 that was involved and whether it was 

consumed or released during the cementing process and report the mass 

involved.  Estimate the number of moles of CO2 involved and compare 

either the mass or moles of CO2 to those emissions from other sources in 

the US or worldwide.   

In your opinion, is the construction in China a potential contributor to 

major CO2 issues in a global system? 

 

 

 

 



 
 

212 

Solution 1: 

 

 

 

 

 

Energy Balances 

Mass Balances Mole Balances 
MW 
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V 
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liquids 
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V 
PV = ZnRT 
Eq. of state 

u 
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∆Ek 

gases 

∆Ep 

Q,Ws 

∆U  
∆H specific U, H 

steam tables 
air tables 

P 

T 

Psat 

Antoine's Eq. 
Cox chart 
vapor pressure table 

P = Po + ρgh 

manometers 
heads of pressure 

relative humidity 
saturation 

vapor mole fraction, yi 

liquid mole fraction, xi 

, ∆Uvap, ∆Ufus 

, ∆Ηvap, ∆Ηfus 

liquids: Cp ≈ Cv, ideal gases: Cp = Cv + R 

xiPi
sat=yiPtot 

∫ dTCv
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China produced 1.3 Gigatons/yr of cement in 2007 according to 

http://shanghaiist.com/2008/06/19/_cement_is_mainly_used.php (last accessed on 

7/22/09). 
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There is the table of constituents of Portland cement according to 

http://en.wikipedia.org/wiki/Portland_cement (last accessed on 7/22/09) 

  
 
 
 
 
 
 
 
 
 
 

 

 

 

The major constituent of Portland cement is CaO and it is produced from CaCO3. In 

this process carbon dioxide is released on heating (to above 840 °C in the case of 

CaCO3), to form CaO, commonly called quicklime, with reaction enthalpy 178 kJ / 

mole. http://en.wikipedia.org/wiki/Calcium_carbonate (last accessed on 7/23/09) 

CaCO3 → CaO + CO2  

Other possible reactions; 

CaO + H2O → Ca(OH)2  

Ca(OH)2 + CO2 → CaCO3 + H2O 

 

 

 

 

Typical constituents of and Portland cement 
Cement industry style notation under CCN 

Cement CCN Mass% 
Calcium oxide, CaO C 61-67% 
Silicon oxide, SiO2 S 19-23% 

Aluminium oxide, Al2O3 A 2.5-6% 
Ferric oxide, Fe2O3 F 0-6% 

Sulfate  1.5-4.5% 
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Since CaO, the main constituent, takes a part of maximum 67% of Portland cement, 

using the chinese cement information you’ve found above, total amount of CaO 

produced is  

yr

kg

Gigatons

kg

yr

Gigatons CaO1112 1071.867.0103.1 ×=××  

yr

kmol

kg

kmol

yr

kg CaO1011 10553.1
078.56

1
1071.8 ×=××  

You know the potential reaction with 90 % converion, CaCO3 → CaO + CO2 to 

produce calcium oxide and carbon dioxide and then, you can calculate the mass of 

CaCO3,   

yr

kg

kmol

kg

yr

kmol CaCO

CaCO

CaCOCaCO 3

3

33 1210 10727.1
098.100

9.0

1
10553.1 ×=×××  

Also, you can get the number of moles or mass of CO2 involved 

 

yr

kg

kmol

kg

yr

kmol CO

CO

COCO 2

2

22 1110 10835.6
1

011.44
10553.1 ×=××  

In the US, the sum of the energy subtotal and industrial process emissions equals 

6096 million metric tons. Carbon dioxide emission sources include primarily energy-

related emissions and emissions from industrial processes. The energy-related 

emissions such as fossil fuel combustions are 5,991 million metric tons and industrial 

process emissions including cement manufacture is 105 million metric tons in 2007 

according to http://www.eia.doe.gov/oiaf/1605/ggrpt/ (last accessed on 7/29/09).  

Chinese cement manufacture contributes approximately 11.2% of total CO2 emissions 

in the US. According to 

http://www.pbl.nl/en/publications/2008/GlobalCO2emissionsthrough2007.html (last 
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accessed on 7/29/09) global carbon dioxide emissions from fuel use and cement 

production are 2.75×1010 tons in 2007. When you compare them, Chinese cement 

production contributes 2.5% of global CO2 emissions. It leads that the construction in 

China is one of potential contributors to global CO2 emission issues. 
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Question 2: Carbon dioxide can be used as an input to farm algae in order to produce 

biofuel.  It is not possible to ship gaseous CO2 to the farms so instead it is 

liquefied and shipped by tanker car.   Carbon dioxide is condensed 

through a liquefaction process at 56 atm and 20 °C from the CO2 

produced during cement manufacturing. We found the amount of CO2 

emission from China cement manufacturing in 2007 in earlier homework 

(HW10) and convert the amount of CO2 released per day. In the fed 

stream, we have CO2 amount per day and 10 mol% of air at 840 ºC. What 

is the vapor and liquid mole fraction of CO2 after liquefying process if 80 

mol% of CO2 is liquefied? Estimate the amount of liquefied CO2. Write 

down any assumptions you made to solve this problem.  
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Solution 2: 

 

 

 

 

 

Energy Balances 

Mass Balances Mole Balances 
MW 

m 

V 
ρ 

u 
A 

liquids 
n 

V 
PV = ZnRT 
Eq. of state 

u 
A 

∆Ek 

gases 

∆Ep 

Q,Ws 

∆U  
∆H specific U, H 

steam tables 
air tables 

P 

T 

Psat 

Antoine's Eq. 
Cox chart 
vapor pressure table 

P = Po + ρgh 

manometers 
heads of pressure 

relative humidity 
saturation 

vapor mole fraction, yi 

liquid mole fraction, xi 

, ∆Uvap, ∆Ufus 

, ∆Ηvap, ∆Ηfus 

liquids: Cp ≈ Cv, ideal gases: Cp = Cv + R 

xiPi
sat=yiPtot 

reactions: 
stoichiometry, extents of reaction, 
conversion, 
yield, selectivity 

∆Ep=ρgh 
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We can convert 1.3 gigatons of CO2/yr to 3.56×109 kg of CO2 released per day and it 

is 8.1×107 kmols per day. Air composition of 10 mol% of fed stream is 21 mol% of 

O2 and 79 mol% of N2. The moles of O2 and N2 in fed stream are 1.89×106 kmols of 

O2 and 7.11×106 kmols of N2. Total fed stream is 9×107 kmols.  

079.0,021.0,9.0
222

=== NOCO yyy  at 1113K. 

80 mol% of CO2 liquefied from 8.1×107 kmols per day is 1.62×107 kmols per day and 

the amount of oxygen and nitrogen gases are not changed because their melting points 

are around -210°C. 0,0,1
222

=== NOCO xxx in liquid phase. 

282.0,075.0,643.0
222

=== NOCO yyy  at 293K. 

Since they are not ideal gases, we use generalized compressibility chart for nonideal 

gas mixtures. 

In order to find compressibility factor, we should calculated reduced pressure (Pr) and 

temperature (Tr) using Kay’s rule. 

At 1113K, Tr=3.878, Pr=0.01443, Z≈1  → V=8.22×109 m3/day  

At 293K, Tr=1.21, Pr=0.933, Z≈0.8  → V=8.66×106 m3/day (gases) 

 

As 6.48×107 kmols per day is liquefied, 

day

m
L

kg

L

kmols

kg

day

kmols 3
697 107.3107.3

77.0

44
1048.6 ×=×=×××  
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Energy Balances 

Mass Balances Mole Balances 
MW 

m 

V 
ρ 

u 
A 

liquids 
n 

V 
PV = 
ZnRT 

u 
A 

∆Ek 

gases 

∆Ep 

Q,Ws 

∆U  
∆H specific U, H 

steam tables 
air tables 

P 

T 

Psat 

Antoine's Eq. 
Cox chart 
vapor pressure table 

P = Po + ρgh 

manometers 
heads of pressure 

relative humidity 
saturation 

vapor mole fraction, yi 

liquid mole fraction, xi 

, ∆Uvap, ∆Ufus 

, ∆Ηvap, ∆Ηfus 

liquids: Cp ≈ Cv, ideal gases: Cp = Cv + R 

xiPi
sat=yiPtot 

reactions: 
stoichiometry, extents of reaction, 
conversion, 
yield, selectivity 

∆Ep=ρgh 
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Question 3: Oxy-fuel combustion is a developed coal combustion technology and has 

been explored for releaseing high temperature steam with CO2 present in 

the flue gases. The oxy-fuel approach results in an exhaust stream that is 

more easily separated for carbon sequestration when you supply oxygen 

in the absence of nitrogen to the fuel. While a real combustion system 

releases more complex flue gases, in this problem you can assume only 

CO2(70% mole percent) and H2O(30%) are emitted in the flue gas. The 

flame temperature and pressure are 1 atm and 800 ⁰C. What is the dew 

point (Tdp) of the gas? Calculate the fractions of liquid (xi) and vapor (yi) 

phases when the flue gas is cooled down to 30 ⁰C at constant pressure. 
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Solution 3: 

This problem can be solved with Raoult’s Law, assuming the CO2 does not condense 

out and you have water as a single condensable species, 

 

 

Go to Table B.3 and find temperature. Tdp = 69.5 ⁰C 

In order to solve xi and yi, you will use Raoult’s law for phase-equilibrium 

thermodynamics combined with Antoine's Equation, 

  

 ; you use the Antoine Equation Constants in Table B.4 for 

water 

 

Antoine constants for CO2 can be found at the following website; 

http://ddbonline.ddbst.de/AntoineCalculation/AntoineCalculationCGI.exe?component

=Carbon+dioxide (last accessed on 7/27/09) 

 

We know that the mole fractions have to sum to one in both the liquid and gase 

phases: 

 

 

We have 4 equations and 4 unknowns and then, substitute the vapor pressures of 

water and carbon dioxide into Raoult’s law. 
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After you solve the above equations, you got 

 

 

You see that our assumption of having only one condensible species was fairly 

accurate as the liquid contains only 1.35 mole percent CO2. 
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