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ABSTRACT

The capture of trace elements in coal gasification and combustion is an important
environmental issue. The binding of trace element species of Hg, As, and Se were
investigated with several metal dimers, Au, Pd, Pt, V, Fe, and Cu using ab initio-
based methods. The Fe dimer had the most favorable (> 50 kcal/mol) binding
energies. A detailed orbital analysis was used to study the binding with Fe. In the
reactions considered, Fe was the electron donor and has the prospect to be a multi-
pollutant sorbent for coal-based energy generation applications.



EXECUTIVE SUMMARY

In the past few years, the impact of power generation on the environment has been
brought into the front light. Coal combustion is the major energy producer in the US,
but it is not environmentally sound. Coal combustion releases many pollutants into
the atmosphere, including SO, NOy, and trace elements such as mercury (Hg),
selenium (Se), and arsenic (As). Coal gasification is another method of producing
energy from coal, and is more efficient than coal combustion. Integrated Gasification
Combined Cycle (IGCC) is the process that uses coal gasification gas turbines along
with steam turbines to produce energy. Since the operating conditions are different
from coal combustion, the speciation of trace elements is also different. The major

species found in coal gasification flue gas are Hg, H,Se, As, and As;.

The goal of this MQP was to design a multi-pollutant sorbent for the application of
both coal combustion and gasification. Several metals, in the form of dimers, were
studied to find the best candidate for the sorbent; these metals included Au, Pd, Pt, V,
Fe, and Cu. The Gaussian software package was employed for the calculations using
ab initio-based methods to predict the binding energies of the trace element species
with the metal dimers. First the best level of theory was determined for each atom
from comparisons with experimental values. The best levels of theory were found to
be B3LYP/ECP60MDF for Hg, B3LYP/6-311G* for As, Se, and S, B3LYP/1992 for
gold (Au), palladium (Pd), platinum (Pt), vanadium (V), copper (Cu), and

B3LYP/LANL2DZ for iron (Fe).

Next, the binding energies for all combinations of trace element species with each

metal dimer were calculated. The most favorable binding energies of 50 kcal/mol and



above (known as strong chemisorptions), were observed when Fe was the sorbent.
Iron is also the one of the most economical materials compared to the other sorbents
considered in this project. Some practical considerations may limit the use of pure
bulk Fe as a sorbent material since it can easily undergo oxidation reactions which can
inhibit its adsorption abilities. An alternative is to alloy Fe with another material such
as Cu. In this way, the strong chemisorption properties of Fe will be retained but the
new material may be less reactive toward oxidation. However, coal gasification takes
place in a reducing environment, so most likely oxidation will not be a concern. The
combustion environment is oxidizing so that this material might not be appropriate for

combustion applications.

Since Fe appears to have the best possibility for use as a multi-pollutant sorbent for
coal gasification, HOMO/LUMO maps and energy differences (AEy.’s) were created
for Fe with the most abundant trace element species. It was determined from the
orbital analysis that Fe atoms donate their electrons to the trace element species.
However, a significant amount of electron density remains with the Fe atoms
following binding. This indicates that Fe could possibly capture more than one
pollutant because this same site of electron density could be reactive with multiple
pollutants. All of these factors are very important to the design of a multi-pollutant

sorbent for coal gasification.
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CHAPTER 1: INTRODUCTION

Utilizing coal to supply energy leads to the release of pollutants such as NOy, SOy,
CO,, and trace elements (mercury(Hg), arsenic(As) and selenium(Se)) into the
environment. Currently, of the three main locations (China, United States, and India)
with recoverable coal reserves, the U.S. is leading the effort to decrease harmful
emissions into the environment, through regulations such as the EPA's Clean Air
Interstate Rule (CAIR), which places caps on NO, and SOy emissions from the
Eastern states, and the Clean Air Mercury Rule, which places a cap on Hg emissions
from coal-fired power plants.* In the United States, annual energy use from coal is
projected to increase from 22.9 x 10" Btu in 2005 to 34.1 x 10 Btu in 2030.* This
research aims to design a multi-pollutant sorbent to remove Hg, As, and Se from the

high temperature environment of coal gasification.

The background section of this Major Qualifying Project (MQP) report describes: a)
the scope of present and future coal consumption, b) an overview of coal gasification,
c) the trace elements of interest for removal (Hg, As, Se), d) current trace element
removal practices, €) justification for each sorbent material choice (Pd,, Au,, Pty, Vo,
Cu,, and Fe,), and f) an overview of the computational chemistry techniques
employed. These sections are described to provide the rational for the reactions

analyzed.

The methodology section provides: a) the basis set justification, b) the method for
determining the ground state of each reaction, ¢) methods for choosing the orientation
of each reaction, d) the procedure for finding binding energies of reactions, and e) an
overview of Highest Occupied Molecular Orbital (HOMO)/ Lowest Unoccupied

Molecular Orbital (LUMO) analysis.
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The results presented in this MQP include a discussion of: a) the basis sets chosen, b)
the ground state binding energies for each reaction analyzed, and c) the orbital

analysis for the most promising reactions.

Through the calculations and investigations carried out in this Major Qualifying
Project the following objectives have been met: a) the determination of the adsorption
energetics of various Hg species (Hg, HgH, HgS), As species (As;, AsS, AsH, AsHs,
As), Se species (Se, H,Se, HSe, SeS), and H,S, i.e., typical trace elements indicative
of a reducing gasification environment, with dimers of Pd,, Auy, Pt;, V5, Cu,, and Fe;
using density functional theory and relativistic effective core potentials for the heavier
atoms, b) the evaluation of the effectiveness of each metal dimer for the binding of
multiple flue gas components, c) the generation of HOMO/LUMO maps for
understanding the chemistry of the reactions, d) the orbital analysis for reactions
involving Fe and Hg, H,Se, As, and As,, and €) the recommendations for the use of
Pd, Au, Pt, V, Cu, and Fe as potential catalyst materials for the adsorption of Hg, As,

and Se species from the high temperature environment of coal gasification.
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CHAPTER 2: BACKGROUND

This section provides background information on coal consumption, coal gasification,
trace element species (Hg, As, Se, and H,S) and sorbent materials of interest (Pd, Au,
Pt, V, Cu, and Fe), and an overview of the computational chemistry techniques
employed. This information is provided to place this MQP in the context of current
environmental practices and to explain the significance of computational chemistry

within these applications.

2.1 Coal Consumption

Fossil fuels are the source of 80% of the world’s energy, with twenty-four percent of
this energy derived from coal.? The three locations with the highest recoverable coal
reserves are the United States with 27% of the world’s recoverable reserves, China

with 13%, and India with 10%.3

Currently, within the United States, 50% of electricity is produced from coal, and
there are over five hundred 500-megawatt coal-fired power plants in the country. In
China, every week there are two new 500-megawatt coal-fired power plants
constructed to provide both electricity and industrial energy.” Also, over 50% of
India’s energy is derived from coal. The amount of energy produced from coal is
predicted to increase 3% by 2030% China and India account for 68% of this projected

increase in coal consumption.?

Of the three locations with recoverable coal reserves, the U.S. is leading the effort to
decrease harmful emissions into the environment through regulations such as the
EPA’s Clean Air Interstate Rule (CAIR), which placed caps on NOyx and SOy

emissions from the Eastern states, the Clean Air Mercury Rule (CAMR), which places
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a cap on Hg emissions from coal-fired power plants®, and the Supreme Court ruling
on April 2, 2007 that authorized the EPA to regulate greenhouse gas emissions from
automobiles.” On February 8, 2008, the DC Circuit Court vacated the CAMR,
however, the EPA is in the process of evaluating the impact of this decision®.
However, the release of emissions from coal-fired power plants is a global problem,
and solutions for capturing CO,, SOy, NOy, Hg, As and Se should be implemented in

both the developed and developing world.

The Clean Air Mercury Rule (CAMR) is important to the present work. CAMR was
established by the EPA in 2005 to place a cap on Hg emissions from coal-fired power
plants in two phases, as depicted in Table 1. The first cap is to be implemented in
2010 and caps emissions at 38 tons/ year. The second cap will be enforced in 2018
and reduced emissions to 15 tons/year of Hg emissions. Currently within the United

States, 50 tons Hg/year are emitted, and globally there are 5,000 tons Hg/ year

United States Hg Emissions (tons/yr)

emitted.

Present Emissions 50
CAMR First Phase Cap (2010) 38
CAMR Second Phase Cap (2018) 15

Table 1: United States Mercury Emissions

As coal consumption increases worldwide the need for sorbent materials to capture
harmful components of flue gases before being released into the environment
becomes of increased importance. This work specifically focuses on the removal of

Hg, As, Se, and H,S from the flue gases produced from coal-fired power plants.
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2.2 Coal Gasification

Coal gasification was developed in the 1970’s. The rise of natural gas prices launched
coal as a major source of power. Also, the emerging environmental considerations for
acid rain adjusted the objectives of power stations to include SO, and NOy emissions,
which inspired the advancement of a new coal power technology, Integrated

Gasification Combined Cycle (IGCC).°

IGCC is a power cycle that has two major power generating steps. First, coal is
gasified to produce a synthesis gas (syngas), mostly made of H, and CO. This syngas
is then sent through a gas turbine where energy is harvested. In the following step, a
heat recovery steam generator (HRSG) is used to transfer heat (energy) from the
syngas to steam. The hot steam is then passed through a steam turbine where even
more energy is collected. See Figure 1 for a general schematic of an IGCC plant.
Since the pollutants can be separated before combustion takes place, it is possible to
achieve lower emissions. The double turbines and low emissions make IGCC plants

very appealing to the power generation industry.®

/ c0, at 2100 :h

for o spog al
Burner [ {

Water!

s
[Went

Figure 1: Schematic of IGCC Process ’
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Gasification is the process of converting carbon-containing material to H, and CO, by
reacting the material with a strictly-controlled amount of O, at elevated temperatures.
Pyrolysis is the first step, which is to heat the material to a very high temperature,
where tars (pollutants) are volatilized and the mass of char that is left is then passed
onto the combustion reaction. In the combustion reaction oxygen (or air) is fed and
reacted with the char giving CO and CO; as products, as well as heat and energy for
the gasification reaction. The gasification reaction includes steam and CO, reacting
with the char to produce the H, and CO in a reducing environment.® The water-gas

shift reaction is also present and reaches equilibrium at the given conditions.

Pyrolysis: Fuel + heat — CH,4 + H, + Tar + Char
Combustion: C (CH4 + Tar + Char) + 120, — CO
Gasification: C (Char) + CO; + H,O — CO + H,

Woater-Gas Shift: CO + H»0 < CO, + H»

Types of gasification reactors include fixed-bed, fluidized-bed, and entrained-flow. A
fixed-bed gasifier (Figure 2) can either be in a counter-current or co-current
configuration. In both, a stream of steam and oxygen (or air) flows though a bed of
fuel. The fuel used must not cake, so it can remain permeable to the stream of gas.
The overall efficiency is lower than that for a fluidized bed. In the counter-current
configuration, methane (CH,) and tar levels are relatively high in the outlet gas
stream; therefore, it must be cleaned thoroughly before being sent to the turbine or
recycled back to the reactor. However, in the co-current configuration, the gas passes
through the hot bed and the tar levels are significantly lower than in the counter-

current configuration.®
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Figure 2: Fixed-Bed Gasifier *°

A fluidized-bed gasifier (Figure 3) is used primarily for fuels that have highly
corrosive ash, such as biomass fuels. The corrosive ash could damage the walls of the
gasifier since it tends to allow a lot of slagging. The coal is fluidized in oxygen (or
air) and steam in the reactor. If a low-rank coal is available, the ash is removed in a
dry setting allowing the operating temperatures to be lower. On the other hand, if a
high-rank coal is used, the ash is collected as agglomerates, which causes the
operating temperatures to be somewhat higher. The conversion efficiency is lower
than that of the entrained-flow gasifier, but recycling and combustion of solids can

help increase the efficiency.’
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Risw Product Gas Outel

Figure 3: Fluidized Bed Gasifier *

The entrained-flow is the most popular type of gasifier (Figure 4). Pulverized solid
and liquid fuel slurry are reacted with oxygen (rarely air) using a co-current
configuration. Most ranks of coal are appropriate to use in this type of gasifier
because of the very high operating temperatures. These temperatures are well above
the ash fusion temperature so the control of slagging is a crucial component of the
gasifier’s operation. Even though more energy is required to cool the syngas stream

after the gasifier, an entrained flow unit has a high efficiency.’
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Figure 4: Entrained Flow Gasifier *

Specifically, the Koppers-Totzek method is used in an entrained-flow gasifier. The
temperature at the burner of this type of entrained-flow gasifier is around 3500°C. In
the main reactor compartment the endothermic reactions that are taking place cause
the temperature to drop to about 1700°C. Once the syngas is released it is quenched
with water to cool it to 900°C. It is important to note that even cooled syngas has a

very high temperature.*®

The operating conditions for the three types of gasifiers vary slightly. The operating
temperature range of the gasifier unit is 800 to 1900°C and the operating pressures are
between 10 and 100 bar. These operating conditions allow for the differences between
coal combustion and coal gasification to become significant. Coal combustion occurs
at a much lower temperature than gasification (200-300°C), with the temperature
difference greatly affecting the speciation of trace elements in the unit operation. In
fixed-bed gasifiers, the coal particles are larger in comparison to fluidized-bed

gasifiers. This difference (about 25 mm) in particle size helps to optimize the mass
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transfer in the system. Both fixed- and fluidized-beds operate in similar conditions of
800-1100°C and 10-100 bar. Entrained-flow gasifiers operate at a much higher
temperature (1500-1900°C) and require significantly smaller particle size (roughly 0.1
mm) for the coal feed, yet they are still the most popular type of gasifiers due to their
relatively high efficiencies. Figure 5shows a general comparison of all three types of

gasifiers.

Fixed-Bed Fluidized-Bed Entrained-Flow
800-1000 C 800-1100 C 15001900 C
10-100 bar 10-25 bar 2540 bar
Coal (3-30mm) Baz
Cal 1
[1-frmrm)
Steam
+ 0, 7
|
Ach Slay

Figure 5: Comparison of Three Main Types of Gasifiers **

2.2.1 Gasification Speciation

In coal gasification, the operating conditions are different from traditional coal
combustion; therefore, several trace elements are present in different forms. This is
important when examining the trace element emissions that occur in coal gasification
plants. A trace element present in the temperature range of 500 — 650 °C and the
pressure range of 150-300 psi can pass through the process and be released into the
environment.™ In the case of mercury, coal combustion and coal gasification have the
same speciation profile with elemental mercury (Hg®) as the dominant species®.
Other species present in coal gasification are HgS and HgO, but these species are less

prevalent as seen in Figure 6. Arsenic oxide (AsO) is the most abundant species at
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coal gasification conditions, followed by arsenic sulfide (AsS) and arsine (AsHs)
shown in Figure 7. Selenium is most likely in the form selenium hydride (hydrogen
selenide, H,Se).™ Figure 8 shows additional selenium species (Se, Se,, and SeO) that
are also present in coal gasification conditions. Each species has its own

characteristics, which are crucial in the study of how to capture them.
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Figure 8: Equilibrium Speciation of Selenium®

2.2.2 IGCC Projects

There are several IGCC projects that have been completed. The first successful
project was located in Southern California at the Cool Water Project between 1984
and 1989. In Florida, the 250 MW Polk Power Station broke ground in 1994. In 1995,

the 262 MW Wabash River project was started in Indiana.’

In 1994 the Polk Power Station located in Polk County, Florida was started. It is a 250
MW IGCC, owned by Tampa Electric Company. Tampa Electric Company and its
partners received a grant from the Department of Energy for the construction of the
clean coal technology at Polk Power Station and it seems that they have achieved it.
They have reached 99.5% sulfur removal and between 90-95% mercury removal.
Particulate matter (PM) has also been reduced to less than 0.004 Ib/Mbtu. Their water
usage was reduced by 40% by using less cooling water and also the development of

the brine concentration unit, which reuses all of the waste water.®
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Figure 9: Polk Power Station *’

Destec Energy Inc. and PSI Energy Inc. started the Wabash River Station in West
Terre Haute, Indiana in 1995. This was also partially funded by the Department of
Energy for the Clean Coal Technology program. From the emissions standpoint,
Wabash performed very well. The reported sulfur removal was 96.8% and the
particulate matter was reported to be minimal. This project also won Power
Magazine’s 1996 Power Plant of the Year award. At that time, it was the longest-

running Integrated Gasification Combined Cycle unit in the U.S.*®

Figure 10: Wabash Power Station *°
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The power stations described above have demonstrated that IGCC plants are more
efficient and environmentally-sound than coal-fired power stations. These projects
have provided scientists with experimental data that can be used to further explain and
predict the characteristics of coal gasification. With this data, studies can be
performed to optimize the energy output of the power stations as well as reduce the
amount of pollutant emissions, including SOy, NOy, and the trace elements from

IGCC power plants.

2.3 Trace Element Emissions

The primary trace elements emitted from coal gasification plants include compounds
of As, Se, and Hg. Arsenic compounds released from coal gasification plants include
As(s), AszS3(s), Asa(g), AsS (g), AsO(g), As(g), AsHs(g), and AsH(g). The main
mercuric compounds present are Hg°(g), HgH(g), and HgS(g) and the primary
compounds of selenium released from coal gasification plants include Se(g), H.Se(g),
HSe(g), and SeS(g), where (s) represents the solid phase and (g) represents the
gaseous phase. The emissions of these species pose numerous health risks to both

humans and animals.

2.3.1 Mercury
The EPA has set the Maximum Contaminant Level (MCL) of Hg in drinking water at

2 ppb. The three main forms in which Hg exist are elemental (Hg’), inorganic
compounds such as mercury salts such as HgCl,, and organic compounds such as

methylated mercury (HgCHs).?® All three types pose serious health risks.
Mercury occurs naturally in the environment, as a result of volcanoes and forest fires,

and can volatize from water, soil, and flora. However, it is also a result of

anthropogenic industrial pollution into the air. These man-made sources include
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mining, manufacturing processes, mercury cell production, waste incineration, and
crematoria, but the main cause of anthropogenic mercury emissions is from coal-fired

power plants.?%?

Mercury emissions accumulate in streams and oceans. When the mercury ends up in
the water bacteria chemically transforms it into the organic compound methylmercury
which accumulates in the fish that live there. As a result, humans become exposed to
HgCHs when they eat certain kinds of fish.?® The main source of mercury in humans
is this HgCHg3 ingested during fish consumption and exposure can cause blindness,
deafness, speech difficulties, and developmental defects.”> When high levels of
mercury are present in the bloodstreams of pregnant and nursing women, they risk

harming the developing nervous system of the unborn or newborn child.?*

The health risks of elemental mercury (Hg® are also numerous. When Hg® is
ingested, it does not pose any serious health threats. However, when inhaled, a large
portion enters the brain and can cause damage to the central nervous system.” These
effects include tremors, mood changes, and slowed sensory and motor nerve
function.® Ingestion of Hg° can also lead to memory loss, chest pains, and increased

susceptibility to kidney damage.*

The toxicity of Hg is dependent upon its speciation. According to Table 2, the toxicity

of mercuric compounds is as follows:

Toxicity Species
Most Toxic Methylated Mercury (HgCHy)

Inorganic Mercury Compounds (i.e. HgH and HgS)

Least Toxic Elemental Mercury (Hg”)

Table 2: Toxicity of Mercuric Species
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Table 2 shows that methylated mercury is the most toxic mercuric compound.
Therefore, it is very important that mercury is captured from the flue gases of coal
gasification plants before it can accumulate in streams and oceans where it will be

chemically transformed to the very toxic methylated mercury.

2.3.2 Arsenic
The EPA has set the MCL of arsenic in drinking water at 10 ppb, effective as of

January 23, 2006. The EPA estimates that about 5% of community water systems in
the United States had to take corrective action to lower the levels of As that were
currently in their drinking water. This accounts for about 3,000 community water

systems, which provide water for approximately 11 million people.?

Arsenic is produced by both anthropogenic and natural sources. However, there is
three times more arsenic produced by humans as that which occurs naturally in the
environment (i.e. in rocks, soil, water, air, plants, and animals®®). Man-made industrial
sources include copper smelting, mining, and coal burning. However, the major man-
made source of arsenic is from coal-fired power plants. Therefore, it is becoming

increasingly necessary to reduce the arsenic emitted from coal gasification plants.

Emitted water-soluble forms of As eventually make their way into drinking water. If
present in levels that exceed the EPA regulatory standard of 10 ppb, As can cause
serious health problems, both short- and long-term. Short-term exposure to arsenic
can pose some small health risks, but these effects are not likely from U.S. public
water supplies that are in compliance with As regulations. Long-term exposure to
arsenic over many years can result in cancer of the bladder, lungs, skin, kidneys, nasal
passages, liver and prostate.® Since As is a carcinogen, there is now evidence that

some As compounds can lead to lung and skin cancer. The risk of lung cancer
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increases dramatically if exposed to high levels of arsenic trioxide (AsOs). Skin
cancer can be caused by exposure to inorganic As compounds present in drinking

water and the air.?’

The toxicity of arsenic depends on its speciation. Table 3 illustrates the relative

toxicities of some common As compounds.

Toxicity Species
Most Toxic Arsine (AsH3)

Inorganic As(111)

Organic As(l11)

Inorganic As(V)

Organic As(V)

Least Toxic Arsonium compounds and elemental arsenic

Table 3: Toxicity of Arsenic Species”’

shows that the most toxic compound of arsenic is arsine (AsH3), which is a colorless
and extremely poisonous gas.?’ Arsenite (As(Ill)), is more toxic than As(V), or

arsenate, and inorganic compounds are more toxic than their organic counterparts.

2.3.3 Selenium
The EPA has set the MCL of Se in drinking water at 0.05 ppm. The EPA believes that

below this level, humans are not at risk to the negative health effects of exposure to

Se 28
Like As and Hg, Se is also a naturally occurring substance in the environment as well

as a result of anthropogenic sources. For example, it occurs naturally in fertilized

agricultural soil. On the other hand, one of the primary man-made sources is Se
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released into the air from coal and oil combustion plants.?®

Se is an essential nutrient for human health at low levels. However, when exposed to
Se levels at high levels even for a short amount of time, it can pose serious health
risks. This exposure can result from Se that is inhaled, ingested, or absorbed through
the skin. Humans are exposed to Se through food, water, and contact with soil or air

that contains high concentrations of Se.?

The short-term health risks of exposure to Se are numerous. Humans can experience
hair and fingernail changes, damage to the peripheral nervous system, fatigue, and
irritability when exposed to high levels of Se.*® Eye exposure can result in burning
and irritation.” The long-term effects of Se include hair and fingernail loss, kidney
damage, liver tissue damage, and damage to the nervous and circulatory systems.?® Se
primarily accumulates in the liver and kidneys, where it can cause Se poisoning, also

known as selenosis.>® Selenosis can become so severe that it can result in death.?®

Table 4 illustrates the relative toxicities of selenium compounds of interest.

Toxicity Species
Most Toxic Hydrogen Selenide (H,Se, HSe)
Selenium Sulfide (SeS)
Least Toxic Elemental Selenium (Se)

Table 4: Toxicity of Selenium Species™
This table shows that hydrogen selenides, which includes both H,Se and HSe, are the
most toxic selenium compounds of interest. Therefore, emphasis will be placed on
these compounds when analyzing the results of subsequent computational chemistry

calculations.
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Due to the extremely dangerous health effects associated with the compounds of Hg,
As, and Se present in the fuel (or syngas) or flue gases of coal-fired power plants, the
design of a multi-pollutant sorbent to capture them becomes essential. The number
one source of anthropogenic Hg, As, and Se emissions is from coal combustion or
gasification plants, and it is very important that their release into the environment is

reduced.

2.4 Current Trace Element Removal Practices

There are federal and state regulations that control the emissions from power stations.
The control of SO, and NOy emissions is very important; the Clean Air Act of 1990
placed a cap on SOx and NOy emissions. In a gasifier, the oxygen feed rate is lower
than in a pulverized coal system, therefore the sulfur in the gasifier reacts to form H,S
instead of SOy. In a flue gas desulfurization unit (FGD), better removal efficiency can
be achieved when H,S is the major component (99% removal) compared to SOy (93%
efficiency). The reduction of NOy emissions can be done with a selective catalytic

reduction unit (SCR) and by lowering the flame temperature (low-NO, burners).®

For the trace elements, the pollution control options are not as extensive. For Hg, if it
is present in the water-soluble oxidized state (Hg®") it can be partially removed in a
wet scrubber.®* However, in coal gasification Hg is most likely to be in the elemental
state. The technologies used to remove Hg® from gasification applications are
molecular sieves and activated carbon.®* For arsenic, there have been several attempts
to remove the trace element from gasification unit emissions, including molecular
sieves (13x), silica gel, alkali metal sorbents, and activated carbon. Arsenic oxide
(As,03) is a poison for the vanadium-based SCR catalyst. Therefore, it reduces the
amount of NOy removal when there is no pollution control system in place for As

before the SCR unit.®* In the case of Se, the main pollution control technology is
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activated carbon. Using a commercially available activated carbon, Lopez-Anton et
al. were able to achieve 70% retention for selenium and 20% retention for arsenic in

coal gasification simulated syngas at an operating temperature of 120°C.*

Currently the most promising trace element removal method is activated carbon.
However, the gas stream must be cooled to 40-50°C for Hg removal. If metals are
used as a sorbent for trace elements, the temperature of the stream can remain
between 150-380°C. The following section contains information on the metals that

have been considered for potential multi-pollutant sorbents.

2.5 Sorbent Materials

The section justifies our selection of each metal dimer (Au,, Pd,, Pty, V2, Fe,, and
Cu,) for the use in investigating relative binding energies of Hg, As, Se, and H,S. For
each metal, there is a summary of the current uses, supports, and the reason why it

may be successful in capturing the species of interest.

2.5.1 Gold

Gold has become particularly interesting in catalysis, because this noble metal, which
is unreactive in its bulk form, becomes a highly reactive catalyst when clustered into
nanoparticles.®* Gold nanoclusters specifically aid in the oxidation of CO.*
Additionally, these nanoclusters could potentially be useful for adsorbing Hg
emissions from coal-fired power plants because historically Hg has been used in
mining to capture Au®. Since Au and Hg are commonly found together in nature, Au
sorbents may be successful in capturing Hg. This work also seeks to determine if Au
could be used to adsorb As and Se as well, and in the future be used as a multi-

pollutant sorbent in coal gasification.
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Recently, studies of Au nanoclusters have been focused on modeling or
experimentally creating the clusters on a support surface, or on the oxidation of CO
on the Au cluster. The nanoclusters can behave in different ways depending upon the
support material. Additionally, the support material potentially could aid in the
catalysis of a reaction in some circumstances. Au nanoclusters typically have oxide
supports, which are classified as reducible-oxide supports (TiO,, TiOs, NiO, Fe,O3,
etc.) or irreducible-oxide supports (Al,O3, MgAIQy,). In general, for reasons which are
yet to be determined, reducible oxide supports are more stable than irreducible

supports.*’

This study focuses on understanding the chemistry of Hg, As, and Se with Au dimers

to determine if Au should be considered as a multi-pollutant sorbent.

2.5.2 Palladium

Palladium has been used as a catalyst for many applications. The most common use is
as a catalyst for hydrogenation reactions including the hydrogenation of alkenes,
arenes, olefins, and unsaturated fatty acid esters.®® There are other chemical reactions
that utilize the catalytic activity of Pd such as the Suzuki reaction (formation of
carbon to carbon single bonds) and carbonylation (the addition of CO to an organic
compound to create a carbonyl group).*® Palladium is very reactive, which is why it is

frequently used as a catalyst for chemical reactions.

The amount of surface area on a catalyst is directly proportional to the efficiency of
the catalyst. The more surface area available on the catalyst the more active sites that
are accessible for the reaction to take place on. To increase the surface area of
catalytic compounds, nanoparticles are used. The surface areas of various support

materials are shown in Table 5. In the case of Pd, nanoparticles have been made either
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on surfaces of solid supports such as silica and alumina, or colloidal particles.*® A
study has successfully made monodisperse Pd nanoparticles using a Pd-based
surfactant.** Other methods of making nanoparticles include gas-evaporation,
sputtering, co-precipitation, sol-gel, hydrothermal, and microemulsion techniques.**
Sometimes supports can be used to create a greater amount of surface area for the

reaction to occur.

Support Surface Area (m°/gram)
Activated Carbon 1100*

Silica (SiOy) 200 Ve

Alumina (Al,O5) 90*

Au 1-3%

Pd 1-3%

Pt 45%

V 130-150"

Fe 30-50%

Cu 30-70%

Table 5: Surface Area of Support Materials

A support of a catalyst consists of varying geometries and sizes to create a large
network of sites for the catalyst to be attached to. The most popular type of support
for Pd is activated carbon (Auer 1998). Other types of supports include aluminum
(Al), alumina (Al,O3), titanium oxide (Ti,O3), silica (SiO,), and zirconia oxide
(ZrO,).*45464748 The \wide range of possible supports creates choices that can help to
optimize the activity of the Pd catalyst, which is important especially when the cost of

Pd is taken into account.

2.5.3 Platinum

The use of Pt as a catalyst has been a heavily-studied research topic for many years.
The two major uses of Pt catalyst are for the cathode material in direct methanol fuel
cells (DMFC) and as a catalyst in a three-way catalytic converter (TWC).***® A TWC
converts NO and CO to NO; and CO, simultaneously. Fuel cells are a main target for

future sources of clean energy. Therefore, the increase in efficiency of fuel cells is
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crucial to the Pt catalyst development. Understanding the characteristics of and other

applications for the Pt catalyst will only help the energy industry.

Pt catalysts have better efficiency as their surface area increases; therefore the use of
nanomaterials to support Pt could be very useful. Mizukoshi et al. found that Pt
particles could be made from Pt ions (Pt (I)) after sonication with sodium dodecyl
sulfate (SDS).>* Another study concluded that carbon nanotubes could be a possible
support for the Pt catalyst.>® Additional supports materials investigated include
aluminum (Al), activated carbon (C), cesium-zirconia alloys (Ce-Zr), titanium oxide
(TiO,), niobium oxide (Nb,O3), yttrium oxide (Y,0s3), vanadium oxide (V,03),
zirconia oxide (ZrO,), alumina (Al,O3), chromium carbide (Cr3C,), silicon (Sis), and
nitrogen (N4).>*°*°>*®0 With all of these different supports, Pt catalyst can be made

to have a high surface area.

2.5.4 Vanadium

Vanadium oxide is often used as a catalyst with similar properties to Pt.°’
Additionally, V is used as the active catalyst within Selective Catalytic Reduction
(SCR) units to reduce NO*®, so it would be beneficial if V could be used to capture
additional pollutants. This research seeks to understand the fundamental chemistry
between V and the trace element species. Thus, dimers of V are being considered as a
sorbent for trace elements (Hg, As, and Se) from the flue and fuel gases of coal

combustion and coal gasification.

Currently V catalysts are used to enhance the reaction: SO, — SOgs. This catalyst is
operated at temperatures below 650°C, and can be poisoned by various materials
including: Hg, (Se), and (As,O3). The pentoxide form of arsenic, As,Os has been

known to block the catalyst surface around 600°C. The species, Se and SeO3; only
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have been shown to cause harm to the catalyst below 400°C, and initial activity is
restored after heating the catalyst. Additionally, Hg has been known to deposit on the
catalyst surface further reducing the catalyst activity. Elemental Hg has been known
to prevent deposition of SO, on the V catalyst surface.® Therefore, V could
potentially be used to capture As at high temperatures around 600°C, Se at

temperatures below 400°C, and elemental Hg.

2.551ron

An Fe sorbent is being investigated because of its current applications for removing
contaminants from the environment, its low cost, and its widespread abundance.®® Fe
nanoparticles are being used to separate contaminants from groundwater, soil, and
sediments. As Wei-xian Zhang of Lehigh University explains, they help remove
contaminants from soil and water because when metallic Fe oxidizes in the presence
of contaminants such as trichloroethene, carbon tetrachloride, dioxins, or PBCs, the
molecules get caught up in the reactions and are broken down into simple carbon
compounds that are less toxic than their original state.®® Since the particles are on the
nanometer scale, they are able to flow easily through channels in soil and rocks where

they can reach and destroy these contaminants.®?

Specifically, their ability to remove carbon tetrachloride present in groundwater is
being studied. Researchers at the Oregon Graduate Institute School of Science and
Engineering have discovered two types of Fe nanoparticles that are able to perform
this contaminant removal, which range in size from 10 to 100 nanometers. The first
one was an iron oxide with a magnetic shell consisting of mostly sulfur, which was
proven to be able to degrade carbon tetrachloride to harmless products. The second
was an iron oxide coated in oxidized boron. This attempt was not as successful

because although it degraded the carbon tetrachloride, it also produced the
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contaminant chloroform.5!

Studies have been conducted to analyze the most effective support for Fe
nanoparticles. Supports composed of MgO and CeO, have been studied. These
investigations show that CeO, is the most effective support for these nanoparticles.
This is most likely due to the exchange of electrons at the interface between the Fe,O3
catalyst and the CeO, support. The formation of a methoxy group at the surface also

contributes to this increased catalytic activity.®

The relatively low cost of Fe nanoparticles makes it an attractive option for the
removal of contaminants. The cost of these nanoparticles is roughly $40 to $50 per
kilogram. Since approximately 11.2 kilograms of Fe nanoparticles are needed to
decontaminate approximately 100 square meters of land, this equates to only about $5
per square meter.®® Consequently, their inexpensive nature and high ability to remove
contaminants from the soil and water makes them an attractive option for the removal
of the harmful compounds of Hg, Se, and As from coal gasification plants. One
drawback to Fe is that it oxidizes quickly, which should be considered when using Fe
in oxidizing environments. However, coal gasification takes place in a reducing

environment, so this may not be of concern.

2.5.6 Copper

The final sorbent being studied is Cu, an economical catalyst with important
properties. Nanoclusters of metallic Cu have been supported on different metal oxide
supports, including ZnO, ZrO,, Al,03, and Si0,.%* These catalysts are used widely in
many industrial applications. The greatest catalytic activity is achieved when Cu
nanoparticles less than 4 nanometers are supported on metal cerium oxide, or ceria.

Chemist Jose Rodriguez, who is currently conducting research at the U.S. Department
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of Energy's (DOE) Brookhaven National Laboratory, said that “Metal nanoparticles
alone are not able to do the catalysis, but when you put them on the ceria, you see

tremendous catalytic activity.”®®

Research is being conducted for the use of Cu nanoparticles in reactions that improve
the life of fuel cells. Currently, Au nanoparticles are being used, but Cu nanoparticles
are being investigated as a substitute because they are much cheaper. Research
performed by Jose Rodriguez has shown that Cu nanoparticles can replace Au
nanoparticles. While Au has proven to demonstrate the greatest catalytic activity, Cu
continues to be investigated because it is almost as reactive as Au and it is a lot less
expensive.®® As a result, these Cu nanoparticles are being investigated for the removal
of Hg, Se, and As compounds from coal gasification environments because of their
proven catalytic activity for other applications, and most importantly, their

inexpensive cost.

2.5.7 Cost Comparison of Sorbent Materials

In addition to the current uses and material properties of each potential metal sorbent,
we must also consider the cost of each material when recommending the use of each
metal as a sorbent material. Pt, Au, Pd, Fe, V, and Cu are the metals of interest from

highest cost to lowest cost®® as shown in Table 6.

Metal US Dollars/ kg
Pt 59,857
Au 32,135
Pd 13,545
Fe 194
V205 18.52
Cu 7.02

Table 6: Cost Comparison of Sorbent Materials
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2.6 Computational Chemistry

One aim of computational chemistry is to model chemical reactions and predict
molecular properties.®’” The quantum-chemical program used in this work is Gaussian
03W. It is an ab initio solver, which translates to “based upon first principles,”
meaning it does not use any empirical relations. Gaussian has the ability to investigate

compounds that are in the gas phase, solution phase, solid state, or excited state.®

The Gaussian software package allows for the calculation of estimated solutions of
the Schrédinger Wave Equation (SWE) to determine the energies of the individual
molecules or bound complexes. This equation is solved using a specified
mathematical method and basis set combination that must first be defined by the user.
All the results are based on solutions of the SWE given the appropriate
wavefunction(s). For a single electron, the time independent SWE becomes
HY = E¥ (1)

where H is the Hamiltonian operator, E is the energy eigenvalue, and ¥ is the
eigenfunction (i.e., wavefunction). Computational chemistry programs use complex
algorithms and iterations to solve approximations to the SWE to find stable optimum

values for such parameters as bond lengths, energies, and vibrational frequencies.

The two most important parameters that the user must specify are the method of
approximating the wave equation with the basis set. Together, these parameters make
up the “level of theory,” which will depend on the system that is being modeled. The
full Hamiltonian, and hence, the SWE, can never be completely solved except for a
system that consists of a single electron and, different methods allow for different
approximations of the Hamiltonian.® These methods include efficient ones such as

B3LYP (Becke 3-Parameter, Lee, Yang, and Parr), and more complex methods such
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as QCISD (Quadratic Configuration Interaction with Single and Double Excitations)
and CCSD (Coupled Cluster with Single and Double Excitations). The amount of
time necessary to complete calculations increases as higher and more accurate
methods are used for the systems analyzed. Therefore, one needs to establish a
balance between efficiency and accuracy when using computational chemistry
methods. However, the accuracy of computational chemistry software programs such
as Gaussian is increasing to such an extent that it is able to compete with results

derived experimentally.®’

The second parameter is the basis set, which describes the space that the electrons can
occupy. Basis sets may also contain polarization and/or diffuse functions, which can
greatly affect the calculated parameters. Polarization functions, denoted by one or
two asterisks add an additional p-function to the basis set. One asterisk (*) adds
polarization functions to all atoms other than hydrogen, while two asterisks (**)
provides polarization functions for all atoms in the system. Polarization functions give
more flexibility to the basis set by adding d-type functions to basis sets with p-orbitals
and f-type functions to basis sets with d-type orbitals.” Diffuse functions, on the other
hand, are denoted by plus signs. One plus sign (+) indicates that a diffuse function is
added to all atoms other than hydrogen, while two plus signs (++) show that diffuse
functions are added to all atoms of interest. Diffuse functions are mainly used to
provide more accurate descriptions of anions by improving the basis set at large

distances from the nucleus.”
To speed up calculations for systems with many electrons, we sometimes utilize

effective core potentials (ECPs). ECPs neglect the electron correlation between inner

and valence electrons. Therefore, only the bonding and behavior of the valence
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electrons can be studied.”® It is particularly useful for systems with Au and Hg, which

have many electrons.

The calculations are sensitive to the method and basis set chosen, which is why
careful consideration must be given to these choices. Calculations should be run at
selected levels of theory for species of known parameters to see which produces
geometries and vibrational frequencies that agree best with experimental data. After a
level of theory has been found, further calculations can be made with Gaussian using

this justified level to study more complex species.

2.7 Summary

The background information provides an overview of the scope of this MQP within
the context of global and national coal consumption, coal gasification, and the
harmful effects of the trace element species of interest. Additionally, this section
contains the justification for choosing the sorbent materials of interest based on the
current catalytic uses and potential for adsorbing the trace element species.
Computational chemistry was used to model the binding of the trace element species
with the metal dimers. The methodology section describes how these reactions were

studied using computational chemistry techniques.
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CHAPTER 3: METHODOLOGY

This methodology explains how the binding energies between the trace element
species of Hg, As, and Se were computed. When using Gaussian, after the level of
theory has been validated, the energetics of the individual species and bound
complexes within each reaction being analyzed were determined, and finally the
binding energy (BE) was computed. For the reactions with the strongest BEs, the
energy differences between the HOMO and LUMO of the reactants are examined and
an orbital analysis is conducted. The overall methodology is summarized in Table 7,

and discussed more thoroughly in Sections 3.1 to 3.6.

Validate level of theory for calculations through basis set justification

Compute energies of individual species

(Hg, HgH, Hgs, As, As;, AsS, AsH, AsH3, Se, H,Se, HSe, SeS, H,S, Pd,, Au,, Pty,
V2, Cuy, and FEz)

Compute the energy of the bound complex at different multiplicities to find

ground state energies

Calculate the binding energy between the metal dimer and trace element species

BE= E(Bound Complex)-E (Separate Species)

Determine energy gaps of HOMOs/LUMOs and conduct an orbital analysis on
selected species

Table 7: Summary of Methodology
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3.1 Level of Theory Justification

The methods investigated to approximate the wave equation were B3LYP, a relatively
efficient model that relies on Density Functional Theory calculations, and QCISD,
which is a more complex calculation that involves the Hartree-Fock approximation
and all configurations that are derived from singles and doubles excitations. The
configuration simply refers to the arrangement of the electrons. It is an effective
method for describing systems in the ground state, such as the ones that we are
modeling.”® The basis sets considered for the metal dimers each consisted of a
relativistic effective core potential (ECP). They were Stevens/Bauss/Krauss 1992
(SBKJCVDZ ECP) and Stuttgart 1997 (ECP60MDF). Additionally, LANL2DZ was
considered for Fe calculations. The basis set considered for As and Se was 6-311G*
and for Hg was ECP60MDF. Hg has more than double the amount of electrons, and

therefore requires a different basis set to achieve an accurate model.

The accuracy of the level of theory for each component of the reaction was
determined by comparing the calculated theoretical vibrational frequency predictions
and/or bond lengths of each species to the experimental values found within the
literature. The validation of the level of theory chosen will be presented in the results

and discussion section of this report.

3.2 Ground-State Multiplicities

An important quantity specified in the Gaussian input file is spin multiplicity. The
multiplicity represents the total number of orientations of the spin angular momentum
corresponding to the total spin quantum number of all electrons (S)"* and is defined as
25+1. A system with a multiplicity of one has all the electrons paired and is called a
single. One unpaired electron would be a doublet, with a multiplicity of two, and so

on.
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We found the ground state of our species through calculations carried out at different
multiplicities. Since the determination of the exact electron configuration of the bound
species is a complicated procedure, we calculated the binding energy of each complex
for 3 to 4 different multiplicities. The multiplicity of the species yielding the lowest
energy was said to be the ground state. The binding energy of the ground state was

used as the basis for comparison of all the bound species.

3.3 Orientation of Reactions

In addition to the multiplicity, another important specification in the Gaussian input
file was the orientation of the reaction. Certain compounds of Hg, As, and Se may
bind to the metal dimer differently, depending on the orientation of the reaction; such
compounds include HgS, AsS and SeS. For example, a molecule of HgS could bind to
the metal dimer on the Hg side or the S side depending on its preferred orientation.
Calculations were carried out in Gaussian that accounted for all possible orientations.
As a result, the species that exhibited the strongest binding energy could be said to be

the preferred orientation of that particular reaction.

3.4 Binding Energy

To determine the binding energy of the adsorbed species on each of the metal dimers
the energy of the individual species alone and the energy of the product were
determined initially. To ensure consistency within our binding energy results, we used
the same level of theory for all of the calculations, i.e., B3LYP, and the corresponding
basis sets for each element were held constant. We also used the multiplicities
corresponding to the ground state for all of the binding energy calculations to ensure

trends associated with the strongest binding were revealed.
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For simplicity, we considered the binding of the trace element species onto the metal

dimers as a reaction in the form:

Trace Element Species (TES) + Metal Dimer — Trace Element Species-Metal Dimer
TES + M; — TES-M,

The energy required to complete this reaction is calculated according to 1,

AE = ZEProducts _ZEReactants (1)

such that the product is the adsorbed trace element species on the metal dimer and the
reactants are the individual compounds. From the Gaussian output, the energy of the
molecule is given in Hartrees, which was converted to the more common energy unit,
kcal/mol, using a conversion factor of 627.5095 Hartrees per kcal/mol after

calculating binding energies in Hartrees.

Additionally, the type of adsorption, i.e., chemisorption or physisorption was
determined. If the BE is calculated to be over 15 kcal/mol, an adsorption mechanism
associated with chemisorption is most likely occurring. If the BE is calculated to be
less than 10-15 kcal/mol an adsorption mechanism associated with physisorption is
likely to be occurring. The calculation of the BE of each reaction helps to show the
strongest bonds between the metals and trace element specimen, and thus the

strongest candidates for a multi-pollutant sorbent.

3.5 HOMO and LUMO Maps
HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied

Molecular Orbital) maps were generated for the metal dimers, trace element species,
and bound complexes. The distribution of these orbitals are allows us to further
understand the transfer of electron density during the binding of the trace element
species on the metal dimers and help to determine the material with the highest

potential to be used as a multi-pollutant sorbent.
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In Gaussian03, the keyword “formcheck” created a formcheck file that was opened in
Gaussview to visualize the molecular orbitals. From the entire list of molecular
orbitals, we chose only the HOMO and LUMO maps. However, in the transition
metals there are likely to be a greater number of molecular orbitals participating in the
interactions, so further work should be done to analyze these higher order
contributions. The energy of the HOMO and LUMO orbitals was provided, and can
be used to determine which species, the trace element or the metal dimer, was
donating the electrons and which one was accepting the electrons during the reaction.
We defined two energy differences between the HOMO and LUMO energies, AEy
as follows: AEa = (HOMORgesctant 1-LUMOReqctant 2 ) and AEg = (HOMORgeactant 2-
LUMORgeqctant1). The smallest difference represented the more likely exchange of
electrons from the HOMO of one species to the LUMO of the other. AEy.’s and
HOMO/LUMO maps were generated for reactions with particularly strong BEs.
Using these HOMO/LUMO images, we will generate orbital diagrams for visualizing

the most promising sorbent material.

3.6 Orbital Analysis

Orbital diagrams are a tool will help us visualize how the electrons redistribute
themselves following the binding of these species on the metal dimer. For this
analysis, we will analyze energy differences to determine the species that is donating
electrons. We will also look at the orbitals of the unbounded and bound complexes to
determine how the electron distribution changes upon binding. Finally, we examine
the energies of the individual species. If the energies and electron distribution of the
HOMO of the dimer with the bound species and the HOMO of the dimer are similar,

the properties of the metal should remain similar after binding.
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3.7 Summary

This methodology section has described the various steps taken to determine the most
effective sorbent for the capture of Hg, As, and Se emissions. It has shown how
computational chemistry was used to calculate the binding energies of the bound
complexes at different multiplicities and orientations in order to find the ground state.
Finally, it has introduced the concept of HOMO/LUMO maps and their relationship to

orbital analysis.
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CHAPTER 4: RESULTS & DISCUSSION

Within this results and discussion chapter, we (a) justify the level of theory used for
each element within our calculations by comparing experimental and calculated
vibrational frequency and bond length values, (b) characterize and compare the
binding energies of each trace element species on each metal dimer into varying types
of adsorption, (c) calculate the HOMO/LUMO AEy.’s and create HOMO/LUMO
energy maps, and (d) conduct an orbital analysis for the most promising metal dimer

with the trace element species.

4.1 Level of Theory Justification

Before determining the binding energies of individual species, the level of theory used
for calculations in Gaussian03 was found. The level of theory for Hg™ was
B3LYP/ECP60MDEF, the level of theory for As, Se’®, and S was B3LYP/6-311G*.
The level of theory for each of the metal dimers was determined by calculating the
vibrational frequencies and bond lengths of each dimer using both B3LYP/
SBKJCVDZ ECP and B3LYP/ECP60MDF as shown in Table 8 and Table 9,
respectively. Because the experimental and calculated values of the vibrational
frequencies and bond lengths were similar, the level of theory for each metal
investigated other than Fe was B3LYP/SBKJCVDZ ECP. The level of theory for Fe
was the B3LYP/LANL2DZ as shown in Table 10. A summary of the level of theory

chosen for each element is found in Table 11.
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ECP60MDF
Dimer Experlmenta_I1V|b. Vib. F_Eeq. 1992V|b:1Freq.
Freq. (cm ) (cm ) (cm )
Pd, 210" 259.75 198.09
Au, 190.9" 158.82 164.69
Pt, 259" 174.89 228.45
v, 628%° 708.41 687.16
Cu, 265°% 257.54 24411
Table 8: Experimental and Calculated Dimer Vibrational Frequencies
ECP60MDF Bond SBKJCVDZ ECP
Dimer Exp. Bond Length Length Bond Length
(Angstroms) (Angstroms) (Angstroms)
Pd, 25 2.36 2.54
Au, 2.47 2.59 2,57
Pt, 2.34 2.56 2.39
v, 1.77 1.71 1.75
Cu, 2.22 2.25 2.28
Table 9: Experimental and Calculated Dimer Bond Lengths
Fe; Experimental SBKJCVDZ ECP LANL2DZ
-1
Vib. Freq. (cm ) 218% 328.45 228.2
Bond Length 83
(Angstroms) 2.55 2.20 2.55

Table 10: Experimental and Calculated Fe, Vibrational Frequencies and Bond Lengths

Element Level of Theory

Hg B3LYP/ ECP60MDF

As, Se, S B3LYP/ 6-311G*

Au, Pd, Pt, V, Cu B3LYP/ SBKIJCVDZ ECP
Fe B3LYP/ LANL2DZ

Table 11: Level of Theory Chosen for Each Element
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4.2 Binding Energies

All reactions analyzed were only considered in the ground state, since this is the most
stable state of each reaction. Binding energies were calculated at three multiplicities
(m= 1,3,5 or m=2,4,6) and the strongest energy was considered the ground state
energy. The binding energies were used to predict the type of adsorption.
Additionally, we analyze the results based on the trends of each species binding to the
various metals. From these analyses we are able to identify particular metals as
potential multi-pollutant sorbents based on the strongest binding with multiple trace

element species.

4.2.1 Characterization of Binding Energies

Chemisorption, or chemical adsorption, is a type of adsorption that involves valence
forces. A strong chemical bond is formed between the element species and metal
dimer through a significant rearrangement of the electron density. Alternatively,
physisorption, or physical adsorption, involves only bonding by weak intermolecular
(Van der Waals) forces. There is no significant change in electron density distribution
within the molecule or the metal dimer.2* For simplicity, the reactions of interest were
categorized by physisorption, chemisorption, or strong chemisorption according to the

energies in Table 12.

Binding Energy Range Type of Adsorption
0.1 to 15 kcal/mol® Physisorption

15 to 50 kcal/mol Chemisorption
Greater than 50 kcal/mol Strong Chemisorption

Table 12: Types of Adsorption

4.2.2 Ground-State Binding Energies of Trace Element Species on

Metal Dimers

From our analysis of the ground state binding energies, Fe is the best sorbent material

for the capture of Hg, As, and Se compounds, as shown by the strongest binding
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energies in Figure 11. Many of the other metals have a strong attraction for only a
particular trace element or two. Although the sorbents chosen for this project have
been utilized for capture of some chemical species, we found that Fe had the most
potential for the use as a multi-pollutant sorbent for coal gasification. Iron seems to be
the most versatile sorbent for the capture of all species considered. Almost all binding
energies between trace element species and Fe, are greater than 50 kcal/mol (Figure

11), demonstrating that all these species have a high affinity for Fe.

The trends in binding from highest binding energy to lowest binding energy for each
trace element species on each dimer are represented pictorially by Table 13, where the
green cells highlight the binding of Fe. This table shows that Fe has the highest
binding energy for Hg, HgH, HSe, As, AsS, HAs, and As; and second highest binding

energy for Se and H,Se when compared to the other metal dimers modeled.

In addition to having a strong affinity to various trace element species, as discussed
previously, Fe has a relatively low cost in comparison to the other materials. Thus, the
Fe sorbent will be the focus of subsequent analyses throughout this results and
discussion section. Although Fe dimers show strong potential as sorbents, this
material could potentially behave differently in the bulk. Fe has a high propensity to
oxidize which could subsequently interfere with the adsorption process. Alloying
could be used to employ the strong multi-sorbent qualities of Fe. One approach may

be to alloy Fe with Cu, which is also an excellent sorbent and is inexpensive.
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Binding Energies of Trace Element Species on Metal Dimers
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Figure 11: Binding Energies of Trace Element Species on Metal Dimers

Species Highest BE Lowest
BE

Hg Fe Au Pd \Y Cu Pt

HgH Fe \" Pd Au Cu

HgS Cu Au Pt

Se \ Fe Pt Pd Au Cu

H,Se Cu Fe Pt Au Pd

HSe Fe \ Pt Pd Cu Au

SeS Pt Pd Cu Au

As Fe Vv Pt Pd Au Cu

AsS Fe Pt Au \ Cu Pd

HAs Fe Pt \Y Pd Au Cu

AsH; Pt Cu Au

As, Fe Pd Au Pt Cu Vv

H,S Au Pd

Table 13: Fe Binding Energy Trend from Highest BE to Lowest BE

Although Fe demonstrates the strongest binding with the most trace element species

of interest, the other five metal dimers also have significant binding energies and
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therefore were also considered. Based upon the weak binding energies of trace
element species on the Au dimer, Au is the weakest candidate for use as a multi-
pollutant sorbent. As shown in Figure 11, there is only one Se species with a strong
affinity for Au. However, HgS, SeS and AsS have chemisorptions with the Au dimer,
which suggests that a stronger sorbent material could potentially be doped or alloyed

with Au to adsorb sulfur species.

Palladium also has strong chemisorptions with H,Se, but has a lower high binding
energy for the other species as illustrated in Figure 11. Palladium would not
necessarily be a bad sorbent, but it does not seem to be the best sorbent for any one

type of species.

Figure 11 shows that Pt is an excellent potential sorbent for As and Se species. Nearly
all As and Se species have either strong chemisorption or chemisorption with Pt. It
may need to be alloyed with another material to create a better sorbent for Hg since it

does not bond as well with Pt.

The binding energies for the trace element species on V demonstrate that V' could
potentially be effective at capturing of these species, though not to the same extent as
Pt or Fe. The binding energies shown in Figure 11 suggest that V has a strong
attraction to Hg and Se, but a weaker attraction to As. One option could be to use V

alloyed with a material that had a higher binding energy with As, such as Fe.

Calculations show that Cu could be an effective sorbent for the capture of Hg, As, and
Se compounds. However, compared to the higher binding energies calculated for the
other metal dimers, the attraction of these species to Cu is not as strong. Like V, Cu

also shows a stronger attraction to Hg and Se species than it does to As ones. These
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trends can be seen in Figure 11. Strong chemical bonds exist between Cu and Hg and
Se species, whereas weaker VVan der Waals forces bind the majority of the As species

to Cu.

Our analysis of each individual metal dimer has shown that Au, Pd, Pt, V, and Cu
each demonstrate a strong attraction to specific trace element species. However, Fe is
the best sorbent for all Hg, As, and Se species as demonstrated by the strong
chemisorptions between Fe, and nearly all trace element species. In the next section,
we analyze the HOMO/LUMO AEy.’s and HOMO/LUMO maps of Fe, for the trace
element species with the strongest binding to Fe,/the most prevalent species found in

coal gasification environments.

4.3 Orbital Analysis of Fe,

In this section, a orbital analysis is performed for reactions of Fe, with Hg, H,Se, As,
and As; to determine the movement of electrons during binding. The difference in
energy of the HOMO and LUMO (AEy,) are also discussed in terms of the binding of
Fe, with these selected species. The AEy,’s between the HOMO and LUMO of the
reactants reveal which species is the electron donator. The smaller AEy,_ determines
bonding that takes place in the reaction. It important to note that when the
HOMO/LUMO AEy. ’s are close to one another, this analysis becomes more
complicated because interactions other than those between the HOMO and LUMO
orbitals may be occurring. This aspect is presented in more detail in the sources of

error section of this report.

The orbital analysis allows us to understand how the electrons redistribute themselves

following the binding of these species with the metal dimer. If the HOMO of the Fe

dimer with the bound species and the HOMO of the Fe dimer are similar, the
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properties of Fe, probably remain similar after binding. If this is true for the bulk as

well, then its stability will make it an attractive option for a multi-pollutant sorbent.

4.3.1 Fe, + Hg

Hg is one of the most prevalent species in coal gasification systems and when it binds
to Fe, the product has a strong binding energy of -44.8315 kcal/mol, representing
chemisorption. Due to this strong binding energy and the prevalence of Hg in flue
gases, we have calculated the AEy’s between the HOMO and LUMO of the reacting
species. All AEy, calculations can be viewed in Tables 20-23 in the Appendix, with

the boxed cell representing the smallest energy difference.

The AEy. between the HOMO of Fe, and LUMO of Hg is the smallest (0.027eV),
compared to the AEy, between the HOMO of Hg and the LUMO of Fe;, (-0.126eV).
Thus, electrons are donated from the HOMO of Fe; to the LUMO of Hg during the
formation of HgFe,. In the HOMO of HgFe,, the orbitals are mainly around the Fe,
dimer, as shown in Figure 12. This figure also shows that the bond length between the
Fe atoms decreases from 2.5477A to 2.3546A upon binding of the Hg species,

indicating a stronger bond between the Fe, dimer upon binding of Hg.
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Figure 12: Orbital Analysis of Fe, + Hg—Fe,Hg

4.3.2 Fe, + H,Se

Of all the trace element species analyzed, H,Se shows the strongest binding to Fe (-
120.257 kcal/mol). In addition, it is also the most prevalent Se species present in coal

gasification environments. As a result, H,Se has been chosen for further analysis.

Since the AEy between the Fe, HOMO (-0.180eV) and the H,Se LUMO (-0.146eV)
is smaller than the AEy, between the Fe, LUMO (-0.089eV) and the H,Se HOMO (-
0.246eV), the Fe;, HOMO and H,Se LUMO are the orbitals that interact the most and
the Fe, donates electrons during the formation of H,SeFe,. This very small AEy, of -
0.034eV also agrees with the high binding energy of -120.247 kcal/mol of this

species.

The HOMO of H,SeFe;, depicted in Figure 13 shows that the orbitals are mainly
around the Fe, dimer. The HOMO of Fe, and the HOMO of H,SeFe, are also close in

energy, so the orbitals in H,SeFe, retain some of the structure of Fe,. The electrons
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will redistribute themselves in the Fe atom not participating in the bonding following
binding. Therefore, because the probability of occupancy is higher in the Fe dimer,
the dimer will be much more reactive. On the other hand, Se and H; are not going to

be as reactive.

1
i -
s ~
’ .
0099 ! b m
’ ~
LUND K A

Fe, m=5 H,SeFe, m=5 H,Se m=1

Figure 13: Orbital Analysis of Fe, + H,Se —H,SeFe,
4.3.3 Fe,+ As

The reaction of Fe, and As was analyzed because it exhibited one of the highest
binding energies of all trace element species at -102.269 kcal/mol. The magnitude of

this binding energy suggests strong chemisorption between Fe, and As.

The AEy. between the HOMO of Fe; (-0.180eV) and the LUMO of As (-0.229eV) is
smaller than that between the HOMO of As and the LUMO of Fe,. This suggests that

the Fe dimer is donating its electrons to As.
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Figure 14 shows that the HOMO of AsFe; retains some of the original structure of the
HOMO of Fe,. And as further clarified in the figure, the HOMO of As and the
HOMO of AsFe, have similar energies to one another. Also, the HOMO of AsFe;
depicts orbitals around the Fe atoms. Following the binding of As, the electrons will
redistribute themselves around the Fe dimer. Therefore, it is also likely that following
the binding of As, the AsFe; species will be able to bind with the LUMO of another
species to form a larger molecule and capture multiple species. This also means that

the Fe dimer will be much more reactive than As.

LUMO

,
’ v

25654 A —1—1— -0.248
HOMO

238
25477 A .

Fe, m=5 AsFe, m=6 As m=4

Figure 14: Orbital Analysis of Fe, + As —Fe,As
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4.3.4 Fe, + As,

The Fe, and As, reaction was chosen for analysis because As, exhibited strong
chemisorption with Fe,. In addition, it is one of the most prevalent As species present

in coal gasification environments.

As shown in Figure 15, the Fe dimer is most likely donating the electrons to As,, as
demonstrated by the very small AEy_ of -0.065eV between the HOMO of Fe, (-

0.180eV) and the LUMO of As;, (-0.115eV).

The HOMO of As,Fe; gives insight about the redistribution of electrons that occurs
following binding. The bond distance of the Fe dimer has decreased from 2.5477A to
2.3411A upon absorption of the As, molecule while the bond distance of the As,
species has increased from 2.1116A to 2.1222A. This phenomenon also suggests that
the Fe molecule has donated its electrons to As because Fe is contracting so the

orbitals are getting smaller.

The LUMO of As,Fe; (-0.115eV) and the LUMO of As; (-0.115eV) have the same
exact energy. Therefore, the LUMO of the bound species retains most of the original

electron distribution that is present in the LUMO of the As reactant.

The HOMO and LUMO of the bound complex suggest that As,Fe, may be able to
bind to another molecule following the absorption of the As, species on the Fe, dimer.
This may occur because there is significant electron distribution surrounding the
HOMO of the Fe atoms of the bound species. Therefore, it is highly likely that the
HOMO of As,Fe, will react with the LUMO of another molecule, possibly As,, to

further enhance the absorption of the trace element species of interest on Fe.
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Figure 15: Orbital Analysis of Fe, + As, —=>Fe,As,

4.3.5 Summary of the Orbital Analysis

Our orbital analysis has shown how Fe, donates its electrons to the trace element
species Hg, H,Se, As, and As,. In addition, following the binding of these species on
Fe,, the electrons redistribute themselves around the Fe atoms, which is consistent
with the strong chemisorption energies associated with the complexes. The HOMO of
the bounded complex retains some of the original structure of the Fe dimer. This
redistribution of electrons, combined with the small HOMO/LUMO energy of the
product, indicate that future reactions are likely to take place between Fe, and other
trace element species present in the flue gas, so Fe may be able to capture multiple

species.
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4.4 Sources of Error

There were several sources of error that we encountered in our MQP. First, we only
analyzed metal dimers for simplicity. However, we need to take into account the fact
that the dimers may behave differently in the bulk. For this reason, we have only
analyzed the observed trends. Future research will determine if these dimers follow

the same trends in the bulk.

Also, although we have only carried out an in-depth analysis of Fe due to its high
binding energies with the trace element species of interest, other metal dimers (Au, Pt,
Pd, V, or Cu) may also be effective sorbents for either coal combustion or gasification
processes. Some of these dimers demonstrated high binding energies with some of the
trace element species, but we did not perform the orbital analysis for these other metal
dimers since Fe showed the most potential as a multi-pollutant sorbent. However, we

should not neglect the potential capabilities of the other dimers in future analyses.

In the case of the Fe;, plus Hg reaction, its output file contained (?A) or (?B) notations
for the orbital types, which means that Gaussian was not able to resolve the bond type

of some of the orbitals during the calculations.

Finally, our analysis has focused solely on the HOMO/LUMO interactions of the
metal dimer and trace element species. However, species with smaller HOMO/LUMO
AEy’s will have interactions with other orbitals that are similar in energy to the
HOMO/LUMO ones. We have not accounted for these additional interactions in this
preliminary analysis. Though our efforts in this MQP have tried to minimize all

possible sources of error, these are several that have been encountered.
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4.5 Summary of Results and Discussion

The goal of our research is to determine a metal to be used as a potential multi-
pollutant sorbent. Calculations were carried out using the Gaussian software package
employing the levels of theory which best predicted the behavior of each element
based on the comparison of calculated values to experimental values. From the
binding energy calculations, we determined Fe to be the best sorbent material for
species of Hg, As and Se, because nearly all Fe binding energies exhibited a strong
chemisorption mechanism, having binding energies over 50 kcal/mol. These results
are economically-favorable because the cost of Fe is relatively low when compared to
the other sorbent materials considered. To more fully understand the chemistry of the
binding interactions, the HOMO/LUMO AEy,.’s and maps were generated for Hg, H-
»Se, As, and As,, the trace element species most prevalent in coal gasification, and the

trace element species with the strongest binding energies.

Our analysis has shown that Fe, donates its electrons to the trace element species, but
retains some of the original structure of the Fe dimer upon binding. In addition,
following the binding of these species on Fe,, there remains significant electron
distribution around the Fe, atoms. This electron distribution indicates that reactions
will continue to be favorable between Fe; and other trace element species present in
the flue gas. As a result, each Fe dimer may be able to capture multiple species
because the remaining electron density may be able to interact with other pollutants to

capture them.
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CHAPTER 5: CONCLUSIONS

The search for a multi-pollutant sorbent to be used in coal gasification was the major
goal of this MQP. First, the best level of theory was found for the species being
studied. This was completed by running several different levels at varying
multiplicities to find the ground state and then comparing them to experimental
values. The levels of theory used in this project are B3LYP/ECP60MDF for Hg,
B3LYP/6-311G* for As, Se, and S, B3LYP/SBKJCVDZ ECP for Au, Pd, Pt, V, Cu,

and B3LYP/LANL2DZ for Fe.

Using these levels of theory, the binding energies were calculated for the trace
element species found in the flue gas of coal gasification plants on each of the metal
dimers. It was found that the Fe dimer was the best sorbent for the species studied.
The binding energies of Fe with almost all of the trace element species of interest
were above 50 kcal/mol, which implies a strong chemisorption mechanism is present.

Therefore, it was observed that they all have a strong attraction to Fe.

The binding energies alone do not provide information about the fundamental
chemistry that is occurring in these reactions. In order to understand this chemistry,
the HOMO/LUMO maps and AEy, ’s were examined for the binding of Hg, H,Se, As,
and As; on the Fe dimer. These trace element species were chosen because they are
the most abundant in the coal gasification flue gas. From the HOMO/LUMO maps
and AEy.’s it was concluded that the Fe atoms donate their electrons to the trace

element species during binding.
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The ability of Fe to adsorb several types of trace element species found in coal
gasification flue gas and its possibility to adsorb these species simultaneously makes
it an attraction option for their capture. Its low cost also makes it very practical.
Therefore, it has been concluded that Fe has the possibility of acting as a multi-

pollutant sorbent to be used in coal gasification at minimal cost.
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CHAPTER 6: RECOMMENDATIONS AND FUTURE

RESEARCH

From the results and conclusions found in this MQP, it is suggested that further, more
in-depth studies be completed for the use of Fe as a multi-pollutant sorbent in coal
gasification. Using Gaussian software limits these calculations to dimers, clusters, and
nanoparticles. The characteristics of the Fe sorbent in the bulk should be studied to
get a more accurate prediction of what will happen when the sorbent is used in
experimental studies. Using a different software program such as VASP to study the
bulk periodic surface chemical properties would be a very good continuation of this

work.

It would also be beneficial to examine how alloying the Fe sorbent with other sorbent
materials affects the overall reactivity of the multi-pollutant sorbent. It has already
been mentioned that Fe wasn’t necessarily the best choice for the capture of some of
the trace element species. However, perhaps the Fe sorbent could be alloyed with Au
in order to capture the sulfur species. This would also eliminate the possibility of
sulfur poisoning the sorbent. Additionally, the impact of the support material for each
of the metals will need to be evaluated. The support material could allow the electrons
to be concentrated within the support material or within the metal, which could alter

the behavior of the sorbent.

The next step in developing this sorbent for the capture of these trace element species
in coal gasification processes would be to manufacture the sorbent. The optimal
process would be low cost and consistent. Once the sorbent can be manufactured,

experimental studies should be done to verify the trends that we have predicted in this
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project. In addition, during these experiments the affect of potential poisoning species
can be tested. For example, sulfur is known to poison Pd and Pt catalysts and chlorine
gas has been shown to affect the reactivity of Fe catalysts.®*®” With all of this
information, a multi-pollutant sorbent for trace element capture in coal gasification

can be designed.
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APPENDIX

Ground State BE

Reaction Multiplicity (kcal/mol) Adsorption Type

HgH + Fe, — Fe,HgH 2 -85.928 Strong Chemisorption
Se + Fe; — FeySe 1 -57.2783 Strong Chemisorption
H.Se + Fe; — HySeFe, 5 -120.257 Strong Chemisorption
HSe + Fe, — HSeFe; 8 -124.208 Strong Chemisorption
As + Fe, — FesAs 6 -102.269 Strong Chemisorption
AsS + Fe; — FepAsS 4 -55.3777 Strong Chemisorption
HAs + Fe, — HAsFe, 5 -99.0632 Strong Chemisorption
As, + Fe; — AsyFe; 5 -50.3182 Strong Chemisorption

Hg + Fe, — FeyHg 5 -44.8315 Chemisorption

Table 14: Multiplicities and Binding Energies of Fe2 Reactions
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Multiplicity Binding Energy
Reaction (25+1) (kcal/mol) Adsorption Type

H.Se + Au, — H,SeAu, 1 -86.7625 Strong Chemisorption
HgH + Au, — Au,HgH 2 -31.2090 Chemisorption
HgS + Au, — AuyHQgS 3 -26.1262 Chemisorption
Se + Au; — SeAu, 3 -34.8840 Chemisorption
HSe + Au, — HSeAu, 2 -26.5988 Chemisorption
SeS + Auy; — SeSAu, 3 -17.6597 Chemisorption
As + Au; — AsAu, 4 -26.4165 Chemisorption
AsS + Au; — AuyAsS 2 -23.3648 Chemisorption
HAs + Au, — HAsAu, 3 -42.4653 Chemisorption
As; + Au; — AsyAu, 1 -17.5051 Chemisorption
Hg + Au; — HgAuy 1 -13.6500 Physisorption
AsS + Auy — AsSAU; 2 -13.5312 Physisorption
AsH3 + Au; — AupAsH3 1 -9.6064 Physisorption
H.S + Au; — HySAU, 1 -7.3828 Physisorption

Table 15: Multiplicities and Binding Energies of Au, Reactions
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Multiplicity Binding Energy
Reaction (2S5+1) (kcal/mol) Adsorption Type

H.Se + Pd, — H,SePd, 3 -84.8421 Strong Chemisorption
HgH + Pd, — Pd,HgH 2 -32.3109 Chemisorption
HgH + Pd, — HgHPd, 2 -34.7761 Chemisorption
Se + Pd, — SePd, 3 -47.5223 Chemisorption
HSe + Pd; — HSePd; 2 -38.9784 Chemisorption
SeS + Pd; — SeSPd; 5 -21.4777 Chemisorption
SeS + Pd, — SSePd, 5 -17.8373 Chemisorption
As + Pd; — AsPd; 4 -34.1307 Chemisorption
HAs + Pd, — HAsPd, 5 -43.1121 Chemisorption
As; + Pd; — As,Pd, 1 -22.93 Chemisorption
Hg + Pd, — HgPd, 3 -9.8237 Physisorption
AsS + Pd, — AsSPd, 2 -14.4454 Physisorption
AsS + Pd; — Pd,AsS 4 -13.8091 Physisorption
H.S + Pd, — H,SPd; 3 -5.3560 Physisorption

Table 16: Multiplicities and Binding Energies of Pd, Reactions
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Multiplicity Binding Energy
Reaction (25+1) (kcal/mol) Adsorption Type
Se + Pt; —SePt; 3 -55.4743 Strong Chemisorption
H.Se + Pt, —H,SePt, 3 -91.4993 Strong Chemisorption
HAs + Pt, -HASsPt, 1 -52.5308 Strong Chemisorption
HSe + Pt, —»HSePt; 4 -49.1751 Chemisorption
SeS + Pt, —»SeSPt; 1 -25.8594 Chemisorption
SeS + Pt, —»SSePt; 1 -26.9127 Chemisorption
As + Pt; —»AsPt, 4 -40.957 Chemisorption
ASS + Pt; —»PtpAsS 2 -48.0152 Chemisorption
AsH; + Pt, —Pt,AsH3 1 -18.0468 Chemisorption
As; + Pt; »>AsyPt) 1 -16.8215 Chemisorption
Hg + Pt, — HgPt, 1 -1.6470 Physisorption
AsS + Pt, —AsSPt; 6 -8.3505 Physisorption
H,S + Pt; —»H,SPt, 1 5.5972 Endothermic Rxn.

Table 17: Multiplicities and Binding Energies of Pt, Reactions
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Ground State

Reaction Multiplicity BE (kcal/mol) Adsorption Type

Se +V,; — V,Se 3 -64.0454 Strong Chemisorption

HSe + V, —»HSeV, 6 -62.3588 Strong Chemisorption
HgH + V; — V,HgH 4 -46.6038 Chemisorption
SeS + V,; — SeSV, 1 -44.6136 Chemisorption
As +V; — V,AS 6 -42.0234 Chemisorption
AsS + V; — V,ASS 6 -18.4365 Chemisorption
HAs + V, — HAsV, 5 -47.3622 Chemisorption
As; + V,; — V,As, 5 -2.8324 Physisorption
V,; —»V;Hg 3 -8.870 Physisorption

H,S + V, + — H,SV, 5 5.1003 Endothermic Reaction

Table 18: Multiplicities and Binding Energies of V, Reactions
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Ground State

Reaction Multiplicity BE (kcal/mol) Adsorption Type

H,Se + Cuy — HySeCu, 1 -712.13 Strong Chemisorption
HgH + Cu, — Cu,HgH 2 -24.935 Chemisorption
HgS + Cu; — HgSCu; 3 -27.7846 Chemisorption
Se + Cup — Cu,Se 3 -32.4534 Chemisorption
HSe + Cu; — HSeCu, 2 -34.0739 Chemisorption
SeS + Cuy — Cu,SeS 3 -17.7803 Chemisorption
As + Cu, — Cu,As 4 -23.4438 Chemisorption
HAs + Cu, — HAsCu, 3 -39.1365 Chemisorption
Hg + Cu, — Cu,Hg 1 -8.8660 Physisorption
AsS + Cu, — AsSCu, 2 -14.7697 Physisorption
AsHs; + Cu, — Cu,AsH3 1 -12.8398 Physisorption
As; + Cuy — CusAs, 1 -10.3703 Physisorption

Table 19: Multiplicities and Binding Energies of Cu, Reactions

Fe,+Hg —Fe;Hg AEnL

Fe, Hg Fe,toHg | Hgto Fe,
HOMO | -0.18 -0.215 0.027 -0.126
LUMO | -0.089 | -0.207

Table 20: HOMO/ LUMO AEy, 's of Fe, + Hg —Fe,Hg




Fe,+H,Se — H,SeFe, AEQHL
Fe, to H,Se to
Fe, H,Se H,Se Fe,
HOMO -0.18 -0.246 -0.034 -0.157
LUMO -0.089 -0.146
Table 21: HOMO/ LUMO A Ey, ’s of Fe, + H,Se —H,SeFe,
Fe,+As—Fe)As AE{L
Fe, As Fe, to As As to Fe,
HOMO -0.18 -0.246 -0.049 -0.157
LUMO | -0.089 | -0.229

Table 22: HOMO/ LUMO A Eg ’s of Fe, + As =Fe,As

Fe,+As,—Fe)As, AE{L
Fe, As; Fe,to As; | Asto Fe;
HOMO -0.180 -0.268 -0.065 -0.179
LUMO -0.089 -0.115

Table 23: HOMO/ LUMO AEHL’ sof Fe, + As, ~Fe, As,
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