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Chapter 1: Introduction
1.1 Coal utilization and coal cleaning technologies

Coal is an abundant resource with globally widespread reserves. Therefore, it has excellent
supply stability and is a relatively cheaper energy source compared to other fossil fuels. Coal
has been used as a major fuel source globally for centuries throughout the world, and according
to predictions, this trend will continue for many years, especially in developing countries that
strive to improve their standard of living. The U.S. Energy Information Administration (EIA)
projected a 44% increase in world energy consumption between 2006 and 2030. In 2018, coal
accounted for approximately 27% of the total world energy consumption, especially due to
economic development and population growth in developing nations.

However, in recent years, the coal industry has been facing massive drawbacks because of
growing environmental concerns that are mainly related to global warming caused by CO>
emissions and the release of harmful elements. The release of sulfur, nitrogen, and mercury
(Ho) is responsible for severe environmental issues such as air pollution and acid rains. Table
1.1 shows the summary of public health and environmental harms associated with coal
utilization. To promote a clean environment while maintaining efficient energy generation
from coal, clean coal technologies such as integrated gasification combined cycle (IGCC) and
integrated gasification fuel cell (IGFC), which include high efficiency gasification and
combustion and carbon capture and storage (CCS), are being developed globally.

To promote the removal of nitrogen oxides (NOx), sulfur oxides (SOx), particulate matter (PM),
and trace elements (mainly Hg), in developed countries, a high efficiency pollutant removal
technology is adopted to treat flue gas after combustion. This technology includes a
denitrification unit, an electrostatic collector, and a desulfurization unit that uses limestone to
achieve a high level of removal efficiency.

In the denitrification unit, NOx are reduced using selective catalytic reduction (SCR). SCR
uses a reducing agent (usually ammonia) to selectively convert NOx from the flue gas into
nitrogen gas at a certain temperature range (Fu et al., 2020).

After NOy is removed, the exhaust gas passes through electrostatic precipitators (EPs). Here,
electrical forces move particles from the air stream to the collection plates. Particles passing
through the EP are given a negative electrical charge by corona action. Generally, EPs can
achieve up to 99% collection efficiency for particles ranging from 1 to 10 um (Kumar & Kumar,
2018; Miller, 2005; Santoleri, 2003; Vallero, 2019) cement substitute (Alterary & Marei, 2021;

McCarthy & Dyer, 2019), but it can also contain trace levels of heavy metals such as mercury.
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Before the exhaust gases are released into the atmosphere, SO, and SOz are removed by
spraying limestone slurry in the desulfurization unit. Calcium carbonate in the limestone reacts
with SOz and O from the air to produce gypsum. The precipitated gypsum is recovered and
further utilized in agriculture and the construction industry. The utilization of desulfurization
gypsum, which was 50% in 2017, is expected to increase incrementally over the next decade
(Butalia et al., 2017).

Flue gas desulfurization (FGD) technologies can result in the co-removal of 80-90% of highly-
soluble oxidized mercury (Hg?"), but they do not remove elemental mercury (Hg®) (Pavlish et
al., 2003). Depending on the FGD process, a portion of Hg may be incorporated into the FGD
slurry and its solid byproducts including gypsum (Kairies et al., 2006).

As the multipurpose utilization of coal combustion byproducts (fly ash and FGD gypsum)
expands, so does the potential for Hg release during the manufacturing and disposal process.
Therefore, it is important to understand the chemical reactions that occur during the interaction

of Hg and combustion byproducts, and thus develop an optimal control method.

Table 1.1 Summary of public health and environmental harms related to coal utilization
(Hendryx et al., 2020).
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1.2 Coal Cleaning Technologies: Integrated coal Gasification Combined Cycle

Clean energy has been a major area of interest worldwide as efforts to limit greenhouse gas
emissions and reduce the impact of global warming have been made. Development of IGCC is
among the important advances in this area. IGCC combines two state-of-the-art technologies,
(gasification and combined cycle generation); among the technologies currently available,
these have the best fuel/electricity efficiency. Therefore, IGCC systems are considered a valid
alternative to conventional pulverized coal plants for future power generation systems
(Minchener, 2005). An IGCC typically consists of a gasification system, heat exchangers for
syngas cooling, a station for fuel gas clean-up, two power blocks with gas and steam turbines,
and a conversion process, which requires less energy for CO> removal than conventional
thermal power plants.

Gasification is the process of converting various carbon-based feedstocks (coal, heavy refinery
residues, petroleum coke, biomass, etc.) into syngas (Giuffrida et al., 2013). In IGCC, the
feedstock is partially combusted with oxidants at high temperature and pressure; hence, the
syngas is a mixture of carbon monoxide and hydrogen along with some minor components
(carbon dioxide, water, hydrogen sulfide, ammonia) (Fletcher, 2017; Gray, 2017; Wang, 2017).
IGCC plants can be built with net electrical efficiencies in the range of 42-46% and have
considerable potential for further technological development (Cormos, 2012). Figure 1.1 shows
a simplified scheme of an IGCC plant in Japan, where the gasifier uses air-blown technology,
essentially relying on a reaction between coal and air to generate the combustible syngas with
a net thermal efficiency of 48% on a lower heating value (LHV) basis.

Besides the suitability of IGCC as an addition to CCS systems, it offers other advantages such
as low emissions of sulfur and Hg compounds and greater flexibility in process inputs and
products. For gas cleaning in IGCC, raw hot syngas (at about 1500 °C) produced in the gasifier
is passed through a high temperature filter system, which removes fine dust particles to meet
acceptable levels set by gas turbine specifications (Jaeger, 2007). After dust removal, the
syngas is further cooled to near ambient temperatures in a gas-to-gas heat exchanger. The fully
cooled syngas is then passed through an acid gas removal system that washes syngas to remove
sulfur and trace elements (Pisupati & Krishnamoorthy, 2017). Jaeger (2007) further explains
that the removed sulfur in the form of hydrogen sulfide (H2S) is sent to the conversion/recovery
unit, where it is oxidized and absorbed in the high-performance limestone-gypsum unit. The

cooled, cleaned, and desulfurized syngas is then reheated in the gas-to-gas heat exchanger
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against the raw fuel gas and delivered to the gas turbine fuel control valve and specially
designed low-Btu gas fuel nozzles. Despite these advantages, IGCC plants have critical
obstacles to their commercialization, including the high cost of the technology, low reliability,
long construction time, and lack of operating experience.

Another concern is the proper clean-up of the coal-derived syngas, which is difficult due to the
inadequate temperature resistance (above 260 °C) of conventional filters (Dou et al., 2012).
The current syngas clean-up technologies consist of near-ambient temperature wet-scrubbing,
which contributes to a lowering of thermal efficiency. Recent studies point out that coal-
derived syngas clean-up at high temperatures would be preferred to further improve the actual
thermal efficiency and reduce the equipment load for syngas cooling and reheating (Giuffrida
et al., 2013; Ohtsuka et al., 2009; Park et al., 2012). While hot syngas clean-up technologies
are very complex, available current research, although unsuccessful, provides examples of the
application and testing of these technologies. For high-temperature sulfur removal, researchers
have investigated the use of metal oxides as potential sorbents. Some metal oxides, particularly
zinc oxides, appeared to be suitable for the sulfidation reaction that results in sulfur removal
from syngas. Since zinc tends to be reduced to its metallic state at high temperatures, which
results in loss of capacity and activity via volatilization of reactive surfaces, the desulfurization
temperature is limited to less than 550 °C in some cases (Giuffrida et al., 2013). In long-term
tests of many successive sulfidation-regeneration cycles, the efficiency and mechanical
strength of the sorbent fall to unacceptably low values (Dou et al., 2012). Therefore, coal
desulfurization prior to conversion is crucial to improving power efficiency and reducing the

operative cost of these systems.
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Figure 1.1 Simplified scheme of an IGCC plant showing key system components (without
CCS). Source: https://i.wnp.pl/d/24/12/14/241214 940.jpg

1.3 Coal desulfurization prior to combustion

The removal of sulfur from coal prior to utilization is crucial for meeting stringent
environmental regulations and the quality standards of commercial coal. Despite the well-
developed technologies of exhaust gas treatment that are generally applied in IGCC plants,
many reports consider that desulfurization of coal prior to combustion is the most effective and
economic method for ensuring clean and environmentally friendly use of coal (Pietrzak et al.,
2007; Pietrzak & Wachowska, 2006; Xia & Xie, 2017).

Sulfur in coal occurs in two main forms: organic sulfur and inorganic sulfur. Inorganic sulfur
is mostly found in pyritic and sulfate forms, while organic sulfur is mainly in sulfone and
thiophene forms. Inorganic sulfur such as pyrite is fairly easy to remove using flotation,
magnetic separation, bio-desulfurization, pyrolysis (Hu et al., 2004; Katsuyasu Sugawara,
2001; Sahinoglu, 2018; Sugawara Katsuyasu, 2001; Uslu & Atalay, 2004; Wang et al., 2020;
Ye et al., 2018; Zhang et al., 2015; Zhang et al., 2020), and selective oxidation (Borah et al.,
2001, 2005; Kato, 2018; Palmer et al., 1994, 1995; Pietrzak & Wachowska, 2006; Xia & Xie,

2017). However, separation of organic sulfur is difficult using conventional methods.

The oxidative desulfurization method changes the forms of sulfur in coal and hence is

considered effective for removing both organic and inorganic sulfur. One of the most effective
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oxidants reported is hydrogen peroxide (H202). Mukherjee et al. (2001) found that 25% H.0-
alone leads to the removal of 76% pyritic sulfur, 70% sulfate sulfur, and around 5% organic
sulfur. The rate of oxidation increases significantly with the increase in temperature and H>O>
concentration (Mukherjee et al., 2001).

Garu et al. (2008) successfully reached a desulfurization efficiency of 74% for 12 h of reaction
time by using a 15% H»O> solution (Guri et al., 2008). When using a combination of H20. and
formic acid (HCOOH), 84% of inorganic sulfur and 28% of organic sulfur were removed
(Baruah & Khare, 2007). However, oxidative desulfurization has major limitations. For
example, to maximize organic sulfur removal, multiple reactions and high reaction
temperatures are necessary. Extensive acid treatment can destroy coal properties and promote
the deposition of chemical substances on coal (Borah et al., 2001), thus leading to carbon loss,
particularly for low-rank coals. Therefore, in this context, the actual challenge is to remove

organic sulfur without losing the raw coal properties.

1.4 Mercury control and partitioning during coal combustion

When coal burns, in addition to SOx and NOx, harmful trace elements such as Hg, arsenic,
selenium, and zinc are also released. Hg in coal exists as a compound of sulfur and chlorine,
with a content of approximately 0.1 ppm (Rallo et al., 2012). According to the U.S.
Environmental Protection Agency (EPA), coal electric generating units are currently the
dominant emitters of Hg, accounting for 44% of all anthropogenic emissions (Agency, 2018).
In the coal combustion process, Hg moves to the gas phase through pyrolysis and combustion.
When the combustion temperature of the pulverized coal boiler reaches 1500 °C, Hg is released
into the exhaust gas in its elemental form (Hg®, Hg?*, or Hg.p). The release of Hg and its
chemical species from coal-fired power plants into the atmosphere is of major concern, owing
to their strong impact on the health and ecosystems of the local people as well as the distance
they travel. It is known that Hg causes various neurologic diseases, damages the immune
system and kidneys, and poses a threat to the nervous system development in fetuses and
newborn babies (Counter & Buchanan, 2004; Hogberg et al., 2010; Holmes et al., 2009; Mutter
et al., 2004). Therefore, Hg is considered a global hazardous substance for environmental
health by the EPA. To reduce Hg emissions, the EPA issued a Clean Air Mercury Rule
(CAMR) in 2005.

It is known that coal-fired power plants are equipped with air pollution control devices

(APCDs), which function as exhaust gas treatment equipment. Although these are not devices



Akita University

whose main purpose is to remove Hg, they contribute to the suppression of Hg emissions into
the atmosphere. In SCR, Hg° generated by coal combustion and released into the exhaust gas
is oxidized to Hg?* and mercury (11) chloride (HgCl,) via gas-gas or gas-solid reactions (Pavlish
et al., 2003; Staudt, 2006). This oxidized and low-volatile Hg is attached or adsorbed to ash
particles and recovered with fly ash by using EP; consequently, the concentration of Hg
increases due to a decrease in flue gas temperature and particle size (Hower et al., 2009; James
C. Hower, 2000; Swanson et al., 2013). Furthermore, the remaining gaseous or ash adhered
Hg?* is absorbed in the solution of wet flue gas desulfurization (WFGD), distributed to
desulfurization gypsum and wastewater, and discharged. Pavlish et al, (2003) reported that EP
and WFGD systems installed in the U.S. remove nearly 85% and 90% of Hg-, and Hg?*,
respectively. However, it is known that a portion of the Hg?* absorbed in the WFGD can be
converted back to Hg® and reemitted (Staudt, 2006).

Since fly ash and FGD gypsum are commonly utilized in the construction industry, there is a
possibility of mobilizing the captured Hg during the manufacturing process, which would result
in secondary atmospheric pollution. In addition, Hg present in coal combustion by-products
that are used in concrete or landfills could leach into groundwater due to the high solubility of
Hg?* (Sun et al., 2014; Sun et al., 2012; Sun et al., 2015).

1.5 Aim and objectives of this study

The present study focused on coal cleaning technologies as well as the efficient utilization of
coal combustion by-products. Since coal desulfurization prior to combustion is one of the
crucial steps to ensure quality and reduce the risk of environmental pollution, desulfurization
of raw coal was attempted through liquid-phase oxidation. Although coal-fired power plants
are equipped with exhaust gas treatment units that contribute to the suppression of harmful
elements, they are ineffective in removing Hg, resulting in Hg residuals within FGD gypsum
and fly ash. Both FGD gypsum and fly ash have been used in cement and concrete additives,
thus functioning as a good alternative to landfill materials; this has raised concerns regarding
the re-release of Hg through exposure to rainwater. To accurately understand the possibility of
Hg re-release from these by-products, the relationship between the chemical forms of Hg and

elution behavior was investigated.

In chapter 2, to develop a desulfurization process that can be performed under mild conditions

with high carbon yield, hydrogen peroxide and peracetic acid were used for selective oxidation
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of subbituminous coals. The effectiveness of oxidative desulfurization was evaluated based on
changes in the chemical forms of sulfur and the carbon content. Sulfur forms in the raw and
treated coals were accurately specified by using Sulfur K-edge X-ray absorption near edge
structure analysis (XANES). It was confirmed that inorganic sulfur (FeS2) and some variants
of sulfate were easily removed via acid leaching. Thiophenic sulfur, which is well known for
being difficult to remove, was successfully converted selectively into sulfone form, which was

further removed using pyrolysis without any significant carbon loss.

In chapter 3, to understand the relationship between the forms of Hg and the unburned carbon
contained in fly ash, the Hg forms in fly ash with a rich fraction of unburned carbon were
qualitatively and quantitatively analyzed via Hg Li-edge XANES analysis. Estimation of
chemical forms of Hg was initially performed using an inflection point method. Using the first
derivatives of the XANES spectra, the inflection point difference was calculated as the
difference between two maximum points of absorption energy with the zero points of the
second derivative. Subsequently, Hg forms were estimated by comparing AE samples to control
compounds. Additionally, qualitative and quantitative analyses of the control Hg compounds
were performed via linear combination fitting using XANES spectra. The XANES spectrum
of the unburned carbon samples showed that the entire Hg content is bound to sulfur, chlorine,
and oxygen compounds. Furthermore, it was demonstrated that the Hg content depends on the

unburned carbon and sulfur contents.

In chapter 4, to clarify the re-release behavior of Hg from coal combustion by-products, we
attempted to develop an accurate method for evaluating Hg elution from desulfurization
gypsum. The relationship between Hg chemical forms and elution behavior was explained.
This was achieved by conducting elution tests in a batch system according to the environmental
standards by using a semi-batch system developed in this study. Total Hg contents in the
solutions were determined using cold vapor atomic adsorption spectroscopy (CVAAS), and the
change in Hg chemical forms in residues was analyzed via a combination of temperature
programmed desorption and cold vapor atomic adsorption spectroscopy (TPD-CVAAS). When
using the batch system, a sequential phenomenon of elution and adsorption of Hg was observed,
which restricted the precise evaluation of the amount of Hg eluted. Meanwhile, when using the

semi-batch system, the elution of Hg attained a constant value without the interference of
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adsorption phenomena. It was concluded that both the extent of elution as well as the elution

behavior are dependent mainly on the Hg content bound with carbon in the samples.
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Chapter 2: Coal desulfurization by oxidative treatment

2.1. Introduction

Coal is used not only for electricity generation, but it is also a very important source in steel
making process. In the steel industry particularly requires large quantities of bituminous coal
to produce coke and subbituminous coal as a heat source in converter furnaces. Due to
increasingly growing in the world's energy consumption, reserves of high rank coal with low
sulfur, low ash and high calorific value are rapidly depleting (De Filippis et al., 2010; Dong,
2011). Therefore, it is essential to develop technologies for the removal of sulfur from high
rank coals and assure the use of these coals in steelmaking.

Coal desulfurization can be conducted by tree main methods: (1) Physical, (2) biological and
(3) biological methods.

Physical methods utilize differences in density and surface properties between mineral and
organic materials and are particularly effective in removing inorganic sulfur such as pyrite and
soluble sulphates (Ambedkar et al., 2011; Sénmez & Giray, 2001), but it does not remove fine
pyrite and organic-bound sulfur. Biological methods are mild treatments at room temperature
and can remove both organic and inorganic sulfur without carbon loss (Acharya et al., 2001;
Aller et al., 2001; Gonsalvesh et al., 2013; Handayani et al., 2017; Martinez et al., 2017;
Mohebali et al., 2007; Singh et al., 2013), but have the disadvantages of extremely long
incubation time and the inconsistency in desulfurization characteristics (Celik et al., 2019;
Kotelnikov et al., 2020; Rossi, 2014). On the other hand, chemical desulfurization is an
effective method for removing inorganic and organic sulfur. Several reports demonstrate that
fine pyrite and sulfate sulfur that cannot be physically removed can be removed by chemical
treatment (Ali et al., 1992; Mukherjee & Borthakur, 2001; Mukherjee & Borthakur, 2003;
Mukherjee & Borthakur, 2004; Ratanakandilok et al., 2001). However, the removal rate of
organic sulfur especially thiophene sulfur is low with these methods. In addition, thiophene
sulfur in high rank coals with high degree of carbonization is particularly difficult to oxidize
under mild conditions (George et al., 1991; Kato et al., 2018). Furthermore, the low carbon
yield is a consistent problem when chemical desulfurization is carried out.

Treatment with strong oxidants such as potassium KMnOyg is found to be effective to oxidize
pyrite and organic sulfur into soluble sulfate forms, however, the treated coal shows an increase
in the ash content ana a significant loss of calorific value (Ghauri et al., 2016).

Hydrogen peroxide (H202) on the other hand, which decomposes into H.0 and O after the
reaction and leaves no chemical residues in the coal, is attracting attention as a desulfurization

agent. However, it has been shown that H20: is less effective for thiophene sulfur removal
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especially in high rank coals (Kato et al., 2018; Mukherjee et al., 2001). The oxidation of
thiophene sulfur in diesel oil using organic peroxides, which are reaction products of hydrogen
peroxide and organic acids have been reported (De Filippis et al., 2011; De Filippis et al., 2010;
Yazu Kazumasa, 2010). Reports show that thiophene sulfur is oxidized to sulfoxide and then
converted into sulfone-sulfur which can be removed by extraction with polar solvents.
However, there is limited information on this process in coal. In addition, the details about the
changes on sulfur morphology and the changes in carbon yield during oxidation treatment are
not yet clear.

In this study, two types of Chinese subbituminous coals were oxidized using H>O. and
peracetic acid. The effectiveness of oxidative desulfurization was determined from the changes
in sulfur morphology and carbon content. In the hydrogen peroxide treatment, the effect of the
oxidation temperature was investigated. Further, the effectiveness of the thermal

decomposition treatment for sulfone removal was determined.
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2.2 Experimental methods
2.2.1. Coal samples

In this study, SB and NA coals, which are subbituminous coals Shaanxi and Shandong, China,
respectively, were crushed and sieved to -42+65 mesh and dried at 107+5 °C for 24 h prior to
use. The average particle sizes were 299 and 285 um for coal SB and NA, respectively. Table

2.1 shows the ultimate and proximate analyses for each sample.

Table 2.1 Ultimate and proximate analyses of samples

Ultimate [wt.%, d.a.f.] Proximate [wt.%, d.b.]
Sample :
H N S odiff V.M. Ash
SB 78.5 4.6 0.8 0.2 15.9 38.2 6.8
NA 77.1 4.9 15 0.5 9.3 33.2 6.7

2.2.2. Oxidative treatment

The oxidation treatment was carried out using hydrogen peroxide (H202) and peracetic acid
(PAA) as oxidizing agents. The details of the procedure are shown in Figures 2.1 and 2.2.
Oxidation by H20 was carried out by mixing 25 mL of 30% hydrogen peroxide solution (GR,
Nacalai Tesque) and 15 mL of distilled water with 1 g of each coal sample and stirring for 2-
24 h at 20-60 °C.

In the oxidation using PAA, PAA was generated at low temperature according to equation (1).
(CH3C0)20 + H202 —-CH3COOOH + CH3COOH (1)

H202 (30%; 25 mL; EP, Nacalai Tesque) and acetic anhydride (15 mL; GR, Nacalai Tesque)
were mixed with 1 g of coal, and the mixture was stirred at 20 °C for 2-24h. As Kato (2018)
described, the desulfurization of subbituminous coal does not proceed at 20 °C, so here, the
temperature was increased.

After oxidation, the sample was filtered using a cellulose mixed ester-type membrane filter
(AS ONE Corporation). The residue was washed with distilled water and dried at 107 + 5 °C

for 24 h to obtain the oxidized sample.
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Figure 2.1 Oxidative treatment by hydrogen peroxide (H20>).
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Figure 2.2 Oxidative treatment by peracetic acid (PAA).
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2.2.3. Elemental and XANES analyses

Elemental analyses were conducted using a nitrogen, carbon, and hydrogen analyzer (NCH-22,
Sumica Chemical Analysis Service Ltd.) and a carbon and sulfur analyzer (EMIA 220V,
HORIBA Ltd.). Sulfur K-edge X-ray absorption near edge structure (XANES) were carried
out using beam line 11B at the Photon Factory (High Energy Physics Laboratory, Tsukuba,
Japan) with an optical system consisting of Ni-coated Si, a bent cylinder mirror, and a Si (111)
double crystal monochromator. Crushed raw and oxidized samples were fixed on the sample
holder with conductive tape and then placed in a vacuum chamber at 10-5 torr. The irradiated
energy was calibrated using the 2481.7 eV peak of K>SO4 (GR, Nacalai Tesque) and the
XANES spectra were obtained in the energy range of 2450-2520 eV to determine the chemical
forms of sulfur in raw and oxidized coal.

Potassium sulfate, thioxane (GR, Tokyo Chemical Industry Co., Ltd.), diphenylsulfone (GR,
Tokyo Chemical Industry co., Ltd.), 4,4-dinitrophenylsulfide (EP, Tokyo Chemical Industry
Co., Ltd.), DL-methionine sulfoxide (EP, Tokyo Chemical Industry Co., Ltd.), and pyrite were
used as model compounds.

The sulfur forms were quantitatively analyzed using the XANES spectra of the model
compounds as described by Huffman et al. (1991). A calibration curve was prepared from the
relationship between the ratio of the peak areas determined from the fluorescence spectrum and
the ratio of the sulfur contents of thiophene and other sulfur compounds. The peak areas of
various sulfur compounds were determined by curve fitting, where a 50% Gaussian function
and 50% Lorentzian function was used to represent each sulfur compound. The curve fitting
was carried out using the nonlinear least-squares method. The edge jumps are centered near
2475 and 2485 eV, although these values vary depending on the sample. The absorption edge

(Eo) and half width at half maximum (o) of the sulfur compounds are shown in Table 2.2.

2.2.4. Thermal treatment

Thermal treatment of oxidized samples was carried out in a horizontal fixed bed reactor as
shown in Figure 2.3.

Peracetic acid treated sample at 12h was placed in a quartz boat and then inserted in a horizontal
reactor (quartz tube, 492.5 mm X 24.5 mm, i.d. x length). The temperature of the reactor was
controlled by a temperature programmed electric furnace. Nitrogen gas was supplied at a flow

rate of 200 mL-NTP/min, and the furnace temperature was raised to 400 °C at a heating rate of
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5 °C/min. The pyrolysis temperature was selected from the fact that the yield of pyrolysis char

decreases when the temperature is higher than 400 °C (Sugawara et al., 1994).

Table 2.2 Fitting parameters for the sulfur K-edge XANES spectra

Sulfur form EO o
FeS2 2471.5 1.5
Sulfide 2472.8 1.7
Thiophene 2473.3 1.7
Sulfoxide 2474.5-2475.5 1.7
Sulfone 2479.5-2480.0 3.5
Sulfate 2481.7 3.0

Electric furnace
Fused silica tube

e (¢24.5 mm)

=

S

: = 10 Q: N2

F A

I / Mass flow controller
/

PAA-oxidized sample
(oxidation time: 12h)

Figure 2.3 Schematic diagram of thermal treatment fixed reactor
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2.3 Results and discussion
2.3.1 Sulfur forms in raw coals

Figure 2.4 shows the normalized and the respective third derivative of the sulfur K-edge
XANES spectra of raw SB and NA coals. Both coals show large peaks near 2473 and 2482 eV.
Third-derivative from model samples are fingerprints for interpreting sulfur forms in the
samples (Sugawara Katsuyasu, 2001). For both coals, thiophene, sulfoxide and sulfate peaks
were confirmed. In addition, the shoulder peak of pyrite indicates that pyrite content in raw SB
coal is higher than that of NA coal. Using the least-squares method, separation of pyrite,
thiophene, sulfoxide and sulfate peaks was performed as shown in Figure 2.5. And by analyzing
the XANES spectra of raw SB and NA coals, it was confirmed that all organic sulfur in raw
coals used are thiophenic form, and that various organic sulfur such as sulfide and sulfone are
not contained in the raw samples. The peaks of thiophene (b) and sulfate (e) were observed at
2473.3 and 2481.7 eV, respectively. In coal SB, the pyrite (a) and sulfoxide (c) peaks were
observed at 2471.5 and 2475.0 eV. And no peaks of sulfone (d) were observed for both coals.
Table 2.3 shows the sulfur form distributions determined by peak separation of the XANES
spectra. The thiophene, pyrite, and sulfate amounts in raw SB are 63%, 28%, and 9%,

respectively, whereas for coal NA, 87% of sulfur is in the thiophenic form.
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Figure 2.4 (a) Normalized and (b) third-derivative sulfur K-edge XANES spectra of raw SB
and NT coals.
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Figure 2.5 Sulfur K-edge XANES spectra of raw SB and NT coals (<> : observed values;
thick solid lines: least-squares fits calculated using the peaks of the standard compounds, a:
pyrite, b: thiophene, c: sulfoxide, d: sulfone, and e: sulfate).

Table 2.3 Sulfur form distribution in the samples [% of total sulfur]

Thiophene Pyrite Sulfate
Sample
[% of Total sulfur]
SB 63 28 9
NA 87 6 7
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2.3.1 Effect of hydrogen peroxide treatment on subbituminous coal desulfurization

Figure 2.6 shows the sulfur removal extent and the carbon yield with the oxidation time when
coal SB is treated with H20O, at 20 and 60 °C. The sulfur removal and carbon yield were

determined by the following equations:
Sulfur removal rate [%] = ((So-S)/So) x 100 (2)
Carbon yield [%] = (C/Co) x 100 (3)

Where, Soand S are the sulfur contents of the raw and oxidized coal respectively, and Co and
C are the carbon contents of the raw and oxidized coals respectively. All values are on a raw
coal basis.

Kato et al., found that the desulfurization of brown coal by H2O- at room temperature, 90% of
sulfur removal is achieved within 2h. However, in this study, for coal SB, the desulfurization
rate reached only 27% by 2h and there is no significant increase with the increase of the
oxidation time. In addition, the change in carbon yield was not significant, suggesting that
oxidation H,O> at room temperature hardly changes the organic matrix of SB coal. But,
increasing the reaction temperature to 60 °C greatly promoted sulfur removal. Figure 2.7 shows
the XANES spectra of SB coal treated at 20 and 60 °C for 24h. The spectrum of oxidized
sample at 20 °C was similar to that of raw SB coal showed in Figure 2.4. Figure 2.8 shows the
elemental composition of the sample before and after oxidation with H>O> at 20 °C for 24h.
Whilst the oxygen content increases after treatment, the decrease in carbon content is as low as
3.85 and the amount of hydrogen remains unchanged, confirming that H.O: is less able to

oxidize organic substances and organic sulfur in subbituminous coal at 20 °C.
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Figure 2.6 Changes in sulfur removal and carbon yield in oxidation of SB coal with H>O: at
20 and 60 °C
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Figure 2.7 Sulfur K-edge XANES spectra of SB coal after oxidation with H>O> at (a) 20 °C
and (b) 60 °C for 24h.
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Figure 2.8 Change in elemental composition of SB coal before and after oxidation with H202
at 20 °C for 24h.
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The abundance ratio of each sulfur form was obtained by least-squares fitting method based on
the XANES spectra analysis of SB coal oxidized at 20 °C showed in Figure 2.7.

Figure 2.9 shows the changes in the chemical forms of sulfur (i.e., the pyrite, sulfate, and
thiophene ratios) with time. For lignite, the sulfur removed by oxidation was reported to be
present as sulfate ions, SO4%, in the liquid phase (Kato et al., 2018). Similarly, in this study, it
is presumed that the sulfur removed from the solid phase exists in the liquid phase as SO4%. It
is clear from Figure 2.9 that most sulfur removed at 20 °C is pyrite and inorganic sulfate, while
more than 90% of thiophene in the raw coal remained in the solid phase even after 24h. In
contrast, when SB coal was treated at 60 °C, the peak at 2473.3 eV decreased and a large peak
appeared above 2477 eV, indicating that the sulfur in the treated coal was oxidized; however,
this was accompanied by a large loss of carbon showed in Figure 2.6. Thus, although the
oxidizing capacity of H2O> increases at higher temperatures, it is not selective toward organic
sulfur decomposition. These results indicate that the desulfurization od subbituminous coal

using H20. without significant losses of organic substances is difficult.
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Figure 2.9 Change in sulfur forms after the oxidation of SB coal with H20; at 20 °C.

2.3.2 Effect of peracetic acid treatment on desulfurization and carbon loss

Figures 2.10 and 2.11 show the effect of reaction time on the sulfur K-edge XANES spectra of
SB and NA coals, respectively, after oxidative treatment by peracetic acid (PAA) at 20 °C. In
the case of SB coal, the peak of thiophene (2473.3 eV) decreased and that of sulfone (around
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2479.5 eV) increased at 6h (Figure 2.10). Additionally, the chemical forms of sulfur did not
change from 6 to 24h. Further, it appears that thiophene was more stable in NA coal than in SB

coal (Figure 2.11), but oxidation gradually progressed with increasing treatment time.
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Figure 2.10 Sulfur K-edge XANES spectra of (a) raw SB coal and its oxidized samples
treated using PAA at 20 °C for (b) 6 and (c) 24h.
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Figure 2.11 Sulfur K-edge XANES spectra of (a) raw NA coal and its oxidized samples
treated using PAA at 20 °C for (b) 6 and (c) 24h.
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Figures 2.11 and 2.12 shows the effect of time on the carbon yield and sulfur form distribution
of SB and NA coals, respectively, after treatment with PAA at 20 °C for 6-24 h. The pyrite in
SB coal was completed decomposed within 6h of reaction time. Furthermore, 61% of thiophene
in the raw coal was oxidized and converted to sulfone, some of which moved into the liquid
phase after 6 h. Additionally, 3% carbon loss was observed at 6h, which did not change
significantly upon extending the treatment time. It was confirmed that organic sulfur can be

oxidized using PAA without excessively decomposing the organic substances in coal.
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Figure 2.11 Effect of oxidation time on the carbon yield and sulfur form distribution of SB
coal treated with PAA at 20 °C.

In the case of NA coal, the decomposition of pyrite was also completed at 6h, but the oxidation
rate of thiophene-sulfur was slower than those of SB coal.

There difference in decomposition of thiophene sulfur might be related to the degree of
aromaticity of the coals The aromaticity (fa) of NA coal is high (0.83). George G. N. et al.,

found that carbon content in coals increases linearly with the proportion of thiophene-type
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sulfur. So, as the coal rank increases, the amount of stable and less oxidizable thiophene sulfur
increases. In this case, NA coal is richer in more stable and aromatic thiophene sulfur than SB
coal. Therefore, it is presumed that organic sulfur was chemically stable to the peroxide and
that the diffusion resistance of the oxidizing agent into coal particles was high.
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Figure 2.12 Effect of oxidation time on the carbon yield and sulfur form distribution of NA
coal treated with PAA.

Assuming that the oxidation by peracetic acid reached equilibrium in 24 h among the
thiophenes contained in SB coal and NA coal, the apparent oxidation rate of thiophene in the

solid phase, was determined from the following equation:
In(Sen/Sen0= —k(t — to) (4)

Where Sy, o Is the percentage of oxidative thiophene before treatment, and S, is the oxidative
thiophene at a predetermined treatment time. In the case of SB coal, k = 3.2 x 101 h, and in

the case of NA coal, k = 1.4 x 10"t h'%, Figure 2.13 shows the effect of treatment time on the
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extent of thiophene conversion in SB and NA coals treated with PAA at 20 °C. It was revealed
that the oxidation rate of thiophene in subbituminous coal may differ more than two-fold

depending on the type of coal, despite the samples having a similar coal rank.

Figure 2.14 shows the relationship between carbon loss and thiophene conversion for coals
treated at 20 °C with H20, and PAA. The plot in the region above the dashed line, indicates
that oxidation of thiophene proceeds in preference to carbon loss. Compared to H202, PAA
does not significantly change the amount of carbon loss, and thiophene sulfur is oxidized.
Although the oxidation rate of thiophene sulfur is lower than that of SB coal, thiophene is
oxidized in a considerably higher priority than the decomposition of carbon, clearly confirming
the effectiveness of PAA for the desulfurization of coal, by conversion of thiophene sulfur.
The selectivity of PAA for thiophene sulfur oxidation can be explained by the fact that PAA
generated by the reaction of H.O. and acetic anhydride dissociates into acetic acid and
hydroxyl cation (OH"), which is a strong electrophile in acidic solution which reacts with
nucleophilic sulfur rather carbon (Borah et al., 2005; De Filippis et al., 2010; Tang et al., 2018),

as shown in equation (5).

CH3COOOH + H* & CH3COOH + OH* (5)

80 1 1 1 1 1 1 1 1 | 1 1

Extent of thiophene conversion
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P
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Figure 2.13 Conversion rate of thiophene sulfur in oxidation of SB and NA coals with

peracetic acid at 20 °C
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Thiophene, which contains a divalent sulfur atom and two lone electron pairs, is rich in
electrons and highly nucleophilic and thus selectively reacts with OH* (Palmer et al., 1994).
The effectiveness of organic peracids for the oxidation of reagent-grade thiophene compounds
and thiophene in diesel oil has been reported (De Filippis et al., 2011; De Filippis et al., 2010;
Yazu Kazumasa, 2010). In the present study it was concluded that PAA is also effective for
desulfurizing subbituminous coal, in particular, for oxidizing thiophene.
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Figure 2.14 Relation between thiophene conversion and loss of carbon in oxidation of coals
with H202 or PAA at 20 °C

2.3.3 Effect of pyrolysis on sulfur removal from oxidized coals

Thiophene was oxidized by treatment with PAA, but a considerable amount of oxidized
thiophene remained in the solid phase as sulfone. The removal of thiophene sulfur converted
to sulfone was attempted by pyrolysis. The pyrolysis temperature of 400 C was determined as
the temperature at which the char yield did not significantly decrease as shown in Figure 2.15.
Figure 2.16 shows the carbon yields and sulfur form distribution of oxidized SB and NA coals
before and after pyrolysis. After oxidation for 12 h, the oxidized coal was heated up to 400 °C
under a nitrogen stream at a heating rate of 5 °C/min. For SB coal, 87% of the original carbon
remained in the char after pyrolysis, and the carbon loss due to pyrolysis was less than 6%. The
residual sulfur was reduced to 24% and 52% for SB and NA coals, respectively. Despite the
samples having a similar coal rank, it was more difficult to remove residual thiophene from

oxidized NA coal by pyrolysis than from oxidized SB coal. Nevertheless, it was found in this
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study that the pyrolysis characteristics of the produced sulfone-sulfur are similar regardless of
the type of coal, and can be removed by thermal treatment at 400 °C without a significant

carbon loss.
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Figure 2.15 Effect of pyrolysis temperature on sulfur form distribution and char yield of PAA

oxidized SB coal.

33



Akita University

(a) SB coal (b) NA coal
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Figure 2.16 Sulfur form distribution and carbon yields before and after pyrolysis of oxidized
(@) SB and (b) NA coals (PAA treatment time: 12h; pyrolysis temperature:
400 °C).

2.4 Conclusions

In this study, two kinds of subbituminous coal were oxidized and the effectiveness of oxidative
desulfurization was evaluated based on the changes in sulfur content, chemical form of sulfur,
and carbon content. Furthermore, the effectiveness of pyrolysis for removing sulfone generated
by the oxidation of thiophene was confirmed.
= In treatment by hydrogen peroxide, sulfur removal was promoted, but a large decrease
in carbon yield was observed.
= In the other hand, in PAA treatment, selective oxidation of organic sulfur rather than
the organic matrix was achieved.
= Thiophene sulfur was oxidized to sulfone form at 20 °C.
= All sulfone generated was removed from both coals without any significant carbon loss

after pyrolysis at 400 °C.
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Considerations

To improve the conversion and consequent removal of thiophenic sulfur, multi-stage oxidation
by peracetic acid could be considered, however, it might result in decomposition of organic
matrix and consequently lower carbon yield.

A more efficient alternative for removal of organic sulfur while keeping a high carbon yield is
extraction using ionic liquids. Mochizuki and Sugawara (2008), attempted the extraction of
thiophene sulfur from a model fuel using halogen-free ionic liquids, and it was demonstrated
that a high extraction yield of dibenzothiophene and the extraction yield increased linearly with

an increase in the length of alkyl chains and the mass ratio of the ionic liquid to the model fuel.
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Chapter 3: Influence of unburned carbon on chemical forms of mercury in fly produced
from a coal-fired power plant

3.1 Introduction

Global mercury emissions are projected to increase in the next decades. Streets et al. (2009)
suggests that the range of 2050 global mercury emissions are projected to increase to 2390 - 4860
Mg compared to 2480 Mg in 2006. The expansion of coal-fired electricity generation in developing
nations is believed to be the main driving force for this increase. In coal combustion, mercury is
emitted as Hg?*, Hg® and Hg-p. When water soluble Hg?" is deposited to the terrestrial ecosystems
and the ocean is reduced to gaseous Hg® and it may return back to the atmosphere, prolonging its
lifetime in the biosphere (Amos et al., 2014; Amos et al., 2013; Amos et al., 2015; Streets et al.,
2018) or it may be involved in methylation-demethylation cycles, resulting in methylmercury
(MeHg) which is an especially toxic species (Ariya et al., 2009; Lopez-Anton et al., 2012;
Sundseth et al., 2017).

Methylmercury (CHsHgX) in easily accumulated in fish and shellfish and compared to other forms,
it has the highest bioavailability. Many studies found that exposure to CHsHgX at high
concentration can cause a variety of heath complications, including development impairment,
reduced reproductive success, induced liver and kidney damage and immunomodulation (Chen &
Wilcox, 2008; Leonard I. Sweet, 2001; Scheuhammer & Sandheinrich, 2008; Yang et al., 2020).
The Minamata disease is an example of a large scale poisoning by CHsHgX which resulted in
increasing cases of behavioral, neurochemical, hormonal and immunological disorders (Eto, 1997,
Semionov, 2018).

In coal fired-power plants, the emissions of mercury are reduced by air pollution control devices,
by being captured and recovered together with fly ash and desulfurization gypsum. However, more
stable HgO that is not captured in this process, is released into the atmosphere. With the growing
efforts and regulations of mercury emissions (Scientific, 2019), to advance the capability of fly
ash and desulfurization gypsum to capture mercury, it is important to clarify the mercury forms in
these byproducts and their release patterns.

Methods of identifying mercury chemical forms contained in coal combustion byproducts include
sequential chemical extraction (Han et al., 2003; Kim et al., 2003; Zhu et al., 2016), temperature-
programmed desorption (Liu et al., 2013), X-ray absorption fine structure (XAFS) (Huggins et al.,
2003; Kim et al., 2003; Kim et al., 2004), X-ray absorption near edge structure (XANES) (Esbri
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et al., 2010; Liu et al., 2016) and the recently developed method that combines temperature-
programmed desorption and cold vapor atomic absorption (TPD-CVAAS) (Sakusabe et al., 2019,
2020).

In this study, XANES analysis was used for the determination and speciation of mercury in the fly

ash. The effects of sulfur contained in the unburned carbon were investigated.

3.2 Experimental

3.2.1 Sample
A fly ash collected from an actual coal-fired power plant was sieved to obtain a rich fraction of
unburned carbon. The sample contained 2.6 ppm of mercury and 27.1 wt% of carbon content.

Additionally, the fly ash sample was sieved to four level of 42,53,72, and 96 um average size.

3.2.2 Mercury model samples

Six types of mercury compounds, namely: Hg (GR, Wako Pure Chemical Industries), Hg2Cl> (GR,
Wako Pure Chemicals), HgCl> (GR, Wako Pure Chemicals), HgS (cinnabar, GR, Kanto
Chemicals), HgSO4 (GR, Wako Pure Chemicals), HgO (GR, Nacalai Tesque) were also used
without purification. And a range of organic mercury samples such as sodium ethyl mercury
thiosalicylate, phenylmercuric acetate (GR, Nacalai Tesque), and ethyl mercury chloride
(Environmental Research grade: ER, Kanto Chemicals) These organic mercury samples were
selected to estimate the binding forms of mercury adsorbed on unburnt carbon, which, as indicated

by their structures, are -C-Hg-S, -C-Hg-O and -C-Hg-Cl- respectively.

3.2.3 Preparation of mercury-adsorbed unburned carbon

Unburned carbon sample was extracted from fly ash by successively boiling the fly ash in 46%
hydrofluoric acid (HF) and 6M of hydrochloric acid (HCI) at 110 °C for 1h. This procedure was
repeated 3 times until a rich fraction of unburned carbon was obtained. The obtained unburned
carbon was then heated at 700 °C to remove mercury. The mercury-free unburned carbon was

exposed to HgO vapor at 900 °C to prepare mercury-adsorbed unburned carbon (UC-Hg).
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3.2.4 Preparation of sulfur-impregnated mercury-adsorbed unburned carbon

To study the effect of sulfur on mercury forms on unburned carbon, a sample abbreviated as UCS-
Hg was prepared from the unburned carbon sample. Unburned carbon was mixed with elemental
sulfur at 1:1 mixing ratio and heated to 600 °C, under nitrogen stream. The sulfur-impregnated
unburned carbon was then exposed to HgO vapor at 900 °C to obtain the sulfur-impregnated

mercury-adsorbed unburned carbon.

3.3 Analyses

3.3.1 Quantification of carbon and sulfur
Carbon content in fly ash was measured by NCH analyzer (Sumika Chemical Analysis Service,
NCH-22) and the sulfur content was measured by a carbon sulfur analyzer (Horiba, EMIA 220V).

3.3.2 Fly ash surface morphology

The average particle size distribution of the fly ash was measured using a laser diffraction
(Microtrac MT 3000 Il, Nikkiso Corp.). And the surface of was observed using a scanning electron
microscope (SEM-EDX, JSM-7800F, JEOL Corp.).

3.3.3 Measurement of total mercury content

The mercury content in the fly ash was measured by TPD-CVAAS method developed by Sakusabe
et al. (2019). Here, the mercury compound in fly ash is heated to 700 °C under argon gas stream
and desorbed from the sample in an electric tubular furnace, and the generated mercury compound
vapor is bubbled into a 90 g / m{ stannic chloride solution where is reduced to elemental mercury.
After that, it passed through an absorption tube of calcium chloride, and atomic absorption was

measured with an atomic absorption spectrophotometer installed on the downstream side.

3.3.4 Identification and quantification of mercury forms

The analysis of mercury forms on fly ash and unburned carbon samples was performed by
measuring the XANES spectrum of Hg LII1-edge using beam lines (BL) 9A and 12C of the Photon
Factory at High Energy Accelerator Research Organization in Tsukuba, Japan. As described by
Uaciquete et al. (2021), the samples were mixed with boron nitride and pressed at 2 ton.com-2

using a tablet molder. Under atmospheric pressure conditions, X-rays varied in energy by rotation
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of a Si (111) double crystal monochromator were used to irradiate the samples, and the X-ray
fluorescence generated from the samples was monitored by a multi-element germanium detector.
The range of X-ray energy irradiated to the samples was from 12,236 eV to 12,588 eV. The
irradiated energy was calibrated using the 12,284 eV peak of the elemental mercury XANES
spectrum (Uaciquete et al., 2021).

The estimation of chemical forms was estimated by the inflection point method proposed by
Huggins et al. (2003). In this method, the inflection point difference (IPD) defined from the first

derivative spectra and is calculated by the following equation:
Inflection point difference (AE) = E;> — E1 (6)

Where, E1 and E> represent the minimum and maximum adsorption threshold which is defined as
the energy at which the open continuum channel for photo-electric absorption becomes available,
producing continuum photo electron. Or simply the positions of lower energy and higher energy
peaks in the first derivative spectra respectively (Huggins et al., 2003).

And the chemical forms of the samples were estimated by comparing the IPD values of the samples
to those of the model compounds.

The quantitative analysis was performed by linear combination fitting of the obtained XANES
spectra with the XANES spectra of the model mercury compounds, and the abundance ratio of
each form was determined from the proportion of each linearly combined spectrum.
Normalization, smoothing and differential of XANES spectra were carried out using the software,
Athena (IFEFFIT) and Excel (Microsoft Office) (Uaciquete et al., 2021).

3.4 Results and Discussion

3.4.1 Effect of carbon on mercury

The SEM image of unburned (Figure 3.1) carbon show glassy surface containing many pores of <1
pm. And in the EDX analysis, sulfur, chlorine and oxygen were detected.

Figure 3.2 shows the correlation between the mercury and carbon contents measured in the sieved
fly ash. Although no correlation was found between the mercury content and the average size of
the fly ash, a linear correlation was found between the mercury content and the carbon content in
the different sieving levels (42, 53, 72 and 96 um) of fly ash.
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Figure 3.2 Relationship between mercury and carbon contents in fly ash
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3.4.2 XANES spectra of mercury model samples

The obtained XANES spectra of the model sample mercury compounds are shown in Figure 3.3.
And the Figure 3.4 shows the first derivative of the obtained XANES spectrum. he energies E1 and
E> with the maximum slope of the absorption edge were determined from Figure 3.4, and the
difference AE values were calculated.

The AE values are listed from the highest to the lowest. Huggins et al.,(1999; 2003) found that the
positions and the relative intensities of E1 and E2 peaks reflect the chemical bonding of the nearest
neighbour (NN) coordination sphere around the mercury ion. inflection point difference (IPD)
correlates the differences in the ionicity of the Hg — NN bond. The more ionic compounds of
mercury, such as HgO, in which the Hg ion is surrounded by relatively small, ionic oxygen anions,
have large IPD values, whereas the least ionic and largest anionic species, such as S”in Hg sulfides,
give smaller IPD values. This is in accordance with the AE values for each mercury compound
model sample shown in Table 3.1. The AE of elemental mercury could not be calculated because
an obvious peak at E2 was not observed.

As an example of the first and second derivative of XANES spectra of HgSOa, Figure 3.5 shows
that XANES spectrum of HgSOa4.
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Table 3.1 Inflection point difference from Hg XANES spectra of model compounds

Mercury compound Inflection point difference AE (eV)
HgO 13.5
HgSO, 12.3
Hg,Cl, 10.3
HgCl, 10.3
HgS 8.9
Ethylmercury Chloride 8.4
Phenylmercuric acetate 8.4
So'diurr'l ethylmercury 79

thiosalicylate
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Figure 3.5 Inflection point difference from XANES spectrum of HgSO4 model sample
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3.4.3 XANES spectrum of fly ash containing unburned carbon

Figure 3.6 shows the Hg XANES spectrum and its first derivative curve for the fly ash samples
containing the unburned carbon. AE was measured as 7.9 eV, which more closely resembles to
control value of organic mercury rather than the inorganic mercury compounds; however, this
value does not precisely match with any of the observed AE of the model compounds.

In addition, the XANES spectra of the HgO and HgS, and their mixture at 1:1 weight ratio, were
anayzed. The XANES spectrum of the mixture of HgO and HgS was modeled by linear
combination fitting of the XANES spectra of HgO and HgS. The observed XANES spectrum of
the mixture, the modeled values as well as the residual values between the observed and modeled
values are shown in Figure 3.7. As it is shown, the XANES spectrum of the mixture of HgO and
HgS can be accurately modeled using the XANES spectra of HgO and HgS with their abundance
ratio as a fitting parameter.

The linear combination fitting using XANES spectra of modeled compounds was thus used to
estimate the chemical forms of mercury and their relative abundance ratio in the fly ash sample,
and the modeled results can be seen in Figure 3.8. The XANES spectrum of the fly ash was
modeled successfully using the spectra of model compounds and Table 3.2 shows the estimated
abundance ratio of the mercury chemical forms contained in the fly ash. Mercury in the fly ash
appears to be bound with S, Cl and O compounds. This behavior can be explained by the fact that
in flue gas of coal-fired power plants, H>S and SO> may react with unburned carbon and generate
sulfuric functional groups (Sugawara et al., 2003), which then react with gaseous mercury and

produce the types of mercury bound to sulfur and oxygen found in the unburned carbon.
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Figure 3.6 XANES spectra, first and second derivatives of the fly ash.
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Figure 3.8 First derivative of XANES spectra for the fly ash and simulated curve by using
XANES spectra of model compounds.

Table 3.2 Total mercury content and estimated abundance ratio of mercury forms in the fly ash

He Abundance ratio [%]

[ppm] HgSO,  C(C)S[Hg] C [Hg]Cl C[Hg]O

2.6 18 18 27 36
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3.4.4 XANES spectra of modeled unburned carbon

The XANES spectrum of UC-Hg was measured to clarify the chemical forms of mercury when
captured by unburned carbon in the gaseous phase. Figure 3.9 shows the first and second
derivatives of the UC-Hg. The calculated IPD value was 8.3 eV which is close to those of the
organic mercury compounds, ethyl mercury chloride (8.4 eV), phenylmercuric acetate (8.4 eV)
and sodium ethylmercurithiosalicylate (7.9 eV).

The XANES spectrum of the UCS-Hg is represented in Figure 3.10. Similarly, to UC-Hg the IPD
value of UCS-Hg is close to those of the organic compounds, indicating the formation of
compounds of organic sulfur with mercury.

Since the IPD value of these samples was similar to those of the mercury organic compounds (ethyl
mercury chloride, phenylmercuric acetate and sodium ethylmercurithiosalicylate), the spectra of
UC-Hg and UCS-Hg were simulated using these compounds. Figure 3.11 shows the derivative
spectra and their respective simulated curves. The total captured mercury captured increased from
33 ppm in UC-Hg to 155ppm in UCS-Hg as the sulfur content increased from 0.08% in UC to
3.4% in UCS.

The sulfur content in the unburned carbon considerably increases the quantity and forms of
mercury captures by unburned carbon as shown in Table 3.3. This might indicated that there is a
possibility that unburned carbon reacts with gaseous sulfuric compounds such as SO; and HzS in
the flue gas when moving from the boiler to the electrostatic precipitator (Uaciquete et al., 2021).
In this study it was demonstrated that gaseous mercury is more easily captured by sulfur, chlorine

as well as oxygen compounds in the fly ash containing the unburned carbon.
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Table 3.3 Total content of Hg and estimated abundance ratio of Hg forms of UC-Hg and

UCS-Hg
Hg Abundance ratio [%]
Sample
[ppm] C(C)S[Hg] C [Hg]Cl C[Hg]O
UC-Hg 33 16 80 4
UCS-Hg 155 64 21 15
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3.5 Conclusions

Mercury chemical forms in fly ash containing unburned carbon were determined by XANES

analysis. The total content of mercury was proportional to the carbon content of the fly ash.

XANES spectra of the fly ash were modeled by linear combination fitting using XANES spectra

of control mercury compounds.

In order to clarify the effect of unburned carbon on mercury’s chemical forms, two types of model

mercury-adsorbed unburned carbon with and without sulfur impregnation.

Total content of mercury was proportional to the carbon content of fly ash.

The mercury forms in the fly ash were found to be sulfur, chlorine or oxygen compounds.

All mercury in the UC-Hg and UCS-Hg was bound to sulfur, chlorine and oxygen
compounds.

Mercury content increased drastically with the increase of the sulfur content.

Amount of mercury is dependent on the unburned carbon content.

Mercury chemical forms is strongly influenced by the presence of sulfur, chlorine and

oxygen in the unburned carbon.
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Chapter 4: Elution behavior of mercury from coal by-products

4.1 Introduction

In recent years, environmental conservation for sustainable development has become a major goal
worldwide. The utilization of renewable energy sources, such as solar and wind power, has grown
exponentially. However, the stable operation of renewable energy is challenging as its output
fluctuates widely depending on natural conditions. Coal-fired power generation is expected to be
utilized as a base load for the power source while promoting high efficiency and reducing the
environmental load. According to the Aggregation of Electricity Supply Plans published in Japan
in 2021, renewable energy will account for 28% of the power supply in 2030, while coal will
account for 34% ("Summary of annual supply plan, 2021-," 2021).

When coal burns, harmful trace elements, in addition to sulfur and nitrogen oxides, are released
into the gas phase. Mercury, fluorine, bromine, and chlorine are the most volatile elements in coal.
Mercury in coal exists in forms of sulfide-bound mercury (mainly pyritic mercury), clay-bound
mercury, and organic matter-bound mercury (Zhao et al., 2019), at an average content of about 0.1
ppm (Rallo et al., 2012). Despite its low content, coal is considered one of the main anthropogenic
sources of mercury emissions (Sundseth et al., 2017).

Mercury emission from coal-fired power plants into the atmosphere has been extensively
reviewed. Mercury emitted in the natural environment can undergo a series of chemical
transformations to an organic form, methylmercury (CHsHg), which is highly toxic (Counter &
Buchanan, 2004; Heckel et al., 2013) and has a substantial impact on human and ecosystem health
at local and global scales (Driscoll et al., 2013; Gworek et al., 2017; Lavoie et al., 2013). Thus,
implementing strategies, technologies, and regulations to limit the release and exposure to mercury
should be emphasized. Coal-fired power plants are fitted with equipment for exhaust gas treatment,
such as selective catalytic reduction units (SCR), electrostatic precipitators (EP), and wet
desulfurization units (WFGD), in which mercury is captured and recovered with fly ash and
gypsum. Such set-ups significantly reduce mercury emissions into the atmosphere. However, as
air emission control becomes strict, the partitioning of mercury is found to shift towards non-air
releases (Diao et al., 2018; Streets et al., 2018). And with the growing demand for environmental
protection, the output of fly ash and flue gas desulfurization gypsum has increased worldwide. In
countries such as Japan, the effective use rate of gypsum was almost 100% in 2017 (JCOAL,

2017). The primary use of desulfurization gypsum is in the construction field, as a raw material
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for wallboard production (Lei et al., 2017; Liu et al., 2021; Pantini et al., 2019; Pedrefio-Rojas et
al., 2020; Ye et al., 2019). However, the utilization of fly ash and desulfurization gypsum increases
concerns of mercury leaching as the mercury contained in these by-products can be transported
into rivers and find its way into lakes and oceans (Amos et al., 2014; Ogawa et al., 2018; Truman
et al., 2010). Hence, investigating the leaching potential of mercury from desulfurization gypsum
is essential to predict the risk of pollution when gypsum is utilized as the construction material, or
when it is finally landfilled. Compared to fly ash, information on the leaching potential of mercury
from desulfurization gypsum is limited. Typically, the release potential of heavy metals, including
mercury, is predicted using batch or fixed-bed-column leaching systems. Fixed-column leaching
may be the most appropriate method for simulating field conditions (Benito, 2001; Kim et al.,
2003). However, a fixed column system is ineffective for fine-grained gypsum due to insufficient
permeability (Kairies et al., 2006).

In this study, we have attempted to develop an accurate method for evaluating mercury elution
from desulfurization gypsum. We achieved this by comparing two types of elution tests: the
conventional batch elution and the semi-batch method. The elution behavior was kinetically
modeled using the chemical forms of mercury in gypsum.
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4.2 Experimental method
4.2.1 Gypsum samples

The two types of gypsum samples used in this study were obtained from a commercial coal-fired
power plant. Both samples were collected from a double-contact flow-type desulfurization
equipment. Table 4.1 presents the values of total mercury and carbon content. These values depend
on the type of coal and combustion conditions. All samples were dried at 100 °C for 24 h prior to
the analysis. The surface of the gypsum samples was observed using a scanning electron
microscope (SEM-EDX, JSM-7800F, JEOL Corp.). Figure 4.1 shows an example of the SEM
image of Sample No. 1. Distinct differences were not observed between the features of Samples 1
and 2.

Table 4.1 Composition of desulfurization gypsum samples.

Gypsum Hg [ppm] C [wt.%]
No.1 1.10 0.19
No.2 0.70 0.14

AEATN

L ipm  JEOL 2022/02/08
3.0kvV LED SEM WD 9.9mm 14:25:58

Figure 4.1 SEM photo of gypsum sample No.1.
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4.2.2 Elution test using the conventional batch system

To investigate the elution behavior of mercury from gypsums when exposed to rainwater, the
elution test was carried out following the conventional batch method described by the Japanese
standardized leaching Test No.13 referred by Japan’s policy on environmental management of
mercury wastes. In this test, 5 g of gypsum was added to 50 ml of deionized water and shaken at
250 rpm for 1 min to 6 h under room temperature. Afterward, the mixture was subjected to solid-
liquid separation by filtration through a 0.45 um membrane filter. The filtrates were preserved by
adding 20 mL of 50 g/L. KMnOsa.

4.2.3 Elution test using the improved semi-batch test

As means to precisely evaluate the amount of Hg eluted at every step of the elution test as well

as the time necessary for the dissolution of mercury to reach a steady state, an improved semi-
batch method was designed. Here, the mixing ratio of the gypsum sample and solution was set to
a weight ratio of 1:3. The mixture was thoroughly stirred, and samples of the eluate were collected
every 10 min in a total time of 160 min. Other conditions such as pH, temperature, and stirring

speed were maintained similar to those described in the conventional method.

4.2.4 Elemental analysis

Carbon contents in all samples were quantified using an NCH analyzer (Sumika Chemical
Analysis Service, NCH-22A). The surface of was observed using a scanning electron microscope
(SEM-EDX, JSM-7800F, JEOL Corp.). And the chemical forms of mercury in gypsum were
identified and quantified by combining temperature-programmed desorption and cold vapor
atomic adsorption spectrophotometry (TPD-CVAAS) (Sakusabe et al.,, 2019, 2020). The
schematic of the system is shown in Figure 4.2. The sample was heated in an electric furnace to
700 °C at a heating rate of 5 °C/min in an argon gas stream of 250 ml/min. Mercury compounds
were desorbed from the sample, and the generated mercury compound vapor was bubbled into a

stannic chloride solution of 90 g/mL, where mercury was reduced to elemental mercury.
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Figure 4.2 Schematic diagram of the Hg thermos-desorption and CVAAS apparatus for mercury

speciation according to Sakusabe K. et al., 2020.

Subsequently, it passed through a water absorption tube of calcium chloride, and atomic absorption
was measured with an atomic absorption spectrophotometer installed on the downstream side of
the equipment.

The chemical form analysis of mercury was performed by linearly combining the TPD curves of
various model mercury compounds and simulating the TPD curve of the sample using the least
squares method with the abundance ratio of each form as a parameter. According to Sakusabe et
al. [24, 25], mercury exists in a state bound to chlorine, sulfur, and oxygen depending on the flue
gas or desulfurization equipment conditions. Five types of mercury compounds, Hg»>Cl,, HgClo,
HgO, HgS, HgSOs « 2HgO, and HgSO4, were prepared by mixing Hg-Cl, (EP, Wako Pure
Chemicals), HgO (GR, Nacalai Tesque), HgS (GR, Kanto Chemical), HgSO4 (GR, Wako Pure
Chemicals) with silicon dioxide (GR, Nacalai Tesque), and calcium sulfate dihydrate. The mercury
content of all the model samples was adjusted to 10 ppm.

In addition, considering the possibility that mercury may be adsorbed by unburned carbon mixed
in desulfurization gypsum, and that the unburned carbon in FGD gypsum is exposed to reactive

gases such as HCI and SO: in flue gas, it can change the surface condition and affect mercury
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adsorption (Wu et al., 2015). Carbon with adsorbed mercury was also prepared as a model sample.
The carbon used for the preparation was bituminous coal-based activated carbon (GR, Nacalai
Tesque, Inc.) and unburned carbon (UC) separated from fly ash generated at a coal-fired power
plant. Activated carbon (AC) or UC was soaked in an aqueous solution containing dissolved HgO
for one hour to prepare carbon with adsorbed mercury (AC-Hg and UC-Hg).

The mercury in the filtrate was quantified using a cold vapor atomic absorption spectrophotometer
(AA-7000, Shimadzu Corp.) using HONHz3CI to reduce excess KMnO4 and SnCl; as a reduction
agent.

In addition, quantification of mercury in the filtrate was carried by Cold VVapor Atomic Absorption
Spectrophotometer (AA-7000, Shimadzu Corp.) by using HONH3CI to reduce the excess of
KMnO4 and SnCl; as a reduction agent.

4.3 Results and discussion

4.3.1 Elution behavior of mercury in the batch method

The elution behavior of mercury in the batch system was also investigated. The leaching conditions
were maintained as described in the standard test, and the leaching time was varied from 1 min to
6 h. Figures 4.3 and 4.4 show the change in dissolved mercury Cr (ug-Hg/g-gypsum) as a function
of time. Rapid dissolution of mercury was observed during the first stage of the elution test for
both samples. Gypsum No. 1 achieved an elution peak of mercury after 30 min of elution. Gypsum
no. 2 reached its peak after 60 min. However, after reaching the elution peak, the mercury content
of the liquid gradually decreased. Therefore, it is difficult to precisely evaluate the amount of
mercury eluted in the elution test. The shapes of the dissolution profiles suggest that the initial
ascending shape of the curves indicates a rapid dissolution of mercury into the solution, and the
curve descends after the elution peak may be caused by the adsorption of mercury by gypsum.
Mercury tends to be associated with sulfur and chlorine (Z. Li, 2002). In this case, mercury
adsorption on gypsum is thought to be a result of interactions between minor elements such as
chlorine and sulfur-containing functional groups available in the unburned carbon (Sun et al.,
2017; Uaciquete et al., 2021; Wajima & Sugawara, 2011). An improved method should be
designed to prevent adsorption and precisely evaluate the elution potential of mercury from

desulfurization gypsum.
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Figure 4.3 Change in dissolved Hg with time in batch elution experiment of gypsum No. 1.
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Figure 4.4 Change in dissolved Hg with time in batch elution experiment of gypsum No. 2.
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4.3.2 Elution behavior of mercury in the semi-batch method

A semi-batch test was designed to determine the precise amount of mercury dissolvable from
gypsum. The mixing ratio of the gypsum sample and solution was set to a weight ratio of 1:3. The
mixture was thoroughly stirred, and samples of the eluate were collected every 10 min for a total
time of 180 min. At the same time, other conditions, such as temperature and stirring speed, were
maintained similar to those described in the conventional batch method. Figures 4.5 and 4.6 show
the extent of mercury elution as a function of time. Contrary to the batch test results, the elution
behavior showed that the influence of adsorption was negligible. The mercury elution for all
samples rapidly increased with time, and the maximum dissolution amount was obtained after 60
min of leaching.

If the adsorption of mercury by gypsum can be neglected in the batch experiment, the possible
mercury concentrations were estimated to be 0.035 ppm and 0.038 ppm in the water for gypsum
samples 1 and 2, respectively, according to the observed maximum elution amount in the semi-
batch experiments. These estimated values exceeded the effluent standard of mercury 0.005 ppm
as shown in Figure 4.7. It is possible to release mercury beyond the effluent standard when
desulfurization gypsum is placed in the water flow system.

0.04 ‘ T ' T
COOOOOOOO0
— i (¥ i
= 0.03
2
&
b 002 | @ i
% @
o @
=
DM 0.01 -
0 c | ) |
0 60 120 180

Time, ¢ [min]

Figure 4.5 Change in dissolved Hg with time in semi-batch elution experiment of gypsum No. 1.
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Figure 4.6 Change in dissolved Hg with time in semi-batch elution experiment of gypsum No. 2.
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Figure 4.7 Comparison of mercury concentration in the solution from the elution tests and the
mercury effluent standard
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4.3.4 Chemical mercury forms in the gypsum samples

Figure 4.8 shows the TPD curves of mercury in the desulfurization gypsum samples. The rhombic
key represents the observed data. The black solid lines indicate the fitted values obtained from the
linear combination of the TPD curves for the mercury model compounds. Table 4.2 shows the
abundance ratios of mercury forms determined by the simulation. TPD profiles of both No. 1 and
No. 2 showed a peak position at approximately 280 °C, confirming that both samples contained
carbon-associated mercury forms of UC-Hg and AC-Hg. Unburned carbon (UC) and activated
carbon (AC) are derived from bituminous coal, but AC is formed through steam activation at high
temperatures, whereas UC is formed by exposing unburned particles to reactive gases such as HCI
and SO.. Therefore, the surface functional groups were clearly different. Oxygen functional groups,
such as ester and carbonyl groups of activated carbon, are involved in mercury adsorption (Sun et
al., 2017). Table 4.2 shows that carbon-associated UC-Hg is the main chemical form of mercury

ranging from 75% to 94% for gypsum No. 1 and No. 2, respectively.

Figure 4.9 shows the TPD curves of gypsum obtained after the elution tests. The determined

abundance ratios of the mercury forms are listed in Table 4.3.
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(a) No.1 |(b) No.2
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Y | — simulated \ | — simulated

Normalized absorbance [a.u.]
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Temperature [°C]
[ ] uc-Hg [] AC-Hg [ ] HgO [ | HgSO,-2HgO | HgSO,
Figure 4.8 TPD curves and fitting results of gypsum samples (a) No.1 and (b) No.2.
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Table 4.2 Abundance ratio of mercury forms in the gypsum raw samples.

Abundance ratio of Hg forms [%]

Sample
UC-Hg AC-Hg HgO HgS HgSO,.2HgO HgSO,
No.1 75 13 6 3 3 0
No.2 94 0 6 0 0 0

The eluted amount was less than 5% of the total mercury content in gypsum; therefore, a distinct
change was not observed in the TPD curves before and after elution. While the precise
interpretation of mercury forms involves difficulties, it was confirmed that the semi-batch samples
of both No. 1 and 2 contained only UC-Hg and AC-Hg. This resulted from the fact that all soluble
mercury was removed from the gypsum in the semi-batch method. In the batch method, all mercury
existed in carbon-associated forms after the elution test. This implies that soluble mercury was

transformed into stable carbon-associated forms during adsorption.
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Figure 4.9 TPD curves and fitting results of gypsum samples after elution tests (a) No.1 in batch
system, (b) No.2 in batch system, (c) No.1 in semi-batch system and (d) No.2 in semi-

batch system.
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Table 4.3 Abundance ratio of mercury form in gypsum before and after elution tests [% of total

Hg in sample].
Sample Elution UC-Hg AC-Hg HgO HgS HgSO42HgO HgSO4
system

- 75 13 6 3 3 0

No.1 Batch 85 15 0 0 0 0
Semi-batch 97 0 0 0 0

- 94 6 0 0 0

No.2 Batch 90 10 0 0 0 0
Semi-batch 94 6 0 0 0 0

4.3.5 Rate analysis of elution
Mercury eluted from gypsum to distilled water was adsorbed by gypsum in the batch method. The
maximum dissolution amount of mercury existed in the semi-batch method. Here, we assume the

following series of reactions.
A—-R—>S

A, R, and S represent soluble mercury in gypsum, eluted mercury in water, and mercury re-
adsorbed by gypsum, respectively as shown in Figure 4.10. Assuming that the first-order reaction
of mercury content expresses the elution and re-adsorption rates, the material balance equations

(7-11) are expressed as follows:

dXa/dt = —kiXa (7)
dXr/dt = kiXa —k2XR (8)
dXs/dt = keXRr 9
XA + XR + Xs = XA0 (10)
Xa= Xa0, XR=Xs=0att =0 (11)

k1 and k> are the rate constants of elution and re-adsorption, respectively. Xa, Xgr, and Xs show the

extent of mercury in the gypsum phase, eluted mercury in the water phase, and re-adsorbed
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Figure 4.10 Elution behavior of mercury from gypsum.

mercury in the gypsum phase, respectively. Xao is the maximum amount of soluble mercury
determined using the semi-batch method.

The solid lines in Figures 4.11 and 4.12 represent the simulated values and express the change in
the amount of eluted mercury, showing the maximum values. Figures 4.13 and 4.14 show the
simulated curves of elution behavior of mercury using the semi-batch method as solid lines. The

determined rate constants and the maximum extent of elution are listed in Table 4.4.
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Figure 4.11 Change in dissolved Hg with time in batch elution experiment of gypsum No. 1. The
solid line shows the experimental and simulated values.
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Figure 4.12 Change in dissolved Hg with time in batch elution experiment of gypsum No. 2. The

solid line shows the experimental and simulated values.
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Figure 4.13 Change in dissolved Hg with time in semi-batch elution experiment of gypsum No.

1. The solid line shows the experimental and simulated values.
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Figure 4.14 Change in dissolved Hg with time in semi-batch elution experiment of gypsum No.

2. The solid line shows the experimental and simulated values.
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Table 4.4 Rate constants for elution and re-adsorption of mercury from gypsum.

Gypsum Rate constants Extent of Hg
elution
samples ko [57] ke [57] [%]
No. 1 8.0x 107% 40x 1074 3.2
No. 2 6.0 x 1074 1.0 x 107% 55

The rate constants of the elution of mercury ki from both gypsums were similar. However, the rate
constant of adsorption k. of Sample No. 1 was four times larger than that of Sample No. 2, which
might be related to the carbon content in the gypsum. Most of the mercury in the fly ash and
desulfurization gypsum produced from coal-fired plants exists in unburned carbon in the form of
sulfur-, chlorine-, and oxygen-related compounds (Uaciquete et al., 2021). In particular, sulfur has
a strong affinity for mercury. The adsorption of mercury by gypsum in the present batch
experiments implied that the eluted mercury formed a stable compound with sulfur contained in
the unburned carbon. Wajima and Sugawara reported mercury adsorption using pyrolyzed coal
with and without sulfur impregnation (Wajima & Sugawara, 2011). Sulfur impregnation increased
the amount of adsorbed mercury. The mercury adsorption rate constant for the sulfur-impregnated
coal showed 10 st order assuming a first-order reaction. This kinetic value was similar to the re-

adsorption rate in the batch experiments.
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4.4 Conclusion

Mercury elution from desulfurization gypsum was analyzed using conventional batch tests. In this
test, the dissolved mercury was found to readily re-adsorb into gypsum; therefore, the precise
amount of mercury could not be evaluated.

In order to evaluate the precise amount of mercury from desulfurization gypsums, an improved
semi-batch system was designed. Here, the adsorption phenomenon was negligible, and it was
confirmed that the dissolved mercury concentration in both samples exceeded the effluent standard.
Changes in mercury forms before and after the elution tests were analyzed using a combination of
Temperature Programmed Desorption and Cold Vapor Atomic Absorption Spectroscopy. It was
demonstrated that, in the batch test, the soluble mercury was later transformed into more stable
carbon-associated forms for both types of gypsum. In contrast, all the soluble mercury was
removed after the elution test in the semi-batch tests. Thus, the semi-batch test is a more accurate

for evaluating and predicting the risk of mercury elution from desulfurization gypsum.
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Chapter 5: Summary

In this study we focused on coal cleaning technologies as well as the efficient utilization of
coal combustion by-products. Which are undeniably crucial topics related to the efforts in

minimization of the environmental impacts of coal utilization.

The study has demonstrated a new option for removal of sulfur from coal prior to the utilization.
In addition, a contribution to the understanding of mercury speciation and fate during coal
utilization, was made by demonstrating the influence of unburned carbon in the mercury forms

in fly ash as well as the elution behavior of mercury from desulfurization gypsum.

Chapter 1 outlines some background information and general aspects in recent trends on coal
utilization and coal cleaning technologies including high efficiency energy generation
technologies such as integrated gasification combined cycle (IGCC). Furthermore, given the
fact that currently used desulfurization methods prior to combustion which include mainly
physical methods such as flotation and magnetic separation are not effective to remove organic
sulfur, chemical-based desulfurization methods are becoming more attractive. In addition, as
the global regulation of mercury emissions becomes more stringent each year, the issues of
concern of utilization of coal combustion by-products were clarified. And the aim and

objectives of this study were also described.

In chapter 2, a selective oxidation process that can be performed under mild conditions with
high carbon yield, was developed by using peracetic acid. Sulfur forms in the raw and treated
coals were accurately specified by Sulfur K-edge X-ray absorption near edge structure analysis
(XANES). It was confirmed that by peracetic acid, a selective organic sulfur removal from
subbituminous coal is achieved at room temperature. Peracetic acid showed good performance
for thiophenic sulfur conversion. Thiophene was converted into its oxidized sulfone form
which was then removed by thermal treatment at 400 °C maintaining a high carbon yield of
about 90%.

In chapter 3, as an effort to understand the relation between the mercury forms and the

unburned carbon contained in fly ash, mercury forms in fly ash with a rich fraction of unburned
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carbon were qualitatively and quantitatively analyzed by Hg Lii-edge XANES analysis.
Estimation of chemical forms of mercury was initially done by an inflection point method.
Additionally, qualitative and quantitative analyses were performed by linear combination
fitting using XANES spectra of the control mercury compounds. The XANES spectrum of the
unburned carbon samples showed that all mercury in fly ash bounds to sulfur, chlorine and
oxygen compounds. It was demonstrated the mercury chemical forms in fly ash were

remarkably influenced by the presence of sulfur, chlorine and oxygen in the unburned carbon.

In chapter 4, the elution behaviour of mercury from desulfurization gypsum was studied. For
the elution test, the conventional batch method and the improved semi-batch were applied. The
results revealed that the dissolution behavior of mercury varied significantly with the testing
method. It was demonstrated that in a batch system, a sequential phenomenon of elution and
adsorption occurs. Initially, Hg from gypsums is rapidly eluted and then gradually adsorbed
onto the gypsum surface, and transformed into more stable carbon-associated mercury forms.
On the other hand, in the improved semi-batch system, the adsorption phenomenon was
negligible and only dissolution was observed. Thus, the improved semi-batch system is
proposed as a more accurate method to predict the risk of mercury elution from flue gas

desulfurization gypsums.
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