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ABSTRACT
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Doctor of Philosophy
THE USE OF FLY ASH TO STABILISE LOW CONCENTRATIONS OF
MERCURY IN THE ENVIRONMENT
By Waraporn Kitchainukul

The work investigates if fly ash from Ekibatuz Powdant can stabilise low concentrations
of mercury in the environment and prevent it froecéiming soluble in water and in

preventing it transforming into the methylated form

The work demonstrates that mercury bound to flyfesin the coal fired 4,000 Mwatt
Ekibatuz Power Plant in Kazakhstan is fairly stadilpH levels that are found in most
natural water bodies. The adsorption behavioo¥edld the Freundlich adsorption model.
The adsorption capacity of the fly ash for Hg (#3s found to be 3.0 mg'wf dry ash, the
adsorption equilibrium being reached after 96 hodrse adsorption kinetic and studied at
pHs between 6 and 8rhe study showed that between the pH range ®&a1%d8.0 bound
mercury on wet and air dried ash was fairly resisto leaching with the maximum
leaching being 0.292 mg.land 0.14 mg for the wet and air dried fly ash, respectively,
with leachate at pH 7.0.

Laboratory studies of the stability of the adsorbetcury on fly ash when mixed with
organic rich sediments in an anaerobic environraepH 7.0 showed that despite ideal
conditions for methylation to take place after 8&k& the concentration in solution was
less than 2g.I"". The studies showed that unburnt carbon contamealv fly ash was the
key factor for adsorption reaction. The resulticgated that fly ash from the 4,000 Mwatt
Ekibatuz Power Plant in Kazakhstan fired with hegih medium volatile coal can be used

to stabilise low concentration of mercury in théunal aquatic environment.

Keywords: Mercury, Methylmercury, Fly ash, Stadakion, Aquatic environment,

Adsorption isotherm
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Chapter 1

Introduction

1. 1 Background

Coal burnt in coal fired power plants is the Wosldiajor source of mercury pollutants in
the environment. During the burning process, tharHthe coal is released into the
atmosphere mainly as Hgvapourises in the flue gases, but small amoumtsirein the

fly ash. The amount of Hg released is dependeth®isource of coal, with American
mined coal being particularly rich in mercury (BRhand Cann, 2005). However, the
amount of Hg in the flue gas also depends on thétgpes and composition, and on
combustion and flue gas conditions (Kotnik 199Bgpending on the gas composition, fly
ash is able both to adsorb mercury and to oxidemmental mercury in the flue gas (Nriagu
and Pacyan, 1988). Hence the fraction of mercelgased into the atmosphere is
dependant on combustion conditions. Chu and Rar(E95) and Hoffart et al. (2005)
reported that after coal combustion about 5% ofcomgrpersisted in slag and ash; and 95%
of mercury was emitted through the stacks. Zhwrad. (2000) and Rio and Delebarre
(2003) found that elemental mercury could be oxidiand adsorbed on the surface of fly

ash particles.

Mercury is an extremely toxic substance and ittupioh is widespread in our environment
with anthropogenic sources of mercury pollutingome extent the entire earth’s air, soll
and water resources. Dangerous concentrationgidury only occur, however, near point
sources or where it bio accumulated in the foodnclaSEPA1998; Ullrich, et al., 2001).
Fahlek and Bursik (1995) stated that elemental orgrs evenly distributed throughout the
troposphere because of its long residence timeer Akidation to divalent water-soluble
Hg compounds, the residence time decreases to ddgsvas it is washed out by rain, but
the divalent mercury (Hg) compounds can be deposited both by wet depositidrin dry
form. Mercury in the organic forms can be accurtadan the food chain and is highly

toxic at very low concentrations. The central o&w system is the main target for



methylmercury affecting the sensory, visual andtanglfunctions. Low doses can create
non-specific symptoms such as paresthesia (tinglirige extremities), malaise, or blurred
vision. Higher doses can cause deafness, lossooflination when walking, and speech

disorders, and in the worst cases, coma and dBattd(and Cann, 2005).

The most problematic sources of mercury pollutioour when it bio accumulates in the
aguatic food chain, with unacceptable concentrat@rmercury being found in predatory
fish or animals, such as seals or Tuna or polarshbea well as Arctic people (Baird and
Cann, 2005). If this bio accumulation is to betcolfed, it is essential to break the source-
pathway-target link, and the most logical pointoigry to break the link between the source
and the first link; in other words, the inorganazisce of pollution and its bio methylation.
The United States Environmental Protection AgetdSEPA), proposed regulations in
2003 requiring coal fired power plants to instal@ollution treatment devices which

would remove mercury from exhaust gases beforegleimtted into the air due to the
environmental problem in the U.S.A, particularle thigh concentration of Hg
accumulation in fish. The elemental mercury indbmmosphere can also undergo
transformations into inorganic and organic merdaryns. The most common natural
forms of mercury found in the environment are mietahercury, mercury sulfide, mercuric
chloride, and methylmercury. Some micro-organiamd natural processes can change the

mercury in the environment from one form to anohW&XEP, 2003).

Fly ash from coal fired power plant is other impmit pollutant. Coal fired power plant is a
major anthropogenic sources which produced largeuatof fly ash. The American Coal
Ash Association, ACAA (2002) reported that in theSLA alone the electricity utilities

used 128.7 million tons of coal which produced agpnately 76.6 million tons of fly ash.
Fly ash is the material obtained from dust coltattilevices which remove particulate
matter from the flue gases. Coal-fired power pksit contains both the combustion solids
of coal mineral matter from coal, and unburnt catb@he type of fly ash depends on the
type of coal and the manner in which the burntiagiollected. Approximately one-third

of the fly ash produced is utilised in cement, cete, structural fill, waste stabilisation and
road base stabilisation, whereas the rest is degpotin landfill (Komnitsas et al., 2004,

Wang et al., 2004). However, some research haxifthat fly ash could be used as



adsorbent material to remove some pollutants frast@water treatment such as Chemical
Oxygen Demand (COD), dye, and heavy metals (Wadg/m, 2006; Cetin and Pehlivan,
2007; Alinnor, 2007; Sahu et al., 2008). Rio aredlébarre (2003) suggested that fly ash
has the potential for remediation techniques paleity immobilisation of mobile forms of
mercury by adsorption process. The adsorptiondgptocess of accumulating materials
that are in solution on an interface, which mayidpeid-liquid, liquid-solid, gas-liquid or
gas-solid. An adsorption capacity of fly ash fqraaticular contaminant can be determined
by developing its adsorption isotherm. The equiilim adsorption models, which used are
the Langmuir isotherm and the Freundlich isothéeljer and With, 1972). The
Freundlich isotherm was deemed appropriate for amgradsorption on fly ash as it
represent initial surface adsorption followed bgoadensation effect resulting from
extremely strong solute-solute interaction. Thighies case for mercury as much of the

adsorbed mercury remains different to desorbs shov@hapter 4.

This study will establish the optimum conditiondlgfash to stabilise soluble mercury and
how tightly mercury is bound to fly ash by usingeaxption reactions. The tightness of
mercury bound will test the leaching of mercurynfravet and air dried spent fly ash
(mercury loaded fly ash). It will go on to estahlif the ash can be used to stabilise low
concentrations of mercury in the aquatic environinaexa if it could present a low cost

option to break the first link of mercury cycle whicontaminated into the food chain.
1.2 Aim

The purpose of this investigation was to deterntieeeffectiveness of fly ash in adsorbing
and stabilising low concentrations of mercury ia ttatural aguatic environment by
lowering the concentration in the water column teweel that would no longer pose an
environmental threat. The initial part of the stloks at its stability to physical
condition: pH 6 to 8, fly ash dosage, contact tamd initial mercury concentration. The
second part of the study looks at ability of flyrds stabilise mercury in sediment with
potentially methylating sediments with anaerobigamic rich methylated conditions at pH

7.0. The effect of unburnt carbon on the adsongpiamcess was investigated.



1.2.1 Objectives of adsorption process study

To determine the adsorption and desorption kinetiddg on fly ash from the 4,000 Mwatt
Ekibatuz, a power plant in Kazakhstan fired withthash, medium volatile coal to
establish if fly ash can be used to stabilse mgrituthe natural aquatic environment. This
was achieved by the following:

a) Carrying out adsorption experiments which batfalgdished the adsorption capacity and
the Freundlich adsorption/desorption isotherm fathlwet and air dried fly ash.

b) pH is known to affect the stability of adsorbmdrcury. The effect of pH between 6 and
8 on the ability of fly ash to adsorb mercury wagestigated. pH 6 to 8 represents the
common range of many naturally occurring water bsdi

c) Investigation to determine if fly ash can reeltize solubility of mercury under
anaerobic condition in the presence of organic setiment at pH 7.0

d) Unburnt carbon in the fly ash is expected ty pla important role in the adsorption
process. An experiment was conducted to estatiissimportance of unburnt carbon in the

ash on the adsorption process.



Chapter 2

Literature review

2.1 Sources of Mercury in the environment

Mercury in the atmosphere has come from both nb&uné anthropogenic sources. The
mercury emissions from natural sources are duest@umny minerals in the Earth’s crust,
during volcanic activity, through weathering of keqWangberg et al., 2007), and
especially cinnabar, while the anthropogenic magremnissions are due to human activities
such as coal power plants, chlor-alkali, cementraathl production, and fluorescent
lighting. Table 2-1 and Figure 2-1 summarisesestamation that has been made of
mercury emission in different parts of the worldlay@ographic regions. The United States
Environmental Protection Agency, USEPA (1998) régubthat approximately a third of

the current worldwide mercury emissions to airfewen natural sources, with
anthropogenic emissions accounting for the remgitwo-thirds. Pirrone et al., (2001)
estimated the Hg fraction of the chemical inorgaiecies of mercury (HgHg™, and

Hgp) from different anthropogenic sources, Table 2AkRhough these estimates are highly
uncertain, they indicate that the most importantamey emission source is coal

combustion.



Africa {18%)

South America (4%)

Asia (53%)

Australia (6%)
\—Europe (11%)
Morth America {9%)

Figure 2-1 Mercury emission in different parts of he world

Source: Presentation by Pacyna and Munthe at mercyrworkshop in Brussels,

March 29-30, (2004)

Table 2-1 Summary of estimates of mercury emissior{sy™) estimation

Information source Region/ | Natural Anthropogenic Source, ton/annum

Country | Source, Coal Coal fire Other
ton/annum | Combustion| Power plant

EPA, (1998) U.S.A - 263 51 -

CNEPA, (2000) China - 213.8 - -

Pacyna, (2002) China - 500

Pirrone et al., (1996) and| global 1,500-2,000 2,000-3,500

Lamborg et al., (2002)

Seigneur et al., (2004) global - 2,000-2,200

Jaffe et al., (2005) Asia - More than 1,000-1,100




Table 2-2 Emission profiles (fraction of the total)of different forms of Mercury from a

number of different anthropogenic sources (table fom Pirrone et al., 2001)

Species | Coal | Coal oil Ce Non- Pig& | Chlor | Waste | Oth | Ave. of Informa
Comb | Comb | Comb | ment Ferrous | Iron alkali Inciner | er all tion
ustion | ustion | ustion | Produ | Metals ation sources | Source
Power | Resid ction
Plants | ential

Heat

Hg° 0.5 0.5 0.5 0.8 0.6 0.8 0.7 0.2 08 0.64 Pacyn

(gas) etal,
(2000)

Hg(ll) 0.4 0.4 0.4 0.15 0.3 0.15 0.3 0.6 0.15 0.285 Medif
by
Pacyna
(1998)

Hg p 0.1 0.1 0.1 0.05 0.1 0.05 0 0.2 0.05 0.07p -

2.2 Mercury in the environment

Mercury is a heavy liquid silver metal at ordinagynperatures. It is rarely found as pure

liquid metal mercury in nature but rather withimgaounds and inorganic salts. It can be

bound to other compounds as monovalent or divaemcury (HG"). A number of

inorganic and organic compounds of mercury carobaéd from divalent mercury (United

Nations Environment Programme (UNEP), 2003). Merao the environment mainly

originates from flume gas coal fired power planis ddso from a lesser extent, from old

chlor-alkali plants, fluorescent lights and merchafteries. The forms of Hg emission

from burning coal at temperatures above°Csare mainly metallic mercury, mercuric
sulfide (HgS), and organometallic compounds (Fimeel, 1981; Swaine, 1990T.he
mercury forms released from power plants can liffarent oxidation states such as®Hg

or Hg"* but most is mercuric oxide (HgO). Their ratiopeled on coal type and

composition, and on combustion and flue gas camiiti Elemental Hg (Hyand divalent

Hg (Hg™") are the major forms that exist in the atmosphéte’ has a longer atmosphere

lifetime (0.5-2 years) than Hifhours or a few days). Itis, therefore, not sisipg that it

can be transported long distances in the atmosamereontributes to Hg cycling at a

global scale (USEPA, 1997b; Senior, 2001).



Hartung and Dinman (1972) reported that the thramrforms of mercury released into the
aquatic system are elementary mercury®Hgjvalent inorganic mercury (Hgd), and
phenylmercury, all these compounds tend to rapithye into the sediments. Elementary
(Hd?) is insoluble whereas bivalent mercury forms sgroomplexes with many organic
and inorganic substances. When elemental merswyidized to phenylmercury and
broken down, under anaerobic conditions the mar¢an can be methylated to
monomethylmercury or dimethylmercury. The diffdarearms of mercury metal, inorganic
salts and organic forms of mercury all exist in én@ironment, the relative abundance of
each depending on environmental conditions, wighetuilibrium changing between air,

aguatic aerobic and anaerobic conditions, andils.so

HE > H§ ' CHHg'—* (CH)Hg
(liquid and vapour)

Ullrich et al., 2001 reported that approximate 1107/80% of the dissolved mercury in the
ocean is present as elemental mercury and singlarentration have been found in
freshwater. The main dissolved Hg species areerieahmercury, complexes of mercury
with various inorganic and organic ligands, andaoig mercury forms, mainly
methylmercury and dimethylmercury (Ullrich et &001). When mercury is deposited on
land or water, it can be transformed into methybugy in anaerobic condition, and other
organic forms that can then enters the food chilathylmercury are highly toxic because
its compounds are covalent molecules, they ardbolo animal tissue and can pass
through biological membranes. Humans are mostlpseg to methylmercury by
consuming fish. Minamata disease, for exampléyadricident of mercury poison. The
notorious incidents of mercury poisoning occurmethie 1950s at Minamata Bay and in the
1960s on the Agano River in Japan (Ullrich et2001). In 1956, 1960 and 1972,
hundreds of deaths in Iraq and a few in China hedJnited States, resulted from the
consumption of bread made from seed gain that kad treated with mercury-based

fungicides to seduce seeding losses from fungasla{Baird and Cann, 2005).



2.3 Mercury methylation

The real danger to living organisms comes fronpitesence of alkylmercury compounds,
generally methylmercury, in the environment. Fisiigh plants and animals cannot,
themselves, convert other mercury compounds intbyilreercury, but microorganisms
(bacteria) in bottom sediment and aerobic soild@aso. The methylmercury can then be
taken up by aquatic organisms and concentratdtkifobd chains. This results in high
concentrations of mercury in fish in contaminateaters, mainly in the form of
methylmercury. Methylmercury compounds are maatigorbed by the gastrointestinal
tract. They will be stored in the body fat (lipjdsd have considerable stability in the
animal body. The biological half-life of these gomoinds in human beings is about 70
days. The concentration of Hg of 8 ppm or ovahmbrain can cause poisoning (Saha and
Mckinlay, 1975). Baird and Cann (2005) stated thatprocess of dimethylmercury
formation occurred in the muddy sediments of rivaard lakes, especially under anaerobic
conditions. The methylation of inorganic mercugytacteria is influenced by many
factors in the aquatic environment such as; redd&rial (E), pH, inorganic complexing
agents’ concentration, microbial activity, chlosdend sulfate, and the bioavailability of
Hg (Baird and Cann, 2005). The less volatile migechpounds CEHgCIl and CHHgOH,
collectively called methylmercury (or monomethylmany), are often written as GHgX,

or somewhat misleadingly as @Hg". These substances, like most of those written as
Hg?*, consist of covalent molecules, not ionic latticéshe methylmercury ion GiHig"
exists as such only in compounds with anions sgafiteate or sulfate) (Baird and Cann,
2005).

Monomethylmercury production predominates over ditylenercury formation in acidic or
neutral aqueous solutions. Dimethylmercury evaesraom water relatively quickly
unless it is transformed by acidic conditions itite monomethyl form (Baird and Cann
2005). The pathways for the production and fatdimiethylmercury and of other mercury

species in a body of water are illustrated in FegeH2.
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|
Air Hg® _ | Hg(ll GHgCHs

!

Sediment ‘
Ho, Hg(ll)—> GHg" —— ChHoCH

SN

Organic and
inorganic complexes

Figure 2-2: The pathways for the production and fa¢ of dimethylmercury and of other mercury species
in a body of water [Source: Adapted from Winfrey ard Rudd, ‘Environmental Factors Affecting the
Formation of Methylmecury in Low pH Lakes,” Environ mental Toxicology and Chemistry 9 (1990):
853-869]

Methylmercury in surface water is photodegradedftget unknown products). Wiener et
al. (2003) pointed out that the photo degradatiomercury end products had not been
determined. Theoretically, three oxidation stagfeamercury could occur, but Hg (Il) could
be methylated again, while figould evaporate from the lake to the atmospheitich
(2007) reported that the mercury content of fiskakes is generally greater in acidic water,
probably because both the solubility of mercurgrisater and the methylation of mercury
is faster at lower pH. In this way, the acidificatof natural waters indirectly increased the
exposure of fish-eaters to methylmercury. The-lif@fof methylmercury compounds in
humans is about 70 days which is much longer thanfor Hg" salts, due in part to its

greater solubility in a lipid environment. Conseqgtly methylmercury can accumulate in
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the body to a much higher steady-state concentragien if, on a daily basis, a person

consumes an amount that individually would not aentful (Barid and Cann, 2005).
2.4 Factors affecting methylation and demethylationn the aquatic environment

The synthesis of methylmercury (MeHg) in aquatistegs is influenced by a broad
variety of environmental factors such as; tempeeattedox potential (f, pH, inorganic
and organic complexing agents’ concentration, niedoactivity, chlorides and sulfate
(Winfrey and Rudd, 1990; Gilmour and Henry, 1991ai§, 1986; Barkay et al., 1997).
The net methylmercury concentrations in the envirent are a result of the opposite

processes of methylation and demethylation.

Ullrich et al. 2001 reported that microorganismayphn important role in aquatic mercury
cycling and catalyse many of the interconversicetsvben different forms of mercury,

such as converted Eigto methyl and dimethyl mercury and reduced’Hg Hd. Mercury
compounds, in fact, are toxic to freshwater micgamisms. However, many bacteria have
developed to resistance mechanism. A large nuofle@iganisms, including strict,
facultative anaerobes and aerobes have been sbawethylate Hg in vitro (Ullrich,

2007).

Temperature affects methylation as a result c#ffisct on the overall microbial activity.
Moderately high temperature has a stimulating ¢ff@cmercury methylation by increasing
microbial activity (Ullrich et al., 2001). Severstudies have shown greater methylation
activities during mid or late summer months (Clisand Winfrey, 1996; Korthals and
Winfrey, 1987). Ullrich (2007) reported that merngmethylation activity in sediment is
often correlated with the distribution of sulfagglucing bacteria, SRB population. Fukui
and Takii (1989) reported that increased tempegattimulated the growth of SRB, then
therefore possibly affected the production of metteycury. Callister and Winfrey (1996)
observed that 3& was optimum temperature for mercury methylatiblowever,

temperature is not the only factor that controlsauey methylation.

In 1984, Compeau and Bartha found that mercury yheibn in estuarine sediment were

favored at -200 mV than at +110 mV. A higher mftenethylation in the anaerobically
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incubated sediment than the aerobically incubateithzent was found by Callister and
Winfrey (1986). Gagnon et al. (1996) observed thathigher methyl mercury
concentration in pore water extracted from anogdirment than that from oxic sediment.
This is almost certainly the result of anaerobinditons favour methylation. On the other
hand, mercury demethylation or degradation of metigrcury occurs more rapidly under
aerobic conditions (Compeau and Bartha, 1984; GdsmhCooper, 1976). Baird and Cann
(2005) found that the process of dimethylmercurynfation occurred in the muddy
sediments of rivers and lakes, especially undeeratéc conditions. Arne, (1972) reported
that the methylation activity very often was higlheder anaerobic conditions than under
aerobic condition, and microbe were the importantdr for methylation. Fagerstrom and
Jernelov (1972) found that freshwater sedimentttigider H§* methylation activity and
higher persistence of methylmercury under anaeratndition than aerobic incubation
condition. Both methylation rates and the stabiit methyl mercury in sediments appear
to be enhanced under anaerobic conditions, in asinto methylation rates under aerobic
conditions. These may because of the reducedtsgiof anaerobic sulfate reducing

bacteria.

The effect of pH on mercury methylation in sedimsnincertain. Some studies indicated
that decreased pH could inhibit the mercury metigmebut others indicated that decreased
pH could enhance the formation of mercury methgtatiFor example, Kelly and Rudd
(2003) showed that bioaccumulation was positivelyalated with the concentration of H
(decreasing pH). The uptake of both charged antdlanged mercury species was increased
with high concentration of Hdecreasing pH). In contrast, Ramlal and Rudd %)188d
Steffan and Korthals (1988) found that mercury metiion production in sediment
decreased when decreasing pH from 7 to 4.5. &tafid Korthals (1988) found that
mercury methylation was inhibited more than 65% mvtiee sediment was acidified to pH
4.5.

In 2006, Lambertsson and Nilsson found that theeptration of methylmercury was
affected by organic matter which influenced micadlaictivity and controlled the partition
of Hg between solid and dissolved phase by semingomplexing agents for Bigand
methylmercury. They indicated that concentratibtotal mercury (Hgy) and redox
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potential influence the relative importance of retilze and oxidative demethylation
pathways. Reductive demethylation seems to prewstein mercury contaminated water
under aerobic condition, while oxidative demethglatmainly occurs in unpolluted anoxic
sediment. Oxidative demethylation end product i§'H@n the other hand, reductive
demethylation is no net elimination of Higakes place in this process. Anoxic sediment
may therefore be subjected to higher degrees diyhetercury accumulation compared to
Hg contaminated sediment as a result of substrig& ) recycling. King and Kostka
(2000) and Lambertsson and Nilsson (2006) repdhatdorganic rich sediment with low
redox potential increased production and mercurthyhation rate, and then increased the
accumulation of methylmercury in sediment. Severséarches reported that organic
matter in fresh and marine sediments had a posfieet on mercury methylation
(Callister and Winfrey, 1986; Choi and Ctiase 19%Imbertsson and Nilsson, 2006).
High organic contents in the sediment are a preséguor maintaining low redox

potentials, supplies electron donors for SRB amtomitant mercury methylation.

The controlling factors of Hg accumulation in agadiota are not well understood.
Normally, accumulation of methylmercury is explairgy its high stability and lipid
solubility, and high binding to —SH groups assaiawith protein (Ullrich et al., 2001).
However, several studies have pointed out thastiffede concentration could be a limiting
factor for mercury methylation and that potenti&@roury methylation rates are positively
correlated with reduction rates (Wu, 2006). Meicsulfide (HgS) is main insoluble
(Lngs= 10°° moF I”%) inorganic Hg compound in aquatic systems. Mécoaxide (HgO),
which is sparingly soluble (0mol I'Y) is also commonly encountered in contaminated
environment. HgS formation is generally favoretbat pH and low sulfide concentration.
Under low E and high pH conditions, or an excess of sulfidesiis present HgS can be
converted to soluble Hg-S complexes such as’HgSrganic matter also enhances the
solubility of HgS and may lead to a significanteade of Hg into solution. Previous studies
suggested that mercury in HgS form is not avail&mdacterial methylation under
anaerobic condition (Ullrich et al., 2001). Thanéirmed by the finding of Compeau and
Bartha (1984), Gilmour and Riedel (1998) and Bergath Bartha (1986). They reported
that inhibited mercury methylation by controllingetbioavailability of mercury. High

sulfide often builds up in the anaerobic sedimeitih wrganic rich matter and sea salt.
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Gilmour and Riedel (1998) found that greater thamM of dissolved sulfide inhibited
methylation due to the precipitation of mercuryer®an and Bartha (1986) observed that
1.98 mg ¢ of free sulfide reduced methylation in the frestewaediment and the

methylation was recovered when the sulfide in ggireent was diluted.

Gotgeberg and Greger (2006) studied formation dhghmercury in the aquatic
macrophyte water spinach (Ipomoea aquatica) armbiftiat most of the Hg taken up by
plants was bound in the roots. Sunderland eRP@D&) reported that methylmercury
production by sulfate reducing bacteria in coastaliments lead to mercury
bioaccumulation in fish, shellfish, and ultimatélymans. Sulfur, organic carbon, and
sediment structure and composition are affectechéhylmercury production by changing
the amount of bioavailable inorganic mercury andtoyulating the activity of methylating
microbes. However, other types of bacteria can misthylate mercury as effectively as
sulfate reducing bacteria (SRB). In 2006, Flenehgl., found that an iron-reducing
bacterium, Geobacter sp strain CLFeRB, producegngfisant amount of methylmercury

in the freshwater sediment in Clear Lake, CA.
2.5 Effects of Mercury on health

Mercury is the most volatile of metals, and itsaipis highly toxic. Mercury vapour
consists of free, neutral atoms. It diffused fribma lungs into the bloodstream, and then,
because of its electrically neutral, it readilysses the blood-brain barrier to enter the
brain, where it is transformed to the g Liquid mercury itself is not highly toxic, and
most of that ingested in excreted (Baird and Ca005). Methylmercury is, in fact, the
most hazardous form of mercury, followed by theotaypof the element. Fusako and
McCormack, (2004) reported that the central nensyséem, which is manifested by
difficulties with coordination, eyesight, and tdetsenses, was the main target for
methylmercury. In the brain methylmercury is cated to inorganic mercury, which is
probably responsible for brain damage.

The most common form of the mercury presented mdns is methylmercury. Almost all
of it originatesfrom the fish consumption, particularly oily fisl@0% of the mercury is
methylmercury, of which about 95% is absorbed lylibdy when the fish is eaten.
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Methyl mercury can bind to the sulfhydryl grouppiroteins and is therefore distributed
throughout the fish. Thus, the mercury-containiag pannot be eliminated before the fish
is eaten. Fish absorb methyl mercury that is tieslin water as it passes across their gills
and their food supply (the United Nations Enviromtnerogramme (UNEP), 2003;
Hightower and Moore, 2003; Baird and Cann, 2005).

In 1953, Minamata disease was first recognizedethyfmercury poisoning via
bioaccumulation in aquatic food chains at Minama#gan. 111 people were poisoned
after eating sea food containing high concentradiomethylmercury (27-102 ppm dry
weight). The second Minamata disease epidemicebook in the Agano River region in
Niigata prefecture in Japan in 1964-65. 26 pewee poisoned after eating sea food
contaminated with methylmercury compounds and 8 (feei and Hutzinger, 1975). By
1956, it was shown that the populations were suifigirom Hg poisoning due to the
ingestion of fish and shellfish from the Minamatyl§Gochfeld, 2003). In 1959, the Hg
contamination was extraordinarily high up to 2,0d.I" in mud near the drainage channel
of Chisso (Minamata Bay), and the Hg content ontderately declined with increased
distance from the channel. Fish and shellfisthenlday contained high Hg concentrations.
The cause was Hg effluent from the Chisso chenpieadt's acetaldehyde production
where inorganic HgSOwas used as a catalyst and methylated in the setsnof the bay
(Harada, 1995). Clarkson et al., (2003a) estimttatithe amount of discharged Hg was
456 tons of Hg of which about one ton of MeHg warsrfed between 1932 and 1968.

Another Hg poisoning episode happened in Iraq gut®i71 to 1972 in the winter. Wheat
seeds for crop planting, which had been treateld Mi&Hg as a fungicide, were distributed
in the rural areas. The seeds were ground formgelour and baked into bread. The
bread was contaminated with MeHg, and consequéatiyaged the local people’s health.
The susceptibility of the fetus to in-utero expasta methyl mercury was also observed in
this outbreak. Thirty-three infants had abnornmealmological scores and eight infants were

born to mothers whose hair had Hg concentratiowdet 10 and 20 mg'|

Clearly since the organic form of mercury is thestrtoxic and is the cause of most of the

mercury encountered in man, it is important to gdnts up take by breaking the
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source/path/receptor path way. The main sourcg déke in human is fish, therefore it is
important to stop fish accumulating it from the arat A significant point to break the

pathway is to stop mercury being solubilised ashylehercury from the substrate.
2.6 Mercury treatment technologies in aquatic andal environment

There are a number of possible technical approach@snove mercury, but there is not
one single best technology that can be applieddiyda any Hg pollution incident (Pavlish
and Mann, 1998). Combination of available contnethods could provide over 90%
removal efficiency for some plants, but not foreth In 1997, The USEPA reported
technologies and methods for treating aqueous mercthe technologies used were
precipitation (coagulation/co-precipitation withfsle or coagulant), adsorption process
(activated carbon), ion exchange, chemical redncaad membrane separation. Table 2-3
compares advantages and disadvantages of the mémeatment technologies (USEPA,

1997, Capsule Report: Mercury Aqueous Treatment).
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Table 2-3 The Mercury treatment technologies compason

Mercury Treatment

Technologies

Advantages

Disadvantages

Precipitation

- precipitation

-Coagulation/

co-precipitation

Adsorption process

Activated Carbon

- Remove inorganic Hg, high percent H
removal efficiency >99.9%, Range of H
concentration 10-100g I'*

- Effluent Mercury concentration 10-10(
ug I*
- Remove both inorganic and organic H
94-98% Hg removal, Range of Hg
concentration 50-6Qg I

- Effluent Mercury concentration 0.5-5.(

ug I'*

«

- Large amount of sludge
produced by chemical
precipitation and co-precipitatio
reaction.

-requiring further management

- Large amount of spent
activated carbon and
concurrently recovery of
mercury is not addressed in the
literature although it can be
vaporized and condensed

- Expensive and requiring furthe

management

-

-
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Table 2-3 The Mercury treatment technologies compason (Continued)

Mercury Treatment Advantages Disadvantages

Technologies

- Granular activated Carbon| - More than 41% Hg removal, Range of
(GAC) Hg concentration 0-100g.I", May
regenerated or the spent carbon can be
replaced

- Effluent Mercury concentration 0.5-20

ug.I*
- Powder activated Carban- 60 % Hg removal, Range of Hg - Not regenerated for reuse
(PAC) concentration 1.0-10,0Q.1™,

- Effluent Mercury concentration 0.5-20

ug.I*
-Coal fly ash - Low cost adsorbent and environmentgl - Large amount of spent fly ash
friendly material and cannot be replaced.

- Reduce waste from coal fired power
plant

- Promising adsorbent for removal of
various pollutants

- Can be used for gas and water cleaning

lon exchange -Remove mercury in any of its threeHas potential for chromatograph
oxidation states effluent peaking
-Operates on demand - Results in spent regenerant bri

- Is relatively insensitive to variability that must be disposed of
- Can achieve essentially a zero of - Can yield variable effluent

effluent contaminant quality

o
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Table 2-3 The Mercury treatment technologies compason (Continued)

Mercury Treatment Advantages Disadvantages

Technologies

- Can normally achieve beneficial
selectivity reversal upon regeneration

- Effluent Mercury concentration 0.5-5.0

pg.It

Chemical reduction - Can be recovered in the metallic state| - Cannot effectively achieve

- Effluent Mercury concentration 10- mercury concentration below 100
>100pg.I* pg.I*

-High residual mercury

concentration (22-33 mg)

Membrane separation - Concentrated brine solution
generated from membrane
separation process
-Ultrafiltration -Used to remove colloidal material and
large molecules with molecular weights
- Charged filtration - The negative polarization minimizes
membrane fouling

- Can be reused

- Cross flow microfiltration | - 95% removal efficiency

- Magnetic filtration - Can be rapidly and efficiently removed
- Can be used for removal inorganic Hg| at
low concentration (5-9 md), and 82-

83% removal

Source: USEPA, (1997) Capsule Report: Mercury Aquags Treatment
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Zielonka et al., (2000) reported that the mercwiy®ntamination problem is very

complex as the feature and this contaminant arfeeigvior in the environment changes
from site to site. Mercury concentrations in s@ih be as high as several grams of Hg per
kg of soil. A number of mercury contamination treant technologies such as excavation
and disposal by using secured landfill, acid leaghsoil washing, stabilisation,
amalgamation and thermal desorption are, now, @vail However, their applicability
varies depending on the form and concentrationetory in soil. The major
disadvantages are very high capital costs andtaféeonly at rather high mercury
concentrations. Besides, most reports are foremagter and sewage sludge rather than soil

remediation (Anderson, 1993).
2.7 Fly ash as a pollutant adsorbent

Fly ash is a by-product of coal-fired power planihe types and amounts of ashes which
power plants produce depend on the type of coatl@danner in which the coal is burnt
and how the ash is collected. Fly ash is the natetained from the dust collection

devices which remove particulate matter from thigaeist gases.

In general, the particle size of fly ash is witainange of 0.005 mm to 0.074mm. There are
three classifications of fly ash classified by Aman Society for Testing and Materials in
the field of pozzolanic material application. Tirst type is a natural fly ash, while the
other two types are anthropogenic fly ash. Thtagses of fly ashes are Class-N, Class-C
and Class-F. Class N is a natural pozzolan, wisigloduced by nature, such as volcanic
tuff and pumicite. Class-F is fly ash normally gweed by burning anthracite or

bituminous coal, and Class-C is normally producedfthe burning of subbituminous coal
and lignite (Hunt 1996, Halstead, 1986). Thereadse wide differences in characteristics
within each class. Coal fired ash contaisiidon dioxide (SiQ), aluminum oxide (AlOs),
alkalies and unburnt carbon therefore, ash abéetas both the adsorption of mercury and

the oxidation of elemental mercury in flue gas.

The typical chemistry of coal fired fly ash shownTiable 2-4.



Table 2-4 Typical chemical composition of coaldigh (in wt %)
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Class-F Class-C

Low-Fe High-Fe High-Ca Low-Ca
SIO, 46-57 42-54 25-42 46-59
Al,03 18-29 16.5-24 15-21 14-22
FeOs 6-16 16-24 5-10 5-13
CaO 1.8-5.5 1.3-3.8 17-32 8-16
MgO 0.7-2.1 0.3-1.2 4-12.5 3.2-49
K20 1.9-2.8 2.1-2.7 0.3-1.6 0.6-1.1
Na,O 0.2-1.1 0.2-0.9 0.8-6.0 1.3-4.2
SG; 0.4-2.9 0.5-1.8 0.4-5.0 0.4-2.5
LOI 0.6-4.8 1.2-5.0 0.1-1.0 0.1-2.3
TiO, 1-2 1-1.5 <1 <1

Note: LOI (loss on ignition) is presumed amount o€arbon content

Source: The Fly Ash Resource Center (Majko, 2008)

The ash with unburnt carbon has potential to adsedyy metals and there are reports that

a number of the chemical constituents may alsoradbem.

A number of workers have found that fly ash hasathiéty to adsorb heavy metal since

1975 (Gangoli et al.,1975; Apak, 1998; Shawabkedl.eP004; Cetin and Pehlivan, 2007).

Kumar and Dara (1981), and Burba and Willmer (1988hd that fly ash could be a useful
adsorbent due to its chemical properties such@g SaQ, unburnt carbon, and charcoal.
A number of works had looked at the possibilityugfising the properties of fly ash from
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coal-fired power plants as cheap adsorbent (Kilgtaa., 2001, Senior et al., 2004,
USEPA, 1999).

Wang and Wu (2006) studied the ability of fly asltrémove inorganic anions from
wastewater such as phosphate, fluoride and botus.studyreported that fly ash can be
used in wastewater treatment as adsorbent matérizdn remove dye, organic
compounds, and toxic metal ions from wastewateanddli et al., (1975) for example,
investigated the use of fly ash for removing heangtals from industrial wastewater. They
concluded that the adsorption of metal ions adsbdpefly ash was possible because of its
high content of silica and alumina. They also rggobthat precipitation and/or adsorption
processes of fly ash could remove heavy metals fwastewater. Calcium hydroxide in

fly ash is alkaline and a precipitation agent featly metals and quantities of unburnt
carbon, silica and alumina, which are availabl#yirmash, act as an anion adsorbent in

adsorption process.

A number of researches have studied the remowairoimium ions (C¥ and CF") using
fly ash. Grover and Narayanaswamy, (1982) for gotapfound that the most effective
removal of Ct* occurred at lower pHs. Dasmahapatra et al., (1886 studied the
adsorption of CY on fly ash. They found that the removal percem@igCF* by fly ash
was affected by the concentration of Gsolution, temperature, particle size of fly asf a
pH. The results showed that under acidic conditimereasing chromium ion
concentrations and temperatures increased themearaoval of C¥". However, particle
size did not have a significant effect orfemoval. Panday et al., (1984) found that the
removal efficiency of ¥ from aqueous solution by using a mixture of fi and
wollastonite (1:1) depended on concentration, pid, temperature of the solution. The
amount of Ct" adsorption was increased with increasin® €oncentration in solution.
The maximum removal of €rwas 2.92 mg §at pH 2 and L. In 2002, Kelleher et al.,
investigated the removal of €ty using fly ash from combustion of poultry litteFhey
found that the capacity of Eradsorption was 53 mg'at 20C. Fly ash adsorption has
also been used to treat a number of other metelisdimg Na, K, Mg, Cu, Cd, Mn, Pb, Fe,
Ni, and Zn. Panday et al., (1985) studied the rehof copper ion (Ctl) and found that

the removal efficiency was dependent on concentrapH, and temperature. The
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adsorption kinetics indicated the process to beisiin controlled. The maximum capacity
was 1.39 mg.gat 36C and pH 8. Papachristou et al., (1985) used ifferent fly ashes

to determine the selective adsorption of varioutaimens (Na, K, Mg, Ca, Cu, Cd, Mn,

Hg, Cr, Pb, and Fe). The results indicated thatfohnash sample showed selectivity in
adsorbing heavy metal ions from aquatic systente sElectivity of lead (P, for

example, was 19 meq of Plper 100 g of fly ash.
2.8 Mercury stabilisation by fly ash

Since 1985, a number of researchers have foundlyregth from coal combustion residue
has potential in environment applications. Theas an evidence that fly ash could
potentially be used as a low cost adsorbent fooxainof mercury ions from the
environment (Sen and De, 1987; Kapoor and Viraregnal992; Banerjee et al., 2005).

In 1987, Sen and De, found that the adsorptiongbdhi fly ash could be described by
using the Freundlich equation. The maximum adsmmgif Hg was observed after shaking
for 3 hours and optimum pH range was 3.5 to 4.Beylconcluded that fly ash from coal
combustion was a significant adsorbent when conapaith activated powdered charcoal.
Kapoor and Viraraghavan (1992) studied the adsmwpif mercury from wastewater by
bentonite. They concluded that the optimum coaditvas 4 hours for contact time at pHs
between 3.0 to 3.5 and the adsorption behavioloweld the Freundlich model. Banerjee
et al. (2005) studied the removal of Cr (VI) and (Hyfrom aqueous solutions using fly
ash and impregnated fly ash. They found thatdlylsad a potential to remove both Cr
(VI) and Hg (Il) as low-cost adsorbent. The studgd the batch equilibration technique.
The adsorption efficiency was depended on initieoentration and adsorption behaviour
following the Langmuir adsorption model. The maximadsorption capacity of fly ash
was 1.379 mg:§for Cr (VI) and was 11.00 mg’gor Hg (II).

Karatza et al. (1998) indicated that using a fabiter to collect fly ash from municipal
solid waste (MSW) incinerators may promote Hg emaissontrol. Carey et al., (2000)
studied the adsorption isotherm in a fixed bedtoraat temperatures between 150 and
25(°C. The results showed that fly ash was capabéelsbrbing mercury. They also

found that the adsorption capacity was relate@naperature, mercury concentration, NO
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concentration, and HCI concentration in flue gakey concluded that the adsorption
capacity increased when the temperature decretienhercury concentration increased,
the NQ, concentration decreased, or the HCI concentraticneased. Malerius and
Werther, (2003) investigated mercury capture imx@sting sewage sludge incineration
plant. They found that the adsorption isotherrfiyodsh was the Langmuir type whereas

the adsorption isotherm of activated coals anditesolvere the Freundlich type.

A number of researches found that mercury captitea @orrelates directly with carbon
content in residual fly ash (Hassett and Eylan@8991 Huggins et al., 2000; Butz et al.,
1999; Butz et al., 2000; Butz and Albiston, 2000wer et al., 2000a; Hower et al.,

2000b). Serre and Silcox (2000) reported that umtxarbon which remained in coal fly
ash could be used as a low cost and effectivecepiant for activated carbon. Adsorbed-
phase concentration was approximately 600 ppmsé& hesults showed that a dilute
suspension of fly ash in flue gas ducts and in bage filters could adsorb Pignd that the
best option for controlling Hgemissions using fly ash appeared to be injectidsgs prior

to a baghouse filter. The effect of the porousditire and surface functionality on the
mercury capture of fly ash carbon and its activa@aple has also been investigated by
Serre and Silcox (2000). They found that the attiet fly ash carbon samples had lower
mercury capacity than its preceding fly ash cart®®3 mg.g" versus 1.85 mg:d,

although its surface area was around 15 timesiad6& nf g versus 53 mg*. Maroto-
Valer et al. (2001) found that oxygen functionabtyd the presence of halogen species on
the surface of fly ash carbons could promote mgradsorption, whereas the surface area
did not seem to have a significant effect on theercury adsorption capacity. Bannerjee et
al. (2005) found that adsorption efficiency depehde the initial concentration with
adsorption behavior following the Langmuir adsarptmodel (up to a maximum

adsorption capacity for Hg (II) of 11.00 mg gnd the adsorption process was endothermic

reaction.)

Isabel and Parra (2007) reported that the reldtiprsetween Hg capture and the
percentage of carbon in fly ashes from the combnsif bituminous coal showed a high
correlation (f =0.98) and r= 0.82) for anthracitic fly ash. Different typesunburnt

carbons have an affect on the amount of adsorbedMgoto-Valer et al. (2001) reported
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that for many ashes, the loss-on-ignition (LOI) teort could equate the amount of unburnt
carbon. Lu et al. (2007) found that mercury washhgadsorbed on the unburnt carbon in
fly ash. Hwang et al. (2002); Gustin and Ladwag@4); and Xin et al. (2006) suggested
that unburnt carbon had stronger adsorption sthetogtard mercury than other ash
components. Therefore, high content of unburrt@amay significantly contribute to the

relatively low mercury released from fly ash.
2.9 Leachate of Mercury from fly ash

Mercury adsorbed by fly ash has the potential asheinto water systems and thus possibly
cause a problem of secondary environmental polutid number of researchers have
found that the surface layer of fly ash probablgtams some leachable materials (Prasad
et al., 1996; Mohapatra and Rao, 2001; lyer, 2@08; Reijnders, 2005), but they showed
that in general heavy metals were poorly leacheah fity ashes and the leaching extent
was dependent on the chemical condition of the vgatstem. The leachability from fly
ash was dependent on the ratio of weight of spdsdréent / leaching solution, pH of
solution, concentration of the elements, tempeeatressure, and time. Prasad et al.
(1996) found that rapid leaching of most of thedranetals except Cu into water, took
place on the surface of ash particles at lowergidje 3.0 to 5.0 but elements in the
leachate were within acceptable limits. The othgrortant factors which relate mercury
leaching are characteristics of fly ash such as-tosignition (LOI), specific surface area,
and total ammonia concentration (Wang et al., 200Vang et al., (2007) studied the role
of ammonia on mercury leaching from coal fly adte results indicated that a very low
concentration of mercury (less than 150 figwas observed when deionised, deionised
water was used as a leaching solution. They algod that increasing of ammonia
concentration in leaching solution enhanced thecorgrieaching in the alkaline pH range
9 to 10, due to the formation of less adsorbablecorg-ammonia complexes. Rio and
Delebarre, (2003) reported that only 7% of mercimis adsorbed onto sulfo-calcic fly ash
released into leaching solution when pH was fitied.0 and 24 hours contact time, while

approximately 16% of mercury released from Hg aasdonto silico-aluminous ash.
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In conclusion, the review of source, of amount, ahghysical and chemical properties of
fly ash, has shown that fly ash has ability toisgilas low cost adsorbent material to adsorb
many pollutants which contaminated in the environthespecially when using fly ash to
adsorb heavy metals in both aqueous and flume lgasiever, there are two limiting point
of views that little done by the reviews. Firstiyany studies were done on optimum
conditions suitable for removal of mercury sucltastact time and adsorption capacity at
low pH (3.0 to 5.0.) However, no work has beenalon natural pH and temperature
which are usually found in the environment. Seégrttiere has been no work done to
establish if fly ash has any potential to stabiligeunder anaerobic condition with organic
rich sediment at pH between 6.0 and 8.0 as ocoufwinatural environment. Then,
therefore, this investigation needs to focus ongifliy ash to remove low concentration of
Hg from freshwater under anaerobic conditions withanic rich sediment by adsorption

process.
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Chapter 3

Methodology

3.1 Material

The fly ash used as the adsorbent in this studyotsned from the 4,000 Mwatt Ekibatuz
Power Plant in Kazakhstan fired with high ash metuolatile coal. The chemical
composition of the fly ash samples is shown in @&bll. The major chemical composition
of the fly ash samples used in this study wassili§iQ), alumina,(AOs), and ferric
oxide,(Fe0s), which made approximately 74% by dry weight, #me main minor

chemical components were approximately 2% caloxide (CaO), and unburnt carbon,
18.06% (by dry weight) (Determined by using Eleraéahalyzer Flash EA1112 Series.)

The result is shown in appendix A.



Table 3-1 Chemical composition of fly ash obtairmsf Ekibatuz fly ash, Kazakhstan

Constituent wt%

Silica (SiQ) 47.9
Alumina (AlO3) 24.2
Ferric oxide (F&Ds) 1.89
Calcium oxide (CaO) 1.60
Magnesium oxide (MgO) 0.54
Sulfur trioxide (SQ) 0.32
Titanium dioxide (TiQ) 0.69
Potassium oxide (}O) 0.73
Sodium oxide (NgO) 0.42
Phosphorus pentaoxide,(B) 0.10
Unburnt Carbon 17.88

other 3.73

Total 100.00

Note: Tested by Department of Science Service, Mstry of Science Technology,

Thailand, using X-ray fluorescence spacimeter (Uniquant 2 software)

* Tested by Elemental analyzer Flash EAR1Series
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The chemical composition of fly ash indicates ih&t a Class F type ash. The fly ash

composition is similar to the silico-aluminous #gh which was used in a study of removal

of mercury in aqueous solution by fluidized bednplidy ash by Rio and Delebarre, (2003).

However, the unburnt carbon content in silico-aluonis fly ash of Rio and Delebarre was

very low (below 0.5 x 18 mg.g"), while the unburnt carbon content in the fly askd in

this study was 18.06 percent (180 mi.g
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Table 3-1 shows that fly ash used in this studydadyh unburnt carbon content. Hasset
and Eylands (1999) stated that carbon was thoogbial a significant role in Hg capture
on fly ash. Xin et al. (2006) noted that loss-gni#ion was normally used as an indicator
of unburnt carbon content in fly ash. In this stlmss-on-ignition was also used to
determine carbon content. The sufficient amourilyadish was dried for 24 h at 1W5to
remove water. 5 g of dried ash was placed in ailsieiand heated for 3 hours at 850

before placing in a desiccator (See Appendix A).
3.2 Method
3.2.1 Sample preparation

A) Determination of Hg in solution

Reagents and Standards

Reagents may contain mercury as an impurity. kir sensitivity uses ultra-pure
reagents.

1. Water,

For all sample preparations and dilutions distilbedie-ionised, DI water is required.
2.0.2 N (0.0333 mol') Potassium Bromate (KBiD

Dissolve 1.39 g potassium bromate (BDH Anala R.r@& 167.01 g.mat) in 250 ml
water. Prepare weekly.

3.0.2 N (0.2 mol't) Potassium Bromide (KBr).

Dissolve 5.95 g potassium bromide (BDH Anala R.rkB119.01 g.mat) in 250 ml
water. Prepare monthly.

4. 0.1 N Potassium Bromide-0.1 N Potassium Bromate.

Mix equal volume of 0.2 N potassium bromate andNDfitassium bromide. A total
volume of 200 ml will allow digestion for 100 sarapl Prepare daily.

5. 1.73 mol (12% m/v) Hydroxylamine hydrochlorid@HNH;CI).

Dissolve 12 g of high purity hydroxylamine hydroohtie (BDH Anala R.: OHNBCI =
69.49 g.mot) in approximately 80 ml water and dilute to 100imVolumetric flask.

Prepare weekly.
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6. 10 mmol (33% v/v) Hydrochloric Acid (HCI).

Dilute 167 ml of high purity 9.78 mol (36% m/m) hgahloric acid (Fisher Scientific
Laboratory reagent grade: Specific Gravity, S.@136%)) to 500 ml with DI water.

7. 0.443 mol (2% m/v) Tin (ll) Chloride (Sng}l

Add 10 g of tin (I1) chloride dehydrate (BDH AnaRa: SnCh.2H,0 = 225.63 g.mal) to

500 ml of 3.24 mmol (10% v/v) HCI (50 ml of HCI;dRer Scientific Laboratory reagent
grade: Specific Gravity, S.G.1.18 (36%) dilute @®5nl in volumetric flask with DI

water), heat to dissolve if necessary. To remoweti@tes of mercury, bubble the solution
with argon at a flow of 2 | per minute for 15 miaest(Note: the hydrochloric acid use to
prepare this solution can be analytical grade samyemercury present will be removed on
bubbling).

8. Reagent Blank.

For each 100 ml, prepare a solution containing L50mmol hydrochloric acid and 2 ml
0.1 N potassium bromate/potassium bromide per 100~ad 3Qul of 1.73 mol
hydroxylamine hydrochloride for each 100 ml prepare

Note: On the continuous flow system, the reagent blahkti®n is run as background for
automatic blank subtraction. This solution maytagntrace levels of detectable of
mercury. It is important that the same reagentsfoissample and standard preparation are
used for preparation of the reagent blank.

8. Standard Mercury Solutions.

8.1 Calibration Standard Solution (Solution A-106@ 'Hg.)

Mercury solution 1000 mg'lin 1.59 mmol (10%) nitric acid (Fisher Scientific)

8.2 Solution B-10 mgiHg

Dilute 5 ml of solution A with DI water to approxately 100 ml. Add 10 ml of 0.1 N
potassium bromate/potassium bromide, 75 ml of 1®hiydrochloric acid, 15Ql of 1.73
mol hydroxylamine hydrochloride and dilute to 50Dimborosilicate volumetric flask with
water. Prepare weekly.

8.3 Calibration Standards.

Prepare a minimum of four mercury calibration seadd spanning the concentration range
of interest by serial dilution of stock solution Bach calibration standard should contain

15 ml of 10 mmol hydrochloric acid, 2 ml of 0.1 Mtpssium bromate/potassium bromide
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and 30ul of 1.73 mol hydroxylamine hydrochloride per 100imborosilicate volumetric
flask. Plastic flasks must not use as they armpable to mercury (0) vapour. Prepare
daily.

Note: The reagent blank solution is identical to thedéad blank solution.
General Sample Preparation Procedure

Accurate aliquots of the samples (30-40 ml) wepetted into 50 ml tared containers. 7.5
ml of 10 mmol hydrochloric acid and 1 ml 0.1N paiasn bromate/potassium bromide
reagent were added to the sample and the vesseldcld’he mixture was allowed to stand
for at least 30 minutes. If a yellow coloratiomedo free bromine, did not persist after 30
minutes or during storage, a further 1 ml of 0.1¥agsium bromate/potassium bromide
reagent was added. After at least 30 minutes 20 {L[73 mol hydroxylamine
hydrochloride was added to remove excess bromé&ated by the disappearance of the
yellow colour from the sample. The sample was mgu® 50 ml with deionised water
and total Hg content was determined by an analypicacedure described in section 3.2.2.
Two sub-samples were analysed for each experimsamaple. Blanks were prepared at the
same time using the same amounts of reagents ahgsad along with the corresponding

sample. Two sub samples were taken for an analysishe average taken as the result.
B) Determination of Hg in ash

Ash for the analysis was prepared following the An@lytical’s application note 069:
“Determination of Mercury in Incineration Ash”. Ehis based on USEPA methods 29 and
101A, together with ASTM Method D6784-02 (Ontarigdto). 0.1 g of dry sample was
put into a test tube. 6 ml of 11.11 mol HNQ@race analysis grade: Nitric acid S.G. 1.42
(70%), Fisher Scientific) and 2 ml of 9.78 mol HCaboratory reagent grade:

Hydrochloric acid S.G. 1.18 (36%), Fisher Scienjifvere added to the test tube. The
mixture was refluxed at 140 for 1.5 hours. Once cooled the sample was dittéhrough

a 0.45um cellulose nitrate membrane filter (Whatman Qudb) The solution was made

up to 100 ml with DI water. Duplicate samples wanalysed for total Hg.
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3.2.2 Analysis of Hg

After digestion, total mercury (H9 in the extract was reduced to Hiy using 0.443 mol.
SnCb in 3.24 mmol HCI (Laboratory reagent grade: Hydhitodc acid S.G. 1.18 (36%)),
Fisher Scientific). Hywas measured by cold vapour atomic fluoresceneetspmeter
(CVAFS), using the PSA 10.025 Millennium Merlin sy following the analytical
procedure developed by PSA Co., Ltd: (based on WSHEE&thod 1631, Revision C:
Mercury in Water by Oxidation, Purge and Trap, &udd Vapour Atomic Fluorescence

Spectrometry).
3.2.3 Adsorption of Hg onto PET bottle

In this study 500 ml Coke bottles were used asdost PET bottle for reaction vessel.
Polyethylene terephthalate (PET), Coke bottles wieesl as reaction vessels because of
their low cost and very low mercury adsorbed charatic (Copeland et al., 1996; Pedro
and Wilson, 2000.) Mercury adsorption propertie€oke bottles were determined prior
to the start of the experiment. Four replicateattles were filled with a solution of HgClI
(0.424 nmol (0.0001 mg*) and 2.12 x 1dnmol (50 mg.) and shaken at 80 in the rate

of 150 rpm for 96 hours. The control experimengendetermined in parallel using four
bottles contained deionised water. The averageerdrations of total mercury in solution
before shaking were 0, 0.0001 rigand 56.48 mg1, respectively. The average results of
total mercury solution after shaking for 96 houere0, 0001 mgand 55.68 mg,
respectively. There was no significant adsorp&bf.0001 mg1, and only 1.4% was
adsorbed at 56.48 mg &nd this change was not consider significant. Sthdent’s t-test
was used to compare the means of mercury concengdietween before and after
adsorption process. The t-test illustrated needéiice in mercury concentrations between
before and after adsorption reaction. (See AppeBiliXhe result indicated that there were

no mercury adsorptions onto reaction vessels.
3.2.4 Establishment of adsorption equilibrium time

0.025 g of fly ash and 100 ml of deionised watertaiming 500 pg Hg were placed into
a 500 ml polyethylene terephthalate (PET) bottlé stopped. Triplicate sample bottles
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were then placed in an orbital shaker at 150 rpch3C, and were shaken for different
periods of time, from 24, 48, 72, 96, 120, 144 468 hours. After shaking, triplicate
samples were removed and filtrated through celtulorate membrane filters (Whatman:
pore size 0.4fom). The filtered were prepared for determinatibtotal Hg in liquid

sample following the procedure in section 3.2.1 A.

The resulting equilibrium mercury concentrationsahution were used to calculate
adsorption isotherms. The adsorbent phase comtentafter equilibrium was computed
by Eq.3-1.

L_ (Co _Ce)v

3.1 (George et al., 2003)
M m

Where% = adsorbent (i.e., solid) phase concentratiorr &fjeilibrium, mg adsorbate’y

adsorbent
G = initial concentration of adsorbate, ngih solution

G = final equilibrium concentration of adsorbatesolution after adsorption has
occurred, mgit

V = volume of liquid in the reactor, L
m = mass of adsorbent, g

Mercury uptake was plotted against time to estatihe minimum time to react mercury
adsorption equilibrium between Hg on fly ash anldtsan. The time at maximum mercury
uptake was used as the contact time for all adsorpgotherm experiments as described

below.
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3.2.5 Adsorption isotherm determination

3.2.5.1 Effect of pH on adsorption isotherm of Hgmto fly ash at different

concentrations

The experimental design consisted of 4 mercury eainations; 0.0 (control), 5.0, 10, 50,
and 100 mgl. 3 replicates were prepared for each set. larafried ash was placed in a
washed and dried 500 ml PET bottle, and 100 mkpéamental Hg solution added to
each. 1 M NaOH or 1 M HCI was added to the mixtaradjust pH of 6.0, 7.0 and 8.0

(the total volume of 1 M NaOH and 1 M HCI added waxsorded for calculation of final
concentration.) Samples were shaken at 150 rpn3@i@ifor 96 hours. The samples were
filtered through cellulose nitrate membrane filt@fghatman: pore size 0.45 pum) and total

Hg was determined.

The mercury uptake (X/M) was plotted against fic@hcentration (g in solution to

evaluate the adsorption isotherms.

The effect of pH on adsorption isotherm was studi€idg the data of the mercury uptake
(X/M) from mercury concentration 5.0, 10.0, 50.@d®90 mg.f. A log of mercury uptake
(X/M) was plotted against a log of final concentas (G) in solution to evaluate uptake

using the Freundlich isotherm. (See results in AppeC).

The Freundlich equation was used to describe oglstiip between the adsorption of

solutes from a liquid and solid surface. The Fddich equation is:

% _K,CY 3.2¢@ge et al., 2003)

Where % = mass of adsorbate adsorbed per unit of adsonmenadsorbate 4fly ash,

K: = Freundlich capacity factor, (mg adsorbateflg ash) (I water mg
adsorbaté}"

C. = equilibrium concentration of adsorbate in soliafter adsorption, mg'|
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1/n = Freundlich intensity parameter
3.2.5.2 Effect of adsorbent to solute ratio on Mergy removal

6 concentrations of air dried fly ash 0.0 (contr6I, 0.2, 0.5, 1.0, 2.0 and 3.0 g and
samples were placed into washed and dried 500 fild@&les, and 100 ml of 1.5 mg.Hg
It was added to each bottle. 1 M NaOH or 1 M HCI ma@ded to the mixtures to adjust
the pH to 6.0, 7.0 and 8.0 (the total volume of N&OH and 1 M HCI| added was record
to allow adjustment for calculated of volume ofdeate.) The 3 replicates were shaken at
150 rpm and 3T for 96 hours. The samples were filtered throcegjlulose nitrate

membrane filters (Whatman: pore size 0.45 um) atadl Hg was determined.

The mercury uptake (X/M) was plotted against fic@hcentration (g in solution to

evaluate the adsorption isotherm.
3.2.6 Establishment of desorption equilibrium time

Desorption of H§ from fly ash was studied using 10 g of fly ashcpthin a 2 | flask
containing 1000 ml of 50 mg.Hg. The mixture was shaken for 96 hours to achieve
equilibrium. The mixture was filtered through dla@e®se nitrate membrane filter
(Whatman: pore size 0.45um.) The moisture cordktite residual wet Hg-load ash was
analysed by weighing 1 g of the wet ash in a painddasin and putting into an oven at
105°C for 2 hours. The samples were cooled in a dagicand weighed. The same step
was repeated until the weight of sample remainedtemt. The adsorbed Hg concentration
of wet ash and air dried Hg-loaded ash were detexthby following the procedure of
determination of total mercury using PSA 10.025I&fihium Merlin methodology for

sludge and soil.
3.2.6.1 Desorption from wet fly ash

A 1 g (d.w.) sample of Hg loaded wet fly ash comita) 3.0 mg.Hg § and 100 ml of DI
water was placed in PET bottles. The mixture Wiasvad to equilibrate for 24, 48, 72 and

96 hours on a shakat 150 rpm and filtered through cellulose nitratermbrane filters
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(Whatman: pore size 0.45um.) The concentratianericury desorbed was determined

from the filtrate solution (Voudrias et al., 2002).
3.2.6.2 Desorption from air dried fly ash

A sample of the fly ash that had come into equitlitor with the mercury solution was
allowed to air dry. The 1 g (d.w.) sub-sampleiotdaied Hg-loaded ash containing 3.0
mg.Hg g' was used instead of wet ash for comparison puspostercury adsorption was
plotted against time for both wet ash and air daskl loaded with Hg. 3 replicates were

used.
3.2.6.3 Effect of Mercury loaded wet fly Ash on Mecury leachate

Three sets of experiments were designed for desaribtherm. Each set consisted of Hg
loaded wet fly ash; 0.0 (control), 0.085, 0.1740.8nd 1.7 g (d.w.) which contained 0.00,
0.26, 0.54, 1.08, and 5.3 mg.Hg fg.w.), respectively. The 3 replicates of Hg leddvet

fly ash were put into washed and dried 500 ml PEfflés, and 100 ml deionised water
was added to each bottle. The samples were adjtesteH 6.0, 7.0 and 8.0 with 1 M
NaOH or 1 M HCI. The total volume of 1 M NaOH ahdl HCI used were recorded. The
3 replicates were shaken at 150 rpm arftGéor 96 hours. Total Hg was determined by
procedures described in section 3.2.1 A and 3.Rl@rcury concentrations in solution and

mercury loaded were plotted for desorption isotherm

3.2.7 Stability of adsorbed Mercury on coal-fired pwer plant fly ash in anaerobic

organic rich conditions

This experiment was designed to test whether thycasild immobilise Hg in organic rich
anaerobic condition, which would cause consequeatiyce biological mercury

methylation.
3.2.7.1 Collection and preparation of sediment

Preparation of sediment: Sediment rich organicenatas taken from a small reservoir
(approximately 4 ha) at Leominstead on Bartly watezam in the New Forest (Southern
England) in March 2008 (O.S. 4278, 1094.) Themeseis fed by a small stream, which
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drains a rural area. The pH of the overlying watas 5.8 to 6.0. The unpolluted sediment
from Bartley brook reservoir was prepared by wetssd through a 3.0 mm mesh size sieve
to remove large materials. Fresh garden compakheaterate were also sieved through
3.0 mm mesh size. The sediment and fresh gardepast were put into a glass container,

and kept at & to conserve a constant composition during thexental period.

3.2.7.2 Determination of the ability of power statn fly ash to immobilise Mercury in

anaerobic rich organic sediments.
4 stock solutions were prepared for each treatment:
1) Control A had no mercury or fly ash added.

400 ml of deionised water was added into a 1 kffalowed by the wet sediment
(containing 47.5 g of sieved sediment dry weight) 2.5 g (dry weight) of garden
compost, giving a ratio of (90:9.5:0.5). The mnetwvas made up to 500 ml with DI water.

2) Control B was the same as Control A in all respects exceptntthof a 9.5 ml of 1
mg.mi* stock solution mercuric chloride, was added. THaige a Hg concentration of 200

mg.Hg kg" of sediment.

3) Treatment A: same preparation as Control B but with 0.5 gaiiz added.

4) Treatment B: same preparation as Control B but with 3.0 g fly added.

The flasks were flushed with oxygen free nitrogas @\) and stirred for 30 minutes.

A100 ml subsample of each was taken, filtered,taecamount of Hg in solution measured.
4 samples of 100 ml of each solution were plactnl 160 ml flasks, flushed withNo

expel air and stoppered.

The samples were placed into a shaking incubatb®@@trpm and 3 for 8 weeks. After
8 weeks the samples were filtered through cellulosate membrane filter paper (pore

size 0.45um.) The pH was measured prior to tharmédysis. For samples that were not
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analysed immediately, 4 ml of 4 M HCI was addedtabilise the supernatant, and then

stored in an airtight glass vial beldsiC.

3.2.7.3 Determination of the importance of unburntarbon in fly ash and its ability to

immobilise Mercury in anaerobic rich organic sedimets.

These experiments were repeated exactly like tiee above, exactly that the ash used had
been heated at 8%0 for 3 hours in air to remove unburnt carbon @&viously described in
3.1.2.

3.3 Quality Assurance

The quality assurance procedure in this study ¥l the CITAC/EURACHEM GUIDE:
Guide to Quality in Analytical Chemistry (The Coogion on International Traceability in
Analytical Chemistry and A Focus for Analytical @histry in Europe, 2002). The

accepted criteria in this study are given below:

a) The working range of the CVAFS Hg determinaticas approximately 1 ngi(ppt) to
100 pg.* (ppb). If mercury concentrations were higher thamking range, the samples

were diluted prior to the analysis.

b) A method detection limit (MDL) was obtainablsdehan 1 ng.Wwhen using the high

purity reagents.
c) The mercury concentration in reagent blank veas than 0.1 pg.l

d) The relative standard deviation (RSD) was Ihas t15% for concentrations greater than

twenty times MDL. (See below)

e) The accuracy (% recovery) for a known mercuapdard solution was between 80 and

120 percent.
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3.3.1 Determination of detection limit of Hg

The precision of the procedure described in thénodlogy in section 3.2.1 and 3.2.2 for
measuring mercury was determined by spiking 10 &81gf reagent blank; for Hg
determination in solution using DI water and usanguixture of 6 ml of HN@(Trace
analysis grade: Nitric acid S.G. 1.42 (70%), Fisheentific) and 2 ml of HCI (Laboratory
reagent grade: Hydrochloric acid S.G. 1.18 (36%hét Scientific) for Hg determination
in fly ash, with 5 ng:t of Hg prior to the analysis.

The MDL of both liquid and solid samples were comteouby using equation 3.3
MDL = t(n-1,1a=099)(S) (3.3)

Where: MDL = the method detection limit

t;n-1,14 = 0.99)= the student’s t value appropriate for a 99% iclamfce level and a standard
deviation estimated with n-1 degrees of freedom.

S = standard deviation of the replicate analyses.

A) Method detection limit of water determination

The results of ten replicate samples of spiked maeze 5.480, 5.157, 5.800, 5.272, 4.824,
4.763, 5.580, 5.532, 5.163 and 5.348 hgéspectively. The standard deviation was

+0.329 and the MDL was 1.0 ng.|
B) Method detection limit of fly ash determination

The method of determining the precision of the amdadfi Hg in mixture of aqua regia (3:1
HCI:HNO3) is used to digest fly ash in samples. The resflten replicate spiked samples
which were shown to contained the following amadgt 5.751, 5.789, 5.892, 5.54, 5.749,
5.858, 5.188, 5.041, 5.216 and 5.334 hgéspectively. The standard deviation was

+ 0.288 and method detection limit for fly ash wa g.I*.
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3.3.2 Precision and accuracy study

In this study, the precision, (% RSD) and accuré#yrecovery) were expressed using
equation 3.4 and 3.5, respectively. The % RShefreported results were not more than
15% and % recovery of quality control standard iatsveen 80 and 120 percent.

S

Precision, (% RSD) =X— X 100 (3.4)
ave

Accuracy, (Ave. % Recovery) = Xadspike level) x 100% (3.5)
Where S = Standard deviation
Xave = Average Hg concentration
3.3.3 Determination of total Hg in reference mateal

Quality assurance for determination of total Hgatid reference material sample was
determined. Triplicate samples of natural mateaxitied reference sewage sludge; (CRM
CNS311-04-050) was digested following P S Analyscapplication note 069 and using
the PSA 10.025 Millennium Merlin system. Table 8Hbws the certified concentrations in
mg.kg" (parts per million). The results of total Hg ilR® determination was presented in
table 3-3. The average measured concentratiorgafds a little higher than in the
reference value. However, the test result wasimwttie confidence interval (1.20-2.23
mg.kg"). The interval of test result of Hg concentratwas 0.3 mg.kg or 19% when
compared with reference value. However, the pi@tiand accuracy of CRM
determination were 3.03% and 119%, respectivelyis hdicated that the precision and

accuracy were within acceptable criteria.
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Element Reference Value S.D Confidence Prediction
Interval Interval
Mercury, Hg 1.71 0.828 1.20-2.23 0.00-3.61
Table 3-3 The results of total Hg in CRM
Sample ID Total Hg concentration, mgkd S.D Standard errof
A 2.108 0.0618 0.0357
B 2.013
C 1.992
Average 2.038
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Chapter 4

Mercury adsorption-desorption onto coal-fired fly ash

4.1 Establishment of adsorption equilibrium time ofMercury onto power station fly

ash

An equilibration was achieved between uptake ofcogronto fly ash from a solution of
0.5 mg I* mercury as mercury chloride after 96 hours at pH(§ee Figure 4-1 and Figure
4-2). 96 hours was therefore taken as the miniraguilibrium time in all adsorption

experiments as described in this thesis.
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Figure 4-1 Equilibrium time for the adsorption of Hg from 100 ml solution of 0.5 mgt of mercury
onto 0.025 g of fly ash at pH 7.0
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Figure 4-2 Percent Hg removal at equilibrium time fom 100 ml solution of 0.5 mgt of mercury
onto 0.025 g of fly ash at pH 7.0

4.2 Effect of pH on adsorption isotherm of Hg ontdly Ash at different concentrations
Introduction

This experiment investigates the effect that leweélscidity and alkalinity found in natural
water system might have on the ability of fly aglatisorb mercury.

Figure 4.3 shows the effect of initial Hg concetitmain solution on Hg adsorbed onto fly
ash at pH 6.0, 7.0 and 8.0. At low concentratEmd '), 10 g I' of fly ash were capable
of removing approximately 92% of Hg from solutiarp&l 6.0 to 8.0, but the amount
adsorbed dropped rapidly when the concentrationraiaed to 10 mg*, and then steadily
dropped to approximately 30% removal when the cetnagon was 100 mg'lof Hg in
solution. Most Hg was adsorbed at pH 7 and lggstHa8 but the maximum difference was
only 10%.
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Figure 4-3 Effect of initial Hg concentration on Hgadsorbed onto 10 g of fly ash at three pHs,

from 1 | of Hg solution

The data from Figure 4.4 expresses a mercury ujitakeg g* fly ash at different
concentrations of Hg in solution, in order to expldne nature of the adsorption curve. The
graph clearly shows that the maximum amount ofhtdg fly ash can adsorb is 3 mg g

from a solution containing 50 mg Hg. Fig.4.4 confirmed the finding that the maximu

capacity of Ekibatuz fly ash was 3 % of Hg takerfrapn a solution of 100 mg'l

The adsorption isotherm for the uptake of Hg frohofLsolution containing up to 50 mg |
by 10 g I* of fly ash was:

pH 6 isotherm a
pH 7 isotherm b

pH 8 isotherm ¢
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Figure 4-4 Uptake of Hg on 10 g fly ash from diffeent initial Hg concentration in 1 | of solution

at three pHs
4.3 Effect of adsorbent to solute ratio on Mercuryemoval at pH 6, 7 and 8

The percentage of mercury removal from 1 | of sotutontaining 1.5 mg'iof Hg with
different quantities of ash at pH 6, 7 and 8 isvghan Figure 4.5. Maximum uptake of Hg
occurred when 10 g'lof ash had been added to the mercury solutiompHAY some
98.9% was adsorbed and falling to 93.7% at pH 8abpH 6 only 63.6% was adsorbed.

In all further studies undertaken the maximum cairegion of fly ash was 10 &
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Figure 4-5 Effect of fly ash dosage on %Hg removalt 1.5 mg I* of initial Hg concentrations

The Freundlich adsorption isotherms for the aboyEement are given in Table 4-1. (For
calculation see Appendix C) The isotherm was a@l/fsom the uptake curve up to the
point that maximum adsorption was reached (ie. [bfty ash.) The quantity of mercury
sorbed in g g of adsorbent for a unit equilibrium concentratafrthe Hg, K, and the
sorption intensityrf), after 96 hours were calculated and shown ingdbl. The Rare
very high confirming that the Freundlich isothegrthe correct equation to use to express
the uptake of Hg onto power station fly ash. Tupports the finding of Grover and
Narayanswamy, (1982); Kapoor and Viraraghavan,Z};%nd Viraraghavan and
Dromamraju, (1991).
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Table 4-1 The Freundlich isotherm for the adsorptio of Hg from ash at pH 6, 7 and 8

at different concentration of equilibrium solution

pH of initial | Freundlich equation K n R?
solution
6.0 X/M = 0.104C°°% 0.104 0.608 R=0.574
7.0 X/M = 0.338¢"74° 0.338 0.426 R=0.921
8.0 X/IM = 0.231¢7>% 0.231 0.522 R=0.843
-3 -2.5 -2 -1.5 -1 -0.5 0
-0.2
-0.4
> 061 | ® pH6
?Em A - Cm = pHY
y=0.3686x-0.4706 ‘ ‘‘‘‘‘ _
= R?=09207 a //i -0.8 ‘ pH8
X -~ O Linear (pH 7)
> g e o — — Linear (pH 8)
= o -1 .
‘1&,«5&- e - - --Linear (pH 6)
y=02824x-0.6372 7 ®e;
R*=08433 .~ ®e 1.2
] Ar/Al [ °
o y=0.2162x- 0.9839 1.4 -
R?=05741
-1.6 -
log Ce, mgl/l

Figure 4-6 Equilibrium isotherm (Freundlich) of mercury uptake onto fly ash from different fly ash
concentrations and 50Qug. I'* of HgCl, solution at pH 6, 7 and 8
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4.4 Desorption isotherm
4.4.1 Establishment of desorption equilibrium time

10 g of fly ash containing 3 mg'@f Hg was placed into 1 | of deionised water and
allowed to come into equilibrium. Figure 4-7 shalws time to equilibrium for both wet
and air dried fly ash. Desorption equilibrium veechieved after 96 hours at pH 7.0
(30°C). The amount of total mercury in solution watedained using the procedure
described in 3.2.1 A and the amount of mercury dmsbonto fly ash was determined
using the procedure described in 3.2.1Mgure 4-8 shows that desorption equilibrium
was achieved after 48 hours with approximately 6%dgbeing desorbed from the air
dried ash and 12% from wet ash. The result shbatsmercury on air dried ash trends to

be more tightly bound than mercury on wet ash.

0.35 4

0.3+

0.25 4 !

0.2 1 /

- - - freshly loaded mercury ash
—aA— air dried loaded mercury ash

0.15 4

Hg leaching value, mg/g

0.1

0.05 4

0 T T T T T 1
0 20 40 60 80 100 120

Time, hour

Figure 4-7 Time to equilibrium for leaching mercury from both wet and air dried samples of fly ash
containing 3mg Hg g at pH 7.0
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--¢- freshly loaded mercury ash
—a— air dried loaded mercury ash

0 20 40 60 80 100 120

Time, hours

Figure 4-8 Time to equilibrium for percentage of mecury leaching from both wet and air dried
samples of fly ash containing 3 mg Hgfat pH 7.0

4.4.2 Effect of pH on Hg loaded fly ash desorption

Figure 4-9 shows that most of the adsorbed merisungt readily desorbed and that pH
between 6 to 8 is not at major factor affectingeffectiveness in binding Hg from the

environment.

The slope of the desorption coefficients for pH=®(816), for pH 7 (= 0.5825), and for pH
8 (= 0.6173) are not significantly different fromevanother, but the lines are extended
backward. The amount of the 3 mi§ of Hg remaining on the ash at the end of desanptio
is 2.29, 2.58 and 2.63 mg gt pH 6, 7 and 8, respectively. In other word€6781% and

83% of the mercury is not leachable at this pH eang
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Figure 4-9 Desorption isotherm of Hg loaded fly asim 100 ml of DI water at pH 6, 7 and 8
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4.5 Discussion

This study confirms that raw fly ash from the 4,00@att Ekibastuz Power Plant in
Kazakhstan fired with high ash medium volatile ctah be used as a low cost adsorbent
material at the natural pH of solution range (8)o The results show that fly ash can
immobilise low concentration of mercury due todkemical properties and high unburnt
carbon contained in the fly ash. The maximum gutgmr capacity at equilibrium was 3.0
mg.g* which was close to that observed by Rio and Deteb§003) in France’s fly ash
sample (3.2 mggfor silico-aluminous and 4.9 mgdor sulfo-calcic). This is most likely
because the fly ash contained high concentratiambéirnt carbon. The fly ash used in

this study had more than ten times the unburntacedompared with fly ash used by Rio
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and Delebarre, (2003). In their study of the reat@f mercury by fly ash in aqueous
solution in fluidized bed fly ash removal planiBhey concluded that chemisorption
(chemical bond) was the most likely form of uptake.general, physisorption (physical
bond) is the dominant phenomenon in adsorption am@sms of activated carbon. The
determination of carbon content containing in Ekilaely ash was measured by three
different methods (approximately 18% by using Eletakanalyzer Flash EA1112 Series
(see Appendix A), approximately 19% by using LOtedmination method at 880 (see
Appendix A), and approximately 20% by using LOlatetination method at 960
(determined by Department of Science Service, @hdjl. The results confirmed that the
percentage of unburnt carbon containing in thedlly was very high and close to 20%.
Kazak Institute of Climate and Environment Moni(d®96) reported that Ekibastuz coal
had carbon content of approximately 42%. Accordinthe above only 50% of the carbon
appease to have been burnt indicating that the astitln efficiency of Ekibastuz power
plant was very low. The unburnt carbon conterikibastuz ash was twenty times higher
than in Rio and Delebarre, (2003) samples from égavhich contained less than 1%
unburnt carbon. Therefore, unburnt carbon coulthbanain factor affecting mercury
adsorption of Ekibastuz ash at pH ranging from 8,tand physical adsorption could be the
major mechanism of adsorption as described byeDden et al. (2005). In principle,
physical adsorption is not specific for which compds sorbs to surface sites and has
weaker forces and energies of bonding, and is mewersible than chemisorption
(Crittenden et al., 2005). The comparison of merconcentration which desorbed from
wet and air dried ash showed that wet ash released mercury than air dried ash. This
may be because the structure of the ash surfacgetauring drying reducing the area for
adsorption. Rio and Delebarre, (2003) showed uxingy photoelectrons spectroscopy
that adsorption mechanism of mercury in the Frexsthrelated to the oxide of calcium and
aluminum and were formed in the hydration procédss may well explain the low

exchange ability of part of the adsorbed mercury.

The pH of solution is the most important factoreatfng the adsorption/desorption
processes, due to the effect of pH on metal ionptexnand metal ion mobility (James and
Healy, 1972; Benjamin and Leckie, 1981; Elliot &whneny, 1982; Panday et al., 1985;
Apak et al., 1998; Manceau et al., 2000; Hequat.e2001; Rao et al., 2002; Rio and



52

Delebarre, 2003; and Cho et al., 2005). Theirisgufbund that low pH (acid condition)
had higher metal ion mobility than high pH (over B} therefore, there was more metal
ion desorbed from spent adsorbent to solution vgéof solution was below 7. Rio and
Delebarre (2003) study, for example, found thati¢laehing of air dried spent silico-
aluminous and sulfo-calcic at pH 5 was 16.3% ag&boAvhile desorption of mercury from
air dried spent Ekibastuz ash at pH 7 was 6%. hewehe results in this study (Figure 4-
9) showed that pH of solution ranging from 6.0 1@ 8ormally found in the natural aquatic
system had no significant effect on wet spent Etilmaash mercury desorption and the

concentration of mercury in leachate was accepheid |

The further experiment was designed to study flyla=haviours in aquatic system under

anaerobic condition and organic rich with contartedanercury.



53

Chapter 5
Mercury Adsorption of Coal Fired Fly Ash

under Anaerobic Condition

5.1 Introduction

The work described in this chapter was designeadsbif fly ash could reduce the
availability of Hg in water above organic rich frewater sediments under reducing

conditions.

5.2 Determination of the ability of power station fy ash to immobilise Mercury in

anaerobic rich organic sediments.

Table 5-1 shows the results from the experimemestablish how effective fly ash is at
stabilising mercury in anaerobic mercury rich seshis. It is important to note that when
mercury was first added to the anaerobic organlt sediments at a concentration of 20
mg.I*, the sediment effectively removed all availableirithe aquatic phase. However,
after 56 days mercury had been released into therywhase giving a concentration of 52
ng.l ™. This is compatible with the literature which icates that organic rich sediments
release Hg into solution over time due to microbilvity (Ullrich, 2007).

After 56 days reaction time the effectiveness pa#ih at stabilising mercury in these
anaerobic sediments is clear. The results notsimbyv that fly ash is very effective in
initially adsorbing Hg from solution, reducing cemtrations to less than@).I*, but that it

is also able to greatly reduce its solubility int&raabove the anaerobic organic rich
sediments. In control A, which contained sedinsabe there was no measurable mercury
in solution, indicating the unpolluted nature o tlural forest catchment. Within the range
of ash concentrations added the adsorption resppasdinear with the concentration being

reduced to 1.4 pgtlwhen 6 g of ash was added.
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Table 5-1 Effect of fly ash at stabilising Hg in aaerobic sediments

Treatments Hg concentrationg.|(start) | Hg concentratiomg.I(8 weeks)
Silt Less than 1 ng-l Less than 1 ngl

Silt + 20 mg.Hg T Less than 1 ngl 51.6 +3.4

Silt + 20 mg.Hg T + Less than 1 ngl 7.3+1.0

1.0 g fly ash

Silt + 20 mg.Hg T + Less than 1 ngl 1.4 +0.2

6 g fly ash

Figure 5-1 shows the equilibrium of Hg in sedimeansd solution after 56 days and

compares it with the equilibrium concentration betw mercury in solution and fly ash in

the absence of sediment. (See Chapter 4) The otvaten of Hg added in the initial

solution of the anaerobic treatment was 20 Mdput the final concentration in solution

above organic rich sediments containing no Hgtée82ug.I. Under anaerobic with

organic rich sediment condition, it appears thagBh does not form an equilibrium with

the Hg adsorbed on the sediment. On the other, hanaldr aerobic condition containing no

sediment the adsorption equilibrium occurs as shiovenwater/ash experiment.
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Figure 5-1 Comparison of equilibrium between mercuy concentration in aerobic solution and fly ashm=fi—

and mercury in anaerobic solution containing organg rich sediments, at pH 7.0 =—@=—

5.3 Determination of the importance of unburnt carton in fly ash and its ability to

immobilise Mercury in anaerobic rich organic sedimets.

Table 5-2 compares the equilibrium of Hg in wateanaerobic organic rich environments
and 2 samples of fly ash, a raw sample of ash aedtat has been heated to remove
unburnt carbon. Approximately 24% and 56% of Hg &@dsorbed from the solution by
0.1 g and 0.6 g per 100 ml mixture of the thermeated fly ash (carbon removed),
compared with 86% and 97% by the raw fly ash (s##€l5.1). It is clear that if the
current amount of Hg polluted added to anaerolgaioic rich sediments, it is able to
reduced the concentration in solution to belowateepted limit (1.4 pg'ifor surface

water) (USEPA,2008). There is, however, still lm@rcury concentration in the solution.
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Table 5-2Effect of fly ash at stabilising Hg in anaerobic sdiments (Carbon burnt)

Treatments Hg concentrationg.|(start) | Hg concentratiomg.I(8 weeks)
Silt Less than 1 ng-l Less than 1 ng-l

Silt + 20 mg.Hg T Less than 1 ng-l 51.6 +3.4

Silt + 20 mg.Hg T + Less than 1 ngl 39.2.+1.9

1.0 g carbon burnt

fly ash

Silt + 20 mg.Hg T + Less than 1 ngl 22.4+1.0

6.0 g carbon burnt

fly ash

Figure 5-2 compares the equilibrium between mergugnaerobic solution containing

organic rich sediment with a) raw fly ash and lp)dh that has been burnt to remove

unburnt carbon. The graph confirms that the unfoearbon content contained in raw fly

ash is a very important compound for mercury adgmp The adsorption equilibrium of

the carbon free ash is much less favourable fdilstismg Hg in anaerobic aquatic media.

It is clear that carbon content of a particulardsh is the key to its effectiveness in

stabilising mercury in aquatic condition, althouggtrtbon free ash is able to adsorb Hg best

to a less extent.
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Figure 5-2 Uptake equilibrium of Hg after 56 days letween mercury adsorbed onto fly ash
within an anaerobic solution containing organic ric sediments,

B ) raw fly ash, A ) carbon removed

5.4 Effects of fly ash on pH of anaerobic solutions

Adding raw fly ash caused the pH of the solutiangnitially slightly rise, but adding burnt
ash produced no increase in initial pH. Over thelays experimental period the pH of the
solutions raised significantly, the rise being ¢eeén the samples when fly ash had been
added. The delay in the rise in pH is likely tothe result of the low solubility of the

calcium oxide in the fly ash (see chemical compasiof Ekibatuz fly ash from Table 3-1)
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Table 5-3 The Results of pH of Solution at Day 0 ahDay 56

Treatments DayO Day 56
pH pH
Silt 6.2 7.0
Silt + 20 mg.Hg 6.5 6.8
Silt + 20 mg.Hg + 1 g raw fly ash 6.7 7.9
Silt + 20 mg.Hg + 6 g raw fly ash 6.9 8.3
Silt + 20 mg.Hg + 1 g carbon burned fly ash 6.5 7.8
Silt + 20 mg.Hg + 6 g carbon free fly ash 6.5 8.2

5.5 Discussion

The results show that adding fly ash to anaeradiiinsents significantly reduced the
amount of Hg being released into the water coluifinis is in keeping with the results in
Chapter 4 and Table 5-1. The ability of fly aslatsorb mercury from water is greatly
dependent on the presence of unburnt carbon; haniewhe absence of carbon the ash
can still reduce the amount of Hg in solution ($able 5-2) suggesting that the ash itself
plays an important role in reducing mercury soltfp{iSee chemical composition of
Ekibatuz fly ash from Table 3-1). Throwarth et2005 suggested that high contents of
calcium oxide (Ca0O), magnesium oxide (MgO), sili§&D,), alumina (AbOs) and ferric
oxide (FeOs) in fly ash can increased the adsorption of Hdlyash. This study indicated
that the chemical compositions which containedyiraéh can be bonded with mercury by
chemical bond.

The amount of mercury that the ash can adsorblys3 kilograms per ton. The question
then arises whether its stabilising capacity igjadée to stabilise the low concentration of
mercury pollution in the natural environment. Hreswer to this question is likely to be
that in many cases it would be. For example, enhtbavily polluted Lake Balkyldak, a 15

km?® waste water lagoon of the disused Pavlodar Plantumy concentrations in the bed
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sediments ranged from 0.11 to 1,500 mg Wgth a typical bed load of 10 to 15 ton
(Ullrich, 2007). To provide full stabilisation this would requiretbveen 3.3and 5.0 kg of
ash to be added permf bed.

Most solubilisation of mercury takes place in tiggaic environment through anaerobic
biological methylation to form the highly toxic sille methylmercury. The results from
the experiment to confirm its effectiveness in 8isibg mercury in anaerobic sediments
showed that Ekibastuz fly ash was highly effectivetabilising mercury in anaerobic
condition with organic rich sediments, preventihg toncentration of soluble mercury in
solution to rise above the water quality standdnshercury in surface water recommended
by The Federal Clean Air Act and USEPA (2008) (ig4™), even though water quality
standard of mercury in drinking water recommenigthe WHO (2005) was fg.I™.

It can therefore be concluded that fly ash frombktuz appears to be effective in limiting
the environmental availability of mercury in theuatjc environment. This is confirmed by
observations in the River Nura in Central Kazakisket despite very high concentrations
of mercury in bed sediments, there were low comaéinhs of mercury in filtered water
samples and only slightly elevated mercury in {idhrich, 2007). The authors explained
this by the fact that most of the mercury ion ia fediments was adsorbed on

approximately 6 million tons of fly ash.

According to the experiment (see Chapter 3 se@iarv.2), adding fly ash to the reactors
caused the pH to rise from 6.5-6.7 to 7.8-8.3 (@&hB). Many researches studying
methylation in lakes showed that low pH favoureltiisitisation of Hg (Xun and Campbell,
1987; Miskimmin, 1991; Craig and Moreton, 1983; &Mishfrey and Rudd, 1990). Both
Xun and Miskimmin found that methyl mercury coneations increased at low pH lake
water due to the reduced binding of inorganic mertoi dissolved organic carbon, then
therefore increased the Hg (Il) availability fortimdation. The low concentration of
methyl mercury found at high pH lakes because dn@métion of volatile dimethylmercury
and the volatilization of Hy(Craig and Moreton, 1983; Winfrey and Rudd, 1990).

The question then arises as to whether unburnboash pH is the main factor that results

in fly ash being very effective at reducing solubilercury.
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This issue is resolved by looking at the result§able 5-1, 5-2 and 5-3 which showed that
the concentration of dissolved Hg fell by g™ (97.3%) when 6 g'iraw fly ash was
added, but only fell by 22 4g.I"* (55.6%) when burnt ash (carbon free) was addéubrer
was no significant difference in the pH; howevathitreatments indicated that unburnt

carbon was the main factor limiting the solubilifyHg.
5.6 Conclusion

Fly ash is effective in reducing the solubilityrakrcury in anaerobic condition with
organic rich sediments and the main part of fly thsth determines its effectiveness is the
unburnt carbon content. In other words, the aghdfta particular ash in reducing the

solubility of Hg depends on the amount of unbuarbon in the ash.
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Chapter 6

Conclusion

This study was to establish if fly ash from the09Mwatt Ekibatuz Power Plant in
Kazakhstan to stabilise low concentrations of deluteercury in the environmenthe
most toxic form of mercury is organic mercury. the Aquatic environment methyl
mercury is particularly problematic as it accumesain the aquatic food chain and finally
ends up at high concentrations in predatory fiSmce fish pose the major pathway for
human intake it is important to disrupt the pathwéintake, (Ullrich et al., 2001). The
logical place to break this pathway is to prevesthylation taking place in the aerobic

sediments.

The results in Chapters 4 and 5 showed that flyfrash Ekibatuz Power Plant is able to
rapidly adsorb mercury from aquatic solution ugioadsorbed concentration of 3.0 nig.g
and that once adsorbed it is fairly tightly bounithviittle desorption taking place over the
range of pHs likely to be found in aquatic ecosyste Although maximum adsorption was
observed at pH 7.0 the amount of mercury adsorbcined fairly consistent between
pHs6.0 and 8.0and hence the above results suggest that the agidgs a reliable method
of stabilising low concentrations of mercury in gedliments of the aquatic environment.
Mercury concentration released from both wet andii@d ash were at acceptably low

concentration.

The research showed that although some of the myan@as bound to the inorganic

fraction of the ash, some 408bit was bound onto the unburnt carbon in the(@sile5-1,
Table 5-2 and Figure 5-2). Ekibastuz fly ash ig/\regh in unburnt carbon (see Table
3-1). Rio and Delebar (2003) found 1% of unbuarbon, while Ekibastuz fly ash used in
this study showed that the unburnt carbon fractias 18%.This is very high compared
with most fly ash produced by more modern powentslatypically between 0.1 and 7.0
wt% (Waller and Brown, 1996). It is therefore fm@mature to make state that fly ash is a
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suitable and economical option for stabilising loencentrations of mercury in the aquatic

environment.

Further work is needed on the wider use of fly astow cost adsorbent material for
remediation of mercury problems such as mercuryucagrom emission gas, mercury
removal from wastewater and immobilisation of meydu soil. Indeed it may be possible
to predict the likely effectiveness of an ash peaticular polluted environment by

establishing its unburnt carbon content.

The second note of caution comes from the factahiadugh fly ash is likely to be
effective for stabilising mercury, there is thegireal problem of keeping contaminated fly
ash in place until it has captured the availablecong. This problem is likely to be
particularly acute in rivers at a time of flood andhallow lakes where waves and current
actions are expected to redistribute contamindyeash over time and could remove from
the contaminated area. The monitoring programmmeytury concentrations at

contaminated area is also necessary to set up.
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Appendix A : Unburnt Carbon content determinatigruling
Elemental Analyzer Flash EA1112 Series

Sample ID Sample weight (mg Peak height
Reagent Blank (1) 11271
Reagent Blank (2) 10011
Reagent Blank (3) 8086
Reagent Blank (4) 8151
Average blank 9379.75
Sample ID Sample weight, (mg) Peak height %Carbon content
Ekibatuz fly ash-1 g 7618092 17.63819444
Ekibatuz fly ash-2 6.4 5293576 17.42422094
Ekibatuz fly ash-3 5.4 4766103 18.57730339
Average 17.88
Calibration curve
Carbon content, | Peak height
Sample ID mg/100mg sample
Reference standard 1 13.79 693855.25
Reference standard 2 19.18 913933.25
Reference standard 3 34.78 1694659.25
Reference standard 4 70.84 3404911.25
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Sample No. Sample weigh, g Weigh loss, g L.O.l
Before After

1 4.303 3.432 0.871 20.24
2 4.298 3.480 0.818 19.03
3 3.883 3.099 0.784 20.19
4 4.064 3.277 0.787 19.37
5 3.788 3.082 0.706 18.64
6 4.340 3.491 0.849 19.56
7 4.055 3.331 0.724 17.85
8 4.160 3.374 0.786 18.89

Average of LOI 19.22
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Student’s t-test of Mercury adsorbed onto PET boti Result

TableB-1 The result of mercury adsorbed onto 500 nf Coke bottle

Hg concentration, mg-| Hg concentration, mg-|
(Before shaken) (After shaken)
0 0.1 50 0 0.1 50
Replicate 1 -0.182 0.096 55.28 -0.16}7 0.096 54.42
Replicate 2 -0.162 0.095 55.37 -0.168 0.095 54.35
Replicate 3 -0.145 0.099 57.59 -0.1438 0.102 57.85
Replicate 4 -0.144 0.101 57.73 -0.144 0.101 56.10
TableB-2 Student’s t-test calculation
Mercury Paired Differences
concentration,
mg |-l 95% Confidence
Interval of the
Difference
~|Std. Error
Mean| Std. Deviation Mean Lower Upper t df |p-value
pair1 Z°P™®1 00274 o0ssy 00447 -0168] .01133-0.662 3 |0.578
ZeroPost
. 0.1Pre —
Pair 2 -.0007" .0015¢ .00074 -.00314 .00164-1.000; 3 |0.391
0.1Post
. 50Pre - A J i
Pair 3 .8000( 78424  .39211 -.44787 2.04781 2.040 3 (0.134
50Post

At Hg concentration 0, 0.100, and 50.00 mgthe p-value was over 0.05 therefore no
significant different of mercury concentrationsveeén before and after shaken mercury
solution into 500 ml of Coke bottles at 95% confide levels.
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Table C-1Adsorption equilibrium in initial solution pH 6.0hd initial Hg concentration

500 pg.t*
Sample | Fly ash Volume, L Residual Hg, Adsorpted/adsorpbent
No. dosage, g (Ce, mg.l') (XM, mg.g )
1 0.100 0.100 0.412 0.088
2 0.100 0.100 0.441 0.059
3 0.100 0.100 0.390 0.110
4 0.200 0.100 0.333 0.084
5 0.200 0.100 0.372 0.064
6 0.200 0.100 0.279 0.111
7 0.500 0.100 0.146 0.071
8 0.500 0.100 0.124 0.075
9 0.500 0.100 0.165 0.067
10 1.00 0.100 0.029 0.047
11 1.00 0.100 0.030 0.047
12 1.00 0.100 0.033 0.047
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Table C-2 Adsorption equilibrium in initial solution pH 7.(hd initial Hg concentration
500 pg.!

Sample | Fly ash Volume, L Residual Hg, Adsorpted/adsorpbent
No. dosage, g (Ce, mg.lEl) XM, mg.g_l)
1 0.100 0.100 0.311 0.189
2 0.100 0.100 0.289 0.211
3 0.100 0.100 0.295 0.205
4 0.200 0.100 0.146 0.177
5 0.200 0.100 0.137 0.182
6 0.200 0.100 0.097 0.202
7 0.500 0.100 0.031 0.094
8 0.500 0.100 0.040 0.092
9 0.500 0.100 0.031 0.094
10 1.00 0.100 0.010 0.049
11 1.00 0.100 0.008 0.049
12 1.00 0.100 0.003 0.050
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Table C-13Adsorption equilibrium in initial solution pH 8.(hd initial Hg concentration
500 pg.l

Sample | Fly ash Residual Hg, Adsorpbed/adsorpbent
No. dosage, g Volume, L (Ce, mg.l_l) XM, mg.g_l)
1 0.100 0.100 0.357 0.143
2 0.100 0.100 0.347 0.153
3 0.100 0.100 0.373 0.127
4 0.200 0.100 0.118 0.191
5 0.200 0.100 0.166 0.167
6 0.200 0.100 0.169 0.166
7 0.500 0.100 0.031 0.094
8 0.500 0.100 0.035 0.093
9 0.500 0.100 0.042 0.092
10 1.00 0.100 0.008 0.049
11 1.00 0.100 0.006 0.049
12 1.00 0.100 0.004 0.050




Table C-4Log G and log X/M of adsorption equilibrium pH 6, 7 add
initial Hg concentration 506.I"*
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pH 6 pH 7 pH 8
log Ce log X'M log Ce log X'M log Ce log X'M
-0.38510 -1.05552 -0.48017 -0.72354 -0.44733 -0.84466
-0.35556 -1.22915 -0.53910 -0.67572 -0.45967 -0.81531
-0.40894 -0.95861 -0.53018 -0.68825 -0.42829 -0.89620
-0.47756 -1.07572 -0.83565 -0.75203 -0.92812 -0.71897
-0.42946 -1.19382 -0.86328 -0.73993 -0.77989 -0.77728
-0.55440 -0.95468 -1.01323 -0.69465 -0.77211 -0.77989
-0.83565 -1.14874 -1.50864 -1.02687 -1.50864 -1.02687
-0.90658 -1.12494 -1.39794 -1.03621 -1.45593 -1.03517
-0.78252 -1.17393 -1.50864 -1.02687 -1.37675 -1.03621
-1.53760 -1.32790 -2.00000 -1.30980 -2.09691 -1.30980
-1.52288 -1.32790 -2.09691 -1.30980 -2.22185 -1.30980
-1.48149 -1.32790 -2.52288 -1.30103 -2.39794 -1.30103
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Example of calculation

A graph of log X/M versus log &vas plotted and found to follow a linear path lagven
above.

From the graph at pH 6 given the equation:

y =0.2162x - 0.9839

Intercept = log k = (-0.9839)



On taking log out = k = 0.104
Slope dy/dx = 0.2162 = (1/n) log.C
On taking log out = 1/n = 1.6451
On taking inverse 1.6451= 0.608

From the graph at pH 7 given the equation:

y =0.3686x —0.4706
Intercept = log k = (-0.4706)
On taking log out = k = 0.338
Slope dy/dx = 0.3686 = (1/n) log.C
On taking log out = 1/n = 2.3367
On taking inverse 2.3367= 0.428

From the graph at pH 8 given the equation:

y =0.2824x —0.6372
Intercept = log k = (-0.6372)
On taking log out = k = 0.231
Slope dy/dx = 0.2824 = (1/n) log.C
On taking log out = 1/n =1.916

On taking inverse 1.916= 0.522
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