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CHAPTER |

INTRODUCTION

1.1 Statement of Problem

At mining sites, the major pollutant sources of concern are waste rock or
overburden disposals, tailings, dump leaches and mine water. Waste rock or
overburden is the soil and rock mining operations move during the process of accessing
a mineral body. It also includes rock removed while sinking shafts and exploiting the
mineral body and rock bedded with mineral. The size of waste rock ranges from small
clay particles to boulders. Most of the waste rock generated is disposed of in piles near
the mine site (Garcin, 2003).

Tailings are the waste solids remaining after beneficiation of ore through a
variety of milling processes. After ore is extracted from a mine, the first step in a
beneficial mining process is generally crushing and grinding. The crushed ores are then
concentrated to free the valuable mineral and metal particles from the less valuable
rock. Beneficiation processes include physical or chemical separation techniques such
as gravity concentration, magnetic separation, electrostatic separation, flotation, solvent
extraction, precipitation and amalgamation. In most cases, mine tailings are disposed in
onsite impoundments such as tailing ponds (Garcin,.2003).

Leaching is another beneficial process commonly used to recover certain metals
such as gold, silver, copper and uranium from their minerals. The type of leaching
solution used depends on the characteristics of the mineral. As the liquid percolates
through the mineral, it leaches out metals. Dump leach piles can be very large. Heap
leaching is used for higher valuable ores and is generally smaller than dump leach
operations. Almost regularly, there are one or more impermeable liners under the leach
material to maximize recovery of the leachates. When leaching no longer produces
economically attractive quantities of valuable metals, the spent mineral is left in place

after rinsing or other detoxification process (Garcin, 2003).



Acid generation and metals dissolution are the primary problems associated
with pollution from mining activities. The chemistry of these processes appears simple,
but quickly becomes complicated as geochemist and physical characteristics can vary
greatly from site to site (Garcin, 2003).

Acid Mine Drainage (AMD) is a natural occurrence resulting from the exposure
of sulfur and iron bearing materials to erosion and weather. Percolation of water through
these materials results in a discharge with low pH and high metals concentration.
Although AMD is a naturally occurring process, mining activities may greatly accelerate
its production. AMD production is accelerated since mining exposes new iron and
sulfide surfaces; for example, underground mine walls, open pit walls and overburden
and mine waste piles to oxygen. Therefore, AMD is one of the primary environmental

threats at mining sites (Garcin, 2003).

At Amphoe Lee coal mine, Changwat Lumphun, northern Thailand (Banpu
Public Company Limited), Acid Mine Drainage (AMD) is the most significant
environmental problem after closure of the mine site. Open limestone channels and the
application of limestone are used for neutralizing acidity and precipitating iron in order
to prevent acid generation and metals dissolution at mining sites. In addition, diversion
wells, anoxic limestone drains, aerobic wetlands and use of bactericides, phosphate
and various liners; for example, plastic and clay liners for the purpose of inhibiting Fe’*
or O, from coming into contact with metal - sulfides are alternative prevention methods
of AMD. However, these  approaches for preventing AMD have short-term of
effectiveness because of the fact that the surfaces of metal - sulfides remain exposed to
the oxygen after treatment. In this «research, coating with iron-phosphate is a new
technique for the abatement of AMD (Georgopoulou et al., 1995). The coating process is
based on the hypothesis that when a pyrite is treated with a phosphate solution
containing hydrogen peroxide, H,O,, it results in oxidation and ferric iron released (Fe‘”)
will react with the phosphate ions. A passive coating on the pyrite surface is thus
formed. Therefore, pyrite oxidation and acid production will stop. It appears to be a

long-term solution for the preventing of AMD (Georgopoulou et al., 1995).



Figure 1.1 Acid Mine Drainage (AMD) problem occuring at Amphoe Lee Coal mine,

Changwat Lumphun, northern Thailand (Banpu Public Company Limited).



1.2 Objectives

The objectives of this research can be divided into two points as follows:

1.2.1 The main objective was to examine the feasibility of creating an iron-
phosphate coating on pyrite that inhibits pyrite oxidation.

1.2.2 The specific objectives were to determine the optimum conditions of
creating iron-phosphate in the coating process and to examine the resistance of the

coated pyrite to oxidizing conditions.

1.3 Hypotheses

Creating an iron-phosphate coating on a pyrite surface under the optimum

condition can effectively inhibit pyrite oxidation.

1.4 Scopes of the Study

The research was conducted to examine the feasibility of creating an iron-
phosphate coating on pyrite that will inhibit pyrite oxidation. The suitability of the
application and its potential environmental impact is also addressed. The following

points of the research were studied.

1.4.1 Pyrite used in the study came from a ‘coal mine in-Amphoe Lee, Changwat
Lumphun (Banpu Public Company Limited) and a gold mine in Amphoe Thap Khlo,
Changwat Phichit (Akara Mining Limited), northern Thailand.

1.4.2 Laboratory experiments were carried out through the coating process and
leaching study in order to create iron-phosphate coating on pyrite surfaces and
determine the resistance of the coated pyrite to an oxidizing environment. These

experiments were divided into two parts as follows:



1.4.2.1 The coating process was investigated for optimum conditions
using various concentrations of coating solution at different contact periods.
1.4.2.2 A leaching study investigated leaching with the oxidizing solution

at different contact periods.

1.4.3 Application of the optimum condition of creating an iron-phosphate coating
on pyrite surfaces for soil mining wastes was carried out in order to estimate the

effectiveness for preventing pyrite oxidation.

1.5 Methodology

The following procedures have been conducted in order to achieve the
objectives of the study. The Figure 1.2 illustrates the flow chart of overall procedures for

this study.

1.5.1 Literature reviews

Previous works related to this study were investigated for fundamental
knowledge of Acid Mine Drainage (AMD) including processes, factors affecting AMD,
effects of heavy metals on the environment, general remediation methods of AMD as
well as coating technology for preventing AMD. Related research have been reviewed
and analyzed to draw the scope of this study as well as to compare this work with

previous studies.

1.5.2 Pyrite and soil sampling

According to the scopes of the study, pyrite was obtained from Amphoe Lee
coal mine, Changwat Lumphun (Banpu Public Company Limited) and Amphoe Thap
Khlo gold mine, Changwat Phichit (Akara Mining Limited), northern Thailand. Soils were
gathered from mining waste or overburden layers at coal pits from Banpu Public

Company Limited.



1.5.3 Laboratory study

This procedure was carried out through the coating process and leaching study
in order to create an iron-phosphate coating on pyrite surfaces and to determine the
resistance of the coated pyrite to an oxidizing environment. Moreover, the optimum
condition of creating an iron-phosphate coating on pyrite surfaces was applied for soil

mining wastes in order to estimate the effectiveness for preventing pyrite oxidation.

1.5.4 Analysis and discussion

The results of the laboratory experiments were analyzed and discussed in order
to determine the optimum condition in creating an iron-phosphate coating on pyrite
surfaces and estimating the effectiveness of the application for soil mining waste

inhibiting Acid Mine Drainage (AMD).

1.5.5 Conclusions

After the laboratory study, analysis and discussion procedures have been done,
whole data conclusions will be drawn. Suggestions raised in this research will be

considered for further studies.

1.5.6 Thesis writing

Overall, works done for this study were reported as @ thesis book including
chapters as. follows; Chapter 1 introduction, Chapter 2 theoretical background and
literature reviews, Chapter 3. methodology, Chapter 4 results and discussion, and

Chapter 5 conclusions and suggestions for the further studies.
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Figure 1.2 The simplified flow chart illustrating the methodology of the study.




CHAPTER I

THEORETICAL BACKGROUND AND LITERATURE REVIEWS

2.1 Acid Mine Drainage (AMD)

Acid mine drainage (AMD) is one of the most significant environmental problems
arising from both operating and closed mine sites. AMD is drainage flowing from or
caused by surface mining, deep mining or coal refuse piles that is typically highly acidic
with elevated levels of dissolved metals.

AMD, in which mineral acidity exceeds alkalinity, typically contains elevated
concentrations of sulfate, Fe, Mn, Al and other ions. AMD may not necessarily have a
low pH (high concentration of H" jons), since the presence of dissolved Fe, Al and Mn
can generate hydrogen ions by hydrolysis. The major source of acidity is oxidation of
pyrite (FeS,) in freshly broken rock that is exposed by mining. Pyrite oxidation can be
rapid upon exposure to humid air or aerated water, particularly above the water table. In
contrast, neutral or alkaline mine drainage has alkalinity that equals or exceeds acidity
but can still have elevated concentrations of sulfate, Fe, Mn and other solutes. Neutral or
alkaline mine drainage can originate as AMD that has been neutralized by reaction with
carbonate minerals, such as calcite and dolomite, or can form from rock that contains
little pyrite. Dissolution of .carbonate minerals produces alkalinity, which promotes the
removal of Fe; Al and other metal ions from solution, and neutralizes acidity. However,

neutralization of AMD does not usually affect concentrations of sulfate (Seif, 1994).

2.1.1 Cause of AMD

The formation of Acid Mine Drainage (AMD) is primarily a function of the
geology, hydrology and mining technology employed at the mine site. AMD is formed by
a series of complex geo-chemical and microbial reactions that occur when metal-

sulfides in coal, refuse or the overburden of a mine operation are exposed to an



oxidizing environment, such as air and water. Pyrite (FeS,) is typically the most
abundant metal-sulfide in coal mine waste and often exists in association with other
heavy metals such as arsenic, cadmium, copper, zinc and lead (Monterroso and
Macias, 1998). The resulting water is usually high in acidity and dissolved metals. The
metals stay dissolved in solution until the pH rises to a level where precipitation occurs.
Solubility charts for the various metals show the pH at which precipitation begins and

the pH at which maximum insolubility occurs.

Pyrite oxidation is the major cause of acid mine drainage (AMD) that impairs
surface and groundwater quality. Ferric iron, Fe”, and atmospheric oxygen, O,, are the
major pyrite oxidants. The reactions of pyrite oxidation are shown as follows: (Singer and

Stumm, 1970)

2FeS,+70,+2H,0 —p 2Fe” +450,"+4H" (1)

The first reaction is the weathering of pyrite. Sulfer is oxidized to sulfate, while
ferrous iron and acid are released. This reaction generates two moles of acid for each

mole of pyrite oxidized.

4Fe” +0,+4H » 4Fe+2HO 2)

The second reaction involves the conversion of ferrous iron to ferric iron
consuming one mole of acidity. Certain bacteria increase the rate of oxidation from
ferrous iron to ferric iron. The reaction rate is-pH dependent, with the reaction
proceeding slowly under acidic conditions (pH 2-3) without bacteria present but several
orders of magnitude faster at pH values near 5. Thus, it is referred to as the “rate

determining step” in the overall acid-generating sequence.

4Fe” +12H,0 ——» 4Fe(OH),+12H (3)
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The third reaction is the hydrolysis of iron which splits the water molecule.
Acidity is generated as a by product and many metals are capable of undergoing
hydrolysis. The formation of ferric hydroxide precipitate, commonly referred to as yellow
boy, is pH dependent. Solids form when the pH is above 3.5 while solids will not

precipitate below pH 3.5.

FeS,+14Fe” +8H,0 ___, 15Fe” +2S0,”+16H  (4)

The fourth reaction is the oxidation of additional pyrite by ferric iron which is
generated in reactions (1) and (2). This is the cyclic and self propagating part of the
overall reaction and takes place very rapidly and continues until either ferric iron or

pyrite is depleted. In this reaction iron is the oxidizing agent, not oxygen.

4FeS,+ 16 Q, + 14 H,0 —» 4 Fe(OH), + 8 H,S0, (5)

An overall summary reaction of pyrite oxidation is shown in the fifth equation.

2.1.2 Factors Affecting AMD Generation

The potential for a mine or its associated waste to generate acid and release
contaminants depends on many factors and is site-specific. These site-specific factors
can be categorized as generation factors, control factors and physical factors (Garcin,

2003).

2.1.2.1 Generation factors

Generation factors determine the ability of the material to produce acid.
Water and oxygen are necessary to generate AMD. Certain bacteria enhance acid
generation. Water serves as a reactant, a medium for bacteria and the transport medium
for the oxidation products. A ready supply of atmospheric oxygen is required to drive

the oxidation reaction. Oxygen is particularly important in maintaining the rapid oxidation
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catalyzed by bacteria at pH values below 3.5. Oxidation of sulfides is significantly
reduced when the concentration of oxygen in the pore spaces of mining waste units is
less than 1 or 2 percent. Different bacteria are better suited to different pH levels and
physical factors. The type of bacteria and population sizes change as growth conditions

are optimized.

Effect of oxygen — Atmospheric oxygen is required for the direct oxidation of
pyrite and for regeneration of Fe’". Thus, if air and oxygenated or Fe”', rich waters can
be excluded from pyritic material, pyrite oxidation can be inhibited and little or no acid
will be generated. Pure water in equilibrium with air at a total pressure of 1 atmosphere
contains relatively low concentrations of dissolved O, ranging from 7.5 mg/L at 30 °C to
12.4 mg/L at 5 °C. Higher concentrations of the products require additional O, transfer
from the air or a more complex mechanism such as oxidation by previously generated
Fe”".

Because the diffusion of O, in water is a slow process and the solubility of O,
in water is low, the effective exclusion of atmospheric O, from pyritic spoil can be
achieved by perpetual immersion of the spoil in stagnant ground water. Conversely,
most AMD is generated in unsaturated mine spoil or other environments where air is in
contact with moist pyrite-bearing rock. Exclusion of O, by construction of "impermeable”
or organic-rich covers has not generally been successful in preventing AMD generation
in unsaturated spoil-or mine workings. Covers may fail to stop or slow AMD formation
because O, transfer is difficult to eliminate and because the rate of pyrite oxidation is
independent of O, concentrations over the range of 21 to 0.5 volume percent. In the
unsaturated zone, O, can be supplied relatively rapidly by advection‘of air resulting from
barometric pumping or differences in temperature and by molecular diffusion through

air-filled pores.

Bacteria - In many situations, the most important control on rate of AMD
generation is bacterial oxidation of Fe* to Fe* by reaction (2) in the pyrite oxidation

reaction. The resultant Fe*” can oxidize pyrite by reaction (4).
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The bacterium Thiobacillus ferrooxidans and several similar species have the
capability of catalyzing Fe’" oxidation (reaction 2) under acidic or aerobic conditions,
and obtain the energy for their metabolism from this reaction. In the process, these
bacteria greatly speed up the reaction, so that under optimum conditions the "half-life" of
Fe’" is decreased to about two hours in an aerated solution with pH of about 2.0 and Fe
concentration of about 2.5 g/I. Because the rate of pyrite oxidation by Fe” is generally
fast relative to the rate of oxidation by O, or the rate of inorganic Fe’" to Fe’" oxidation,
the Fe”" - Fe”" oxidation is commonly rate-controlling (Singer and Stumm, 1970), and the
bacteria are crucial in determining the rate of acid formation. In addition to oxidation of
dissolved Fe”", Thiobacilli also have the ability to oxidize pyrite directly, i.e., they can
accomplish reaction (1) in the pyrite oxidation reaction while directly attached to the

pyrite surface.

Effect of temperature - In general, the rates of reactions that form AMD
increase with increasing temperature, so that AMD is formed faster if the pyritic material
is warm. An exception to this trend is the rate of Fe oxidation by T. ferrooxidans above
about 35°C. These bacteria thrive at optimum temperatures of 25 to 35 °C, but they
become inactive or die as temperatures increase to about 55°C. Measurements indicate
that oxidizing sulfide-rich material can warm internally to temperatures at least as high
as 60°C because of the heat released by the oxidation reactions. Some sulfide-rich

material actually undergoes spontaneous combustion.

Effect of pH - As indicated above, at pH values of 4 to 7 the rate of pyrite
oxidation by O, is slow, and Fe’" coneentration is limited by the low solubility of Fe(OH),.
Since Fe” can rapidly. oxidize pyrite, the oxidation of pyrite can be greatly accelerated
at low 'pH. However, below about pH 1.5 to 2 the effectiveness of Thiobacillus
ferrooxidans as a catalyst of Fe®" oxidation decreases. Although pH values as low as
negative 1.4 have been observed for AMD, these low values seem to require special

circumstances.
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Kleinmann et al. (1981) have suggested that the generation of AMD can be
understood as three sequential stages. In stage |, while the pH is near-neutral or only
slightly acidic, pyrite oxidation by reaction (1) in the pyrite oxidation reaction proceeds
by a combination of abiotic and bacterial mechanisms, and Fe” oxidation is primarily
abiotic. Any biotic oxidation of pyrite is dominantly by bacteria attached to the surface of
pyrite grains. In stage I, pH is generally in the range of 3 to 4.5, and Fe*" oxidation is
mainly by T. ferrooxidans, because abiotic oxidation is so slow. Pyrite oxidation in this
transition stage occurs by a combination of reactions (1) and (4), both abiotically and
bacterially. In stage Ill, at pH of less than about 3, the concentration of Fe’" becomes
high enough that reaction (4) becomes the main mechanism for acid production, with
bacterial reoxidation of Fe*’ furnishing the Fe’'. In stages | and Il, the rate of AMD
generation is relatively slow, but in stage Il the rate becomes very rapid. This stage is
responsible for production of the most acidic AMD. It should be noted that this
sequence is based on processes in unsaturated systems with an adequate supply of O,
and negligible alkaline material. In environments of limited O, and significant carbonate

or other alkaline material, a different sequence of processes may occur.

2.1.2.2 Chemical control factors

These factors determine the products of the oxidation reaction. They include
the ability of the generation rock or receiving water to either neutralize the acid or to
change the effluent character by adding metals ions mobilized by residual acid.
Neutralization ~of acid by the alkalinity released when acid: reacts with carbonate
minerals is an important means of moderating acid production and.can serve to delay
the onset of acid production for long periods or even indefinitely. The most common
neutralizing minerals are calcite and dolomite. Products from the oxidation reaction,
such as hydrogen ions and metal ions, may also react with other non-neutralizing
constituents. Possible reactions include ion exchange on clay particles, gypsum
precipitation and dissolution of other minerals. The dissolution of other minerals
contributes to the contaminant load in the acid drainage. Examples of metals occurring

in dissolved form include aluminum, manganese, copper, lead, zinc and others.
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Effect of microenvironments - Within unsaturated spoil, water typically fills
small pores and occurs as film on particle surfaces. Flow rates of the water vary from
relatively rapid movement through interconnected large pores, fractures, and joints to
slow movement or nearly stagnant conditions in water films or small pores. Also, the
abundance and distribution of pyrite and other minerals varies from one particle to
another. Volumes with abundant pyrite, free movement of air, and impeded movement of
water are expected to develop higher acidities than equal volumes that contain less
pyrite or that are completely saturated with water. In addition, T. ferrooxidans may attach
directly to pyrite surfaces and create its own microenvironment favorable to oxidation.

Because of these factors, the chemical environment within spoil, and
consequently, water quality in unsaturated and saturated spoil commonly exhibit spatial
and temporal variability. Because of the small dimensions of the varying chemical
environments, thorough characterization of chemical conditions (pH, O, and Fe3+) in

unsaturated spoil may not be possible.

2.1.2.3 Physical factors

The second factors include the physical characteristics of the waste or
structure, the way in which acid generating and acid neutralizing materials are placed
and the local hydrology as well as geohydrology. The physical nature of the material
such as particle size, permeability and physical weathering characteristics is important
to the acid generation potential. Although difficult to measure, each of these factors
influence the potential for acid generation is an important consideration for long term
waste management. Particle size is _a fundamental concern because it affects the
surface area exposed to weathering and oxidation. Surface area is inversely
proportional to particle size. The relationships among particle size, surface area and
oxidation play a prominent role in acid production methods and in mining waste
management units. As waste material weathers with time, particle size is reduced,
exposing a greater surface area and changing the physical characteristics of the waste

unit. However, this is a slow process.
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Effect of pyrite surface area and crystallinity - Kinetic studies indicate that
the rate of acid generation depends on the surface area of pyrite exposed to solution,
and on the crystallinity and chemical properties of the pyrite surface. This dependence
will be most important in initial stages while pH is greater than about 2.5. In general,
rock with a high percentage of pyrite will produce acidity faster than rock with a low
percentage of pyrite. Also, a given mass of pyrite in small particles with high surface
area will tend to oxidize more rapidly than the same mass composed of coarse, smooth-
surfaced grains. The high surface area of framboidal pyrite at least partly accounts for

its observed high reactivity.

2.1.3 Effects of Heavy Metal on the Environment

The term heavy metal refers to any metallic chemical element that has a
relatively high density and is toxic or poisonous at low concentrations. Examples of
heavy metals include mercury (Hg), cadmium (Cd), arsenic (As), chromium (Cr) and
lead (Pb). When metals are in a dissolved form they are more easily absorbed and to be
accumulated by plant and animal life, therefore generally more toxic than when they are
in solid form. Sub-lethal negative effects can occur as these metals concentrations settle
into streams, stream beds and banks. Because the transfer or uptake of metals can
occur within animal-tissues and plants, they can be passed along to other organism in
the food chain.

Heavy metals canenter a water supply by Acid Mine Drainage (AMD) or even
from acidic rain breaking down soils and releasing heavy metals into streams, lakes,
rivers and groundwater. One potential-source of dissolved pollutants:is chemical usage
in mining and beneficiation. Common types of reagents include copper, zinc, chromium,

sulfuric'acid at copper leaching operations (Garcin, 2003).

2.1.4 Hydrological Impact

The surface and subsurface hydrology of the area surrounding mine operations

and waste units is important in the analysis of acid generation potential. Wetting and
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drying cycles in any of the mine operations or other waste units will affect the character
of any produced acid mine drainage. Frequent wetting will generate a more constant
volume of acid and other contaminants as water moves through and flushes oxidation
products out of the system. The build up of contaminants in the system is proportional to
the length of time between wetting cycles. As the length of dry cycles increase,
oxidation products will accumulate in the system. A high magnitude wetting event will
then flush the accumulated contaminants out of the system. This relationship is typical of
the increase in the contaminant load observed following heavy rainfall for those areas
having a wet season. However, in underground mines, the acid generating material
occurs below the water table and the slow diffusion of oxygen in water can retard acid
production. During acid generation, the pH values of the associated waters typically
decrease to pH values near 2.5. These conditions result in the dissolution of the minerals
associated with the metallic sulfides and release of toxic metal cations, for example,
lead, copper, silver, manganese, cadmium, iron and zinc. In addition, the concentration
of dissolved anions such as sulfate also increases.

Acid generation and drainage affect both surface water and groundwater. The
sources of surface water contamination are leachate from mine openings, seepage and
discharges from waste rock, tailings or spent ore, groundwater seepage and surface
water run-off from waste rock and tailings piles. It should also be noted that mined
materials, waste rock or tailings, used for construction or other purposes such as road
beds, rock drains and fill material or off a mine site can also develop acid mine
drainage. The receptors of contaminated surface water include aquatic birds, fish and
other aquatic organisms and humans. Direct ingestion of contaminated surface water or
direct contact through outdoor activities such as swimming can affect humans. Fish,
birds and other aquatic organism are potentially affected by bottom foraging and direct

exposure to surface water (Garcin, 2003).

2.1.5 General Prevention and Remediation Methods of AMD

General prevention and remediation methods of acid mine drainage (AMD) are

categorized into two ways as below (Seif, 1994):
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2.1.5.1 Active treatment

This treatment involves adding a neutralizing agent such as CaCO,, NaOH or
Sodium-bicarbonate directly to streams that have been impacted. In these treatment
systems, the acidity is buffered by the addition of alkaline chemicals such as calcium
carbonate, sodium hydroxide, sodium bicarbonate or anhydrous ammonia. These
chemicals raise the pH to acceptable levels and decrease the solubility of dissolved
metals. Precipitates form and settle from the solution.

However, these chemicals are expensive and the treatment system requires
additional costs associated with operation and maintenance as well as the disposal of

metal-laden sludges.

2.1.5.2 Passive treatment

The approach includes a variety of techniques to raise the stream pH values
and reduce heavy metals loading. For example, open limestone channels, diversion
wells, anoxic limestone drains and aerobic wetlands. Passive treatment conceptually
offers many advantages over conventional active treatment systems. The use of
chemical addition and energy consuming treatment processes are virtually eliminated
with passive treatment systems. Also, the operation and maintenance requirements of
passive systems are considerably less than active treatment systems.

The first passive technology involved the use of natural Sphagnum wetlands
that could improve the water quality. of AMD without causing other detrimental impacts
on the ecosystem. Although this concept had its limitations, it spawned research and
development ‘into other passive treatment technologies that did not follow the natural
wetland paradigm.

Designing a passive treatment system for AMD requires the understanding of
mine water chemistry, available treatment techniques and experience. Analytical
sampling of the AMD is extremely important in the selection of appropriate treatment

technologies.
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Open limestone channels

This method may be the simplest passive treatment. Open limestone
channels are constructed in two ways. In the first method, a drainage ditch is
constructed of limestone and AMD-contaminated water is collected by the ditch. The
other method consists of placing limestone fragments directly in a contaminated stream.
Dissolution of the limestone adds alkalinity to the water and raises the pH. Armoring or
coating of the limestone by Fe(CO), and Fe(OH), produced by neutralization reduces
the generation of alkalinity, so large quantities of limestone are needed to ensure long-
term success. High flow velocity and turbulence enhance the performance by keeping
precipitates in suspension thereby reducing the armoring of the limestone. Open
limestone channels are sized according to standard engineering practice using the
Manning equation and providing additional freeboard. Impervious liners are sometimes

used under the limestone to prevent infiltration of the AMD into the groundwater table.

Aerobic wetland

An aerobic wetland consists of a large surface area pond with horizontal
surface flow. The pond may be planted with cattails and other wetland species. Aerobic
wetlands can only effectively treat water that is net alkaline. In aerobic wetland systems,
metals are precipitated through oxidation reactions to form oxides and hydroxides. This
process is more efficient when the influent pH is greater than 5.5. Aeration increases the
efficiency of ~the oxidation ‘process: and therefore ~the precipitation process. Iron
concentrations are efficiently reduced in this system but the pH is further lowered by the
oxidation reactions.

A typical aerobic wetland will have a water depth of 6 to 18 inches. Variations
in water depth within the wetland cell may be beneficial for performance and longevity.
Although shallow water zones freeze more quickly in winter, they enhance oxygenation,
oxidizing reactions and precipitation. Deeper water zones provide storage areas for

precipitates but decrease vegetative diversity.
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Anoxic limestone drains (ALD)

An anoxic limestone drain (ALD) is a buried bed of limestone constructed to
intercept subsurface mine water flows and prevent contact with atmospheric oxygen.
Keeping oxygen out of the water prevents oxidation of metals and armoring of the
limestone. The process of limestone dissolution generates alkalinity. The purpose of an
ALD is to provide alkalinity thereby changing net acid water into net alkaline water.
Retaining carbon dioxide in the drain can improve limestone dissolution and alkalinity
generation.

Anoxic limestone drains can be considered a pretreatment step to increase
alkalinity and raise pH before the water enters a constructed aerobic wetland. In the
aerobic wetland, metals can be oxidized and precipitated. ALD is limited by the amount
of alkalinity they can generate based on solubility equilibrium reactions. Also, the
effectiveness and longevity of an ALD can be substantially reduced if the acid mine

drainage (AMD) has high concentrations of ferric iron, dissolved oxygen or aluminum.

Diversion wells

This approach is another simple way of adding alkalinity to contaminated
waters. Acidic water is conveyed by a pipe to a downstream "well" which contains
crushed limestone aggregate. The hydraulic force of the pipe flow causes the limestone
to turbulently mix and abrade into fine particles and prevent armoring. The water flows
upward and overflows the "well" where it'is diverted back into the stream. Diversion wells
require frequent refilling with clean limestone to assure continued treatment.

Nevertheless, ‘most-of these methods for preventing AMD have short-term
effectiveness because of the fact that surfaces of pyrite remain exposed to the
atmosphere, to O,, after treatment. These approaches include limestone application for
neutralizing acidity and precipitating iron, use of bactericides, phosphate and various
liners; for example, plastic and clay liners for the purpose of inhibiting Fe’ or O, from

coming into contact with pyrite.
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Figure 2.1 The examples of acid mine drainage (AMD) passive treatment provide
alkalinity and reduce heavy metal loading; a) Open limestone channels
b) Aerobic wetland, c) Anoxic limestone drains and d) Diversion wells

(Seif, 1994).
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2.2 Coating Technique with Iron - Phosphate

Coating with iron-phosphate is a new technique for the abatement of acid mine
drainage (AMD). The pyrite coating process is based on the hypothesis that when pyrite
is treated with a phosphate solution containing H,O,, oxidation will take place and ferric
ions, Fe3+, released will react with the phosphate ions. Passive coating on the pyrite
surface is the result, therefore, pyrite oxidation and acid production will stop (Evangelou
and Huang, 1992). It appears to be a long-term solution for the prevention of AMD. The

method was first applied on framboidal or pulverized mineral pyrite particles.

When hydrogen peroxide, H,0O,, is the oxidizing agent, the oxidation reaction is

demonstrated as below (Singer and Stumm, 1970).

FeS,+4H,0, ~ —— _» Fe +2S0,”+8H

The process is an autocatalytic process as Fe’" which is one of the oxidation
products can also oxidize pyrite.
When phosphate solution in the form of H,PO, is presented along with H,O,, the

oxidation reaction as an unbalanced equation can be written as:

FeS, + H,0, + H, PO, — FePO, + SO,” + H" + H,0

According to the reaction, iron phosphate will precipitate as a coating on the

pyrite surface, depending of the degree of supersaturation.

Zhang and Evangelou (1998) investigated formation of ferric hydroxide-silica
coatings on pyrite and its oxidation behavior in order to examine the feasibility of
controlling pyrite oxidation in bench-scale studies by creating a ferric hydroxide-silica
coating that would prevent either O, or Fe”" from oxidizing pyrite further. They
concluded that ferric hydroxide-silica coating formation involved leaching pyrite at room

temperature using a 10 mm chromatographic column with a solution containing H,O,,
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Na-acetate (NaOAC) and soluble silicate at a flow rate of 0.43 ml min". The results of
this bench-scale study show that formation of a ferric hydroxide-silica coating was
induced on the pyrite surface and that it inhibited pyrite oxidation under acid conditions.
The oxidation of pyrite by H,O, and NaOAC below pH 4 was inhibited by formation of an
amorphous ferric hydroxide coating on the surface of pyrite, which most likely inhibited
H,O, diffusion to the pyrite surface. This was consistent with the solubility of amorphous
ferric hydroxide (Fe(OH)3). Therefore inhibition of pyrite oxidation was caused by a
pyrite coating including ferric hydroxide and silicate. Such pyrite coating may decrease
oxidation via two mechanisms: (1) eliminating Fe” from the system by adsorption onto
silica, (2) the coating may act as a physical barrier to H,0, and Fe”, inhibiting their

diffusion to the pyrite surface.

Georgopoulou et al. (1995) studied the feasibility and cost of creating an iron-
phosphate coating on pyrrhotite to prevent oxidation. They revealed that the iron-
phosphate coating controlled the oxidation process of pyrrhotite under functional
condition by stabilizing pH at around 4 (pH at which the oxidation rate is at a minimum)
and by considerably reducing iron generation. Hydrogen peroxide (H,O,) is necessary
in the coating solution and its functional concentration depends on the experiment
scale. The following two sets of coating conditions were carried out in comparison: (1)
micro-columns, 4 g of pyrrhotite, 0.2 M H,O,, 0.2 M NaAC and 0.2 M KH,PO,. (2) large
columns, 100 g of pyrrhotite, 0.01 M H,O,, 0.2 M NaAC and 0.2 M KH,PO,. It was also
observed that a combination of -pyrrhotite coating and phosphate rock around the
coated particles behaves better than coating alone. The cost for applying the coating
technique depends mostly on the concentration of the reagents butiis'in the order of a
few dollars per tonne of tailings containing about 30% pyrrhotite. This cost is lower than
the cost of conventional neutralization with limestone. Therefore iron-phosphate coating
seems to be a promising technology for the abatement of AMD generation by pyrrhotite
tallings. It has a potential to be applied as a long term solution alone or to be coupled

with another prevention method.
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Nyavor and Egiebor (1995) investigated control of pyrite oxidation by phosphate
coating. They reported that chemical oxidation of pyrite can be reduced significantly by
phosphate coating. The phosphate treatment has been shown to form an iron phosphate
coating on pyrite particles, thereby preventing the ingress of oxidants into the pyrite
matrix, which reduces the rate of pyrite oxidation. The application of low and high
temperature phosphating of pyrite to control its rate of oxidation was investigated. It was
also observed that although thicker coatings are formed using high phosphating
temperature, these thicker coatings do not significantly improve the protection of the
pyrite over thinner coatings formed under ambient condition. Using 60 °C and 200 psi
oxygen pressure, about 480 minutes of reaction time in the autoclave corresponded to
about 81 days in the accelerated oxidation column. The use of an autoclave for testing
the stability of treated pyrite particles has been shown to be a more reliable and faster

alternative to the conventional column oxidation test.



CHAPTER 1lI

METHODOLOGY

3.1 Materials

The main materials used in this experimental study included as follows:

3.1.1 Pyrite (FeS,) in this study was obtained from the gold mine in Amphoe
Thap Khlo, Changwat Phichit (Akara Mining Limited), northern Thailand.

3.1.2 Silica sand, 1-2 mm grain size

3.1.3 Chemical reagents:
® Hydrochloric acid (HCI)
® Hydrogen peroxide (H,O,)
® Sodium acetate (NaAc)
®  Potassium hydrogen phosphate (KH,PO,)

® (Calcium hydroxide (Ca(OH),)

3.1.4 Glassware: vials and columns with 10 mm and 50 mm of diameter.

3.2 Experiment Procedures

Experimental procedure of coating iron-phosphate on the surface of pyrite was
carried out in batches in the laboratory of the National Research Center for
Environmental and Hazardous Waste Management (NRC-EHWM) by following the

process as described by Evangelou and Huang (1992).



25

In order to verify the feasibility of establishing an iron phosphate coating on
pyrite, experiments were carried out under laboratory conditions. The methods in this

study were divided into three main parts as below:

3.2.1 Pyrite Sample Preparation

Sufficient pyrite samples obtained from the gold mine were crushed by hammer
and were sieved to retain the pyrite at the grain size between mesh number 20 and 40
or equate to between 425 um to 850 um. The prepared pyrite samples (Figure 3.1a)
were then mixed with clean sand 1-2 mm in diameter (Figure 3.1b) in the ratio of 1 to 4.
Mixing of sand in pyrite promotes the hydraulic conductivity to the system and hence the

completion in reaction within the system expected from the experiment.

Figure 3.1 Pyrite samples (425 -850 um)and‘sand (1 - 2'mm) before coating.

3.2.2 Coating Process

The optimum conditions of the coating process were investigated by varying the
concentrations of coating solutions (H,0,, KH,PO, and NaAc) and different contact
times of the coating solution and the mixed pyrite and sand. The whole coating

processes were divided into five steps as performed by Evangelou and Huang (1992)
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for the pyrite coating. This process was conducted in batches containing coating

solutions at different concentrations of KH,PO, and H,O, as mention earlier.

The steps of the coating process are the following: (as shown in Figure 3.2)

3.2.2.1 Loading
The mixture of prepared pyrite and sand for 10 g at ratio of 1 to 4

respectively was loaded in the glass vials as a total of thirty vials.

3.2.2.2 Surface preconditioning

The mixture in each vial was treated by 15 ml of 2 M hydrochloric acid
solution (HCI solution) with constantly and regularly agitation for a period of length of
time. The vials were agitated to allow the contact of the chemical and the pyrite samples
in order to clean the sample surface. The spent hydrochloric solution was then
discharged from the vials. Any oxide or hydroxide component that might have formed on

the surface of pyrite would be set free to allow the pyrite to be ready for further reaction.

3.2.2.3 Rinsing

The samples of preconditioning pyrite were rinsed repeatedly by distilled
water until the pH value of the rinsed solution was raised to about 5. The pH value
ranging form 5 to 6 is allowed to iron - phosphate precipitation on the pyrite particles

(Georgopoulou et al., 1995).

3.2.2.4 Coating
Five coating solutions; A, B, C, D and E-were prepared by mixing of varying
concentration of KH,PO, and H,O, with constant concentration of NaAc. Specification of

each of the above mentioned solution was described in detail below:

Solution A = 0.2 M KH,PO, + 0.2 M H,0, + 0.2 M NaAc
Solution B = 0.3 M KH,PO, + 0.2 M H,0, + 0.2 M NaAc
Solution C = 0.1 M KH,PO, + 0.2 M H,0, + 0.2 M NaAc
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Solution D = 0.2 M KH,PO, + 0.33 M H,0, + 0.2 M NaAc
Solution E = 0.2 M KH,PO, + 0.01 M H,0, + 0.2 M NaAc

A totally thirty experimental samples of 10 grams each of the prepared pyrite
plus sand in vials were added to be reacted by 15 ml of the coating solution. These
were six vials for each type of coating solution, which represented six contact times
between the pyrite mineral and the coating solution. These six different contact times for
the reaction to take place which are (a) instantaneous reaction which would take about
0-1 minute, (b) 10 minutes, (c) 20 minutes, (d) 30 minutes, (e) 40 minutes, (f) 50 minutes
and (g) 60 minutes. The pyrite sample and the coating solution were allowed to react
effectively by agitating motion in a shaker. The solutions tapped from thevials after
reaction of forming coating substance on pyrite surface at different duration was brought
to measure for the pH value and the remaining phosphate concentration. Preferably,
these solutions were reserved in glassware bottles for phosphate determination because
phosphate may be adsorbed onto the walls of plastic bottles (Eaton, Clesceri and

Greenberg, 1995).

Chemically, hydrogen peroxide (H,O,) in the coating solution strongly
oxidizes the pyrite at the surface to produce ferric ion (Fe3+) to be ready to react with
potassium hydrogen phosphate (KH,PO,) to form surface coating substance of iron
phosphate (FePO,). Sodium acetate (NaAc) is an important reagent in this coating

process by playing a role as-a buffer reagent.

3.2.2.5 Stabilization

Add 20 ml of 800 mg/l concentration of calcium hydroxide solution (Ca(OH),)
into the iron phosphate coated pyrite. Agitate the mixture of coated pyrite - Ca(OH), in
the shaker for ten minutes. This procedure would firmly stabilize the existence of the

coated substance. Spent Ca(OH), solution was subsequently discharged.
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Coating Process

v v
Loading A mixture of pyrite and sand
l A 4
Surface Preconditioning Treating with 15 ml HCI (2 M)
A 4
A 4
o Washing with distilled water
Rinsing
until pH is about 5
A 4
Coating Coating with 20 ml coating solution
(H,O,, NaAc and KH,PO,)
A 4
Stabilizing Stabilizing with 20 mi Ca(OH),

(800 mg/l).

Figure 3.2 The simplified flow chart exhibiting the coating process (Evangelou and

Huang, 1992).

3.2.3 Leaching Study

The effectiveness of the coated substance, FePO,, to prevent the underlying
pyrite to be oxidized to generate acid mine drainage (AMD) was determined by leaching
test method. The coated pyrite was fed intermittently by hydrogen peroxide solution
(H,0,) to simulate the oxidation process in natural hydraulic cycles. H,0, reagent was
chosen for leaching study because it creates an extremely oxidizing environment. In the

H,O, solution, the concentration of dissolved oxygen is much higher than that occurs
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naturally (Georgopoulou et al., 1995). The sequences of the leaching study are as the

following and as shown in Figure 3.3).

® Air dry each sample of the mixture of pyrite and sand after the preceding
coating process.

® |oad 10 g of each of the mixture of pyrite and sand samples into the
glass columns of 10 mm in diameter and 400 mm in length which underlain with glass
wool to filter the solid from loss through the bottom of the column (see Figure 3.4).

® | each the samples with a series of steps. 20 ml of 0.145 M hydrogen
peroxide (H,0,) solution was fed in each step for a period of 60 minutes. Therefore, the
series of time is t = 0, 60, 120, 180, 240, 300, 360 minutes. This step was designed by
putting the solution into the column and then waiting for this solution flow through the
column until the final drop of leachate was collected. In the next 60 minute, the H,O,
solution was put into the column again and the leachate was then collected. This
leaching process was continued until 360 minutes.

® | eachates from each of the leaching test were collected in plastic bottles

for subsequently analyzing of the released iron concentration and for the pH value.



Leaching Study

J

Dry the mixture of pyrite and sand after

coating process in natural air.

'

Load the mixture of pyrite and sand

into the column.

v

Leach with 20 ml of 0.145 M

oxidizing solution (H,O,) by feeding stepwise.

v

Collect the leachates at different times

(t=0, 60, 120, 180, 240, 300, 360 minutes)

Figure 3.3 Simplified flow chart illustrating the steps of leaching study.
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Figure 3.4 Leaching test in column with 10 mm of diameter x 400 mm long.

3.3 Analysis Methods

After coating process and leaching study, solutions collected from coating
process and leachates collected from leaching test at different times were analyzed for
determining the optimum condition of creating an iron-phosphate coating on pyrite
surface. These chemicals analysis were conducted for two parts of the experiments;
spent solution from coating and leachate from leaching study. The detail is as follows

(see also Figure 3.5):
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® Spent solution from coating process
Solutions collected at different times were analyzed for pH using PHM 83
Autocal pH meter and for phosphate concentration analyzed by ascorbic acid method.
In addition, the coated pyrite which was separated from the mixture of pyrite and sand
after coating process and non-coated pyrite samples was examined by Electron Probe
Micro-Analyzer (EPMA) to identify the chemicals composition on the surface for

quantitative analysis.

® | eachate
Leachates from the leaching test were measured for pH using PHM 83 Autocal
pH meter and analyzed for total iron released by Flame Atomic Absorption Spectrometry
(AAS) to examine the resistance of the coated pyrite. Basically, pH value, total iron and
sulfate are the three primary parameters indicating the potential of acid mine drainage

(AMD) and pyrite oxidation (Adams et al., 1994).

3.3.1 Ascorbic Acid Method

This method is a standard method for the examination of the phosphate
concentration in water and wastewater. Thus it was selected for analyzing the
phosphate after coating process in this study. In principle, ammonium molybdate and
potassium antimony!l tartrate react in acid medium with orthophosphate to form a
heteropoly acid, phosphomolybdic acid, that is ‘reduced to intensely colored
molybdenum blue by ascorbic acid.~The steps of phosphate determination are the

following: (Eaton, Clesceri and Greenberg, 1995).
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Analysis
After coating process After leaching study
® pH value
® Phosphate concentration ® pH value
® Chemical composition @ |ron released
on the pyrite surfaces

® przster ® pH meter

® Ascorbic acid-method . _
® Atomic Absorption

® Flect Prob
ecrdy s Spectrometer (AAS)

Micro-Analyzer (EPMA)

Figure 3.5 Flow chart displaying the .analysis procedures.

3.3.1.1 Reagents preparation

The reagents used in this analysis are shown as below:

® Sulfuric acid (H,SO,) 5 N: Dilute 70 ml of conc. H,SO, to 500 ml with

distilled water.
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® Potassium antimonyl tartrate solution: Dissolve 1.3715 g of
K(SbO)C,H,041/2H,0 in 400 ml distilled water in a 500 ml volumetric flask and dilute to

volume. Store in a glass — stoppered bottle.

® Ammonium molybdate solution: Dissolve 20 g of (NH,);Mo,0,,-4H,0 in
500 ml distilled water. Store in a glass — stoppered bottle.

® Ascorbic acid 0.1 M: Dissolved 1.76 g ascorbic acid in 100 ml distilled

water. The solution is stable for about 1 week at 4°C.

® Combined reagent: Mix the above reagents in the following proportions
for 100 ml of the combined reagent: 50 ml of 5 N sulfuric acid, 5 ml of potassium
antimonyl tartrate solution, 15 ml of ammonium molybdate solution and 30 ml of ascorbic
acid solution. Mix after addition of each reagent and allow all reagents to reach room

temperature before they are mixed. The combined reagent is stable for four hours.

® Stock phosphate solution: Dissolve in distilled water 219.5 mg of
anhydrous KH,PO, and dilute to 1,000 ml (1 ml = 50 ug P).

® Standard phosphate solution: Dilute 50 ml of stock phosphate solution to

1,000 ml with distilled water (1 ml'= 2.5 ug P).

3.3.1.2 Procedure

The procedures are to-achieve-in this- method as below:

® Digestion: Use 50 ml or a suitable portion of mixed sample. Then, add 1
ml of 5 N H,SO, solution and either 0.4 g solid ammonium persulfate ((NH,),S,0,) or 0.5
g solid potassium persulfate (K,S,0;). Boil gently on a preheated hot plate for 30 to 40
minutes or until-a final volume-of 10.ml is reached. And cool, dilute to-30-ml with distilled
water. Add 0.05 ml (1 drop) phenolphthalein indicator solution and neutralize to a faint
pink color with 6 N NaOH. Then, add 5 N H,SO, solutions dropwise to just discharge the
color. Finally, make up volume to 50 ml with distilled water.

Because phosphorus may occur in combination with organic matter, a
digestion method to determine total phosphorus must be able to oxidize organic matter
effectively to released phosphorus as orthophosphate. Generally, the simplest method is

persulfate oxidation technique. It is recommended that this method be checked against
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one or more of the more drastic digestion technique and be adopted if identical

recoveries are obtained.

® Treatment of sample: Use 50 ml of the solution samples into 125 ml
erlenmeyer flask. Then, add 8 ml of combined reagent and mix thoroughly. After at least
10 minutes but no more than 30 minutes, measure absorbance of each sample at 880

nm by using reagent blank as the reference solution.

® Preparation of calibration curve: Prepare individual calibration curves
from a series six standards of phosphate concentration that are 0.05, 0.1, 0.2, 0.3, 0.4
and 0.5 mg/l. UV-Spectrophotometer is the apparatus using in this procedure. Use a
distilled water blank with the combined reagent to make photometric readings for the
calibration curve. Plot absorbance and phosphate concentration to provide a straight

line passing through the origin.

® (Calculate phosphate concentration from the relationship graph between
absorbance value (Y — axis) and phosphate concentration (X — axis) with the linear

equation (y = mx + c).

3.3.2 Metals by Flame Atomic Absorption Spectrometry

This apparatus was used for determining iron released after leaching study.
Because requirements for determining metals by atomic absorption spectrometry vary
with metal or concentration to be considered, determination of iron can be gathered into

Metals by Flame Atomic Absorption-Spectrometry.

In principle, a sample is aspirated into a flame and atomized. A light beam is
directed through the flame, into monochromator, and-onto a detector that measures the
amount of light absorbed by the atomized element in the flame. For some metals, atomic
absorption exhibits superior sensitivity over flame emission. Because each metal has its
own characteristic absorption wavelength, a source lamp composed of that element is
used, this makes the method relatively free from spectral or radiation interferences. The
amount of energy at the characteristic wavelength absorbed in the flame is proportional

to the concentration of the element in the sample over a limited concentration range.
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Most atomic absorption instruments also are equipped for operation in an emission

mode (Eaton, Clesceri and Greenberg, 1995).

The sensitivity of flame atomic absorption spectrometry is defined as the metal
concentration that produces and absorption of 1% (an absorbance of approximately
0.0044). The instrument detection limit is defined here as the concentration that

produces absorption equivalent to twice the magnitude of the background fluctuation.

3.3.2.1 Procedure

The procedures are exhibited as below:

® Treatment of sample solution: Add 0.05 ml (1 drop) of conc. nitric acid

(HNO,) into the sample solutions. Then, agitate the solutions.

® Preparation of calibration curve: Prepare standard solutions of the iron in
concentration of 1, 2,4, 10 and 20 mg/l. Run blank as the reference solution. Standard
solutions and sample solutions were aspirated into atomic absorption spectrometer. It
provides the relationship graph between absorbance (Y - axis) and iron concentration

(X — axis) that can be calculated to quantity of iron released in sample solutions.

3.3.3 Electron Probe Micro Analyzer (EPMA)

The equipment was used for examining the chemical composition on the surface
of the coated pyrite after coating process and non-coated pyrite. In principle, EPMA is
basically operated by bombarding a micro - volume.of a sample with-a focused electron
beam (typical energy = 5 - 30 keV) and collecting the X - ray photons thereby induced
and emitted by the various elemental species. Because the wavelengths of these X-rays
are characteristic of the emitting species, the sample composition can be easily
identified by recording WDS spectra (Wavelength Dispersive Spectroscopy). Figure 3.6

shows the effects produced by electron bombardment of a material.
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Figure 3.6 Effects produced by electron bombardment of a material

(Available from: www.cameca.fr).

3.3.3.1 Effects of electron bombardment

Electron bombardment of a sample is unique to microprobe analysis and
produces a large number of effects from the target material (Figure 3.6). The incident
electrons interact with-specimen atoms and are significantly. scattered by them. Most of
the energy of an electron beam will eventually end up heating the sample, however,
before-the electrons come. to-rest;, they undergo two types of-scattering: elastic and
inelastic.

In elastic scattering, the electron path changes, but its kinetic energy and
velocity remain essentially constant due to large differences between the mass of the
electron and nucleus. This process is known as electron backscattering.

In inelastic scattering, the path of the incident electron is only slightly

disturbed, but energy is lost through interactions with the orbital electrons of the atoms
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in the specimen. Inelastic interactions produce diverse effect including heating, visible
light fluorescence, continuum radiation (or braking radiation), characteristic of X-ray
radiation, secondary electrons and ejection of outer shell electrons.

X - rays are electromagnetic radiation. All X - rays represent a very energetic
portion of the electromagnetic spectrum (Figure 3.7) and have short wavelengths of
about 0.1 to 100 angstroms (A). They are bounded by ultraviolet light at long
wavelengths and gamma rays at short wavelengths. X - rays in the range from 50 to 100
angstroms are termed soft X - rays because they have lower energies and are easily

absorbed.
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Figure 3.7 Electromagnetic spectrum (Available from www.cameca.fr).
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3.3.3.2 Procedure

The procedures are exposed as below:

® Preparation of samples: Both the coated pyrite and non-coated pyrite
samples were prepared into the block of resin by using resin mixed with hardener. Then,
samples would be dried in natural air. After that, the samples were coated by carbon
coating process for analyzing the chemical composition on the surface of pyrite
samples.

® Operation with EPMA: The prepared pyrite samples were loaded into the
block by which six samples can be contained into one block. Then, this block with the
samples was carried into the hole of EPMA apparatus (Figure 3.8) for quantitative

analysis.

‘. 4 -__-l_::y,ga_.-»"

-

SUPERPROBE

Figure 3.8 Electron Probe Micro Analyzer (EPMA) used for analyzing the chemical

composition on the pyrite surface (Available from: www.hardcoatings.ac.at).



40

3.4 Application with the Soil Mining Wastes

In order to estimate the effectiveness of the optimum coating solution in the
pyrite coating preventing pyrite oxidation in real situation, these approach was carried
out in column with 50 mm of diameter and 500 mm long containing soil mining wastes
from the Banpu Public Company Limited Coal Mine, Amphoe Lee, Changwat Lumphun.
And this step was followed by the coating process and leaching study that described

previously. The main differences are the following (see also Figure 3.9):

® Soil mining wastes were crushed by rubber hammer in order to obtain the grain
size is less than 1 cm. Then they were mixed with gravel in ratio 3 : 1 (150 g of sail

mining waste : 50 g of gravel) for increasing the flow of solution in the soil sample.

® The mixtures of soil sample and gravel were loaded into the columns, 50 mm of
diameter and 500 mm long, with stopcocks for coating process and leaching study.
Glass wool was also placed at the bottom of column as a filter to avoid solid loss

through the bottom of the column

® |n the coating process, leaching with the coating solution 200 ml in the
concentration of 0.2 M KH,PO, + 0.2 M H,O, + 0.2 M NaAc were carried out by putting
the coating solution into the column while a stopcock was opened and collected the
leachate until no solution dropped-to the beaker. The leachate was then measured for

pH value.

® |n the leaching study, both- the soil samples after coating process and soil
sample without coating were leached with 100 ml of 0.2 M oxidizing solution (H,O,) by
stepwise feeding at different times (every 24 hours). By which the H,0, solution was put
into the column with opened stopcock and then left this column for 24 hours until
leachate was not dropped in beaker. After that, putting the solution was performed
again and collected the leachate. This leaching process was conducted until 120 hours.

Leachate was gathered for measuring the pH value and analyzing the iron released.
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Application with the Soil Mining Wastes

{

Crush the soil samples (grain size <1 cm)

4

Mix 150 g of soil samples with 50 g of gravel

v

Load the mixture of soil samples and gravel into the

column (50 mm diameter x 500 mm long)

\ 4

Leach with 200 ml-of the optimum coating solution

(0.2 M KH,PO, + 0.2 M H,0, + 0.2 M NaAc)

A 4

Leach with. 100 ml of 0.2 M oxidizing solution (H,0.,)

every 24 hours until 5 days

Y

Measure the pH value and analyze the iron released

Figure 3.9 Simplified flow chart showing the steps of application with soil mining wastes.
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Figﬂre 3.10 Application with the soil mining wastes studied in column with 50 mm

of diameter x 500 mm long.
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Iron-phosphate Coating on Pyrite Surfaces Using Various Coating Solutions

A mixture of chemical reagents used to stimulate the surface of pyrite mineral to
be ready to react to form iron-phosphate (FePO,) coating is composed of potassium
hydrogen phosphate (KH,PO,), hydrogen peroxide (H,0,) and sodium acetate (NaAc).
Regarding to the functioning effects on coating process of these reagents, KH,PO,
provides phosphate for coating, H,O, oxidizes pyrite to produce ferric ion (Fe3+) to react

with KH,PO, to form iron-phosphate (FePO,) and NaAc is a buffering agent.

In this study, five mixtures of coating solution were prepared by varying in the

amount of KH,PO, and H,O, with constant NaAc. They were listed as the following:

Solution A = 0.2 M KH,PO, + 0.2 M H,0, + 0.2 M NaAc
Solution B = 0.3 M KH,PO, + 0.2 M H,0, + 0.2 M NaAc
Solution C = 0.1 M KH,PO, + 0.2 M H,0, + 0.2 M NaAc
Solution D = 0.2 M KH,PO, + 0.33 M H,0, + 0.2 M NaAc
Solution E = 0.2 M KH,PO, + 0.01 M H,0, + 0.2 M NaAc

Different mixture of coating solutions were designed to determined the quantity
and the quality of coating material of iron-phosphate (FePO,) on the surface of the pyritic
mineral. It is, therefore, essential to quantify the optimum condition of the formation of
the coating material and also the resistance of this coating material in inhibiting

oxidation process to develop at the surface of these pyrites underneath.



44

Spent solutions after being used for the reaction in the coating process at
various contact times would be collected to the measure for the value of pH and
phosphate concentration in order to obtain the acid-base condition and the amount of

phosphate used and remained in the solution.

In Table 4.1 and Figure 4.1, it was obvious that the pH values of the remaining
solution of these five varying coating solutions measured after react with pyrite were
quite uniform. The pH values in the solutions ranged from 4.88 to 5.80. This was owing
to 0.2 M of sodium acetate (NaAc) admixed in these coating solutions buffered the pH of

the coating solutions at the range of 5 to 6 (Georgopoulou et al., 1995).

Table 4.1 pH in solution remained after treating with varying coating solutions

at different contact times.

Time pH
(minute) | Solution A |Solution B [Solution C|Solution D|Solution E
0 4.93 4.88 4.95 4.89 4.90
10 5.73 5.46 5.80 5.62 5.60
20 5.71 547 5.79 5.61 5.59
30 5.72 5.48 5.79 5.60 5.59
40 5.72 5.48 5.79 561 5.60
50 5.73 5.51 5.80 5.60 5.60
60 5.71 547 5.79 561 561
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pHin solutions after coating process
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Figure 4.1 Trends of pH value measured after treating with various coating solutions
at different contact times (at the time of t0 is the pH value after rinsing with

distilled water before adding coating solution).

4.1.1 Effect of potassium hydrogen phosphate (KH,PO,)on creating an iron-

phosphate coating

As potassium hydrogen phosphate (KH,PO,) provides phosphate component to
react with Fe”™ to form coating substance as described previously. Therefore, the
remaining phosphate concentration-in the coating.solutions after the coating process is
inevitably needed to be considered. In the experiment, the concentration of KH,PO,
component in the coating solution was designed tobe variable in order to determine the
concentration effect on the formation fo coating substance. Solution A, B and C are the
subjects of this experiment and the solution A is referred to be the reference solution as

described below:

Solution A = 0.2 M KH,PO, + 0.2 M H,0, + 0.2 M NaAc
Solution B = 0.3 M KH,PO, + 0.2 M H,0, + 0.2 M NaAc
Solution C = 0.1 M KH,PO, + 0.2 M H,0, + 0.2 M NaAc
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According to the Table 4.2 and Figure 4.2, it was obviously observed that though
the remaining phosphate content in coating solution B was the lowest when compared
with remaining phosphate in coating solution A and C in terms of number, it was,
however, insignificantly different when these number were shown in terms of ratio of the
remaining to the original content. It is only apparent that the coating substance
withdrawed from solution B to deposit on the surface of pyrite is better than from the

solution A and C.

Table 4.2 Phosphate remaining in solutions after treating with various coating solutions

at different contact times.

Phosphate (mg/l)

Time
(minute) | Solution A | Solution B | Solution C | Solution D | Solution E
10 10.625 0.717 7.007 0.722 6.737
20 9.750 0.497 6.770 0.840 7.670
30 10.075 G726 7.577 1177 7.132
40 10.275 0.745 8.082 5.547 9.872
50 9.625 0.730 8.410 5.642 9.375
60 10.375 0.610 7.635 0.900 10.770
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Phosphate remained in solution after coating process
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Figure 4.2 Variation of remaining phosphate concentration after treating with

various coating solutions at different contact times.

4.1.2 Effect of hydrogen peroxide (H,0,) on creating an iron-phosphate coating

Hydrogen peroxide-(H,0,), a strongoxidizing reagent, oxidizes the pyrite
surface to produce ferric ion (Fe3+) to be available to react with the phosphate reagents
to form iron-phosphate (FePO,) as previously mentioned. By varying the concentration of
H,O, in the coating solution, the @amount of induced ferric iron on the pyrite surface is
expected to vary accordingly ‘hence the amount of phosphate concentration during
coating process. Coating solution A, D _and E are different only on their H,0O,

concentrations as shown below and solution'A is designated as reference solution.

Solution A = 0.2 M KH,PO, + 0.2 M H,0, + 0.2 M NaAc
Solution D = 0.2 M KH,PO, + 0.33 M H,0, + 0.2 M NaAc
Solution E = 0.2 M KH,PO, + 0.01 M H,0, + 0.2 M NaAc
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It is apparent from the Table 4.2 and Figure 4.2 that the remaining phosphate
concentration in coating soution D was lower than those of the solutions A and E. Larger
amount of H,0O, causes higher oxidation rate hence higher amount of ferric iron (Fe™)

from pyrite surface to react with phosphate.

Moreover, it illustrated that concentration of remaining phosphate in solutions A,
C and E after coating process were considerably higher than solutions B and D. Thus,
treating pyrite with these, A, C and E coating solutions resulted in the lower quantity of
phosphate consumed to form the coating substance whereas the possibility of
phosphate consumption for surface coating in the solutions B and D was apparently

better.

From these results of the coating experiment, the coating solution B could have
been considered the optimum combination of reagents for the coating process by
judging from the pH value and the lowest concentration of remaining phosphate.
However, these results are still needed to be further justified by the results of leaching

test.
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4.2 Chemical Composition on the Surfaces of Coated Pyrite

EPMA (Electron Probe Micro-Analyzer) was employed to dertermine the
chemical conposition of the coated substance on the surface of the pyritic sample and
for comparison the composition of the uncoated pyrite. Table 4.3 shows the mass
content of FeO, SO,, P,O, and total oxides of other elements. The coated pyrite samples
used in this study were selected presumably from the best coating output formed on the
surface of pyrite from aforementioned experiment of each coating solution. However, the
best coating sample precipitated on the surface of pyrite from solution A was not
included in this Table due to some error in sample preparation process prior to the

EPMA measurment.

Mass proportions of elemental oxides in Table 4.3 are converted into atomic
proportion of elements in Table 4.4. It is observed clearly from Tables 4.3 and 4.4 that
the contents of Fe and S components are extraordinary high while that of P was
relatively low. It is believed that the majority of elements analyzed were derived from the
ionization of pyrite under the coated stratum. However, the coated substance is not only
formed as FePO, but it can also be free phosphate (PO43’) remained from coating

process.

Relatively, the coated substance FePO, on the surface of pyrite formed from
coating solutions B and Erappear.to be more effective than those formed from coating
solutions C and D. However, atomic proportions in Table 4.4 clearly indicate highest P

atom resulted from solution B.

Ultimately, the results of EPMA analysis can support the possibility of phosphate
and iron used for coating in the forms of iron-phosphate (FePO,) on the pyrite surfaces

after coating process.

From data in Table 4.3 (supplementary in appendix), it is observed that FeO and

SO, compounds are major composition analyzed from the surface of coated pyrite and
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the surface of non-coated pyrite reflecting majority of elements derived from the
chemical formula of pyrite which is FeS, (Klein and Hurlbut, 1999). P,O,, is relatively
much smaller content than those of FeO and SO, reflecting the smaller quantity of the

phosphate deposited on the pyrite surface.

Table 4.3 The average of mass proportion on pyrite surfaces analyzed using EPMA

after coating with solutions B, C, D and E.

Mass Proportion (%)
Sample FeO SO, P,O, | Other elements
Non-coated pyrite | 61.83 | 136.78 | 0.00 0.37
B (t 20) 58.90 | 127.49 | 252 3.73
C (t 20) 60.40 | 130.26 | 1.62 2.40
D (t 10) 68.91 | 12794 | 1.86 2.15
E (t 10) 61.10 | 131.47 | 2.51 3.05

Table 4.4 The average of atomic proportion on pyrite surfaces after coating

with solutions B, C, D and E.

Atomic Proportion

Sample Fe S P Fe:S S:P

Non-coated pyrite 0.136 0.269 0.000 0.504 -

B (t20) 0.120 0.234 0.052 0.514 59.240
C (t20) 0.145 0.281 0.004 0:517 112.452
D (t10) 0.144 0.281 0.005 0.514 95.201
E (t10) 0.139 0.268 0.024 0.517 80.251

Table 4.4 shows atomic proportion of elements analyzed by EPMA from the
surface of coated pyrite. It is illustrated by the atomic ratio of S : P that is the lowest
content yielded from coated surface in sample B (t20). It could probably suggest that
the coated substance on the surface of pyrite in sample B (t20) is relatively better than

other samples.



51

Moreover, the coated pyrite samples were visualized under scanning electron
microscope (SEM) in order to observe the morphology of the surface of non-coated
pyrite (Figure 4.3) and iron-phosphate formation on the pyrite surfaces as shown in

Figures 4.4 to 4.7.

,/.IJ" +
Figure 4.3 Secondary electron image of non-coated pyrite illustrating the

ald vdla
surface of pyrite (C = cia?’h}r)eral, S = pyrite).

i

Figure 4.4 Secondary electron image of the pyrite coated by solution B illustrating
iron-phosphate coating on the surface of pyrite (S = pyrite, P = iron-

phosphate).



Figure 4.5 Secondary electron image of th)e coated pyrite using solution C illustrating

iron-phosphate on the surface ‘Hf,py_rite (S = pyrite, P = iron-phosphate).
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Figure 4.6 Secondary electron image of the coated pyrite using solution D illustrating

iron-phosphate on the surface of pyrite (S = pyrite, P = iron-phosphate).
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Figure 4.7 Secondary electron image of tf‘ye coated pyrite using solution E illustrating
. 4
iron-phosphate on the surface of pyrite (S = pyrite, P = iron-phosphate).
; 7
"‘I/j.-
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Figure 4.3 shows the surface of unbﬁétéd—pyrite which is associated with some
clay mineral. However, clay mineral is obviously disea&eéfed on the surface of coated
pyrite; it may be mOétI.y washed during the coating procesé'.”-On the other hand, irregular
cloudy grains of iron-phosphate (FePO,) are increased on the coated surface as shown

in Figures 4.4t0 4.7.
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4.3 Resistance of the Coated Pyrite to Oxidizing Condition

The coating FePO, on pyrite surface prevents direct contact between pyrite
oxygen (O,) and water (H,O) generating acid mine drainage (AMD). Hydrogen peroxide
solution (H,0,), a strong oxidizing reagent, has normally been used to test the
leachability of the coating material and the capacity to penetrate and react with the
underlying pyrite. Generation of acid activity measured in terms of pH value and
dissolution of ferric ion concentration are two major indicators used for the leaching test

and the resistance to oxidation capacity of the coated iron-phosphate (FePO,).

During leaching, total iron is a good index to characterize the pyrite oxidation
rate since there is no phosphate to precipitate iron in the leachates. Also during
leaching, free sulfur is formed instead of sulfide due to the higher oxidation potentials

obtained in the presence of hydrogen peroxide (H,O,) (Georgopoulou et al., 1995).

Generally, the concentration of H,0O, solution used for the leaching test in most
experiments is ranging from 0.017 M to 0.2 M (Georgopoulou et al., 1995). It was,
however, decided to use the concentration of 0.145 M H,O, solution for the experiment

in this study as suggested by Zhang and Evangelou (1998).

Two FePO, coated pyrites were selected from each coating solution in Table 4.2,
the minimum coated samples and the maximum coated samples. The minimum coated
sample was the one with maximum phosphate concentration remained in solution of
each coating solution such as A (t10), B (t40), C (t50), D (t50) and E (t60). The maximum
coated sample was the least phosphate concentration remained in the coating solution

such as A (t50), B (t20), C (t20), D (t10) and E (t10).

Leaching experiment on the coated pyrite samples was performed according to

the procedure described in chapter 3 section 3.2.3.
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The results of the leaching experiment measured in terms of pH value and iron
concentration in the solution subsequently left after being used for oxidation purpose are

shown in Tables 4.5 and 4.6 respectively.

Evidently, the pH values in Table 4.5 measured from the leachate solutions of
different reprise of oxidation are ranging from 5.93 to 7.35 which could presumably be
considered to be near neutral condition when compared to the acid condition pH 2.78 —
3.88, of controlled sample, of uncoated pyrite. However, the pH in each solution shows
tendency to be lower or become more acid when times of repeated oxidation is higher
as shown in Figures 4.9 a, 4.10 a, 4.11 a, 4.12 a, and 4.13 a. In contrast, pH of the
solution of the uncoated pyrite shows tendency to increase as the number of reaction is

higher.

Generally, the iron concentration dissolved in the leachate of the leaching test
appears to be highest in the initial batch and then decrease in its content in the
subsequent tests (Figures 4.9 b, 4.10 b, 4.11 b, 4.12 b, and 4.13 b). While in the
leachate solution of control sample, the iron content decreases abruptly from the initial
batch to the next and then decreases gradually thereafter (Figure 4.8). It could be
roughly estimated that the amount of iron released from the uncoated pyrite into the
solution in the leaching test is at least sixty folds higher than those released from the
FePO, coated pyrite samples. This would probably imply that ability of acid mine
drainage (AMD) generated from natural pyrite may-at least sixty times stronger than the

one generated from the coated pyrite.
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Table 4.5 pH in leachates of selected samples after leaching with 0.145 M of hydrogen

peroxide solution (H,0,) at different times.

pH
Time Solution A Solution B Solution C Solution D Solution E
(min.) t10 t50 t20 t40 t20 t50 t10 t50 t10 t60 Control
5 6.90 7.15 7.09 7.10 6.75 6.93 7.25 7.26 7.32 7.30 2.78
60 7.15 7.26 7.23 e l®) 6.86 6.86 7.32 7.35 7.30 7.35 2.97
120 6.80 7.07 7.05 6.97 6.65 6.70 7.04 7.04 7.24 712 3.75
180 6.72 6.82 6.75 6.86 6.59 6.66 6.95 6.85 6.84 6.90 3.87
240 6.48 6.67 6.68 6.61 6.44 6.40 6.79 6.77 6.74 6.80 3.87
300 6.33 6.53 6.58 6.57 6.26 6.10 6.57 6.66 6.71 6.76 3.88
360 6.18 6.40 6.45 6.48 8.1 998 6.54 6.49 6.80 6.72 3.85
Table 4.6 Iron released in leachates of selected samples after leaching with 0.145 M of
hydrogen peroxide solution (H,O.,) at different times.
Iron released (mg/l)
Time Solution A Solution B Solution C Solution D Solution E Control
(min.) t10 t50 t20 t40 t20 t50 t10 t50 t10 t60
5 0.074 | 0.038 | 0.151 | 0.103 |-0.343 | 0.420- | 0.118 | 0.218 | 0.247 | 0.244 | 46.20
60 0.083 | 0.071/]. 0.060 | 0.063 | 0.256 | 0.336 | 0.166 | 0.120 | 0.202 | 0.102 | 19.70
120 0.031 | 0.050 | 0.045 0 0.115 | 0.225 | 0.087 | 0.150 | 0.109 | 0.062 | 14.65
180 0.035 | 0.037 | 0.014 | 0.070 | 0.053 | 0.107 | 0.124 | 0.076 | 0.096 | 0.109 | 10.20
240 0.122 | 0.004 | 0.008 | 0.045 | 0.083 | 0.101 0.118 | 0.071 | 0.089 | 0.080 | 14.40
300 0.024 0 0.084 | 0.073 | 0.094 | 0.066 | 0.045 | 0.141 | 0.146 | 0.109 | 9.30
360 0 0.077 | 0.048 | 0.106 | 0.104 | 0.062 | 0.142 | 0.023 | 0.074 | 0.058 | 8.70
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Figureq4.10 Trends of pH and iron released in leachates of selected samples solution B

after leaching with 0.145 M of H,0, solution (H,0,) at different times.
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Figureq4.11 Trends of pH and iron released in leachates of selected samples solution C

after leaching with 0.145 M of H,0, solution (H,0,) at different times.
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Figureq4.12 Trends of pH and iron released in leachates of selected samples solution D

after leaching with 0.145 M of H,0, solution (H,0,) at different times.
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Figureq4.13 Trends of pH and iron released in leachates of selected samples solution E

after leaching with 0.145 M of H,0, solution (H,0O,) at different times.
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The amount of iron released from leaching test of the coated sample shows

prominently decreasing from experiment at t5 to t60, after that iron concentration

decreases gradually and stays almost the same throughout t120 and t360. Pyrite

oxidation rate would be decrease in accordance to the reduction of iron concentration

released in leachates.

The amount of iron released from the coated samples appears to be

considerably small. They, however, show also the tendency of decreasing trend.

However, their graphic configurations are not as smooth and trendy as that of the control

sample. They might show some fluctuations as illustrated in Figures 4.9 b, 4.10 b and

412 b.

Table 4.7 Cumulative iron released in leachates of selected samples after leaching with

0.145 M of hydrogen peroxide solution (H,O,) at different times.

Time Cumulative iron released (mg/l)
(min.) Solution A Solution B Solution C Solution D Solution E Control
t10 t50 t20 t40 t20 t50 t10 t50 t10 t60
60 0.157 | 0.109 | 0.211 | 0.166 | 0.599 | 0.756 0.284 | 0.338 | 0.202 | 0.346 65.90
120 0.188 | 0.159 | 0.256 | 0.166 | 0.714 | 0.981 0.371 0.488 | 0.311 0.408 80.55
180 0.223 | 0.196 | 0.270 | 0.236 | 0.767 | 1.088 0.495 | 0.564 | 0.407 | 0.517 90.75
240 0.345 | 0.200 | 0.278 | 0.281 | 0.850 | 1.189 0.613 | 0.635 | 0.496 | 0.597 105.15
300 0.369 0.200 | 0.362 | 0.354 | 0.944 | 1.255 0.658 | 0.776 | 0.642 | 0.706 114.45
360 0.369 | 0.277 | 0.410 | 0.460 | 1.048 | 1.317 0.800 | 0.799 | 0.716 | 0.764 123.15

Table 4.7 and Figure 4.14 show the cumulative amount of iron (Fe) concentration

in sequential series of the leaching test. It shows again in this Table and Figure that at

least eighty folds of iron content was released from uncoated pyrite in compared to the

coated pyrite.




64

Coating solution A Coating solution B

0.4
0.35
0.3
0.25

——120
—=—1t40

0.2
0.15

0.1
0.05

Cumulative iron released (mg/l)

Cumulative iron released (mg/l)

180 240

Time (minute)

60 120 180 240 300 360

Time (minute)

Coating solution D

P
SRS

——1t10
—=a—t50

e o o 9o
o N M o ®

Cumulative iron released (mg/l)

180 180 240 360
Time (minute) - AN Time (minute)

)

P e — on-coated pyrite

So09
1S
- 08 =120
© 0.7 o
2 06 @ 100
@ U ©
205 Y
: o
» 0.3 i )
Z L =
502 I f E
= =
2 0.; :
o o-‘ 8] 2
0 80 40 3 360
) a [ ] l‘ [ ( i )
minu T minute
AN W \id

Figure 4.14 The trends of cumulative iron released of selected samples after leaching

with 0.145 M of hydrogen peroxide solution (H,0,) at different times.
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Cumulative iron released in leachates after leaching study

Qg 1000

= —e— Solution A, t50
2 100 A L —— - ° .

§ — —=— Solution B, t20
° 10 —a— Solution C, t20
_§ —x— Solution D, t10
g L —%— Solution E, t60
< A T —e— Control

£

O

0.1 ? =

60 120 180 240 300 360

Time (minute)

Figure 4.15 The trends of cumulative iron released of samples with the optimum time for
coating process after leaching with 0.145 M of hydrogen peroxide solution

(H,0,) at different times.

It could be summarized based on the results of the coating process, the
leaching study and the EPMA analysis that the optimum condition of treating pyrite was
with the coating solution B (0.3 M KH,PO, + 0.2 M H,O, + 0.2 M NaAc) at the optimum
time of t20 in the coating process to maximize the formation of an iron-phosphate
coating on pyrite surfaces. This was attributed to the quantity of remaining phosphate in
solution after coating process was-at the lowest concentration (0.497 mg/l). Also, the
average content of P,O, on the coated pyrite surface was the highest that is 2.52%. In
addition, the concentration of iron released in leachate solution after'leaching study was

exceptionally low ranging from.0.008 to.0.151 mg/l.

When the pyrite material was treated with the coating solution A (0.2 M KH,PO, +
0.2 M H,0, + 0.2 M NaAc) at the optimum time of t50, there was only the results of
leaching study that the concentration of iron released in leachate solution after leaching
study was quite low ranging from 0.004 to 0.077 mg/l. Because of errors occurred

during EPMA analysis, the results including chemical composition on the surface of the
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coated pyrite were not available. Owing to the remaining phosphate in solution after
coating process was the highest concentration. Thus, it cannot be considered as the

optimum condition.

Treating the samples with the coating solution C (0.1 M KH,PO, + 0.2 M H,O, +
0.2 M NaAc), solution D (0.2 M KH,PO, + 0.33 M H,O, + 0.2 M NaAc) and solution E (0.2
M KH,PO, + 0.01 M H,0, + 0.2 M NaAc) in the coating process did not generate the
optimum quantity of an iron-phosphate formed on pyrite surfaces. It is also due to the
results of remaining phosphate from the coating process did not conform to the results
of EPMA analysis. Moreover, the concentrations of iron released in leachates after

leaching study were considerably high concentration ranging from 0.045 to 0.343 mg/l.

It could be, therefore, summarized here that, the optimum condition for creating
an iron-phosphate coating on pyrite surfaces could be arranged by treating the pyrite
with the coating solution B (0.8 M KH,PO, + 0.2 M H,O, + 0.2 M NaAc) at the optimum
time of t20. Iron-phosphate formation on the surfaces of pyrite by treating with this
optimum coating solution can efficiently reduce the pyrite oxidation rate and prevent the

formation of acid mine drainage (AMD).
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4.4 Application for Soil Mining Wastes

The optimum condition of coating iron-phosphate coating material on the pyrite
surfaces was obtained experimentally by the process related to the leaching study as
described in previous section. Hence, this experimental optimum condition would be
used to prove the consistency of the coating material by applying coating solution in the
pyrite disseminated soil wastes from a coal mine at Amphoe Lee, Changwat Lumphun
(Banpu Public Company Limited). This application is expected to provide the efficiency
for coating pyrite in the soil mining wastes. Consequently, they would in turn yield

capacity for preventing acid mine drainage (AMD).

Soil mining wastes used in the experiment were collected from three different
sampling locations in which they are overburden layer situated on the coal seam. These

samples are subsequently labeled as samples A, B and C.

Soil samples A, B and C were treated with the coating solution (0.2 M KH,PO, +
0.2 M H,0, + 0.2 M NaAc) in columns for creating the coating material. Remaining

coating solutions of these samples were analyzed for the pH value.

Table 4.8 pH of leachates after treating with 200 ml of the coating solution

(0.2 MKH,PO, + 0.2 M H,0, + 0.2 M NaAc) in columns 50 x 500 mm.

Soil sample pH
Sample A 5.85
Sample B 5.83
Sample C 5.83

Table 4.8 shows the pH values yielded from remaining coating solution of sail

mining wastes after coating process. They vary within narrow range of 5.83 to 5.85.
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Subsequently, leaching test of all samples were taken place along with the uncoated

control sample that is mixture between sample A, B and C.

Table 4.9 pH of leachates after leaching with 100 ml oxidizing solution (0.2 M H,0,)

at different times (every 24 hours) in columns 50 x 500 mm.

Time pH of soil mining wastes

(hours) | Sample A | Sample B | Sample C Control
24 7.30 7.32 7.42 4.99
48 742 7.35 7.49 6.85
72 7.53 7.38 7.49 6.92
96 7.61 7.42 7.43 6.98
120 7.37 7.89 7.23 6.79
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Figure 4.16 Trend of pH after leaching with 100 ml oxidizing solution (0.2 M H,0,)

at different times (every 24 hours) in columns 50 x 500 mm.
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These samples were leached with the oxidizing solution (0.2 M H,O,) in the
columns for determining the resistance to oxidizing condition. Leachates were

measured for pH and analyzed for iron released.

Table 4.10 Iron released after leaching with 100 ml oxidizing solution (0.2 M H,0,)

at different times (every 24 hours) in columns 50 x 500 mm.

Time Iron released (mg/l)

(hours) Sample A | Sample B | Sample C | Control
24 0.343 0.841 0.356 3.200
48 0.411 0.644 0.313 0.044
72 0.438 1.350 0.408 0
96 0.258 1.020 0.471 0.018
120 0.260 0.305 0.613 0.054
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Figure 4.17 Iron concentrations after leaching with 100 ml oxidizing solution (0.2 M

H,O,) at different times (every 24 hours) in columns 50 x 500 mm.



Table 4.11 Cumulative iron released from soil mining wastes after leaching

with the oxidizing solution at different times.

Time Cumulative iron released (mg/l)

(hours) | Sample A | Sample B | Sample C | Control
24 0.343 0.841 0.356 3.200
48 0.754 1.485 0.669 3.244
72 1.192 2.835 1.077 3.244
96 1.450 3.855 1.548 3.262
120 1.710 4.160 2.161 3.316
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Figure 4.18 Cumulative iron released from soil mining wastes after leaching with the

oxidizing solution at different times.

70



71

Table 4.9 and Figure 4.16 reveal pH value of soil mining wastes after leaching
with oxidizing solution (0.2 M H,0O,) at different contact times (every 24 hours) that are
quite consistent ranging from 7.23 to 7.89. These pH values are higher than the control
sample and provided mild base condition. Regarding the trend of pH in leachates, they
increase slightly during t24 and t72, and then the pH tendency appears to be decrease
afterward. On the other hand, control sample reveal that pH tendency of soil mining
wastes is similar to those of pyrite samples. They increase rapidly during t24 and t48,

and then the pH is likely stable from t72 to t96.

According to Table 4.10 and Figure 4.17, iron concentrations in leachates are
similar to iron contents released from pyrite samples after leaching with oxidizing
solution (0.2 M H,0O,) at different times (every 24 hours). Except soil sample B, iron
contents released at each contact time in all samples are really high ranging from 0.644
to 1.35 mg/l. In addition, they increase slightly in soil sample C whereas sample A
increases slightly from t24 to t72, before it appears to be decreased slightly at t96 to
t120. On the other hand, iron contents released from soil sample B are fluctuated in
which it has highest concentration at t72. Concerning the control sample, trend of iron
concentration is similar to pyrite samples. They decrease immediately during t24 and

t48 and then it appears to be stable.

After application of the selected condition for pyrite coating and leaching test for
the soil mining wastes, the iron concentrations released from soil mining wastes are
actually higher than the iron contained in leachates of the coated pyrite samples. This
result may be caused by the complex composition.in soil mining-wastes that would
contain other minerals such as clay mineral, chalcopyrite (CuFeS,), galena (PbS) and

sphalerite (ZnS) (Klein and Hurlbut, 1999).



CHAPTER V

CONCLUSIONS AND RECOMENDATIONS FOR THE FURTHER STUDIES

5.1 Conclusions

Based on the results of experimental procedures in pyrite samples which include
coating process on pyrite surfaces, EPMA (Electron Probe Micro Analyzer) analysis,
leaching study and the coating and leaching application in the soil mining wastes, it can

be concluded as the following:

In the batch experiment, crushed pyrite samples (FeS,), and sand of the ratio 1:4
were drenched with coating solution of variant mixture to form the coating substance
(FeSO,), on the surface of pyrite mineral. The reaction between experimental sample
(pyrite and sand) was so complete and rapid that only small amount of phosphate was
left behind in the spent coating solution in every cases of the experiment, especially
when compare this amount with its original concentration in each coating solution. It was
believed that high hydraulic conductivity in the batch samples accelerated the reaction
rate and considerable amount of coating reaction took place at the surface of iron veiled
sand grain. Changing in concentration of KH,PO, and H,O, in coating solution was
designed to determine the optimum combination of these reagents on the formation of
the coating material on pyrite surfaces. Apparently, data obtained from the experiment
showed that the optimum condition for generation of coating substance was when the

samples have been treated.

The pyrite samples coated with the selected coating substance were examined
by EPMA (Electron Probe Micro Analyzer) for their chemical compositions of iron-
phosphate (FePO,). The quantity of phosphate on the pyrite surface was high (2.52% of
P,O,) after treating with coating solution B reflecting low concentration of phosphate

remained in the spent coating solution.
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In leaching study, the pyrite samples coated with the different coating solutions
was subject to leach with the oxidizing solution of 0.145 M hydrogen peroxide solution
(H,0,) at different contract times. This approach was meant to examine the resistance of
the coated pyrite to oxidizing condition after coating process. It was discovered that
pyrite when treated with the coating solution A (0.2 M KH,PO, + 0.2 M H,0, + 0.2 M
NaAc) at the time of t50 was the optimum condition for creating an iron-phosphate
coating on pyrite surfaces. Because pH value was nearly neutral condition (6.40 - 7.26)
and there was the lowest concentration of iron released in to the leachate at the amount

ranging from 0.004 to 0.077 mg/I.

With the application of the optimum coating solution to the soil mining wastes
from coal mine in Amphoe Lee, Changwat Lumphun (Banpu Public Company Limited)
reveal that the coating of FeSO, on disseminated pyrite in soil was adequate and
persistent. This could be deduced from the pH value which ranged from 7.23 to 7.89
and from low concentration of iron released in to the leachates (0.258 - 1.350 mg/l) in

the leaching test.

5.2 Recommendations for the Further Studies

In this research, there were some limitations for laboratory experiments.
Accordingly, it should be required to the advices for the experiments. The suggestions

may be useful for the further studies.or the relevant works that are the following:

1. The-grain size-of pyrite. samples wused -in this study-should be varied for
determining the effect of pyrite surfaces on creating iron-phosphate coating and

leaching test with the oxidizing solution.

2. Concerning the leaching study, the ratios of pyrite and sand should be also
varied in the loading step. This ratios change may affect the hydraulic conductivity of the
mixture sample in column and may have an influence on the oxidation rate of pyrite

during leaching with hydrogen peroxide solution (H,0,) as the oxidizing solution.
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3. The experimental feeding of oxidizing solution (H,O,) during leaching test in
columns should be fed continuously for determining the flow rate through the columns
and perfectly evaluating the effectiveness of the coated pyrite resisted to the oxidizing

condition.

4. The concentration of hydrogen peroxide (H,O,) should be really varied for
examining the iron released as well as the pyrite oxidation rate during leaching study.
Moreover, it should be compared between leaching with distilled water and leaching

with various concentrations of the oxidizing solution.

5. About analysis, sulfate concentration should be analyzed for estimating the
degree of oxidation during coating process. Sulfate can be a good index of pyrite
oxidation only during the coating process because free sulfur is not formed under this

condition (Georgopoulou et al., 1995).

6. As regards the application with soil mining wastes, coating step that is
treating with coating solution was only conducted in the coating process, conversely,
stabilizing with Ca(OH), solution was not performed during this coating process. It
results in quite low quality of coating substances. Thus, it must be stabilized during

coating process in order to firmly stabilize the existence of these coating substances.
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Sample
nc1-1 nc1-2 nc1-3 nci1-4 nc2-1 nc2-2 nc2-3 nc2-4 nc2-5 nc3-1 nc3-2 nc3-3 nc3-4
Mass proportion
(%)

K,O 0.01 0.00 0.00 0.01 0.00 0.02 0.00 0.01 0.01 0.00 0.00 0.01 0.10
CaO 0.00 0.01 0.04 0.01 0.02 0.01 0.00 0.01 0.01 0.00 0.01 0.02 0.08
FeO 63.77 62.18 62.97 63.12 63.54 63.20 62.49 64.04 64.04 56.34 53.05 52.23
Na,O 0.01 0.03 0.02 0.01 0.03 0.03 0.02 0.01 0.00 0.07 0.08 0.01 0.02
BaO 0.00 0.04 0.06 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.02
MnO 0.01 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.04
MgO 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.07 0.09 0.03 0.24 0.40
SiO, 0.04 0.09 0.11 0.05 0.09 0.07 0.10 0.06 0.07 0.07 0.05 0.16 1.77
SO, 137.59 136.29 133.99 136.23 137.57 136.83 137.01 138.52 138.20 138.35 126.29 136.65
ALO, 0.00 0.05 0.06 0.02 0.04 0.03 0.03 0.02 0.00 0.11 0.07 0.12 0.43
PO, 0.03 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.01 0.00 0.04
Total 201.46 198.69 197.31 199.46 201.28 200.22 199.64 202.65 202.43 195.08 179.59 189.44 129.77

8.
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Sample
Mass proportion nc4-1 nc4-2 nc4-3 nc4-4 nc4-5 b1-1 b1-2 b1-3 b1-4 b2-1 b2-2 b2-3 b2-4
(%)

K,O 0.03 0.05 0.02 0.01 0.01 0.26 0.36 0.37 0.21 0.80 0.88 1.07 0.70
CaO 0.01 0.02 0.00 0.01 0.01 0.31 2.1 2.04 0.52 0.53 1.01 3.19 0.87
FeO 64.01 63.49 64.06 64.52 64.06 63.55 54.05 58.81 63.81 63.83 45.22 60.01
Na,O 0.02 0.00 0.03 0.04 0.04 0.36 0.33 0.47 0.20 0.71 0.91 1.39 0.86
BaO 0.00 0.01 0.05 0.00 0.03 0.07 0.00 0.02 0.01 0.00 0.00 0.00 0.05
MnO 0.00 0.01 0.03 0.00 0.04 0.05 0.00 0.02 0.01 0.03 0.01 0.07 0.00
MgO 0.11 0.00 0.00 0.00 0.02 0.04 0.20 0.16 0.05 0.22 6.53 0.58 0.23
SiO, 0.25 0.09 0.01 0.00 0.09 0.10 0.25 017 0.08 0.09 11.00 0.66 0.30
SO, 138.12 137.59 138.84 139.83 137.30 134.66 121.98 128.59 134.33 132.11 105.00 128.00
ALO, 0.01 0.03 0.02 0.00 0.04 0.07 0.12 017 0.05 0.03 0.20 0.28 0.20
P,O, 0.02 0.00 0.01 0.01 0.01 1.05 2.78 2.56 1.18 1.83 2.48 6.30 2.72
Total 202.56 201.30 203.07 204.41 201.63 200.53 182.17 193.38 200.44 200.18 158.42 163.76 193.92
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Sample
Mass proportion b3-1 b3-2 b3-3 b3-4 b4-1 b4-2 b4-3 b4-4 b5-1 b5-2 b5-3 b5-4 b6-1
(%)

K,O 0.57 1.40 1.50 0.29 0.43 0.30 0.19 0.73 0.45 0.41 0.35 0.39 0.65
CaO 0.64 412 5.67 0.50 0.24 0.71 0.30 0.42 0.21 0.13 0.19 0.38 1.55
FeO 62.78 58.85 56.76 52.12 50.56 65.06 64.89 63.39 63.39 59.18
Na,O 0.59 0.72 0.73 0.32 0.19 0.24 0.15 0.51 0.50 0.45 0.45 0.55 0.60
BaO 0.00 0.00 0.02 0.00 0.00 0.04 0.00 0.05 0.06 0.00 0.06 0.00 0.00
MnO 0.03 0.08 0.10 0.01 0.00 0.06 0.00 0.01 0.01 0.00 0.00 0.05 0.00
MgO 0.10 0.16 0.46 0.08 0.21 0.18 0.08 0.16 0.09 0.09 0.13 0.08 0.28
SiO, 0.12 0.78 1.94 0:31 0.41 0.34 0.07 0.75 0.11 0.08 0.13 0.23 0.28
SO, 129.76 127.99 124.32 119.60 114.82 135.72 139.57 135.06 135.78 125.69
ALO, 0.09 0.48 1.14 0.26 0.10 0.09 0.05 0.23 0.09 0.06 0.08 0.16 0.07
PO, 2.1 5.29 11.11 1.43 1.24 1.29 1.05 2.51 1.16 1.04 1.04 1.37 2.83
Total 196.79 105.41 114.77 190.04 65.31 184.33 173.61 170.74 203.45 206.72 200.87 202.37 191.12
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Sample
Mass proportion b6-2 b6-3 b6-4 cl1-1 c1-2 c1-3 cl-4 c2-1 c2-2 c2-3 c2-4 c3-1 c3-2
(%)

K,O 0.21 0.38 0.43 0.09 0.19 0.14 1.10 0.54 0.19 0.1 0.18 0.21 0.33
CaO 0.91 1.50 0.49 0.11 0.14 0.11 0.69 3.68 1.23 0.50 0.61 0.36 0.47
FeO 60.37 60.07 51.42 63.40 63.64 62.11 57.34 50.09 60.53 62.00 58.03 62.64 60.32
Na,O 0.38 0.75 0.34 0.19 0.43 0.42 1.00 1.81 0.96 0.46 0.69 1.05 1.38
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.03 0.00 0.01 0.00 0.03
MnO 0.00 0.02 0.01 0.00 0.04 0.00 0.00 0.00 0.00 0.01 0.00 0.03 0.00
MgO 0.38 0.23 0.04 0.03 0.07 0.04 0.31 0.19 0.09 0.07 0.12 0.12 0.17
SiO, 0.52 0.10 0.08 0.06 0.04 0.14 0.85 0.20 0.09 0.16 0.35 0.09 0.40
SO, 127.94 129.44 119.39 136.41 135.54 133.01 126.32 107.54 129.93 132.10 125.94 131.94 127.69
ALO, 0.15 0.07 0.05 0.03 0.04 0.03 0.37 0.18 0.09 0.05 0.17 0.03 0.09
P,O, 1.54 3.12 1.59 0.55 1.04 0.93 1.69 4.79 1.90 0.66 1.49 1.33 2.02
Total 192.40 195.68 173.85 200.87 20117 196.95 189.71 169.02 195.03 196.13 187.58 197.79 192.91
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Sample
Mass proportion c3-3 c3-4 c4-1 c4-2 c4-3 c4-4 c5-1 c5-2 c5-3 c5-4 c5-5 c6-1 c6-2
(%)

K,O 0.24 0.36 0.42 0.14 0.39 0.35 0.16 0.11 0.15 0.20 0.08 0.09 0.24
CaO 0.33 1.00 1.39 0.32 1.75 1.15 0.84 0.36 0.81 0.55 0.29 0.11 0.69
FeO 61.93 59.81 57.47 61.75 54.90 58.15 62.28 62.64 61.22 61.60 63.58 63.39 58.49
Na,O 0.76 1.39 1.84 0.72 1.99 1.39 0.72 0.33 0.55 0.64 0.36 0.38 0.88
BaO 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.05 0.02 0.00 0.01
MnO 0.07 0.04 0.06 0.00 0.00 0.05 0.06 0.00 0.00 0.00 0.00 0.00 0.04
MgO 0.09 0.21 1.05 0.29 1.02 0.75 0.08 0.18 0.40 0.05 0.06 0.02 0.17
SiO, 0.09 0.20 0.33 0.11 0.15 0.09 0.09 0.42 0.75 0.06 0.12 0.07 0.24
SO, 132.43 128.79 125.59 132.57 119.52 128.57 133.76 136.71 132.32 132.49 136.34 135.39 127.05
ALO, 0.05 0.07 0.06 0.03 0.04 0.02 0.05 0.05 0.12 0.03 0.05 0.04 0.07
P,0, 1.11 2.50 4.41 1.60 4.39 3.66 1.30 0.55 1.12 1.15 0.65 0.50 1.45
Total 197.10 194.38 192.59 197.52 184.15 194.20 199.35 201.36 197.44 196.82 201.54 199.98 189.31

8
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Sample
Mass proportion c6-3 c6-4 c6-5 c6-6 d1-1 d1-2 d1-3 d2-1 d2-2 d2-3 d2-4 d2-5 d3-1
(%)

K,O 0.30 0.13 0.12 0.04 0.19 0.19 0.24 0.16 1.20 0.09 0.16 0.14 0.81
CaO 0.25 0.27 0.30 0.11 1.04 0.57 1.19 0.32 0.89 0.21 0.33 0.28 1.29
FeO 56.94 61.04 62.33 63.32 53.18 55.77 58,21 61.81 53.15 62.50 60.20 61.77 57.57
Na,O 0.87 0.39 0.32 0.21 0.35 0.41 0.40 0.22 1.25 0.20 0.29 0.27 1.63
BaO 0.05 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
MnO 0.06 0.03 0.01 0.00 0.00 0.04 0.04 0.05 0.05 0.00 0.03 0.00 0.01
MgO 0.11 0.20 0.01 0.03 0.10 0.12 0.20 0.00 0.08 0.02 0.07 0.05 0.22
Sio, 2.46 0.31 0.55 0.24 0.10 0.44 0.45 0.04 0.60 0.04 0.19 0.22 0.14
SO, 123.97 134.78 134.67 135.59 124.01 127.52 121.90 131.01 104.96 134.82 122.03 132.79 124.32
ALO, 0.30 0.05 0.27 0.02 0.02 0.08 0.07 0.05 0.24 0.04 0.10 0.09 0.08
P,O, 1.10 0.82 0.72 0.41 1.15 1.09 1.90 0.80 4.63 0.64 0.56 0.89 4.06
Total 186.40 198.02 199.31 199.97 180.15 186.24 179.61 194.46 167.04 198.54 183.95 196.50 190.14
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Sample
Mass proportion d3-2 d3-3 d3-4 d4-1 d4-2 d4-3 d4-4 d4-5 e1-1 e1-2 e1-3 el1-4 e2-1
(%)

K,O 0.75 0.16 0.33 0.83 0.45 0.38 0.45 0.35 0.32 0.59 1.78 0.58 0.26
CaOo 1.7 0.08 0.54 0.93 0.32 0.36 0.32 0.37 0.26 1.17 8.1 0.81 0.39
FeO 58.18 62.76 60.63 56.71 60.82 60.42 60.72 62.10 64.40 58.64 62.41 62.52
Na,0 1.60 0.35 0.82 1.52 0.82 0.67 0.75 0.48 0.76 1.39 3.43 1.54 0.76
BaO 0.04 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.04 0.04 0.00 0.00
MnO 0.01 0.00 0.05 0.03 0.04 0.00 0.05 0.07 0.00 0.01 0.03 0.00 0.05
MgO 0.18 0.03 0.12 0.53 0.18 0.15 0.17 0.15 0.08 0.43 1.53 0.22 0.30
SiO, 0.04 0.02 0.08 0.61 017 0.07 0.08 0.05 0.24 0.24 0.86 017 0.34
SO, 127.86 136.30 131.10 125.75 131.08 132.83 131.94 134.71 133.92 125.83 129.06 132.27
ALO, 0.06 0.02 0.03 0.10 0.05 0.07 0.06 0.05 0.14 0.09 0.44 0.07 0.06
P,O, 3.62 0.56 2.01 3.51 1.89 1.48 1.70 1.08 1.33 3.54 16.20 2.94 1.23
Total 193.50 200.27 195.71 190.51 195.81 196.43 196.23 199.40 201.44 191.96 147.81 197.79 198.16
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Sample
Mass proportion e2-2 e2-3 e2-4 e3-1 e3-2 e3-3 e3-4 e4-1 e4-2 e4-3 e4-4 e4-5 e5-1
(%)

K,O 0.41 0.47 0.23 0.60 0.17 0.18 0.14 0.70 0.37 0.28 0.25 0.28 0.28
CaO 0.54 1.91 0.71 1.84 0.35 0.20 0.23 0.67 0.55 0.20 0.27 0.35 0.47
FeO 60.72 57.39 63.11 57.75 63.28 65.04 64.32 57.87 61.78 63.94 64.24 62.05 63.30
Na,O 1.08 1.32 0.55 1.41 0.44 0.45 0.36 1.84 1.14 0.75 0.63 0.78 0.78
BaO 0.00 0.00 0.00 0.04 0.08 0.06 0.00 0.06 0.00 0.04 0.00 0.09 0.05
MnO 0.01 0.00 0.00 0.02 0.00 0.01 0.03 0.02 0.00 0.02 0.01 0.02 0.00
MgO 0.20 0.33 0.15 0.49 0.13 0.11 0.15 0.45 0.26 0.17 0.23 0.25 0.16
SiO, 0.55 0.10 0.17 0.12 0.09 0.04 0.10 0.28 0.17 0.05 0.17 0.04 0.11
SO, 129.43 123.39 133.41 124.01 135.56 137.44 139.51 125.77 131.67 134.99 135.78 133.46 134.30
ALO, 0.28 0.09 0.07 0.11 0.05 0.04 0.04 0.09 0.04 0.02 0.08 0.01 0.06
PO, 1.62 2.59 1.04 4.63 112 0.88 0.84 3.12 1.87 1.32 1.11 1.48 1.61
Total 194.83 187.60 199.43 191.08 201.26 204.43 205.72 190.86 197.85 201.77 202.77 198.81 201.14

1



Sample
Mass proportion 7% S °5-4 o5
(%)

K,O 0.20 0.12 1.67 0.18
CaO 0.34 0.10 0.74 0.20
FeO 62.75 65.64 37.89 64.08
Na,O 0.61 0.39 1.29 0.47
BaO 0.07 0.00 0.00 0.05
MnO 0.00 0.01 0.01 0.00
MgO 0.22 0.09 0.52 0.11
SiO, 0.24 0.02 0.80 0.03
S0, 135.80 138.93 109.64 136.77
ALO, 0.08 0.00 0.30 0.01
P,O, 1.40 0.69 3.60 0.98
Total 201.71 205.97 156.45 202.88

86

98



87

Sample
nci-1 nc1-2 nc1-3 nc1-4 nc2-1 nc2-2 nc2-3 nc2-4 nc2-5 nc3-1 nc3-2 nc3-3 nc3-4
Atomic proportion
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.027
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.017
Fe 0.147 0.145 0.148 0.147 0.146 0.146 0.145 0.147 0.147 0.131 0.135 0.124 0.000
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.126
Si 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.376
S 0.284 0.285 0.283 0.284 0.284 0.284 0.285 0.284 0.284 0.289 0.288 0.291 0.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.107
P 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006
Fe:S 0.516 0.508 0.524 0.516 0.515 0.515 0.508 0.515 0.516 0.454 0.468 0.426
S:P

/8
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Sample
nc4-1 nc4-2 nc4-3 nc4-4 nc4-5 b1-1 b1-2 b1-3 b1-4 b2-1 b2-2 b2-3 b2-4
Atomic proportion
K 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.003 0.031 0.005 0.003
Ca 0.000 0.000 0.000 0.000 0.000 0.001 0.007 0.006 0.002 0.002 0.030 0.012 0.003
Fe 0.147 0.146 0.146 0.146 0.148 0.148 0.139 0.143 0.149 0.151 0.000 0.131 0.146
Na 0.000 0.000 0.000 0.000 0.000 0.002 0.002 0.003 0.001 0.004 0.048 0.009 0.005
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.001 0.268 0.003 0.001
Si 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.303 0.002 0.001
S 0.284 0.284 0.284 0.285 0.284 0.282 0.281 0.280 0.282 0.280 0.000 0.274 0.279
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.006 0.001 0.001
P 0.000 0.000 0.000 0.000 0.000 0.002 0.007 0.006 0.003 0.004 0.058 0.019 0.007
Fe: 0.516 0.514 0.514 0.514 0.520 0.526 0.494 0.510 0.529 0.538 0.480 0.522
S:P 113.913 38.967 44.512 101.091 64.000 0.000 14.785 41.795

88
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Sample
b3-1 b3-2 b3-3 b3-4 b4-1 b4-2 b4-3 b4-4 b5-1 b5-2 b5-3 b5-4 b6-1
Atomic proportion

K 0.002 0.136 0.079 0.001 0.180 0.001 0.001 0.003 0.002 0.001 0.001 0.001 0.002
Ca 0.002 0.337 0.250 0.002 0.086 0.002 0.001 0.001 0.001 0.000 0.001 0.001 0.005
Fe 0.151 0.000 0.000 0.144 0.000 0.143 0.138 0.138 0.150 0.146 0.148 0.147 0.146
Na 0.003 0.107 0.058 0.002 0.122 0.001 0.001 0.003 0.003 0.002 0.002 0.003 0.003
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000 0.005 0.004 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.000 0.018 0.028 0.000 0.105 0.001 0.000 0.001 0.000 0.000 0.001 0.000 0.001
Si 0.000 0.060 0.080 0.001 0.135 0.001 0.000 0.002 0.000 0.000 0.000 0.001 0.001
S 0.279 0.000 0.000 0.282 0.000 0.282 0.285 0.281 0.281 0.283 0.282 0.282 0.279
Al 0.000 0.043 0.055 0.001 0.039 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000
P 0.005 0.342 0.387 0.004 0.347 0.003 0.003 0.007 0.003 0.002 0.002 0.003 0.007
Fe: 0.539 0.512 0.509 0.486 0.491 0.534 0.518 0.523 0.520 0.525
S:P 54.649 0.000 0.000 79.345 0.000 85.433 101.363 40.520 103.718 | 118.518 | 114.792 88.116 39.401

68
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Sample
b6-2 b6-3 b6-4 c1-1 c1-2 c1-3 cl-4 c2-1 c2-2 c2-3 c2-4 c3-1 c3-2
Atomic proportion

K 0.001 0.001 0.002 0.000 0.001 0.001 0.004 0.002 0.001 0.000 0.001 0.001 0.001
Ca 0.003 0.005 0.002 0.000 0.000 0.000 0.002 0.013 0.004 0.002 0.002 0.001 0.001
Fe 0.147 0.144 0.137 0.147 0.148 0.147 0.142 0.142 0.146 0.148 0.145 0.149 0.147
Na 0.002 0.004 0.002 0.001 0.002 0.002 0.006 0.012 0.005 0.003 0.004 0.006 0.008
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.002 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.001
Si 0.002 0.000 0.000 0.000 0.000 0.000 0.003 0.001 0.000 0.000 0.001 0.000 0.001
S 0.280 0.279 0.285 0.283 0.282 0.283 0.280 0.274 0.281 0.282 0.282 0.281 0.280
Al 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.000
P 0.004 0.008 0.004 0.001 0.002 0.002 0.004 0.014 0.005 0.002 0.004 0.003 0.005
Fe : 0.526 0.517 0.480 0.518 0.523 0.520 0.506 0.519 0.519 0.523 0.513 0.529 0.526
S:P 73.650 36.755 66.438 221.488 | 115.315 |.126.248 66.340 19.904 60.591 177.437 75.082 87.880 55.955

06
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Sample
c3-3 c3-4 c4-1 c4-2 c4-3 c4-4 c5-1 c5-2 c5-3 c5-4 c5-5 c6-1 c6-2
Atomic proportion
K 0.001 0.001 0.002 0.001 0.002 0.001 0.001 0.000 0.001 0.001 0.000 0.000 0.001
Ca 0.001 0.003 0.004 0.001 0.006 0.004 0.003 0.001 0.002 0.002 0.001 0.000 0.002
Fe 0.147 0.145 0.141 0.146 0.142 0.141 0.146 0.145 0.145 0.146 0.147 0.148 0.144
Na 0.004 0.008 0.010 0.004 0.012 0.008 0.004 0.002 0.003 0.003 0.002 0.002 0.005
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.000 0.001 0.005 0.001 0.005 0.003 0.000 0.001 0.002 0.000 0.000 0.000 0.001
Si 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.002 0.000 0.000 0.000 0.001
S 0.282 0.280 0.277 0.282 0.276 0.279 0.282 0.283 0.281 0.282 0.283 0.283 0.282
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
P 0.003 0.006 0.011 0.004 0.011 0.009 0.003 0.001 0.003 0.003 0.002 0.001 0.004
Fe : 0.521 0.518 0.510 0.519 0.512 0.504 0.519 0.511 0.516 0.518 0.520 0.522 0.513
S:P 105.862 | 45.633 25.263 73.359 24.136 31.134 91147 | 220.754 |°104.829 | 102.224 | 185.948 | 239.567 | 77.460
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Sample
c6-3 c6-4 c6-5 c6-6 d1-1 d1-2 d1-3 d2-1 d2-2 d2-3 d2-4 d2-5 d3-1
Atomic proportion
K 0.001 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.005 0.000 0.001 0.001 0.003
Ca 0.001 0.001 0.001 0.000 0.003 0.002 0.004 0.001 0.003 0.001 0.001 0.001 0.004
Fe 0.143 0.143 0.146 0.147 0.136 0.138 0.137 0.148 0.154 0.146 0.154 0.146 0.143
Na 0.005 0.002 0.002 0.001 0.002 0.002 0.002 0.001 0.008 0.001 0.002 0.002 0.009
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.001
Si 0.007 0.001 0.002 0.001 0.000 0.001 0.001 0.000 0.002 0.000 0.001 0.001 0.000
S 0.278 0.283 0.282 0.283 0.285 0.284 0.283 0.282 0.272 0.283 0.280 0.283 0.278
Al 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000
P 0.003 0.002 0.002 0.001 0.003 0.003 0.005 0.002 0.014 0.002 0.001 0.002 0.010
Fe: 0.512 0.505 0.516 0.520 0.478 0.487 0.486 0.526 0.564 0.517 0.550 0.518 0.516
S:P 100.369 | 145.185 | 166.048 | 291.042 95.846 103.425 56.759 145.355 20.088 188.214 | 193.173 | 131.827 27.120
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Sample
d3-2 d3-3 d3-4 d4-1 d4-2 d4-3 d4-4 d4-5 e1-1 e1-2 e1-3 el1-4 e2-1
Atomic proportion
K 0.003 0.001 0.001 0.003 0.002 0.001 0.002 0.001 0.001 0.002 0.070 0.002 0.001
Ca 0.004 0.000 0.002 0.003 0.001 0.001 0.001 0.001 0.001 0.004 0.267 0.003 0.001
Fe 0.142 0.146 0.145 0.140 0.146 0.143 0.145 0.145 0.150 0.144 0.000 0.150 0.148
Na 0.009 0.002 0.005 0.009 0.005 0.004 0.004 0.003 0.004 0.008 0.205 0.009 0.004
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Mg 0.001 0.000 0.001 0.002 0.001 0.001 0.001 0.001 0.000 0.002 0.070 0.001 0.001
Si 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.001 0.001 0.026 0.000 0.001
S 0.280 0.284 0.282 0.279 0.281 0.283 0.282 0.283 0.281 0.278 0.000 0.278 0.281
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.000 0.000
P 0.009 0.001 0.005 0.009 0.005 0.004 0.004 0.003 0.003 0.009 0.422 0.007 0.003
Fe: 0.507 0.513 0.515 0.503 0.517 0.507 0.513 0.514 0.536 0.519 0.539 0.527
S:P 31.294 215.769 57.850 31.797 61.580 79.402 68.643 110.272 88.993 31.476 0.000 38.889 95.563
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Sample
e2-2 e2-3 e2-4 e3-1 e3-2 e3-3 e3-4 e4-1 e4-2 e4-3 ed-4 e4-5 e5-1
Atomic proportion
K 0.001 0.002 0.001 0.002 0.001 0.001 0.000 0.003 0.001 0.001 0.001 0.001 0.001
Ca 0.002 0.006 0.002 0.006 0.001 0.001 0.001 0.002 0.002 0.001 0.001 0.001 0.001
Fe 0.146 0.144 0.148 0.144 0.147 0.149 0.145 0.143 0.147 0.149 0.148 0.146 0.148
Na 0.006 0.008 0.003 0.008 0.002 0.002 0.002 0.011 0.006 0.004 0.003 0.004 0.004
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.001 0.001 0.001 0.002 0.001 0.000 0.001 0.002 0.001 0.001 0.001 0.001 0.001
Si 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
S 0.280 0.279 0.281 0.277 0.282 0.282 0.283 0.279 0.281 0.282 0.281 0.282 0.281
Al 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
P 0.004 0.007 0.002 0.012 0.003 0.002 0.002 0.008 0.004 0.003 0.003 0.004 0.004
Fe : 0.523 0.518 0.527 0.519 0.520 0.527 0.514 0.513 0.523 0.528 0.527 0.518 0.525
S:P 70.743 42.282 113.717 | 23.765 | 107.204 | 138.930 | 147.057 | 35.726 62.488 90.867 108.738 | 79.725 74.135
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Sample
e5-2 e5-3 e5-4 e5-5
Atomic proportion
K 0.001 0.000 0.007 0.001
Ca 0.001 0.000 0.003 0.001
Fe 0.145 0.149 0.110 0.147
Na 0.003 0.002 0.009 0.002
Ba 0.000 0.000 0.000 0.000
Mn 0.000 0.000 0.000 0.000
Mg 0.001 0.000 0.003 0.000
Si 0.001 0.000 0.003 0.000
S 0.282 0.283 0.287 0.283
Al 0.000 0.000 0.001 0.000
P 0.003 0.002 0.011 0.002
Fe:S 0.515 0.526 0.385 0.522
S:P 86.115 178.750 27.022 123.345
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Sample Average mass proportion (%)
K,0 CaO FeO Na,O BaO MnO MgO SiO, S0, ALO, PO,
Non-coated 0.02 0.01 61.83 0.03 0.01 0.01 0.05 0.18 136.78 0.06 0.00

B (t 20) 0.56 1.19 58.90 0.53 0.02 0.02 0.45 0.79 127.49 0.18 2.52

C (t 20) 0.24 0.68 60.40 0.82 0.01 0.02 0.22 0.32 130.26 0.09 1.62

D (t 10) 0.40 0.60 58.91 0.71 0.00 0.03 0.14 0.20 127.94 0.07 1.86

E (t 10) 0.46 0.93 61.10 1.01 0.03 0.01 0.30 0.22 131.47 0.10 2.51
Sample Average atomic proportion

K Ca Fe Na Ba Mn Mg Si S Al P Fe:S S:P
Non-coated 0.002 0.001 0.136 0.001 0.000 0.000 0.007 0.021 0.269 0.006 0.000 0.504

B (t20) 0.019 0.032 0.120 0.016 0.000 0.000 0.018 0.025 0.234 0.006 0.052 0.514 59.240
C (t20) 0.001 0.002 0.145 0.005 0.000 0.000 0.001 0:001 0.281 0.000 0.004 0.517 112.452
D (t10) 0.002 0.002 0.144 0.004 0.000 0.000 0.001 0.001 0.281 0.000 0.005 0.514 95.201
E (t10) 0.005 0.014 0.139 0.014 0.000 0.000 0.004 0.002 0.268 0.001 0.024 0.517 80.251
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