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L INTRODUCTION

Due to the continuous depletion of world oil reserves, the global demand for coal
as an energy source has been continuously increasing for the last two decades. According
to the Intemational Energy Agency, coal demand by the year 2005 in tﬁore than 20
member countries of the Organization for Economic Cooperation and Development
(OECD) will be 1.4 times the demand in 1985, and coal use as a percentage of total
energy requirements will be approximately 30%, the same as oil. Most of this growth is
expected to occur in steam coal used to produce electricityl. In the United States there is
an increasing demand for coal from the electric utilities, which consumed about 84% of

the total coal produced in 1992.2

The United States has the largest coal resources in the world, with a mineable
reserve of about 318 billions tons, of coals of different ranks, with high to low sulfur
content.3 This provides a good energy alternative, to reduce the excessive dependence on
imported oil. However, there still several technical problems associated with coal
conversion and utilization. One of the most important problems is the release of SO to
the atmosphere on combustion. In 1986, gaseous SO, emissions were 30 times greater

than in 1860 and were expected to be 40 times greater by the year 2000.4

Although the basic attraction of coal remains its low cost and great abundance, the
greatest obstacle to expansion of coal-fired power generation plants is the cost of
environmental protection. In the United States, about 40% of the capital cost and 35% of
the operating cost of new plants can be accounted for by their pollution control systems.5
In an effort to reduce the detrimental effects of SO, on the environment, the 1990 Clean
Air Act established a maximum emission level of 2.5 b SO2/MBtu to go ito effect by
1995 and 1.2 Ib SO»/MBtu to go into effect by 2000. Under these circumstances, there is
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a crucial need for clean and cost-effective coal technologies that can improve coal use and

its environmental acceptability.

Pyrite (FeS;) is the major inorganic form in which sulfur occurs in coal and it
comprises 30 to 70% of total sulfur in most coals. Understanding the oxidation of coal
and coal pyrite is extremely important considering the devastating effects that their
oxidation has on the environment. When pyrite is oxidized in the presence of water and
oxygen, it produces sulfuric acid, dissolved ferrous iron and heat. In some cases, this

reaction can be dramatically accelerated by Thiobacillus ferrooxidans, an iron oxidizing

bacteria that catalyze the oxidation of ferrous to ferric iron in the low pH range and
provides appropriate solution potential conditions for pyrite oxidation. Thus. the
oxidation of pyrite is significantly accelerated and an autocatalytic process named acid

mine drainage is established which is extremely difficult to halt.

The sulfuric acid generated by pyrite oxidation, provides the appropriate
conditions for the leaching of trace toxic metals from ash minerals present in coal, and
other minerals that the acid can contact. The solution produced contains toxic metals that
may spread and contaminate, lakes, surface water streams and aquifer systems. It can also
pose threats to wildlife and public health. In the United States, acid mine drainage is the
most severe and widespread water pollution problem encountered with inactive and

abandoned coal and base metal mines.

The increasing application of flotation and oil agglomeration technologies’ would
produce significant amounts of pyrite wastes in future. Considering that there is no
agreement on what strategies are required to prevent pyrite from oxidation, it is expected

that some preventing measures would not be effective. Under these circumstances, the
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generation of acidic discharges in coal preparation plants could be another serious

environmental problem for the coal mdustry in the future.

The oxidation behavior of coal pyrite is by no mean completely understood, and
considering that acid mine drainage is an environmental problem of significant magnitude.
it is extremely important to make efforts to further understand the mechanisms of its
formation. Environmental assessment and effective use of remediation strategies, require
an in-depth understanding of pyrite oxidation. This knowledge also provides a basis for
predicting how changing conditions within mining waste facilities alter the long term

release rates of trace metals and other contaminants.

Another factor related with the noxious effect of the oxidation of coal and coal
pyrite on the environment is associated with coal conversion and utilization. One of the
most important problems associated with coal combustion is the release of SO» to the
atmosphere. In the atmosphere, SO, undergoes chemical conversion and reacts with
other atmospheric species to form a variety of compounds, the most important being
sulfuric acid and ammonium sulfate.> Also, SO, can corrode the boiler section of power
plants, while inorganic sulfur compounds present in coal can poison catalysts in coal

liquefaction processes.

The separation of pyrite from coal is crucial in addressing the reduction of the
detrimental effects of SO, on the environment. However, it is very difficult to achieve
reliable separation from coal. In pre-combustion coal desulfurization, pyrite can either be
oxidatively leached or physically separated from coal using such technologies as froth
flotation and selective oil agglomeration.” The effectiveness of these processes is strongly
dependent on the surface properties of coal and the mineral matter associated with it.

However, the surface properties of coal and coal pyrite can be significantly affected by




oxidation that reduce the hydrophobicity of coal, and affects the interaction of pyrite with

depressants in flotation and bridging agents in oil agglomeration.

Despite its crucial importance, the role of oxidation on the surface properties of
coal and coal pyrite is still not fully understood. Therefore, in order to improve the
environmental acceptability of coal, it is necessary to have more fundamental knowledge
on the effects of oxidation on the surface properties of coal and coal pyrte. This
information will provide a foundation for predicting how oxidation can control the

behavior of coal and coal pyrite in coal cleaning processes.
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II. SCOPE OF THIS INVESTIGATION

Coal oxidation has been studied extensively; however, still there is no general
agreement concerning the mechanisms of oxidation. Moreover, coal and mineral matter
oxidation behavior have been regarded as separate processes and the resuiting changes in
surface properties are notoriously difficult to predict. Greater understanding of the effect
of oxidation on the surface properties of coal and coal mineral matter is essential for
process improvement. The objective of this research, therefore, was to mvestigate the
oxidation behavior of coal and coal pyrite and to correlate the changes in the surface
properties induced by oxidation, along with the intrinsic physical and chemical properties
of these organic and morganic materials, with the behavior in physical coal cleaning
processes. This provide more fundamental knowledge for understanding the way in which

different factors interact in a medium as heterogeneous as coal.

Fourteen coal samples of different ranks ranging from high to medium sulfur
content were studied by dry oxidation tests at different temperatures and humidities, and
by wet oxidation tests using different oxidizing agents. The concentration of surface
oxygen functional groups was determined by ion-exchange methods. The changes in the
coal composition with oxidation were analyzed by spectroscopic techniques. The
wettability of as-received and oxidized coal and coal pyrite samples was assessed by film
flotation tests. The electrokinetic behavior of different coals and coal pyrite samples was
studied by electrokinetic tests using electrophoresis. Possible oxidation mechanisms have
been proposed to explain the changes on the coal surface induced by different oxidation

treatments.

Flotation tests were done on different coals under controlled pH and solution

potential to investigate the effect of polarization on the flotation of coal, and the ability to
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separate pyrite from coal by selective flotation of either coal or pyrite. The results were
related to selected rank parameters from the proximate, sulfur and oxygen group analysis.
to identify any parameter that correlated well with flotation response, either positively or

negatively.

The electrochemical behavior of polished and etched coal pyrite samples was
investigated from pH 1.0 to 10.5 by rest potential measurements and cyclic voltammetry.
Also, the effect of the electrode potential on the wetting behavior of coal pyrite was

investigated by contact angle measurements on polarized coal pyrite electrode.

The reliability and suitability of standard test methods used to determine the pyrite
content of coal and mineral wastes, and their propensity to release acidic drainage were
studied. The kinetics of coal pyrite dissolution were also investigated by using aqueous

solutions of hydrogen peroxide and nitric acid.
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L. LITERATURE REVIEW

A. COAL CHARACTERISTICS

A.l. Origin and Coalification

Coal is a material composed of organic chemical substances and inorganic
minerals, derived from decomposed plant matter. The chemical composition and physical
properties changes with coalification. Coalification is the progressive enrichment in
organically bound carbon; starting from decomposed plant and through a series of
changes, the decomposed plant is transformed sequentially into peat, lignite, sub-
bituminous coal, bituminous coal and finally anthracite. The stage of coalification of a
coal is denoted by its rank, with lignite and sub-bituminous coals being commonly referred

as low-rank coal, and bituminous and anthracite coals being considered high-rank coals.

The diversity of the original materials and the degree of coalification of coals lead
to a wide range in the behavior of coals. As the rank increases, the composition and
physical properties of the coal constituents change. These are of vital importance in
determining the properties and potential behavior of a coal and an optimum use of coal
can be made according to its rank. The rank of a coal is determined by its fixed carbon,
volatile matter and BTU content. Table 1 shows the main characteristics of coals of

different rank.

A.2. Chemical Composition
The chemical composition of coal is usually determined by proximate analysis, and

by elemental or ultimste analysis. Proximate analysis is a simple gravimetric procedure
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Table 1: Approximate values of some coal properties in different rank. (adapted from ref.

127)
Fixed | Volatile | Moisture | Calorific | Hydrogen | Oxygen
Rank Carbon | Matter Value
%, %, %, Btw/lb %, %,
dmmf * | dmmf | As-rec'd dmmf dmmf
Ligniie 65-72 | 40-50 70-90 7000 4-5 30
Sub-bituminous C | 65-75 | 49-50 30-40 9000 4-5 20
Sub-bituminous B | 70-75 47-49 20-30 10000 4-5 17
Sub-bituminous A | 70-75 42-45 20-30 11000 5-6 16
HV bituminous C 76-78 34-45 1-20 12000 5-6 13
HV bituminous B 78-80 30-40 1-20 13500 5-6 10
HV bituminous A | 80-87 31-40 1-20 14500 5-6 4-10
MV bituminous 89-90 20-31 1-20 15000 4-5 3-4
LV bituminous 90-93 10-20 1-20 15800 3-4 3
Semi-anthracite 90-93 15-10 1.5-3.5 15400 2-3 3
Anthracite 93 <10 1.5-3.5 15200 2-3 3
*% by mass

*dmmf : dry mineral matter free

that determines moisture, volatile matter and ash. Moisture is water that is driven off
when coal is heated to 106°C. It can be present in two forms: free moisture that can be
removed by air drying, and bound moisture that is physically-held water in the smaller
capillaries or pores. Volatile matter varies qualitatively and quantitatively according to the
rank and petrographic composition of coal. It consists of a wide spectrum of

hydrocarbons, carbon monoxide, carbon dioxide and chemically combined water formed
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by thermal decomposition of coal. Ash corresponds to the residues left behind when
weighed test samples are completely incinerated in air at about 7259C. It should be noted
that the ash content is not identical to mineral matter in coal, because minerals may

undergo compositional changes during incieration.

Ultimate analysis is an elemental chemical analysis that yields the percentages of
carbon, hydrogen, nitrogen and sulfur. Oxygen is obtained by difference. The American
Society for Testing and Materials (A.S.T.M.) has developed standard testing procedures

for the proximate and ultimate analysis of coals.8.%

A.3. Coal Components and Their Structure

Coal is composed mainly of two types of materials: organic carbonaceous macerals

and inorganic crystalline minerals.

A.3.1. Organic Material

The organic material in coal is composed of small units called macerals, which are
the combustible part of coal. They can be distinguished by their morphology and are very
different in their physical and chemical properties, and therefore, in their reactivities.
Based on their petrographic properties, macerals are divided in three groups, namely

vitrinite, exinite and inertinite. !0

Vitrinite group. This maceral group is medium dark to light grey with occasional
botanical structure. Vitrinite reflectance increases with coalification. Among the
important properties of vitrinite are its tendency to shows fissures and cracks, and

excellent coking ability due to its high swelling properties and plasticity. Vitrinite is easily
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hydrogenated in low rank coals whereas high rank coals require special processes.
Vitrinite is very easily oxidized, leading to spontaneous combustion. Due to its brittleness

and fissuring, it represent a large proportion of mine dust.10

Exinite group. This maceral group has low reflectivity and high volatile matter
content. The exinite macerals are the most valuable component in coals because they
produce tar. Exinite produces the highest yield of byproducts in coal, over 25% volatile
matter (low rank coals). Exinites have no tendency to spontaneous combustion, and their

toughness restricts fissuring and dust formation. 10

Inertinite group. This is the highest reflecting component and may be
distinguished by a higher relief than other macerals on polished surfaces. Inertinite
possesses a higher carbon and lower volatile matter content than vitrinite, but it is richer in

oxygen than vitrinite or exinite. 10

A.3.2. Mineral Matter

In recent years, the mineral components of coal have been studied extensively,
because they strongly influence the behavior of coal during storage and processing.l 1-16
Minerals in coal have different origins and on this basis are divided in two groups,
syngenetic and epigenetic. 10 Syngenetic minerals were either formed or accumulated in
coal swamps up to the time of peatification; they usually display intimate mtergrowth of
mineral with the macerals, and are more difficult to remove in coal preparation.
Epigenetic minerals were deposited in cleats and fissures and may be primary minerals or
secondary transformations of primary minerals. They are easier to remove by grinding,

crushing and washing operations.

10




Typical minerals present in coals are shown in Table 2. The most common are
silicates that constitute about 60 to 70 percent of the coal mineral matter. The most
frequent types are kaolinite and illite. Other important minerals found in excess of 1%
include disulfides and carbonates10. Disulfide minerals are extremely important owing to
the harmful effects of sulfur in corrosion, catalyst poisoning and air pollution. The
principal disulfides in coal are pyrite and marcasite. Syngenetic pyrite is very rare, with
the epigenetic pyrite being more abundant. Carbonates may be syngenetic or occur as
spars in cleats and fissures. Ash fusibility can be strongly influenced by the presence of

calcium, iron and magnesium. Too high a magnesium content may cause clinkering.

A.4. Porosity and Surface Area

By studying the penetration of mercury into coals as a function of pressure,
Zwieterling and van Krevelen!8 established that coal contains a macropore and micropore
system. They were able to establish the existence of pores with radii in the range from
30000 to 250 A. Lin er a/.19 found micropores with average diameter of 20 and 30 A,
and mesopores with diameters between 200 and 500 A. In general, macropores are
dominant in coals with carbon contents below 75%, whereas micropores are dominant in
coals with carbon contents about 85 - 90%.20 This delicate structured porous system
reflects the spatial arrangement of the large, complex molecules in coals and influences the

behavior of coal in many applications.

The pore structure and surface area of coals are determined using different
techniques, with carbon dioxide and nitrogen adsorption being the most commonly
used.21.22,23  Other techniques include mercury intrusion 24 heat of wetting25, X-ray
scattering (SAXS)26, methanol adsorption2” and transmission electron microscopy

(TEM).28




Table 2. Common minerals in coal (adapted from ref. 17)

Kaolinite Al2Si205(0H)4
Nlite Miite-montmorillonite
Clay Minerals Mixed Layer
Silicates Chlorite _(MgFeAls(SiAD4010(0H)g
Quartz Si02
Major
Calcite CaCO3
Carbonates Dolomite Ca.Mg(CO3)2
Ankerite Ca(FeMp)CO3
Siderite FeCO3
Disulfides Pyrite FeS2 (cubic)
Marcasite FeS2 (orthorhombic)
Coquimbite Fe2(S04)3.9H20
Szmolnokite FeSO4.H2O
Gypsum CaS04.2H20
Sulfates Bassanite CaS04.1/2H20
Anhydrite CasSO4
Jarosite KFe3(S04)2(0H)6
Minor
Feldspars Plagioclase (NaCa)AI(AISi)Si208
Orthoclase KAISi30g8
Sphalerite ZnS
Sulfides Galena PbS
Pyrrhotite FeS
Trace Trace Minerals

Carbon dioxide adsorption at 298 K, followed by analysis using the Dubinin-
Polanyi equation, has become a common practice for determining surface areas of coals.
Working with different coals, Marsh and Siemieniewska20 found discrepancies among the
surface areas predicted by the Dubinin-Polanyi equation and those predicted using either
the B.E.T. or Langmuir equations. For example, for a coal from Brora, Scotland, they
found that the Dubinin-Polanyi equation predicted a surface area of 196 m2/g whereas the
B.E.T. equation predicted a surface area of 271 mZ/g.20 They suggested that Dubinin-
Polanyi equation takes into account capillary condensation at low pressures, and -
depending on the nature of the adsorbent and adsorbate, may give more accurate estimates

of surface area. It has been proposed that carbon dioxide adsorption measurements

12




determine the total available surface area, whereas nitrogen adsorption gives only the
external area because of shrinkage of the pores at low temperature (77 K) or the fact that
the high activation energy for diffusion of nitrogen into the very fine pores is unavailable at
this low temperature.26:29 Surface areas of coals determined by carbon dioxide vary
from 50 to 410 m2/g22.30 whereas those measured by nitrogen adsorption vary from 1 to
32'm2/g.22

B. COAL BENEFICIATION

Coal preparation or cleaning is the process of removing undesirable minerals from
a run-of-mine coal. Coal preparation plants in general use the same separation techniques
used in mineral plants, consisting mostly of gravity concentration and to some extent
flotation, complemented by screening and solid/liquid auxiliary processes.3L32 In the
United States about 94% of the coal preparation plants use simple gravity processes,
which separate coal (specific gravity of 1.2 to 1.8) from denser clays, feldspar, etc.
(specific gravity of about 2.5) and pyrite (specific gravity of 5.0). About 5% of the
preparation plants use processes based on differences in surface properties namely froth
flotation and oil agglomeration.  Although the proportion of flotation and oil
agglomeration plants is relatively small, the number of these plants has increased in recent
years.” Only about 1% of the preparation plants use pneumatic separation. Gravity
processes can separate the 7900-500 pum fraction and mainly include the use of jigs, heavy
media methods, concentration tables, hydrocyclones, etc. For the minus 500 pum (-28
mesh) fraction, froth flotation and oil aggiomeration are the major means of processing.
In froth flotation system, gas bubbles are introduced into an aqueous slurry of the mixture
of coal and coal minerals to be separated. An efficient separation depends on the

formation of a stable bond between coal and the gas phase in the suspension and the




simultaneous adhesion to water of undesirable minerals. Air-adhering coal particles are
then floated to the surface of the slurry and removed as a concentrate. This process also
involves the use of suitable reagents that modify the interaction between water molecules
and the surface of the particles. Fundamentals of flotation have been discussed by
Fuerstenau and Healy,33 the thermodynamic aspects has been presented by Fuerstenau
and Raghavan34, and the chemistry of flotation and a review of flotation reagents are

given by Fuerstenau3> and Fuerstenau and Herrera-Urbina36 respectively.

The agglomeration process involves either bridging between particles by polymers
or oil droplets, or the process involves coagulation by reduction of surface forces. Water
soluble polymers contain polar functional groups that are available for bridging to a
gangue particle (undesirable material) when they absorb on the coal surface. Therefore,
the use of polymers has the drawback of not being very selective. The problem can be
overcomed by using a hydrocarbon oil as a bridging agent. Coal and its associated mineral
matter are slurried with a hydrocarbon bridging agent allowing agglomeration of coal
particles to occur whereas the hydrophilic gangue particles remain dispersed. Then, the
agglomerated coal can be retained by screening whereas the suspended gangue material
passes through.37 Aplan and Fuerstenau38 have presented a review of agglomeration
flotation practice and fundamentals. The most recent advances in coal cleaning processes
including advanced froth flotation, selective agglomeration and advanced cycloning has

been discussed by Feeley and McLean.”?

Coal desulfurization using different oxidizing agents has been explored by several
authors as an altemative route for coal cleaning.39-40-47 The use of aqueous ferric
chloride and ferric sulfate solutions led to the development of the Mayer process39
Others oxidizing agents used include hydrogen peroxide40-45 nitric acid.46-47 These

procedures have the potential advantage over the physical methods that they can act
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simultaneously on the inorganic and the organic sulfur in coal. Although some progress
has been made. no simple, rapid, low temperature and inexpensive technique has been

found to remove organic sulfur from coal.

Other chemical desulfurization approaches include the use of aqueous base
solutions,41-47 however, they generally can remove only pyritic sulfur. Moreover, there
are problems associated with the high temperature and pressure involved, and the removal
and recovery of the base from the desulfurized coal. 48  These factors make these

processes economically unattractive.

The effect of aqueous chemical oxidation on the bebavior of coal during flotation
has been studied by Fuerstenau et al. 96,143 By using hydrogen peroxide as an oxidizing
agent, it was found that oxidation severely reduce the floatability of coals and that wet

oxidation occur at the external surface of the coal particles. 96

C. COAL OXIDATION

Coal and coal pyrite are very susceptible to oxidation, which strongly affects their
physical and chemical properties, along with the surface properties that govern the surface
based processes used in coal beneficiation plants.31:49-31 There are different situations
during which coal oxidation can occur: in the seam, when fresh coal surfaces are exposed
to the atmosphere; during storage and transport; and in processing. In each of these

situations, the conditions of oxidation and/or weathering are different.

Oxidation changes the organic and inorganic components of coals to different
extents, inducing changes in the physical structure. These changes can dramatically

modify the behavior of coals in beneficiation and utilization processes. The structural
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changes induced by oxidation can induce loss of coking propenies.52'55 Coal oxidation
also adversely affects the yield and quality of liquids obtained in direct liquefaction.6.57
and reduces the efficiency of coal cleaning. 5859 The effect of oxidation on the
combustion behavior of coals is not well understood;00-62 however, a redu_ction in heats
of combustion and calorific values has been reported.63-64 Oxidized bituminous coal may
be largely beneficial for gasification, mainly because oxidation enhances char reactivity.62
Oxidation increases the number of cyclic structures containing oxygen. In general, these
structures are very reactive and provide new sites for chemical reactions and catalyst
binding.63 Oxidation also alters the fundamental physical structure of coals in addition to
the chemical composition.0> Consequently, oxidation has an indirect effect on coal

chemical reactions through alteration of mass and thermal transport through the solid coal.

Coal oxidation has been studied for many year.s: however there is not agreement
concerning the mechanisms and products of oxidation. This is probably because different
coals have widely different compositions and properties, and therefore exhibit different
oxidation behaviors. There is a general agreement on the complexity of oxidation and the
diversity of associated reactions. van Krevelen®® proposed three stages for low
temperature oxidation: 1. fixation of oxygen by chemisorption, 2. decomposition of the
chemisorbed complex, 3. formation of oxycoal. At relatively low temperatures (below
100°C) in the presence of oxygen. Grossman®’ observed the evolution of molecular
hydrogen that depends lmearly on the amount of oxygen consumed by the coal. The
source of the molecular hydrogen was the C-H bonds of the coal macromolecules. Liotta
et al.98 considered that all of the chemically incorporated oxygen eventually formed ether
bonds; hydroperoxides were detected as mtermediates in the early stages of oxidation.
Swaan ef al.%9 found that the main oxidation products close to ambient temperature were
carbonyl, carboxyl and phenolic groups. A decrease i the aliphatic C-H along with the
increase in oxygenated species, mainly carbonyl and carboxyl have been detected.”0.71
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Oxidation rates and oxidation stages differed among different coals indicating that
oxidation strongly depend upon the origin and chemistry of the selected coals.”! Clemens
et al.72 studied the low temperature oxidation of coals of different ranks; the chemical
reactions responsible for self-heating of coals were apparently the same for all coals. The
reactions involved the formation of hydroperoxides followed by their decomposition mto

carboxylic acid and aldehyde species.

Studying the oxidation of coals at temperatures near 1009C, Gethner’3 proposed
the formation and decomposition of hydroperoxide, and the simultaneous competitive
thermolysis reaction involving decarbonylation or decarboxylation. The formation of
carbonyl groups with concurrent loss of aliphatic C-H have been reported at 100°C,2 60-
1400C,74 1300C.75 It was proposed that the initial step of oxidation involves the
formation of hydroperoxides. and the decomposition of hydroperoxides leads to alcohols
and carboxylic acids.>2 High rank coals had marked changes in the aromatic structure.’
By using spin resonance spectroscopy, changes in the free radical content produced by
oxidation of coals at room temperature and 1059C have been detected.”® Free radicals
are molecules that contain an odd number of electrons and are very important
intermediates in many organic reactions. It was postulated that free radicals were
produced in the basic first step of oxidation, then they react with coal to form
hydroperoxide compounds that easily decomposed to form phenolic and carboxylic
groups.’® MacPhee er al.77 found that the evolution of CO, CO,, and CH4 from
bituminous coals during oxidation appear to be more pronounced for low rank coals and
to be a function of the oxygen uptake. Painter er al.”8 studied the oxidation of a coking
coal by FTIR; the results indicated the formation of carbonyl groups. They suggested that
the formation of ester crosslinks was responsible for the loss of swelling characteristic and

coking properties in the oxidized samples.
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The formation of humic acids and anhydrides during coal oxidation at temperatures
between 120 and 190°C has been reported.”’9-80 Moreover, Azik er a/.8! found that
oxidation not only affects the organic structure of coals but also the inorganic matter at
different stages of oxidation. The functional groups produced by oxidation included
ketones, carboxyls, and anhydrides, but the major groups produced were aryl esters. Iron
sulfate was the only inorganic oxidation product. Huai et al.82 examined the changes in
the morphology of coal particles that had undergo oxidation with air at 150°C using SEM.
Oxidation occurred randomly on the coal surface. Large cracks developed after eight to
twenty four hours of oxidation, but cracking could not be attributed unambiguously to

either reaction or thermal stress.

Coal oxidation at temperatures higher than 200°C induces major modification on
the coal structure independently of the coal rank.83 Coals lose volatiles in parallel with
oxidation.84.85 A significant buildup in carboxylic and phenolic functionalities80 along
with evolution of carbon oxides was observed after 12 h of oxidation at 2000C.84 The

formation of ethers groups was also detected.87

In the mining, storage, and processing of coals, a number of problems arise that are
connected with their uptake of moisture. There is consensus that moisture in coal affects
low-temperature oxidation; however, there are contradictory opinions concerning the
mechanisms invoived.40:88-92  Some workers state that moisture is a necessary
component and activates the oxidation process,88-91 while others consider that it does
not increase the rate of the reaction of coal with atmospheric oxygen, and instead inhibits

the oxidation process. 89

Chen ef al.38 suggested that water accelerates the oxidation of coals through the

rapid formation of peroxide complexes. Panaseiko89 concluded that in some cases water
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retards, and in others accelerates, the oxidation of coal. An interaction between water
molecules and the functional groups on the surface of coal was proposed as 8 mechanism
that activates the oxidation of coal. Huggins er al.90 studied the oxidation of coal at
500C in moist air, and found that ether and carbonyl functional groups were the main
products of oxidation. Also, the formation of sulfuric acid as a by-product of pyrite
oxidation was detected. Not only does this acid promote the dissolution and leaching of
other minerals in the coal, but it can also catalyze and possible initiate oxidation of C-H
bonds to oxygen-bearing functional groups. Mossbauer spectroscopy studies?1 show that
pyrite in coal was readily transformed to ferrous sulfate at S0OC and 65% relative
humidity, while a-iron oxyhydroxide was the principal oxidation product in stockpiled
samples. Weak carbonyl bands and enhancement of ether bands were detected by diffuse
reflectance infrared fourier transform analysis (DRIFT) in coals oxidized longer than 167
days at 500C and 65% relative humidity. Petit92 studied the water vapor/coal system at
temperatures between 40 to 2500C. Water vapor interacted with the organic matter of
coal in a similar way as with activated carbon and carbon black. At ambient temperature,
coal first underwent a reversible adsorption of water that prevented oxygen access to the
micropores, then the most reactive oxygen groups on the surface were chemically altered,

leading to a drastic change on coal surface evidenced by CO, formation.

The interaction of coal with different oxidizing agents in aqueous solutions has
been studied in the context of desulfurization and wet oxidation studies. As mentioned
earlier, various chemical desulfurization approaches have been applied to coal; however,
there are contradictory opinions concerning the mechanisms involved 40-46,93-96
Aqueous hydrogen peroxide-sulfuric acid solutions are of interest for desulfurizing
coal 40-43 Working at ambient temperature and pressure, complete remotion of sulfate
and pyritic sulfur with unaltered coal matrix has been reported. 40 However, no organic
sulfur was removed. Al ef al.41 studied the removal of sulfur by using different oxidizing
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agents, namely, copper chloride, hydrogen peroxide, glacial acetic acid, ammonium
hydroxide. potassium dichromate and sodium hydroxide. Working at room temperature
they found that the only effective reagent was hydrogen peroxide that removed about 50
to 90% of the sulfur from coal with a minimum destruction of the coal structure. Under
similar conditions, it was postulated that organic sulfur was oxidized to sulphonic acid and
then removed by desulphonation.42 Using hydrogen peroxide at different concentration
and at diﬁ'efent temperatures (15-40°C), Ahnonkitpanit et al.43 found that most of the
inorganic sulfur and a small portion of organic sulfur were removed, and ash was
substantially reduced. Working with solutions of 30% H>0O; at different pH ranging from
pH=0 to pH=11.5 at room temperature, Heard e al.44 found that the oxidation of the

organic matter was minimal and was observed only at very low pH (<1.5).

Other chemical desulfurization approaches have been tried. A mixture of
hydrogen peroxide in acetic acid has been reported to remove the majority of pyritic sulfur
and some organic sulfur4> From infrared spectroscopy analysis Czuchajowsky93
determined that different coals have different propensities to be oxidized by hydrogen
peroxide and nitric acid. Three types of oxidation products were generally detected,
namely, products not soluble in either acids or alkalis, representing the most weakly
oxidized part of the coal, carboxyl and hydroxyl groups or humic acids soluble in alkaline
solutions, and finally benzenocarboxylic acids. Kinney et al40 studied the nitric acid
oxidation of bituminous coal; about 80% of the carbon of the coal was converted to alkali-

soluble humic acids.

The kinetics of oxidation and desulfurization by ferric chloride over the

temperature range 333 to 363 K has been reported.94 Over 90% of ferric ions were
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consumed during oxidation of the organic matrix of coal whereas the remaming 10% was
consumed in the pyrite oxidation. A kinetic model based on the Langmuir-Hinshelwood
form was proposed assuming that the coal matrix involves two different reactive sites
which are oxidized consecutively. The reaction rate was reported to be independent of
coal particle size. These results are not in agreement with those reported by Oshinowo
and Ofi.95 They found that working at temperatures ranging from 60 to 102°C, the
kinetic of oxidation increased by reducing the particle size and increasing the temperature.

The overall kinetic was chemically controlled.

Dry thermal and wet chemical oxidation of coal using hydrogen peroxide have
been compared.9® It was concluded that oxidation, whether thermal or chemical, makes
coal more hydrophilic and reduces its floatability markedly. However, it was suggested
that wet oxidation occurs mainly at the external surface of coal, whereas dry thermal

oxidation takes place on both the external and internal surfaces of the coal particles.

D. OXIDATION MECHANISMS OF COAL

The mechanisms of oxidation can be interpreted in terms of classical autooxidation
reactions in which the first step of oxidation is the formation of peroxide compounds by
the oxidation of the aliphatic, olefinic, and ether structures that link the aromatic units
present in coal. These reactions are commonly invoked. 68.74.97 Peroxides, although
frequently proposed 98-99, are extremely difficult to detect directly on coal surface by any
method unless an in-situ technique is used, because they easily decompose at the
experimental oxidation temperature. Once peroxide has decomposed and released more
radicals into the system, the range of reaction possibilities becomes extensive and choosing
among them is somewhat speculative. However, the presence of some products of

oxidation can be consistently explained according to coherent reaction sequences.

21




The basic first step of oxidation is believed to be as follows: 76,87,97-99

RH + O > R + "OOH (1)
R-CHy-R + R* - R-CH-R + RH \ )
R-CH-R + O > R-CH-R 3)

0-0r
R-CH-R + RH - R-CHR + R’ (4)
clyo- 'O-OH

Decomposition of the peroxide can produce various oxygen-contaming
compounds such as acids, alcohols, ketones, aldheydes, esters and ethers. The followmg

reaction sequence explains the generation of carboxylic acid and aldehyde groups on coal

oxidation: 74.87,100

R—(|3H-R - R-(iH-R + ‘OH (5)
O-OH 0}
R-CH-R —» R-C=0 + R° (6)
| |
0} H
aldehyde

Aldehydes are oxidized to carboxylic acids with great ease. In the case of
oxidation by air, the initial oxidation product is a peroxycarboxylic acid generated by a

free radical process. 100 A possible mechanism is as follows:
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R-C=0 + 'OH - R-'C=0 + H0 (7)

H
R-C=0 + O + RH - R-C=0 + R’ (8)
I
OOH
peroxycarboxylic acid

The second stage could be the oxidation of aldehyde by the initially formed

peroxycarboxylic acid. The probable course of this oxidation 1s shown in the following

reactions:
H R
| |
R-(|3=O + R-|=O © R—T-O-O-C=O 9)
OOH H OH
H R
| +
R-?-O-O—C=O > R-(IJ=OH + 'O-IC=O (10)
OH OH R
+
R-(|I=OH + 'O—TI=O © R-(|Z=O + R-(|Z=O (11)
OH R OH OH
carboxylic acids

In the foregoing reactions, R can be aliphatic or aromatic. If R is aromatic, the

oxidation probably occurs at the carbon a in the aromatic ring. 101
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More extensive oxidation can form ester and anhydride functionalities.

formation of an ester might take place by the following mechanism:

R—(I:=O + R° - R-C=0 + RH

OH O

R-(l:=0 + R —» R-(|:=O

O OR

ester

On the other hand, the generation of anhydride from the same is given by:

R-(|3=O + R—T=O < R-C=0 + HOy

o OH R-C=0
anhydride

The

(12)

(13)

(14)

The amount of phenolic groups in general increases with oxidation. It has been

suggested that when peroxide is formed on the carbon a to an aromatic ring, phenols are

produced as illustrated by Albers ez al. 101 and Markova: 102

I I T

Ar-(lf-R + 0y > Ar-lC-R - Ar-O-C-R - Ar-OH + R-C=0

I

R R R R

The phenolic structures can be further oxidized to quinone structures.
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It has been demonstrated that during adsorption of oxygen on solid surfaces
different forms of molecular and ionic oxygen can be formed, 103 namely: (0)agdss
(02)ads: (027)ads; (0227)ads; etc. These ionic forms of oxygen have the capacity to

react with water to form hydroxide ions and radicals:

(09)ads + HyO « HOy' + OH- (16)

The resulting active compound HO5' is an oxidizing agent that can participate in
the formation of hydroperoxide compounds and free radicals. Subsequent reactions can
proceed to oxidize the surface of coal, generating oxygen group functionalities. Thus.

water enhances oxidation of coal by catalyzing the formation of free radicals.

Mineral components present in coal are active water sorbents. It has been
suggested that water can adsorb via the formation of hydrogen bonds with the oxygen of
the =Si=O group and at the expense of unsaturated silicon atoms on the surface. 104
Other minerals among the coal components can also sorb water. Particularly in the case of
pyrite, the interaction with oxygen and water might occur through sorption of the
latter103:

FeSy + 7/2(02)ads + (H20)ads = Fe?t + 28042 + 2H' (17)

The sulfuric acid generated during pyrite oxidation is very important because its
alters other minerals that might be stable. In general, mineral oxidation and maceral
oxidation have been regarded as more or less separate processes, but it should be noted
that the acidification of coal resulting from pyrite oxidation will probably catalyze and

sometime initiate maceral oxidation. Several synthetic pathways for ether, esters and
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carbonyl functional groups are possible in the presence of sulfuric acid. 105 Also.
reactions involving hydroperoxides are dependent upon the pH of the system. 68

During oxidation of coal by hydrogen peroxide, the latter decomposes
spontaneously on coal surfaces with the formation of water and oxygen according to the

reaction:

HyO2 — H0 + %0y (18)

However, in acidic solutions having a redox potential between about 0.7 and 1.0 V
(Standard Hydrogen Electrode, SHE), HyO, undergoes catalytic reduction and oxidation
simultaneously by metallic ions such as Fe3* and Fe2*. Thus, the following reactions

(Fenton mechanism) might take place in the presence of iron ions#4:

Fe2* + Hy0, — Fe3* + OH. + OH- (19)
Fe2* + OH- —» Fe3* + OH- (20)
Hy0p + Fe3t — Fe2* + HOy- + HY (21)
Fe3* + HOp- — Fe2t + HY + Oy (22)

The OH- and HO»- radicals produced by these reactions are strong oxidizing
agents. Although either radical can attack coal, Draginac, J.G. and Draginac, Zz.p.106
considered that OH- is the primary oxidizing agent. Barb ez a/. 107 proposed that in the
presence of ferrous and ferric salts the decomposition of hydrogen peroxide is described

by reactions 19 and 23 to 26:
Fe2* + OH- —» Fe3* + OH- (23)

OH- + HyO7 — HOy- + Hy0 (24)
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HO,- + Fe2* — HOy~ + Fe3* (25)

HO,- + Fe3* —» 0, + H" + Fe2t (26)

The initial stage is the reduction of Fe3™ to Fe2™ by the HO," ions that are present

in equilibrium with HyO»:
Fe3* - HOy~ — Fe2t + HOy- (27)
Hy0y <> H' + HOp" (28)

The hydroxyl radicals formed in Reaction 19 can then react with organic structures

present in coal by either splitting off hydrogen from them or by adding to unsaturated

ﬁ'agments:m8
RH + OH- - R- + HyO (29)
W |-
C=C + OH- » -C—C (30)
/I \ |\

OH

Hydroxyl radicals have also been used to perform processes of oxidative

condensation: 108
RH + OH- - R- + H,O (31)

R- + R- - R—R (32)

According to the foregoing mechanisms, it is possible to hydroxylate organic
structures with the aid of Fenton reagents. Thus, benzene can be converted into phenol

and biphenol by a mechanism discussed by Walton. 108
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Also, as described earlier, the radicals in reaction (31) can undergo ulterior

reaction to produce hydroperoxides and different types of functional groups:

R- + O3 —» ROy (33)
ROy + HO2 - ROOH + HO»- : (34)
RO3- ~ ROy- — aldheydes, carboxylic acids, etc. (35)

According to the above mechanisms, the oxidation of coal by hydrogen peroxide.
in general, involves its decomposition assisted by the presence of ferrous and ferric ions to
produce free radicals and hydroperoxides. These products react with the organic structure
of coal to produce different functional groups, including phenolic, carbonyl and carboxylic

among others.

The interaction between coal and nitric acid involves complex mechanisms
characterized by a series of reactions such as oxidation of the organic and inorganic
fractions of coal, and nitration. van Krevelen!09 suggests that the oxidation of coals by
nitric acid involves two stages: first, there is the oxidation of non-aromatic groups of the
aliphatic coal chain to form carboxylic acids with the concurrent oxidation of aromatic
rings to quinone structures. Second, there is an opening of the quinone configuration to
produce carboxylic groups. Kinney et al.40 proposed that at low temperatures the initial
reaction of the coal involves the addition of nitric acid to unsaturated structures and the
cleavage of other structures, such as phenolic ether linkages, possibly forming

nitrophenols.

The reactions of pyrite with nitric acid are very complex and sensitive to

temperature and concentration. Under moderate conditions the following reactions could
occur7.110.
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2FeSy + 10-HNO3; — Fey(SO4)3 + HpSO4 + 10NO + 4H0 (36)
FeSo + 2.HNO3 — Fe(NO3); + HpS + S (37)
2FeSy + 6. HNO3 — 2Fe(NO3)3 + 3HpS + S (38)

although other reactions also take place m the process.

The oxidation of coal by acidic ferric sulfate solutions nvolves the presence of a
redox couple Fe3*/Fe2* that determines the oxidation capacity of the solution. Thus, the
reduction of Fe3* on the surface of either coal or coal pyrite is given by the following

cathodic reaction:

Fe3* + e — Fe2* (39)

where the redox potential is determined by the equation:

E = 0.771 + 0.0591-og (Fe3*/ Fe2™) (40)

On the coal surface the group that is able to undergo a reversible redox reaction in
the potential range of the Fe3*/Fe2* couple is the quinone/hydroquinone system proposed
by Vetter.111 As the hydroxyl species are consumed, sites with higher oxidation states
are produced on the coal surface and other oxidation reactions could occur, leading for

example to the formation of carboxylic groups.!12

Ferric iron can also oxidize coal pyrite according to the reaction!13:

FeSy + 14Fe3* + 8H,0 — 15Fe2t + 16H* + 28042 (41)
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The functional groups generated on the coal by oxidation can interact with both
ferric iron as well as ferrous iron generated by the oxidation of coal pyrite (Reaction 41).

In the specific case of carboxylic acid the following reactions could occur: 114

Coal-COOH «> Coal-COO- + H* (42)
Fe2™ + 2C0al-COO- <> (Coal-COO),Fe (43)
Fe3* + 3C0al-COO" < (Coal-COO)3Fe (44)

Reaction (42) represents the dissociation of the carboxylic acid on the coal surface
and reactions (43) and (44) represent the attachment of the ferrous and ferric ions
respectively to the deprotonated coal surface by ion exchange at the carboxylic group to
form metal carboxylates. A similar ion-exchange reaction may take place with phenolic
acid groups, although this is questionable because phenolic groups are much less acidic

than carboxylic groups.

E. ELECTROKINETIC BEHAVIOR OF COAL.

When two phases are in contact, a potential difference is developed between them.
For a solid surface in contact with an aqueous electrolyte solution, there is generally an
excess of charge of one sign at the solid surface, and this will be balanced by charge of the
opposite sign distributed in the liquid region close to the surface. This separation of
charge at the interface is known as the electrical double layer.115 In the specific case of
coal, the electric charge on its surface is probably generated by the dissociation of
functional groups such as carboxylic (-COOH) and phenolic (-COH) or by adsorption of
ions from solution.!16 When a solid surface and a fluid are moving relatively to each
other, the plane close to the solid surface within which the fluid is assumed stationary is
called the shear plane and the potential at that plane is called the zeta potential. The

composition of the coal surface and the concentration and valence of ions in the solution
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contribute to the sign and value of the zeta potential. The condition where the shear plane
is uncharged is called the PZR (point of zeta potential reversal), and is commonly used to

characterize the nature of the solid surface. 117

Flotation of coal is based on differences in the surface properties of coal and
gangue particles.  Zeta potential measurements carried out under low solids
concentrations can provide important information relevant to the surface properties of coal
particles. Due to the complex nature of the coal surface composition and the strong
tendency to be modified by interaction with different environments, the variation of the
coal surface charge and hence its zeta potential are difficult to delineate. PZR values have
been reported and depend on the rank of coal as shown in Table 3.116-126 Iy general,
PZR values for lignite, sub-bituminous and oxidized coals are at acidic pH, attributed to
the contribution of strongly acidic functional groups, whereas bituminous and anthracite
coals generally show PZR values situated close to the neutral pH range 117,118,120
However, it should be emphazised that the presence of a high content of ash minerals
having low PZR values (such as silica and clay), also contributes to lower observed PZR

values of coals. 117

In the specific case of oxidation, the PZR of coal and its zeta potential are
decreased because of the generation of oxygen functional groups by oxidation. In general,
depending of the degree of oxidation, the PZR's of oxidized coal decreased by ! to 3 umits
compared with those of unoxidized coal. 116,118,127

F. WETTING BEHAVIOR OF COAL

Wetting is defined as the displacement of one fluid from a surface by another fluid, and

involves three phases, of which at least two must be fluid. 128 The wetting behavior
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Table 3. Some published PZR values of coals.

Coal Rank PZR Method Reference
Lignite 2.1 Electrophoresis Kelebek er al. 118
Lignite 2.3 Electrophoresis Wen and Sun! ¥
Sub-bituminous 3.6 Electrophoresis Fuerstenau and Pradip <Y
Bituminous 4.5 Electrophoresis Wen and Sun'!?
Low-ash bituminous <2.0 Electrophoresis Fuerstenau er al. 11/
High-ash bituminous 4.5 Electrophoresis Fuerstenau ez al. 1/
High vol. bituminous 5.2 Electrophoresis Rubin and Kramer!4!
Bituminous 5.1 Electrophoresis Kelebek e al. 110
Bituminous 4.1 Electrophoresis Yarar!<<
Bitumninous 1.5 Electrophoresis Coca et al. 143
Bituminous 2.5 Electrophoresis Cocaetal. 143
Bituminous ~2.0 Electrophoresis Celik and Somasundaran!<%
Bituminous 4.6 Streaming potential Campbell and Sun'<>
Anthracite 5.0 Electrophoresis Wen and Sun' ¥
Anthracite 3.5 Electrophoresis Ferrell and Huang ' <
High-ash anthracite 2.8 Electrophoresis Fuerstenau et al. ' 1/
Low-ash anthracite 4.5 Electrophoresis Fuerstenau et al. '}/
Oxidized anthracite 2.5 Electrophoresis Fuerstenau et al. ' 1/

of coal is extremely important because it controls froth flotation, oil agglomeration and
dewatering methods used in coal preparation plants.!129 The wetting behavior of coal
depends upon different factors, the most important being rank, mineral matter and degree
of oxidation, 127 and, because of its critical role, should be assessed in the most reliable
manner. Several techniques have been developed to characterize the wetting properties of
coal, including contact angle measurements,127.130 measurements of immersion
time, 131,132 advancing solidification front,133 heats of immersioni34, and ﬁlm
flotation. 135-139
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The contact angle is defined as the angle formed through the liquid phase at the
three-phase interface when either a bubble is contacted with a solid surface in a liquid
medium or a droplet is contacted with a solid surface in a vapor medum. In a
solid/liquid/vapor system, the contact angle is zero when the surface is completely wetted
by the liquid, whereas the contact angle is 1800 when the solid repels the liquid phase.
The critical wetting surface tension of a solid (y¢), as defined by Zisman, is the surface
tension of the liquid (y[ y) that just forms a zero contact angle on the solid. 128 1t is an
important parameter that can be used as an index of the wettability of the solid. The value
of y is obtained from extrapolation of a plot of cos 6 versus yj y at cos 8 =1 using
homologous liquids or solutions of different surface tension. Using this approach, a
critical surface tension of 45 mN/m was measured for a series of coals with different
ranks, ranging from lignite to anthracite. 130 Using the same technique, Yang140 found a
value of 23 mN/m both for raw and oxidized coals ranging from sub-bituminous to
anthracite in solutions of alcohol and water. The latter observation is surprising
considering that oxidation strongly modifies the surface properties of coal. Horsley and
Smith!4! found that a plot of contact angle as a function of carbon content in coal
exhibited a maximum at about 88% carbon, attributed to a graphite-like structure of high
rank coals coupled with a high proportion of wax hydrocarbons, which are more
hydrophobic than graphite. The percentage of these waxy hydrocarbons is lower

anthracite coals, resulting in a lower contact angle.

Because of their heterogeneity, coal particles may vary widely in composition and
consequently each particle may have its own unique set of surface properties. Considering
this factor, Fuerstenau et al.135-139 developed the film flotation technique that permits
determination of the fraction of particles that sink (called lyophilic) or float (called
lyophobic) on liquids of different surface tensions, from which the distribution of wetting

surface tensions can be assessed. Particles sink under the condition when the contact
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angle is just zero. These tests provide a surface tension versus Iyophobic (hydrophobic)
fraction diagram from which the mean critical wetting surface tension of the coal particles
can be estimated. Fuerstenau e al.142 studied the effect of particle size on the film
flotation tests of coal. Working with various particle sizes from 53 to 425 pm they found
that for all size fractions, the partition curves were identical, suggesting that the mean
critical surface tension does not significantly depend on particle size. Working with coals
ranging from lignite to anthracite, Fuerstenau er al.143 found that the mean critical
wetting surface tension ranged from 31 to 69 mN/m, respectively, with an average of 43
mN/m and standard deviation of 9 mN/m. Using the same technique, Fuerstenau et al. 139
found critical surface tension values of 43 and 67 mN/m for an as-received and oxidized
Cambria #78 coal, respectively. Clearly, oxidation makes the coal surface less
hydrophobic. It has been demonstrated that measurements of the critical wetting surface
tension can be used to quantify the contact angle of coal particles as well as the

distribution of hydrophobic sites on the surface of coal particles. 139

In general, there are discrepancies in the contact angle measurements on different
coals, mainly due to the heterogeneous nature of coal, contact angle hysteresis produced
by the surface roughness, and the distribution of sites with different degrees of
hydrophobicity on the coal surface.  Gutierrez-Rodriguez et al.144 gudied the
hydrophobicity of different coals by contact-angle measurements and the work of adhesion
equation. Based on the water-sessile-drop contact angle, the hydrophobicity percentage
of coals was about 20% for lignite, and increased with rank up to a maximum of 70% for
low and medium volatile bituminous coals, then decreased for anthracite. Using the
captive-bubble technique, the calculated hydrophobicity ranged from 0% (below HVA
bituminous coals) to a maximum of 55% for LV-MV bituminous coals. Rosenbaum and
Fuerstenau!45 expressed the change in the contact angle with rank in terms of Cassie's

relation. 146 Assuming that different coals contain different amounts of hydrophobic and
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hydrophilic sites, the contact angles of different coals as a function of carbon content were
determined. The results were in excellent agreement with experimental measurements

reported by Brown. 147

A comparative study of contact angle measurements on three different coals by
using film flotation, sessile-drop and captive-bubble techniques has been reported. 148
Excellent agreement was found among contact angles obtained directly by sessile-drop and
captive-bubble measurements and those calculated from film flotation results. Also, the
effect of weathering on the hydrophobicity of coal particles was investigated by film
flotation response and induction time measurements. The results indicated that as a
consequence of oxidation, the hydrophobicity of coal stored in open atmosphere is smaller

than that for coal stored in inert atmosphere for similar periods of weathering.

The effects of coal rank, particle size and the mineral matter content of coal on its
heat of immersion were mvestigated by Fuller.149 who observed higher heats of
immersion for low rank coals, high mineral matter contents and small particle sizes. The
higher heats of immersion of low rank coals compared with high rank coals were
attributed to the higher concentration of oxygen functional groups on low rank coals.
Mineral matter present on the coal surface rendered it more hydrophilic. Small particles

have larger surface area, providing greater access of water to the internal surface.

During flotation practice, because of their heterogeneity, coal particles can be
partially hydrophobic and consequently interact with water molecules to form a liquid film
that may exhibit some stability over a finite period. The minimum time required for
thinning and rupture of the liquid film leading to a stable bubble-particle contact is called
the induction time. Through measurements of the induction time of raw and oxidized coal

particles, Ye and Miller 50 studied the effect of coal rank and oxidation of low rank coals
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on their wettability. A minimum induction time was observed for a LV bituminous coal
whereas anthracite and low rank coals exhibited larger induction times. They also found
that oxidation at 1300C for 50 hours increased the hydrophobicity of coal whereas
oxidation for longer time periods increased the mduction time. These results are in partial
agreement with the results of Diao,127 who observed that oxidation at temperatures
ranging from 100 to 2440C for 24 hours always increased the induction time. Yang140
found that a sub-bituminous coal oxidized i air at 1500C was more hydrophobic than as-
received coal. This anomalous behavior was attributed to the high moisture content of the
as received coal. When coal was heated, the moisture content was reduced and

consequently the coal surface becomes more hydrophobic.

In general, the wettability of different coals shows a minimum for LV bituminous
coals whereas low rank and anthracite coals exhibit higher wettability.144’147’150
Oxidation increases the wettability of coal samples due to the generation of oxygen
functional groups on the coal surface. 139,149 Mineral matter also contributes to increase

the wettability. 149
G. ELECTROCHEMISTRY OF PYRITE

FeS, occurs in nature in two crystalline forms, cubic pyrite and orthorombic
marcasite. Although both forms are present in coal, pyrite is much more abundant than
marcasite. 151 Pyrite (FeS) is the major inorganic form in which sulfur occurs in coal;
but because of its fine particle size, it is generally very difficult to separate from the coal
matrix. The surface properties of pyrite are the subject of renewed interest because of the
increasing awareness of the environmental hazard associated with the release of sulfur
dioxide during coal combustion.4 Currently, efforts are being made to improve flotation
and oil agglomeration, which are based on differences in surface properties for removing

pyrite from coal.” Oxidation of pyrite, which affects its surface properties, when pyrite is
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exposed to water and oxygen, may occur in hardly natural mines and waste dumps, or
during oxidative processing, such as hydrometallurgical treatment of pyritic gold ores.
Pyrite oxidation, also leads to the formation of sulfuric acid and ferric hydroxide in mine
drainage waters, which constitutes a significant environmental problem 152 By
electrochemical studies on coal pyrite samples Tao et al.153 found that the surface of
pyrite become more hydrophobic due to the formation of iron polysulfide by superficial

oxidation.

The oxidation of pyrite is controlled by mixed potential, corrosion-type
electrochemical reactions, in which pyrite undergoes anodic oxidation while oxygen or
another oxidizing agent is cathodically reduced. In this context, electrochemical
techniques offer a tool for quantitatively studying the redox behavior of different pyrite
samples in different environments. This provide msight into the behavior that can be

expected during flotation, or during chemical or biochemical leaching of pyrite.

Figure 1 shows the structure of pyrite, which is cubic with octahedrally
coordinated metal atoms at the corners and face centers. Disulfide atoms, Szz', lie at the
center of the cube and the midpoints of the cell edges. The midpoint of the Sy group

occupies the Cl sites of an NaCl structure, whereas the Fe atoms occupy the Na positions.

Knowledge of the thermodynamics of the iron- and sulfur-containing species
system is essential for predicting the possible reactions that pyrite can undergo under
different conditions. Figure 2 shows the Eh-pH diagram for the Fe-S-H7O system at
250C, for activities of dissolved Fe and sulfur species of 10-3 M.
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Figure 1: Structure of pyrite (FeS7). 152
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Figure 2: Eh-pH diagram for the Fe-S-HyO system at 250C. Activities of soluble Fe and
S species: 10-3 M. (Data taken from ref. 154)
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From Figure 2, pyrite would be expected to oxidize to Fe2* and HSO4" st the
most acidic pH values, and Fe2* and SO42- above pH 2. At high potentials, Fe3* would
be expected rather than Fe2*. At higher pH, Fe;O3 and sulfate are predicted. Figure 2
predicts that pyrite should be reduced to Fe2* and H,S below pH 4, to FeS and H3S from
pH 4 to 7, and to FeS and HS- above pH 7, with a pH-dependent reduction potential.
Clearly, a variety of redox products can form on pyrite, depending on its redox history.
The surface properties of the solid products vary substantially, and hence the behavior of

pyrite in physical coal cleaning is expected to be sensitive to its redox history.

Pyrite is a semiconductor, and therefore the electrical conduction is due to the
motion of either electrons in the normally empty conduction band (n-type), or holes in the
normally full valence band (p-type). Holes are positive charges, to which the net current
due to the lack of electrons in an almost-full band is conventionally attributed.!55 In a
solid, the Fermi level is defined as the energy level for which the probability of occupancy
by the electrons is 1/2. It is the same as the electrochemical potential of electrons in the
solid. In a n-type semiconductor, the Fermi level is near the conduction band edge,
whereas in a p-type semiconductor it is near the valence band edge. Thus, the work of
electron release for a p-type semiconductor is greater than that for a n-type semiconductor
by nearly the width of the band gap.153 Depending on its deviation from stoichiometry
and the impurity type and content, pyrite exhibits either n-type or p-type semiconduction
with a 0.9 £ 0.1 eV band gap. In non-stoichiometric pyrite, an Fe excess (sulfur
deficiency) correspond to a donor defect (n-type) and a Fe deficiency (sulfur excess)
corresponds to an acceptor defect (p-type).192 The electron donors more frequently
found in n-type pyrite are Cu, Ni, Co and Ag. The more common electron acceptors
found in p-type pyrite are As and Bi.156 Donors provide fiee electrons to the conduction
band, whereas acceptors produce an acceptor level located near the top of the valence

band. Electrons can be promoted across the band gap by a redox couple with an
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appropriate electronic distribution, or by pbotons. Conduction electrons are nearly two
orders of magnitude more mobile than holes, and n-type pyrite statistically has a lower
resistivity than p-type pyrite. 155 Coal pyrite is usually p-type whereas ore pyrite is n-
type. 152,157 However, Lai er al.158 based on cyclic voltammetry and X-ray
photoelectron spectroscopy studies, found that coal pyrite behaved as an n-type

semiconductor and mineral pyrite behaved as a p-type semiconductor.

Numerous studies have been made on the electrochemical behavior of ore and coal
pyrite at different pH's, Table 4 summarizes the conditions used in these studies and the
results obtamed. Comparison of Table 4 and Figure 2 shows that many of the
experimental studies of pyrite oxidation are not fully consistent with the behavior
predicted by thermodynamics for the appropriate pH. Moreover, because cyclic
voltammetry is a kinetic experimental procedure, there is hysteresis between oxidation and
reduction peaks, and the peak potential varies with scan rate. 139,160 Most studies
reported that the behavior of pyrite in the first cycle of cyclic voltammetry differed from
the behavior in the subsequent cycles. Coal pyrite generally passed higher current
densities than ore pyrite, and showed lower rest potentials, reflecting a higher
susceptibility to oxidation. 160-162 There were also differences between different samples
within each class. These differences have been discussed extensively, but the reasons for
them are not fully understood. Mirzal>2 suggested that the formation of a reverse biased
n-p junction in ore pyrite samples is responsible for the lower current densities passed
during cyclic voltammetry studies. Chander and Briceno!63 postulated that passivation
was responsible for the differences in electrochemical behavior between ore and coal
pyrite. However, passivation can not explain the fact that coal pyrite passes anodic
current over potentials where ore pyrite passes a cathodic current. 152 Biegler164

proposed that the differences in redox behavior among different pyrite samples were due
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Table 4: Summary of previous work on electrochemicatl studies on mineral and coal pyrite

Technique pH Scan Rate Potential Rest Pot. Anodic Peak Cathodic Peak Products Ref
mV/sec V(SHE V(SHE V(SHE V(SHE
Polarization, 1.0 20.0 -0.26 10 0.65 Ore Fe§, 024 0.06 Oxidation: - 164
Cyclic Voltammetry 0.60 Reduction: FeSy. . H;S
Cyclic Voltammetry 0.0 4.0 -0.80 to 1.60 Ore FeS, . . Oxidation: Fe'*, SO, H* 187
0.62 Reduction: Oxygen reduction
Polarization, 0.0 0.1-5.0 -0.8010 1.04 Ore FeS, Coal FeS, Coal FeS, Oxidation: - 161
Cyclic Voltammetry 0.60 0.25 0.19 Reduction: FeSg.,,. H;S
Coal FeS,
0.02
Cyclic Voltammetry 9.3 20.0 -0.60 t0 0.30 Ore FeS, Ore FeS, Ore Fe$S, Passivating oxide layer formed only on 157
AC Impedance 0.15 0.1 (cycle 10) -0.30 ore pyrite surface
Coal FeS, Coal FeS, Coal FeS,
-0.30 -0.1 (cycle 10) -0.50
Cyclic Voltammetry 1.0 0.2 and 20.0 <0.40100.10 Ore FeS, 0.72 (cycle 1-5) 0.64,-0.06,0.02 Oxidstion: Fe'*, SO,*, H' 156
0.56-0.67 (cycles 1-5) Reduction: FeSy o H,S
Cyclic Voltammetry 9.3 2.0 t0 100.0 -0.50100.20 Ore FeS, -0.1 (cycle 10) -0.30 Oxidation: Fe(OH), 159
AC Impedance 0.18 (cycle 10) Reduction: Fe(OH),, OH"
Cyclic Voltammetry 9.2 - -0.60 10 0.20 - 0.1 (cycle 1) -0.30 Oxidation: Fe(OH); and metal 153
(cycle 10) polysulfide (FeSn) 169
Cyclic Voltammetry 4.6-13.0 20.0 -0.50 10 1.00 Ore FeS, 0.4,0.0(pH:4.6) -0.18,0.25(pH:4.6) Oxidstion: Fe(OH),, S*, SO, and H' 167
-0.04(pH:4.6) 0.0 (pH:9.2) -0.27(pH:9.2) Reduction: FeS, OH", Fe(OH),, H,$
-0 17(pH:9.2) 0.2(pH:13.0) -0.65(pH:13.0)
-0.42(pH:13.0) (cycle 1) (cycle 1)
Cyclic Voltammetry 9.3 20.0 to 200.0 -1.20t0 1.10 - Ore FeS, Ore FeS, Oxidation: Fe(OH),, S*, SO,* 160
-0.56,0.15,0.75 -1.06,-0.76,-0.36 Reduction: FeS$, Fe®, Fe(OH), and HS"
Coal FeS, Coal FeS,
-0.50,0.15 0.5,-0.15
{cycle 1) {cycle 1)
Cyclic Voltammetry 9.2 100.0 0.65t0 1.05 - 0.6,0.2,0.8 0.3,-0.8 Oxidation: Fe(OH),, S°, SOt 168
(cycle 1) (cycle 1) Reduction: Sulfur imtermediates, Fe®,
Fe(Othnd HS 170
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to differences in impurity contents and semiconductor properties, and that a sub-

stoichiometric pyrite rather than FeS formed during cathodic reduction:

FeSy + 2xH' + 2xe «> FeSp  + xH3S 0<x<1 (45)

Peters and Majimall3 found that at the high potential where pyrite actually

oxidized in acidic conditions, Fe3* and SO42- were the principal products:

FeS, + 8Hp0 ¢ Fe3* + 28042~ + 16H' + 15e (46)

It was suggested that pyrite is in a "passive" state after exposure to air, and the
surface film formed may be adsorbed oxygen or an oxygen-sulfur compound.! 13 The
adsorbed oxygen participates in the xanthate oxidation to dixantogen during flotation

according to a mechanism originally proposed by Fuerstenau er al. 163

The rest potential of ore pyrite was generally higher than that of coal pyrite,
attributed to the presence of some species such as an iron oxide surface layer, adsorbed
oxygen, or an oxygen-sulfur compound, on ore pyrite that is absent on coal pyrhe16] or
to differences in semiconductor properties.!37  Differences between different mineral
pyrite samples in acidic conditions were correlated with differences in the semiconductor
properties, which in turn were related to the concentration of impurities and the S/Fe ratio
in the samples. 156 Higher cathodic and anodic currents were observed for samples with

the higher charge carrier concentration.

Under basic conditions, pyrite has been found to produce Fe(OH)3, SO, SO42' and
FeS,, (the latter is commonly referred to as polysuifide, and forms by preferential leaching
of Fe from the pyrite lattice).159,160,162,166-170 Minera] pyrite produced surface films
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of iron hydroxide with charge transfer resistance and other characteristics specific to each

pyrite sample. 139 Reduction under basic conditions produced FeS, OH-, Fe(OH), and
Fe 159,167,170

Both elemental sulfur and sulfate have been detected on oxidation of ore
pyrite, 167 although the appearance of sulfur is not predicted by thermodynamics. The
proportion of hydrophobic elemental sulfur decreased with increasing pH and potential, as
would be expected from Figure 2. Wadsworth and colleagues found that oxidation of
mineral pyrite in basic media at high potential produced elemental sulfur and iron oxides,
which in turn influenced the anodic and cathodic behavior at lower potentials.l60 Coal
pyrite shown similar behavior, albeit with higher current densities. Sulfur was detected
using an in-situ Raman technique during oxidation of both coal and ore pyrite in acidic,
neutral and weakly alkaline conditions; however polysulfide was only detected for ore
pyrite. 162 Tao er al. 153 found that the rates of oxidation and reduction of coal pyrite are
higher than those of mineral pyrite, which may be attributed to its high surface area and
coal inclusions. Due to the high surface area, reactions took place internally in the pores
and hindered diffusion of soluble products to the extemnal electrode surface. At very high
potentials, in the so-called transpassive region, ferric oxides, sulfate ion, and partially
oxidized sulfur intermediates were produced. The latter dramatically affected subsequent
oxidation at lower potentials. 168,170 Aplan171 indicated that there is a wide variation in
coal pyrite morphology from source to source. Ore pyrite in general, shows smooth
surfaces whereas coal pyrite can shows samples with porous grains, granular masses,
spherical masses and framboids. The effect of oxidation on the hydrophobicity of coal
pyrite was studied by Tao et al. 160 using freshly fractured pyrite electrodes. They fonn_d
that pyrite itself oxidizes to form ferric hydroxide (hydrophilic) and iron polysulfide
(hydrophobic). Freshly fractured electrodes prevent the pre-oxidation of the surfaces
during sample preparation.
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It is clear that the behavior of pyrite depends upon different factors including the
nature of the source. semiconductor properties, porosity, surface area and chemical
composition. An understanding of the behavior of pyrite surfaces under different
conditions may allow modification and improvement of methods for separating pyrite from

coal.
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IV. EXPERIMENTAL MATERIALS AND METHODS

A. MATERIALS

A.l. Coal Samples

Fourteen coals were used in this study. They came from different geographical
locations in the United States and vary in rank from lignites to anthracites, each having
different sulfur contents. One sample of freshly mined Upper Freeport coal was obtained
from the Troutville #2 Mine, Clearfield County, Pennsylvania and stored under argon.
Monosized fractions were prepared using a mortar and pestle, followed by sieving.
Storage, grinding and sieving were done in an argon-filled glove box, to prevent oxidation.
The other coals were obtained from the Pennsylvania State Coal Sample Bank. The
sample designations used to refer to the samples are those used by the Coal Bank. The

source, type and proximate analyses of these coals are tabulated im Table 5.

A.2. Coal Pyrite Samples

Two coal pyrite samples were used in this study: Upper Freeport and Pittsburgh
coal pyrite. Upper Freeport coal pyrite samples were hand picked from crushed Upper
Freeport coal obtained from the Troutville #2 Mine, Clearfield County, Pennsylvania.
Pittsburgh coal pyrite samples were provided by the U.S. Bureau of Mines, Pittsburgh
Research Center, Pennsylvania. One of the pieces of each sample was used to determine
chemical composition, another for oxidation and electrokinetic studies, and a third for

making electrodes to be used for electrochemical experiments.

A.3. Chemicals and Other Materials

Reagent grade chemicals were used i all experiments. Triply distilled water was

used in preparing all solutions. Argon 99.995% pure was used to maintain an inert
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atmosphere in the glove box and in the electrochemical experiments. The same argon and

99.7% pure nitrogen were used to deoxygenate solutions.

B. METHODS

B.1 Proximate and Elemental Analysis

Proximate analysis® of Upper Freeport coal was carried out using a LECO-MAC-
400 proximate analyzer. One gram of coal sample was loaded into a crucible, then the
temperature was increased to 106°C under nitrogen to release moisture. The samples
were weighed continuously inside the equipment until the sample weight stopped
decreasing. The percent moisture was computed from the difference between the initial
and the final value. The crucible was then covered and the temperature was increased to
9500°C under nitrogen to drive off the volatile matter. The computing procedure was
identical to that used in the moisture determination. Then, the temperature was decreased
to 600°C and the crucible covers were removed. Finally. the temperature was increased
to 7500C under oxygen and the coal sample was bumed. The weight loss was attributed
to fixed carbon and the remaining material was considered ash. The results were
computed on an as-received base and on a dry basis. The proximate analyses of the others
coal samples was provided by the Pennsylvania State Coal Sample Bank. The proximate
analyses of the coals studied are presented in Table 5. The accuracy of the proximate

analysis is 10.5%.

Ultimate analysis? of Upper Freeport coal was carried out using a LECO CHN-
600 elemental analyzer by buming about 0.15 g of coal samples at 950°C under oxygen

atmosphere in a combustion tube.
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Table 5. Proximate analysis of coal samples studied.

T A% T T RIS TSRS

Sample Origin Rank Proximate
(As-rec'd, %)
Ash | Volatile | Fixed | Moisture
Matter | Carbon
PSOC-1442 Darco, Texas Sub-bituminous C 7.60 4542 14.38 32.60
PSOC-1538 Bottom, Texas Sub-bituminous C 11.07 33.18 25.75 30.00
PSOC-1486 Big Dirty, Washington Sub-bituminous B 15.45 34.47 29.94 20.13
PSOC-1487 Adaville #1, Wyoming Sub-bituminous A 4.55 34.67 41.78 18.99
PSOC-153% Illinois #6, Mllinois HVC Bituminous 14.77 34.16 40.93 10.43
PSOC-1497 Nlinois #2, Hlinois HVC Bituminous 10.13 35.70 40.74 13.44
PSOC-1494 Kentucky #9, Kentucky HVB Bituminous 10.97 35.77 46.14 7.12
PSOC-1481 Upper Clarion, Pennsylvania HVA Bituminous 8.76 38.73 50.79 1.73
DECS-12 Pittsburgh #8, Pennsylvania HVA Bituminous 10.00 35.16 5244 2.40
UF." Upper Freeport, Pennsylvania MV Bituminous 17.59 27.05 55.35 1.50
PSOC-1527 | Upper Freeport, Pennsylvania MYV Bituminous 3030 | 23.14 46.10 0.46
PSOC-1516 | Lower Kittanning, Pennsylvania LV Bituminous 10.11 17.38 70.54 1.97
PSOC-1515 | Penn. Anthracite, Pennsylvania Semi Anthracite 2846 8.23 60.87 244
PSOC-1461 Mammot, Pennsylvania Anthracite 23.44 3.89 69.61 3.06
*Measured by the author

The amount of carbon dioxide and water produced by combustion was measured
by carbon and hydrogen infrared detectors, whereas NOx was first reduced to N» by hot

copper and a N-catalyst. then measured by a thermal conductivity cell.

The total sulfur content was determined using a LECO SC-132 Sulfur Analyzer.
The coal samples were combusted at 13700C under oxygen to oxidize sulfur to sulfur
dioxide. The water vapor was removed by magnesium perchlorate and the sulfur dioxide
was measured by an infrared detector. Finally, the oxygen content was calculated by

difference (%0 = 100. - %( C + H+ N + S + Ash))

The ultimate analyses of the others coal samples was provided by the Pennsylvania
State Coal Sample Bank. The elemental analyses of the coals studied are presented in

Table 6. The accuracy of the elemental analysis is 10.5%
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Table 6. Elemental analysis (dry basis) of coal samples studied .

Sample Origin Rank Carbon | Hydrogen | Nitrogen | Oxygen | Sulfur | Ash
% % % % % %
PSOC Darco Sub-bituminous 65.46 4.00 1.53 16.96 0.78 11.27
1442 Texas C
PSOC Bottom Sub-bituminous 62.53 4.75 1.23 14.69 0.99 15.81
1538 Texas C
PSOC Big Dirty Sub-bituminous 59.12 4.77 1.07 14.75 0.94 19.35
1486 Washington B
PSOC Adaville #1 Sub-bituminous 71.55 5.05 1.04 15.43 1.31 5.62
1487 Wyoming A
PSOC linois #6 HVC 65.49 4.56 1.11 8.16 452 16.16
1539 Illinois Bituminous
PSOC Niinois #2 HVC 69.17 4.06 1.32 7.82 5.93 11.70
1497 Nlinois Bituminous
PSOC Kentucky #9 HVB 70.33 428 1.23 7.50 4.85 11.81
1494 Kentucky Bituminous
PSOC Upper Clarion HVA 73.40 4.68 1.28 6.91 482 8.91
1481 Pennsylvania Bituminous
DECS Pittsburgh #8 HVA 74.78 5.11 1.23 7.51 1.12 10.25
12 Pennsylvania Bituminous
Upper Freeport | MV Bituminous NA* NA NA NA 1.12 17.59
U.F*. Pennsylvania
PSOC Upper Freepont | MV Bituminous NA NA NA NA 2.02 30.44
1527 Pennsylvania
PSOC Lower Kittann. LV Bituminous 79.67 4.20 1.47 2.95 1.40 10.31
1516 Pennsylvania
PSOC | Penn.Anthracite | Semi Anthracite | 62.38 2.77 0.80 430 0.58 29.17
1515 Pennsylvania
PSOC Mammot. Anthracite 70.87 1.45 0.87 1.89 0.74 24.18
1461 Pennsylvania

*NA: Not available. In the case of Upper Freeport coal (U.F) there was not equipment

available in our laboratory, whereas in the case of PSOC-1527 coal the analysis was not

provided by the Pennsylvania Coal State Bank..

*Measured by the author.

B.2 Pyritic Sulfur Analysis

method172(ASTM D2492-84).

The pyritic sulfur analysis was done by using the nitric acid extraction

In this method 2-5 g of Upper Freeport coal was

introduced into a 250 ml beaker. Fifty ml of HCl, with an HCI:H>O volume ratio of 2:3,
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was then added. The solution was heated and boiled for 30 minutes on a hot plate, then
cooled to room temperature. The solution was filtered. and the residue washed with 250
ml distilled water, to transfer all the HCI to the beaker. The remaining residue and filter
paper were transferred into a 250 ml beaker. Fifty ml of 1.97 M HNO3-(HNO3:H,0
volumen ratio of 1:7) was then added, and agitated to disintegrate the filter paper and wet
the coal. The new solution was then boiled for 30 minutes. After boiling, it was again
cooled to room temperature and filtered with 250 ml of distilled water. Two ml of 30%
H7O7 was added and the solution was boiled again for 5 minutes, to oxidize any organic
material that might have dissolved during the extraction. Finally the solution was
immersed in an ice bath, in order to cool it to room temperature, and made up to 250 ml
with distilled water. The solution was then analyzed for iron by atomic absorpti.on
spectrophotometry. The pyritic sulfur analyses of the others coal samples was provided by
the Pennsylvania State Coal Sample Bank. The pyritic sulfur analyses of the coals is
shown in Table 7.

B.3 Sulfatic Sulfur Analysis

In this analysis! 72 the filtrate obtained after the treatment of coal with HCl in the
pyritic sulfur analysis was used. The filtrate was treated with 5 ml of bromine water and
boiled for 5 minutes to oxidize iron and expel any excess of bromine. Iron was then
precipitated by adding ammonium hydroxide. The solution was filtered and made up to
400 ml whereas the filter paper was washed with a hot ammoniacal solution (1 vol
ammonia/ 10 vol. water). Two to three drops of methyl orange were added to the filtrate,
and the HCl was added until the solution turned pink. The solution was boiled and 10 ml
of barium chloride solution (100g/l} was added. The solution was then filtered and
washed with hot water. The filter paper containing BaSO4 was put into a crucible and

burnt. Then, the amount of sulfur sulfate was obtained gravimetrically.
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Table 7. Sulfur analysis (dry basis) of the coal samples studied.

Sample Ongin Rank Sulfatic { Organic | Pyritic | Total
% % % %
PSOC-1442 Darco, Texas Sub-bituminous C 0.02 0.65 0.11 0.78
PSOC-1538 Bottom, Texas Sub-bitumninous C 0.02 0.86 '0.11 0.99
PSOC-1486 Big Dirty, Washington Sub-bituminousB_| 0.0l 068 | 025 | 094
PSOC-1487 Adaville #1, Wyoming Sub-bituminous A 0.0} 1.27 0.03 1.31
PSOC-1539 Tlinois #6, Dlinois HVC Bituminous 0.0] 2.24 2.27 4.52
PSOC-1497 Hlinois #2, Nlinois HVC Bituminous 0.35 2.07 3.51 5.93
PSOC-1494 Kentucky #9, Kentucky HVB Bituminous 0.02 1.69 3.14 4.85
PSOC-148] Upper Clarion, Pennsylvania. HVA Bituminous 0.20 1.42 3.20 4.82
DECS-12 Pittsburgh #8, Pennsylvania. HVA Bituminous 0.01 0.73 0.38 1.12
U.F. Upper Freeport, Pennsylvania. MV Bituminous 0.0] 0.45 0.66 1.12
PSOC-1527 | Upper Freeport, Pennsylvania. MV Bituminous 0.05 0.34 163 | 2.02
PSOC-1516 | Lower Kittanning, Pennsylvania LV Bituminous 0.01 0.78 0.61 1.40
PSOC-1515 | Penn. Anthracite, Pennsylvania. Semi Anthracite 0.00 0.48 0.10 0.58
PSOC-1461 Mammot, Pennsylvania. Anthracite 0.02 0.36 0.36 0.74

Finally, the organic sulfur content was calculated by difference:

%Organic sulfur = %Total sulfur - (%Pyritic sulfur + %Sulfatic sulfur)

The sulfatic and organic sulfur analyses of the other coal samples was provided by

the Pennsylvania State Coal Sample Bank. The sulfatic and organic sulfur analyses of the

coals are shown in Table 7.

B.4 Coal Oxidation Methods

B.4.1 Thermal Oxidation

Upper Freeport coal samples were thermally oxidized in a mechanical convection

oven, Model 26 manufactured by Precision Scientific Groups. Five gram samples of -75

+63 pm particles, spread to a depth of about 1 mm, were oxidized at 100, 150, 200 and

2300C for 24 hours, to investigate the effect of oxidation temperature. Samples were also

oxidized at 2300C for 1, 2, 4, 8 and 24 hours, to investigate the oxidation rate. For
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thermal oxidation of the coals from the Pennsylvania State Coal Bank, five gram samples
of each coal were oxidized at 230°C for 1, 2, 4, 8 and 25 hours.

Five g samples of -75 +63 um Upper Freeport coal particles, were also oxidized in
a convection oven at 950C, or at room temperature (mean 20°C) for extended time
periods. Room temperature tests were done with uncontrolled (about 50-76%) humidity,
dry (in a dessicator), or at about 100% humidity (in a dessicator, with liquid water
present). To avoid oxygen depletion, the dessicator was left slightly open. Coal samples
from the Pennsylvania State Coal Bank were also oxidized at room temperature (mean
200C) for extensive time periods at about 100% humidity, and under uncontrolied (but

low) humidity.

The extent of oxidation for each of the above experiments was assessed by
analyzing the concentration of carboxylic and phenolic.groups by ion-exchange methods,

which will be described in the oxygen functional group analysis section.

B.4.2 Wet Oxidation

a. Acidic Ferric Sulfate

Twenty gram samples of -75 +63 pum (200x250 mesh) Upper Freeport coal
particles were oxidized for 24 hours at room temperature in a well stirred, Pyrex vessel,
through which argon was passed continuously, using 600 ml! of 0.0094 M, 0.0187 M, and
0.0374 M Fe)(SO4)3 solutions, all adjusted to pH 1.00+£0.05. This correspond to 50%,
100%, and 200% of the stoichiometric Fe(IIl) requirement for oxidizing all the pyrite in
each sample. Ten ml samples of the shury were withdrawn periodically, filtered
immediately, and the coal was washed with water to remove all ferric ions, to halt
oxidation. Both the coal and the liquid fraction were stored under argon. Solution

samples were analyzed by atomic absorption spectrophotometry, to determine the total
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iron concentration in solution. The ferric:ferrous ratio was determined from the solution
potential, using calibration curves.209  These calibration curves were prepared for
different total iron concentrations, using ferric solutions standarized by atomic absorption,

and ferrous solutions standarized by potassium permanganate titration.

b. Nitric Acid

Twenty gram samples of -75 +63 um (200x250 mesh) Upper Freeport coal
particles were oxidized for 24 hours at room temperature in a well-stirred, Pyrex vessel,
using 600 ml of 0.10 M or 3.00 M HNO3. Samples were taken and treated as described
above. The total iron in solution was determined by atomic absorption

spectrophotometry.

c. Hydrogen Peroxide

Twenty gram samples of -75 +63 um (200x250 mesh) Upper Freeport coal
particles were oxidized for 6 hours at room temperature in a well stirred, Pyrex vessel,
using 600 ml of 5.0%, 10% and 15% H,O», all adjusted to pH 1.0. Ten ml shurry samples
were withdrawn periodically and filtered immediately. The coal was washed to remove
residual HoO» and stored under argon. The liquid fractions were refrigerated, then were
analyzed by atomic absorption spectrophotometry to determine the total iron in solution,

and hence the extent of pyrite oxidation.

d. Wet Oxidation of Coal Samples from the Pennsylvania State Coal Bank

In the case of coal samples from the Pennsylvania State Coal Bank, 10 gram
samples of each coal were oxidized for 5 hours at room temperature in a well stirred,

Pyrex vessel through which argon was passed continuously, using 500 m! of 10% HyO; at
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pH 1.0, 1.0 M HNO3 or 0.05 M Fe3(SO4)3 at pH 1.0. These concentrations provided
solution potentials of about 700 mV. Ten ml samples of slurry were withdrawn
periodically and filtered immediately. The coal was washed carefully. dried under vacuum,

then stored under argon at room temperature.

The extent of oxidation of each coal sample in the above experiments was assessed

by analyzing the carboxylic and phenolic group concentration.

e. Chemical Oxidation of Coal Pyrite

Two standard methods for determining the pyrite content of coal and mineral
wastes, and their propensity to release acidic drainage, were evaluated. One is the nitric
acid oxidation-extraction method (ASTM D2492-84)172 described earlier in this chapter

and the other one is the peroxide oxidation method.173.174

i. Peroxide Oxidation Method

About 3 g of Upper Freeport coal was placed in a funnel fitted with filter paper.
To remove oxidized iron that might dissolve during peroxide treatment. the sample was
first leached with 300 ml HCI solution, with an HCl:H,O volume ratio of 2:3. The sample
was then washed with distilled water until the filtrate was free of chloride, as detected by a
10% silver nitrate solution. The filter paper and acid-leached sample were dried i a
convection air oven at 750C. About 2 gram of the dried sample was then placed in a 500
ml beaker and 24 ml of 30% HyO, was added, and the mixture was heated to 40°C, then
allowed to cool for 30 minutes, or until the reaction went to completion. About 12 ml of
Hy0O9 was then added to the beaker, and left for 30 minutes. The mixture was heated to
about 95°C for 30 minutes to decompose any unreacted Hy)O9. The solution volume was

made up to 100 ml, then heated to boiling to drive off any dissolved CO,. It was then
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cooled to room temperature and analyzed for iron by atomic absorption analysis. and for

acidity by titration with NaOH solution.

ii. Modifications to the Peroxide Oxidation Method

When the peroxide method was performed exactly as prescribed, very little pyrite
appeared to dissolve; this is because the reaction of 30% HOp with either coal or ore
pyrite is strongly exothermic. The temperature reached values as high as 95°C within a
few minutes of the initial addition of HyO,. Hydrogen peroxide decomposes rapidly at
such high temperature, hence there is limited oxidation of pyrite. In order to devise a
more reliable and reproducible analytical procedure that eliminated the thermal
decomposition of the hydrogen peroxide, two modifications of this method were

investigated.

1. As soon as the solution temperature reached 400C, the beaker was immersed in
an ice-water bath and cooled to room temperature. The beaker was then removed from
the ice-water bath. and the reaction was allowed to proceed until the temperature again
reached 400C, when the mixture was cooled again. Five cycles were usually needed to
allow the reaction go to completion; at that point, the standard procedure was followed.
This method is referred to as PO:40, whereas the unmodified peroxide oxidation method,

in which the temperature was uncontrolled, is denoted as PO:U.

2. The beaker with coal and hydrogen peroxide was held in an ice-water bath.
While the exothermic reaction between the pyrite and hydrogen peroxide was occurring,
the temperature of the solution stayed at 10 to 120C. Once the reaction slowed down,
and the temperature dropped to 7 to 8°C, the standard procedure was followed. This
method is referred to as PO:10.
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B.5 Oxygen Functional Group Analysis

As-received and oxidized coal samples were analyzed by the sodium acetate ion-
exchange method to determine the surface carboxylate species, and by the barium
hydroxide ion-exchange method to determine the total acidic species (carboxylate and

phenolic). Both methods are described in detail by Brooks and Stemnhell. 175

The sodium acetate ion-exchange method assumes that all the surface carboxylic
acid groups will be converted to their solution salts on exposure to a large excess of

sodium acetate, releasing hydrogen ions into solution according to the reaction:
RCOOH(s) + CH3COONa <« RCOONa(s) + CH3COOH (47)

A gram of sampie was purged with nitrogen, and shaken with 100 ml of 3.0M
sodium acetate solution for 24 hours. The solution was filtered and after the filtration
step, 30 ml of the filtrate was pipetted into the titrator beaker. which already contained 50
ml of CO;-free, triply-distilled water. This solution was then potentiometrically titrated

with 0.2 N NaOH using a Fisher computer-aided titrimeter Model 455.

The barium hydroxide ion-exchange method assumes that Ba2*exchanges with H*
in the carboxylic and phenolic groups, forming insoluble compounds on the coal surface

and releasing hydrogen ions into the solution:
2RCOOH(s) + Ba(OH); <> (RCOO)>Ba(s) + 2H,0 (48)

2ArOH(s) + Ba(OH); <> (ArO),Ba(s) + 2H,0 (49)

where (s) denotes a surface species.
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A gram of sample was purged with nitrogen, and shaken with 100 ml of 0.3 N
Ba(OH), solution for 24 hours. The solution was filtered. 30 ml of the filtrate was
immediately pipetted into the titrator beaker, which already contained 31 ml of 0.3N HCI
and 10 ml CO; free, triply-distilled (3D) water. This solution was titrated with 0.2 N
NaOH using the same equipment described above. The phenolic group concentration is

found by difference from the carboxylic and total acid concentrations.

B.6 Film Flotation Tests

The wettability of as-received, oxidized coal and coal pyrite samples was assessed
by film flotation. 135-139 Closely sized particles were gently sprinkled onto the surface of
solutions with different surface tensions. At any given surface tension, those particles that
do not sink into the wetting liquid are called lyophobic (hydrophobic), whereas those that
are imbibed into the liquid are called lyophilic (hydrophilic). The weight percentage of
each fraction was determined gravimetrically. and the percentage of lyophobic particles
was plotted as a function of the surface tension of the solutions. It should be emphasized
that this method provides information on the averaged surface properties of individual
particles. Each particle has a critical surface tension, which depends upon the relative
concentration of Iyophobic and lyophilic groups on the particle surface. Film flotation
tests reveal the distribution of critical surface tension. The mean critical surface tension of
each entire coal sample (the surface tension at which 50% of the sample is lyophobic) can

be obtamned from the distribution curve.

B.7 Zeta Potential Measurements

In order to study the effect of pH on the zeta potential of coal and coal pyrite

samples, particles were ground to minus 400 mesh (<38 pm) with a mortar and pestle in
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an argon-filled glove box. A 0.002M sodium nitrate solution was used as electrolyte,
because nitrate ions do not form complexes with metal ions commonly found in coal
suspensions. Sodium hydroxide and nitric acid were used to adjust the pH. Samples
containing 0.02 gram of either coal or coal pyrite with 100 ml of electrolyte solution were
conditioned for 16 hours, then redispersed ultrasonically. The zeta potential of each
sample was measured in a Model 501 Lazer Zee Meter, using 25 ml of coal or coal pyrite
suspension and a potential of 100 mV. Triplicate measurements were made for each
sample. The results reported here correspond to the average of three measurements versus

the final pH after conditioning.

B.8 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX)
Analysis

SEM/EDX analysis was done to study the morphology and the elemental
composition of raw coals, oxidized coals, coal pyrite samples and humic acids extracted
from coals. Samples were mounted on bronze sample holders and coated with carbon for
SEM examination using a JOEL JSM-35SF scanning electron microscope with a KEVEX
energy dispersive X-ray analyzer. The analyses were carried out at an accelerating voltage
of 10 kV and a beam current of 10 nA with an X-ray take off angle of 280. The SEM

instrument has a resolution of the order of 40-60 A.

B.9 Diffuse Reflectance Infrared Fourier Transform Analysis (DRIFT)

Coal and coal pyrite samples were prepared for DRIFT analysis by grinding a small
amount of either coal or coal pyrite in an argon atmosphere to -400 mesh. Spectra were
obtained using a computer-controlled Perkin Elmer 1750 Fourier transform infrared
spectrometer employing a liquid nitrogen-cooled MCT (Hg-Cd-Te) detector and operated

at nominal resolution of 4 cm™!. Prior to each analysis, samples were thoroughly mixed
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with KBr powder and transferred into a 10 mm aluminum cup. This cup was mounted in a
beam condensing accessory. Typically 400 interferogram scans were combined to obtamn

each spectrum. Each spectrum was ratioed to the spectrum of finely powdered KBr.

B.10 Surface Area Determinations

In gas adsorption experiments a quantity V of volume of gas sorbed at constant
temperature is determined at different relative pressures (P/Py), and the surface area is
evaluated from the value of volume at which the entire available surface is covered by a
monolayer of sorbate and from the cross-sectional area of the sorbate molecule in its
adsorbed state.30 In this study a Micromeritics Surface Area/Pore Volume Analyzer
(Model 2100D) was employed for gas adsorption experiments. In this apparatus, the
quantity of adsorbed gas is determined from volume measurements before and after each
adsorption step. The operating and data analysis procedures for the mstrument are
described in the Micromeritics Operating Manual. 176 CO, adsorption experiments,
followed by analysis using the Dubunin-Polanyi equation were used in the present study.

The relevant equation is:

log V = logV, - (BT2/B) log2(Py/P) (50)

where V is the volume of gas adsorbed, in cm3 adsorbate per gram of adsorbent, V, is the
micropore' capacity (cm3/g), P is the pressure, Py is the saturation vapor pressure of the
adsorbate at temperature T (K), B is the affinity coefficient of the adsorbate relative to
nitrogen, and B is a constant. Thus, a plot of logV vs logz(PolP) should yield a straight
line, with intercept of logV, and slope -BT2/B. Using the calculation procedures

described in the instrument manual,176 the gas volumes V and V,, are reduced to S.T.P.
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The applicability of equation (50) is limited to microporous materials, where the majority
of the pore diameters are a few times the effective diameter of the adsorbing gas
molecules. For such systems, monolayer adsorption may be assumed, so that V, may be

used to estimate the surface area from the equation:

S = NAV,Sav-110-20 (51)

where S is the specific surface area (m2/g), NA is Avogadro’s number, v is the specific
volume of the adsorbing gas, and S, is the effective specific surface area per molecule of
the gas at the appropriate temperature. The specific volume of CO, at S.T.P. is 2.23-104
cm3/mole and S, has been taken as 25.3 A2/molecule at 298 K.176 The factor 10-20
accounts for unit transformations. For all adsorption experiments the samples were
outgassed for 48 hours. The entire evacuation procedure was performed by the
mechanical vacuum pump in the gas adsorption apparatus at a vacuum of about 10-3 mm
Hg. The adsorption experiments were carried out at room temperature (about 20°C) by
placing a water-filled Dewar flask around the sample bulb. The time to reach equilibrium
between measurements varied from coal to coal, but was usually between 1.5 and 2.0
hours. In general, 4 different volume values were measured for each coal by using
pressure values ranging from 300 to 800 mm Hg. Sample weights of 1.0 to 2.0 g weighed

to four decimal points were used, and duplicate measurements were made for each coal
sample.
B.11 Surface Tension Measurements

The surface tension of methanol-water solutions used in the film flotation tests was

measured with a Fisher Scientific Surface Tensiomat, Model 21, using the du Nouy ring
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method. 177 This method is suitable for solutions that achieve surface tension equilibrium
rapidly, which is the case of methanol-water solutions. Three readings were taken on each
solution, with the average being utilized as the final value. Errors estimated from the

average differences in the triplicate measurements, were * 0.30 mN/m.

B.12 Hallimond Tube Flotation Tests

In these experiments no organic frother or collector was used. Instead, the so-
called "salt flotation" method was used.178 In this technique, the pH of the liquid phase is
controlled and a high concentration of non-specifically adsorbing electrolyte is used as a
bubble-size modifier and frother. The advantage of this method is that surfactant
adsorption effects at the solid-liquid and liquid-gas interfaces are negligible. Moreover.
the froth formed is of very low persistency, which minimizes the holdup of material at the
air-liquid surface. The salt flotation tests were made using a modified Hallimond tube. 179
Before each test. 1 L of a 0.5M NaCl solution was purged with 99.7% nitrogen for 1
hour, followed by 99.995% argon for | hour. One gram of 28 x 65 mesh (-590 + 210 um)
coal sample was then conditioned with 175 ml of deoxygenated 0.5M NaCl solution for 10
minutes. After conditioning, the slurry was added to the Hallimond tube. At this point the
nitrogen flow through the glass frit in the bottom of the Hallimond tube was turned on at a
flow rate of 30 ml/min and flotation was allowed to proceed for 3 minutes (designated as a
flotation time), unless otherwise stated. Throughout the entire conditioning and flotation
period the sample was magnetically stirred at constant speed. Nitrogen bubbles floated
hydrophobic solid particles to the air-liquid surface and as the bubbles broke, the particles
fell nto the concentrate stem. At the end of each test the fraction of material in the
concentrate stem and the material remaining in the cell above the frit were collected

separately, filtered, washed, dried and weighed, to determine the flotation yield.
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B.13 Electrochemical Experiments

B.13.1 Electrode Preparation

Upper Freeport coal pyrite samples about 5.0x5.0x7.0 mm in size were hand
picked from crushed coal, and cleaned, first with hot hydrochloric acid, to remove acid-
soluble impurities, then with pyridine, to remove coal impurities. A Pittsburgh coal pyrite
sample was prepared from a natural pyrite sample, which was dried at 80°C for 30
minutes in air, then transferred to a vacuum chamber to evacuate the pores. After 10
minutes the sample was coated with 302-2 epoxy resin in the vacuum chamber, allowing
the resin to penetrate all pores. After 20 minutes the pyrite sample was removed from the
vacuum chamber, cured at 90°C for 6 hours, then cut to size, avoiding inclusions, cracks

and voids.

Copper wires | mm in diameter were connected to the Upper Freeport and
Pittsburgh coal pyrite samples using silver epoxy, then each copper wire was shrouded in
an insulating plastic capillary tube. The sample and base of the plastic tube were then
encased in cold-setting resin, to expose only the bottom of the pyrite sample. Because of
the porous, irregular nature of the pyrite electrodes, the exposed surface areas were
estimated by mapping a magnified image. These areas, 0.2 cm? for the Upper Freeport

and 0.187 cm? for the Pittsburgh coal pyrite, were used to calculate the current densities.

The method used in the preparation of the Pittsburgh coal pyrite electrode was
adopted to overcome some difficulties observed during preliminary electrochemical tests.
Upper Freeport coal samples were very porous, irregular and likely with high surface area.
These physical characteristics allowed the electrolyte solution to penetrate the internal

surface of the electrode with the consequent damage of the connection between the
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copper wire and the pyrite samples. The method also allows to have a more realistic value

of the surface area used in the calculation of current densities.

B.13.2 Electrochemical Cell and Instrumentation

A three compartment electrochemical cell was used for all the’ electrochemical
experiments. A schematic diagram of the experimental set-up is shown in Figure 3. The
tubular furnace shown i Figure 3 was used to purify argon of any residual oxygen.
Argon passed over pellets containing activated copper, heated to 1200C. Activated
copper on the pellets reacts with oxygen in the argon to form copper oxide. Any CO,
trace in argon was removed by using calcium hydroxide pellets. Figure 4 shows details of

the electrochemical cell used in this study.

An EG&G Model 273 potentiostat was used for all the electrochemical
experiments. It was interfaced with an IBM computer (PC/XT). The electrode potentials
were controlled and the current measurements were made using the electrochemistry
software package, HEADSTRT, provided with the Model 273 potentiostat. The
programs used to run the electrochemistry experiments were written using a code system

provided by the software package HEADSTRT. 152

B.13.3 Rest Potential Measurements and Cyclic Voltammetry Tests

Before each electrochemical experiment a fresh pyrite surface was exposed by wet
grinding on a 600 grit silicon carbide paper using deoxygenated triply distilled water under
an argon atmosphere in a glove box. The surface was etched for a minute in a 2:1:1
mixture of HNO3:HF:CH3COOH by volume (70% W/W assay HNO3, 52% W/W HF,
and 99.7% CH3COOH), to dissolve any oxidized layers and surface debris. The electrode
was transferred to the electrochemical cell inside the glove box, to prevent oxidation. The

potentials were measured against a saturated calomel electrode using an EG&G Model
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273 potentiostat, and then converted to the SHE 'scale. The counter electrode was a

platinum gauze, 12 cm? in area.

In the rest potential measurements, the potential of coal pyrite electrodes was
measured as a function of time for 24 hours, in a pH 1.0 HySO4 solution, a pH 7.4
phosphate buffer (0.008695 M KH,PQy, 0.03043 M NayPOy4), a pH 9.3 borate buffer
(0.025M NasB407.10H>0) and a pH 10.5 borate buffer (0.0125M NayB407.10H20 m
0.02425M NaOH). In the cyclic voltammetry experiments the samples were contacted
with the selected buffer for either 2 or 24 hours, then scanned at 20.0 or 2.0 mV/s for five
cycles in each test, starting in the anodic direction from the rest potential. A potential
range of -0.43 to 1.05 V(SHE) was used at pH 1.0 whereas at higher pH values, a
potential range of -0.75 ‘to 0.75 V(SHE) was used.

B.13.4 Contact Angle Measurements

The contact angles were measured in the same electrochemical cell used in the rest
potential measurements and cyclic voltammetry experiments, with an extra hole.in the cell
cover to accommodate a curve-tipped capillary. A nitrogen bubble was placed onto the
surface of the coal pyrite electrode, using the capillary and a syringe, then the capillary
was removed from the surface. The bubble generally attached easily to the surface of the
coal pyrite when the contact angle exceeded 100. For contact angles below 100, the
bubbles did not have strong affinity for the surface of coal pyrite and often rolled off the
surface. The dependence of contact angle on the potential was assessed by stepping the
potential from the rest potential to the desired value, letting the electrode equilibrate for 5
minutes, then measuring the contact angle of three bubbles on each side of the bubble

profile. After measuring the contact angle, the potential was stepped to the next potential.
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V. RESULTS AND DISCUSSION

A. Oxidation Studies on Upper Freeport Coal

A.1l. Dry oxidation studies

The reaction of coal with oxygen is a complex process accompanied by a change m
the composition and properties. This chapter reports the compositional and structural
changes to the organic and inorganic material of the coals, caused by oxidation. The
effect of these changes on the subsequent behavior of coals, and the implications of the

results for practical situations are also discussed.

Five gram samples of -75 +65 um Upper Freeport coal, spread to a depth of about
1 mm, were oxidized in a convection oven at 100, 150, 200 and 230°C for 24 hours to
investigate the effect of oxidation temperature. Samples were also oxidized at 230°C for

1, 2, 4, 8 and 24 hours, to investigate the oxidation rate.

A.1.1. Acidic Group Analyses

In this study the extent of oxidation was assessed by analyzing the concentration of
carboxylic and phenolic groups by ion-exchange methods!75 and by infrared
spectroscopy. The reproducibilities between duplicate analyses of the acid-treated coals
were good. Errors, estimated from the average differences in the duplicate runs, were *
0.05 Wt% group oxygen for the carboxyl determinations and +0.15Wt% group oxygen for
the total acid determinations. Figure 5 shows that the majority of the acidic oxygen
groups are phenolic in the as-received coal and coal oxidized at temperatures up to
1509C. At higher oxidation temperatures there is a dramatic increase in the total

percentage of acid groups oxygen in the coal, but the majority of this is present as more
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Figure 5. Effect of oxidation temperature on weight percent oxygen in the form of
carboxylic and phenolic groups during oxidation of Upper Freeport coal for 24

hours.
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highly oxidized carboxylic groups. Higher oxidation temperatures have been reported to
produce carboxylic group preferentially,84,127e180»18] although higher concentration of
phenolic groups has been also reported. 143 Figure 6 shows that Upper Freeport coal
oxidized at 230°C for less than five hours has a majority of phenolic groups, whereas the
concentration of carboxylic acid groups increases steadily with oxidation time, exceeding
that of phenolic groups after five hours, suggesting that the oxidation product after more
extensive periods is carboxylic groups and phenolic groups are also transformed to
carboxilic groups. These results are in good agreement with results reported by other
researchers.?9,127,182

Figures 7 and 8 show the rate of generation of carboxylic and phenolic groups.
respectively. The rate of carboxylic group generation shows a maximum after two hours
whereas the rate of phenolic group generation shows a maximum at about two hours, but
is negative after about 4 hours, then increases again after 8 hours. These results suggest
that initially, the oxidation of coal may be dominated by the chemical adsorption of oxygen
molecules on the coal surface; thus, the generation of carboxylic and phenolic groups is
relatively slow. As oxidation progresses, more surface area is available (discussed later)
likely due to release of volatile matter and opening up of pores with thermal treatment.
Thus, a high concentration of oxygen on the coal surface is achieved and chemical
reactions leading to the formation of carboxylic and phenolic take place. At this stage, the
rate of oxidation increases substantially until it reaches a maximum. The decrease in the
total percentage of phenolic groups observed after about 4 hours suggests that generation
with concurrent transformation to carboxylic groups or to other functional groups could
take place. After 8 hours more oxidation occurs to form more phenolic and carboxylic

groups, but the rate of increase in carboxylic groups decreases with oxidation time.
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Upper Freeport coal oxidized at 2300C.
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Upper Freeport coal oxidized at 230°C.
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A.1.2 Film Flotation Tests

The wettability of as-received coal, and samples subjected to various degree of
thermal oxidation for 24 hours was assessed by film flotation, 135-139 ysing solutions with
surface tensions between that of distilled water (72.8 mN/m) and pure methanol
(22.5mN/m). Figure 9 shows the film flotation partition curves of raw coal and coal
oxidized at different temperatures and Figure 10 shows the mean critical surface tensions
derived from these curves. It is clear that there is a distribution in the wettability of coal
particles. For the sample oxidized at 230°9C, the mean critical surface tension was
obtained by extrapolation. and hence is only approximate. The critical surface tension
increased dramatically with increasing oxidation temperature, corresponding to a decrease
in the hydrophobicity of the coal samples with oxidation and loss of volatiles and therefore
less coal would be floated during cleaning with increasing extent of oxidation. These
results are similar to those observed previously.%v127v129 Figure 11 indicates that at
2300C, the partition curves shifted to higher surface tension values with increasing
oxidation times as compared with that of as-received coal particles. Figure 12 shows that
at 2300C there is a rapid increase in the mean critical surface tension for oxidation times
of less than 5 hours. After 5 hours, the mean critical surface tension appears to increase
more slowly, although there is less certainty in these values, since they are extrapolated; it
would be expected that the surface tension would reach a maximum value, corresponding
to complete surface oxidation. Figure 13 shows that the mean critical surface tension of
coal samples appears to be directly related to the total concentration of acidic functional
group oxygen; these groups increase the hydrophilicity of the coal surface due to strong
interaction with water molecules. The observed increases in hydrophilicity could also be
due to evolution of volatile matter during oxidation. Figure 13 also indicates that

complete external surface oxidation has not been  achieved, even
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after twenty four hours at 2300C as indicated by the slow decrease in the slope of the

curve.

For low temperature oxidation, a slight decrease in the hydrophobicity of the coal
samples was observed, but this effect is moderate. The results are consistent with the

increase in total acid oxygen percentage (discussed later).

A.1.3 Electrokinetic Studies

The zeta potentials of the as-received Upper Freeport coal and of the samples
oxidized at different temperatures were determined as a function of pH in 0.002 M
NaNOj3 solution after conditioning for 16 hours. Triplicate measurements were made for
each sample and the results reported correspond to the average of three measurements

versus the final pH after conditioning.

Figure 14 shows that increasing the oxidation temperature decreased the zeta
potential in acidic and slightly alkaline solutions. For coal oxidized at 150°C for 24 hours.
the PZR dropped from its original value of pH 4.8 to about pH 2.8. Samples oxidized at
higher temperatures were negatively charged at all pH values tested. This is attributed to
the formation on oxidation of acidic surface functional groups that are dissociated even at
low pH. The results are in agreement with the findings of other authors. 116,127
Although the origins of coals are very different, the PZR value of the as received coal is in

agreement with those of bituminous coals shown in Table 3.
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A.1.4 Humic Acid Extraction Test

Humic acids have been found to form by thermal oxidation of coal. 79.80,183-185
Humic acids are a complex mixture of highly functionalized macromolecules having a
moderately high aromatic carbon content (65-75%), acidic functional groups (for example,
phenolic and carboxylic) and average molecular weights between 300,000 aﬁd 50,000.185

These acids are highly soluble in alkaline solutions.

During electrokinetic experimentation at pH 12 of coal samples that had been
oxidized at 200 and 2300C, the pulp acquired an intense brown color, attributed to the
dissolution of humic acids. Dissolution and readsorption of humic acids might also be
responsible for the fact that the zeta potential of these samples remained constant in the
alkaline range, whereas that of the less oxidized samples continued to become more
negative. However, at pH greater than 10 there is possible a combined effect of
dissociation of humic acids and adsorption of sodium ions. In order to study the effect of
humic acids on the wetting behavior of coal, humic acid was extracted from 0.3 g of
Upper Freeport coal, that had been previously oxidized at 2300C for 24 hours, by shaking
with 500 ml of 0.1 M NaOH solution in an inert atmosphere at room temperature for 16
hours, decanting and filtering. The filtrate was then acidified with 0.1 M HCI solution to
pH 2.0. After shaking for 16 hours, the humic acid precipitate was separated by
centrifuging and filtering. This precipitate was washed repeatedly with distilled water to
remove any HCI or NaCl, until the filtrate was nearly colorless. The removal of HCI and
NaCl was also verified by additions of a few drops of silver nitrate to the filtrate until no
formation of a AgCl precipitate was observed. Then the humic acid was dried overnight

at room temperature in a dessicator under vacuum. to minimize oxidation.

Humic acid formed on the coal surface during oxidation makes the coal surface

more hydrophilic. Figure 15 shows the film flotation partition curves of as-received coal,
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Figure 15. Film flotation partition curves of Upper Freeport coal: B: as received;

Surface tension methanol solution, mN/m

x: oxidized at 2309C; 0): after humic acid extraction.
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coal oxidized at 2300C and coal oxidized at 2300C after extraction of humic acids. The
removal of the hydrophilic humic acids clearly restores most of the intrinsic wettability of

the coal

The generation of humic acid by oxidation is the final result of a series of chemical
reactions. The chemical modifications of the coal structure that are responsible for
conversion to humic acids are in general consistent with a preferential oxidation of the
aliphatic structure of coal, leading to a more aromatic product and concomitant formation

of various oxygenated functional groups that make the coal surface more

hydrophﬂic.g"‘, 185,186

A.1.5 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX)
analysis

SEM/EDX analysis was done on Upper Freeport coal to study the morphology
and the elemental composition of raw coal, oxidized coal, oxidized coal after extraction of

humic acid and humic acids. Microscopy alone yielded information of limited use.

A small sample of -75 +63 pm particles of each coal was used for analysis. For
each coal or humic acid sample, one particle was selected for EDX analysis. EDX analysis
gives only qualitative information for elements of atomic number 6 and above. Figure 16
shows the energy dispersive spectrum of as-received coal. C, O, Al, Si and S are clearly
visible. The carbon, oxygen and sulfur are from the coal; and the aluminum and silicon are
from the ash minerals, although the latter were not visible under microscopy. Copper and
zinc were from the SEM sample holder. Any iron was below the detection limit of 1.0
%wt. Figure 17 shows the energy dispersive spectrum of coal oxidized at 2300C for 24
hours. Comparing Figure 16 with Figure 17, there is a marked increase i the intensity of

the oxygen peak, demonstrating the formation of oxygen containing functional groups by
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Figure 16. Energy dispersive spectrum of as-received Upper Freeport coal.
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Figure 17. Energy dispersive spectrum of Upper Freeport coal, oxidized for 24 hours at
2300C
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Figure 18. Energy dispersive spectrum of Upper Freeport coal, oxidized for 24 hours at
2300C, after extraction of humic acids.
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Figure 19. Energy dispersive spectrum of humic acid extracted from Upper Freeport coal,
after oxidation for 24 hours at 2300C.
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oxidation. Figure 18 shows the energy dispersive spectrum of coal oxidized at 230°C for
24 hours after extraction of humic acids. The oxygen peak is dramatically lower than n
Figure 17, due to the removal of carboxylate groups of the humic acids. This is consistent
with the observation that the floatability of Upper Freeport coal was partially restored
after remotion of humic acid (Figure 15). The energy dispersive spectrum of humic acid,
shown in Figure 19, shows an oxygen peak that is very strong, comparable with the
carbon peak, revealing the oxygen rich nature of humic acids. Comparing Figure 19 with
Figure 18, there is a increase in the intensity of the aluminum and silicon peaks in the
humic acid particles and a decrease of the respective peaks in the coal particles after
extraction of humic acids. This could be due to the existence of organic-clay complexes in
the as-received coal; these complexes show strong solubility in basic solutions!87 and

were extracted simultaneously with humic acids.

A.1.6 Surface Area Measurements

The specific surface area of the as-received and oxidized coal samples was
measured with a Micromeritics Surface Area/Pore Volume Analyzer (Model 2100D) using
carbon dioxide as an absorbent at room temperature. Figure 20 shows the data for Upper
Freeport coal plotted by the Dubinin-Polanyi method; an excellent fit to a straight line was
obtained. A surface area of 120.5 m2/g was obtained for as received Upper Freeport
coal. This surface area increased by about 54% after oxidation at 230°0C, mainly due to
the opening of pores by evolution of gaseous compounds on heating. However, this effect
was not visually observed by SEM analysis, suggesting that the increase in surface area is

mainly associated with opening of micropores.
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Figure 20. A Dubinin-Polanyi plot of as-received Upper Freeport coal as obtained by
carbon dioxide adsorption at room temperature.
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A.2 Low Temperature Oxidation of Upper Freeport Coal.

Upper Freeport coal samples were also oxidized in a convection oven at 950C, or
at room temperature (mean 219C) for extensive time periods. The latter allows to
simunlate weathering conditions, which are not easy to control. Room temperature tests
were done with uncontrolied (about 50-70%) humidity, dry (in a dessicatof), or at 100%

humidity (in a dessicator, with the desiccant replaced by water).
A.2.1 Acidic Group Analyses

Figure 21 shows that at 950C there was rapid oxidation in the first few days,
followed by steady. but much slower oxidation. At 210C, there was relatively little
oxidation when the satﬁples were dry or under low humidity. After 20 days, oxidation
under dry condition proceeded faster than oxidation under ambient conditions. At 100%
humidity, oxidation appeared to proceed at steady, intermediate rate for the duration of
the test and increased continously after 20 days. There are contradictory opinions in the
literature in relation with the mechanisms involved40,88-92 but, the results of the present
study are in agreement with the observation of some authors.88-91 As mentioned earlier,
during adsorption of oxygen on solid surfaces ionic oxygen can be formed!03 and react
with water to form hydroxyde ions and radicals that can participate in the formation of
hydroperoxide compound and free radicals. Thus, water enhances oxidation of coal by

promoting the formation of free radicals.
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Figure 21. Effect of oxidation time on weight percent oxygen in the form of carboxylic

groups on the surface of Upper Freeport coal oxidized under different humidity
conditions: M: oxidized at 95°C (low humidity); O: oxidized at 21°9C (50-70%
humidity); x: oxidized at 219C and 100% humidity; +:oxidized at 219C and dry
air.
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A.2.2 Film Flotation Tests

Figure 22 shows the film flotation partition curves for coal oxidized under the
conditions described above. The result are consistent with those in Figure 21; the increase
in total acid oxygen produces a slight decrease in the hydrophobicity of the coal samples,

but this effect is moderate.

A.3 Wet Chemical Oxidation of Upper Freeport Coal

In general, wet oxidation of coal studies has been studied to mvestigate the
possibility of chemically removing sulfur from coal40-46,93-96 In this study, wet
oxidation tests were done on Upper Freeport coal using different oxidizing agents to
investigate the changes induced by oxidation on the surface properties of the coal. The

ability of the different oxidizing agents to remove sulfur is also discussed.

A.3.1 Oxidation by Acidic Ferric Sulfate Solutions.

Twenty gram samples of Upper Freeport coal particles were oxidized for 24 hours
at room temperature using 600 mi of 0.0094 M, 0.0187 M, and 0.0374 M Fe(SO4)3
solutions, all adjusted to pH 1.0040.05. This correspond to 50%, 100%, and 200% of the
stoichiometric Fe(IIl) requirement for oxidizing all the pyrite in each sample. In these
experiments the ferric:ferrous ratio was determined from the solution potential, using
calibration curves.209 These calibration curves were prepared for different total iron
concentrations, using ferric solutions standarized by atomic adsorption, and ferrous
solutions standarized by potassium permanganate titration. The effect of the
concentration of ferric sulfate on the solution potential during oxidation of Upper Freepén

coal is shown in Figure 23. It is observed that in all three oxidation tests, the solution

90

e PR G A RO ST, STy St ek A" = T ot o]
T KTNIT T STETITOR. T T T T N A S e L TN, o EERS S LT XA e



© ke e ) T e IR - S RTINS RSN

100 —
—__A—
.5 - x/
5 X
g 80- /
o 4
L0
O
r=t
S 60-
>
- | ]
[t
3
S 40
Q.
0]
2
© '3
= 201
E /
S ’
0 s : ' '
0 20 40 60 80 100

Surface tension methanol solution, mN/m

Figure 22. Film flotation partition curves of Upper Freeport coal samples oxidized at
950C and 219C for 35 days, oxidized at 21°C under dry and humid conditions
for 50 days.: B as received; A:oxidized in dry air at 219C; *:oxidized in ambient
humid at 21°C (50-70% humidity); x:oxidized at 95°C (low humidity);

Q:oxidized in saturated air at 210C.
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Figure 23. Effect of the ferric sulfate concentration on the solution potential during
oxidation of 20 g of Upper Freeport coal at room temperature with 600 ml of
solutions at pH 1.0 : B: 0.0374M Fe)(SOy4)3; + 0.0187M Fey(SO4)3; L
0.0094M Fey(SO4)3.
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potential, which in this medium reflects the ferric:ferrous ratio, decreased rapidly durmg
the first few minutes, then continued to decrease more slowly over the 24-hour test
period. Figure 24 shows that the Fe(III) concentration decreased markedly in the first few
minutes, then remained almost constant, whereas the ferrous concentration increased
steadily over 24 hours (Figure 25), accounting for the observed decline in the solution
potential. The initial decrease in Fe(III) led to an overall decrease in total dissolved iron.
and hence cannot be due only to reduction to Fe(II). It is thought that the iron loss, which
has also been observed in other tests, is due to chemisorption on oxidized surface
functional groups, or precipitation of a hydrolyzed phase. This hypothesis has been has
also been observed in other tests, is due to chemisorption on oxidized surface functional
groups, or precipitation of a hydrolyzed phase. This hypothesis has been recently
confirmed by Eligwe and Okolue,!14 who found that adsorption of iron on the coal
surface takes place by ion-exchange mechanisms imvolving carboxylic and phenolic

groups. They also reported precipitation of metal hydroxides.

AJ3.2 Oxidation by Nitric Acid Solutions.

Twenty gram samples of Upper Freeport coal were oxidized for 24 hours at room
temperature, using 600 ml of 0.10 M or 3.00 M HNO;3. The percentage of carboxylate
oxygen generated by oxidation of Upper Freeport coal by nitric acid solutions is shown in
Table 8. 0.IM HNOj3 gave a slight increase in the carboxylate oxygen content of the coal,
whereas 3.0M HNO3 gave an appreciable increase. These results only partially reflect the
oxidation of coal, since oxidation could have generated other functional groups. Figure
26 shows the film flotation partition curves for coal samples oxidized by 0.1M and 3.0M
HNO3 solutions. As expected, the surface tensions shifted to higher values with
increasing nitric acid concentration. Table 9 shows the mean critical surface tension after

both treatments.
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Figure 24. Concentration of ferric iron in solution as a function of time during oxidation of
20 g of Upper Freeport coal at room temperature with 600 m! of solutions at
pH 1.0 :W: 0.0374M Fey(SO4)3; + 0.0187M Fey(SO4)3; Q: 0.0094M
Fe2(S04)3.
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Figure 25. Concentration of ferrous iron in solution as a function of time during oxidation

of 20 g of Upper Freeport coal at room temperature with 600 ml of solutions at
pH 1.0 :M: 0.0374M Fey(SOg4)3; + 0.0187M Fep(SO4)3; Q: 0.0094M
Fex(S04)3.
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Figure 26. Film flotation partition curves of Upper Freeport coal oxidized by HNO3
solutions for 24 hours: M:as-received; Q:oxidized with 0. 1M HNO3;
x:oxidized with 3.0M HNO3
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Table 8. Weight percent carboxylate oxygen in Upper Freeport coal samples oxidized by
nitric acid solutions

Coal Treatment Weight % Carboxylate Oxygen
As-received coal 0.68

0.1M HNO3, 24 hours 0.81

3.0M HNOs, 24 hours 1.87

Table 9. Mean critical surface tension of coal samples oxidized by nitric acid.

Coal Treatment Mean Critical Surface Tension, mN/m
As-received 40
0.1M HNO3, 24 hours 51
3.0M HNOs, 24 hours 65

Figure 27 shows the percentage of coal pyrite dissolved by HNO3 as a function of
time. At either 0.1 or 3.0M HNOj5 there was rapid initial oxidation; the former eventually
oxidized 64% of all pyrite in the coal sample, whereas the latter had oxidized all pyrite
within 5 hours. It is clear from the solution potentials in each case (Figure 28), that

oxidation halted at the lower nitric acid concentration because of the low potential.

A.3.3 Oxidation by Hydrogen Peroxide Solutions.

Twenty gram samples of Upper Freeport coal were oxidized for 6 hours at room

temperature, using 600 ml of 5.0%, 10% and 15% HO». all adjusted to pH 1.0 by using
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Figure 27. Percentage of Upper Freeport coal pyrite dissolved by: 1 0.1M HNO3;
#: 3.0M HNOj3 at room temperature.
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Figure 28. Solution potential as a function of time during oxidation of Upper Freeport coal
by: O 0.1M HNO3; B: 3.0M HNO3 at room temperature.
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sulfuric acid solutions. Figure 29 shows the percentage of coal pyrite dissolved by HpO>
as a fimction of time. About 88% and 92% of the coal pyrite was dissolved in 6 hours,
using 10.0 and 15% HyO9 respectively, whereas 5.0% H0, dissolved only about 67% of
the coal pyrite. These results show the suitability of hydrogen peroxide for removing
inorganic sulfur from coal, as observed by different authors.40-43 Figu:é 30 shows the
variation of solution potential with time. It is clear that the potential increases only
marginally with increasing HpO concentration. Table 10 shows the weight percent of
carboxylate oxygen generated within 6 hours in each experiment. Comparing with Figure
21, it is clear that the peroxide dramatically accelerated oxidation; even 5% H0; gave
more oxidation after 6 hours than occurred in 50 days at 21°C in bumid air. This suggests
that peroxide is, indeed a suitable oxidant for accelerated oxidation tests. The results in
Figure 31 indicated that‘the use of high concentrations of peroxide strongly decreased the
hydrophobicity of coal. This result are consistent with those obtained by Fuerstenau et
al.143,96 who found that oxidation of coal by using hydrogen peroxide markedly
decreased the hydrophobicity of coals. The reactions involved in the chemical oxidation
of coal by hydrogen peroxide are not well understood. Heard and Senfle44 proposed a
Fenton's reaction mechanism by which coal is oxidized on active centers to form phenol
structures and carboxylic acids. Moreover, in the presence of pyrite, hydrogen peroxide

dissociates to form OH- radicals that oxidize the coal surface.
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Figure 29. Percentage of Upper Freeport coal pyrite dissolved by: +: 5% Hy07;
Q: 10% Hy0,; B:15% HyO; solutions.
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Figure 30. Solution potential as a function of time during oxidation of Upper Freeport coal
by: +: 5% Hp07; Q: 10% H0,; W:15% Hy0 solutions.
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Table 10. Weight percent carboxylate oxygen in Upper Freeport coal samples oxidized by
by hydrogen peroxide solutions.

Coal Treatment Weight % Carboxylate Oxygen
As-received 0.68 - .
5.0% H»O», 6 hrs 0.95
10.0% H>0», 6 hrs 1.20
15.0% H»O», 6 hrs 1.47
104
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B. Oxidation Studies on Coals from Pennsylvania State Coal Bank

B.1. Dry Oxidation Studies

In the previous section, dry oxidation studies on Upper Freeport coal were
performed at different temperatures ranging from 21 to 2300C. It was observed that
severe oxidation of coal occurs at high temperature (230°C) in a relatively short time
period. Oxidation tests were done on other coal samples at 230°C to minimize

experimental time.

Coals with different rank and sulfur content obtained from Pennsylvania State Coal
Bank were studied. Tables 5, 6, and 7 (Chapter IV) show the proximate, elemental and
sulfur analysis of the coals studied. Five gram samples of each coal were oxidized in a
convection oven at 2300C for 1, 2, 4, 8, and 24 hours. The extent of oxidation was
assessed by analyzing the concentration of carboxylic and phenolic groups by ion-

exchange methods, as described earlier.

Figure 32 shows the carboxylate and phenolic contents of three coals having
different ranks: sub-bituminous (PSOC-1442), HVA bituminous (DECS-12) and
anthracite (PSOC-1461) coals. The sub-bituminous coal experienced the greatest increase
in total acidity (carboxylic plus phenolic) in 24 hours. With the exception of the anthracite
coal, oxidation was fastest in the first few hours. The greater susceptibility to oxidation,
of the sub-bituminous coal is consistent with the fact that lower rank coals are richer in
aliphatic components that oxidize preferentially. —The anthracite coal experienced
negligible oxidation. Figure 33 shows the carboxylate and phenolic contents of LV
bituminous (PSOC-1516), MV bituminous (PSOC-1527) and HVA bituminous (PSOC-
1481) coals. The HVA bituminous coal (high sulfur) underwent the highest increase in

total acidity whereas the lowest was experienced by the LV bituminous coal. Again, the
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Figure 32. Wt% carboxylate and phenolic oxygen of coals oxidized at 230°C.
PSOC-1442 (Sub bituminous C): [] phenolic, ® carboxylic;
DECS-12 (HVA Bituminous): O : phenolic, ® :carboxylic;
PSOC-1461 (Anthracite):A: phenolic, A: carboxylic.
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PSOC-1481 (HVA Bituminous): [J phenolic, B carboxylic;
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susceptibility of bituminous coals to oxidation is consistent with rank. Figures 32 and 33
show that PSOC-1481 was more susceptible to oxidation than the other HVA bitummous
coal, DECS-12; this could be due to the higher sulfur content of the former, or to its
higher volatile matter content. The results given in Figures 32 and 33 .show that the
percentage of phenolic group oxygen increased substantially in the first 5 hours in the case
of HVA bituminous coal (DECS-12), whereas with the exception of anthracite, the
percentage of phenolic groups increased only after 5 hours, thereafter increased only
slightly, whereas the percentage of carboxylic group oxygen increased steadily over the
entire oxidation period. These results suggest that phenolic groups are generated mostly
during the first hours of oxidation. At longer oxidation periods, they probably can be
further oxidized to quinone structures101,102 or be converted to carboxylic groups.
Carboxylic groups seem to be more stable at higher temperatures. Studying the oxidation
of coal using X-ray photoelectron spectroscopy, Perry and Grint 188 observed that stable
carboxylic groups were generated in high concentration at temperatures above 250°C.
The comparison between the oxidation behavior of the freshly mined Upper Freeport coal
(Figure 6) with the behavior of Upper Freeport coal from the Pennsylvania State Coal
Bank (PSOC-1527 in Figure 33) indicates that the former experienced more extensive
oxidation likely due to its higher moisture content. However, the effect of oxidation on
the wettability (discussed later) was more severe in the PSOC-1527 sample attributed to

its high ash content.

Figure 34 shows the carboxylate and phenolic contents of three sub-bituminous
coals: sub-bituminous C (PSOC-1538), sub-bituminous B (PSOC-1486), and sub-
bituminous A (PSOC-1487) coals. The sub-bituminous A coal experienced the greatest
increase in total acidity (carboxylic plus phenolic) in 24 hours, suggesting that this coal has
more propensity to be oxidized. It is observed that for all the coal samples, oxidation was

fastest in the first few hours. The phenolic content was much greater than the carboxylic

108

.
TSN T SIS TAAENNG o B ANRTITETIIETTTITN T e e Sa AR L TR PTTETTT AT oL



Wt% Carboxylic group oxygen

Oxidation time, hours

Figure 34. Wt% carboxylate and phenolic oxygen of coals oxidized at 230°C.

PSOC-1538 (Sub-bituminous C): [J phenolic, B carboxytic;
PSOC-1486 (Sub-bituminous B):O: phenolic, ®: carboxylic;
PSOC-1487 (Sub-bituminous A): A : phenolic, A :carboxylic.
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Figure 35. Wt% carboxylate and phenolic oxygen of coals oxidized at 230°C.

PSOC-1515 (Semi-anthracite): [] phenolic, B carboxylic;
PSOC-1539 (HVC Bituminous):O: phenolic, ®: carboxylic;
PSOC-1497 (HVC-Bituminous): A : phenolic, A :carboxylic.
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oxygen, indicating that there was more oxidation on the aromatic structure of coal. Figure
35 shows that the semi-anthracite coal (PSOC-1515) experienced negligible oxidation,
whereas PSOC-1497 coal experienced slightly more oxidation than the other HVC

bituminous coals (PSOC-1539), probably due to its higher moisture content.

B.2 Film Flotation Tests.

The wettability of the as-received and oxidized coals from the Pennsylvania State
Coal Bank was assessed by film flotation. Figure 36 shows the film flotation curves of as-
received and oxidized sub-bituminous (PSOC-1442), HVA bituminous (DECS-12) and
anthracite (PSOC-1461) coals. The hydrophobicity of the sub-bituminous and bituminous
coals was markedly reduced by oxidation, by both the increase in surface acid groups and
the loss of volatile matter on heating. The decrease in hydrophobicity observed in
anthracite coal after thermal treatment is probably due to the loss of volatile matter. As
expected, Figure 36 shows that the shift of the partition curves decreased as the coal rank
increases; this is consistent with the fact that lower rank coals are more susceptible to
oxidation than higher rank coals. Figure 37 shows film flotation curves of as-received and
oxidized LV bituminous (PSOC-1516), MV bituminous (PSOC-1527) and HVA
bituminous (PSOC-1481) coals. The hydrophobicity of each coal was significantly
reduced by the increase of acidic groups and the loss of volatile matter. The MV
bituminous coal underwent a dramatic reduction in hydrophobicity due to its high ash
content. Figure 38 shows that reduction in hydrophobicity of sub-bituminous coals was
less severe than the reduction experienced by bituminous coals (Figure 37). It is possible
that oxidation in bituminous coals took place more preferentially at the external surface of

the coal particles.
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Figure 36. Film flotation curves of as-received and after oxidation at 230°C for 24 hours.
PSOC-1442 (Sub bituminous C): [J :oxidized, B :as-received;
DECS-12 (HVA Bituminous): Q :oxidized, ® :as-received;
PSOC-1461 (Anthracite): A :oxidized, A :as-received.
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Figure 37. Film flotation curves of as-received and after oxidation at 2300C for 24 hours.
PSOC-1481 (HVA Bituminous): [J :oxidized, W :as-received;
PSOC-1527 (MV Bituminous): A :oxidized, A :as-received;
PSOC-1516 (LV Bituminous): O :oxidized, ® :as-received
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Figure 38. Film flotation curves of as-received and after oxidation at 2300C for 24 hours.
PSOC-1538 (Sub-bituminous C): [J :oxidized, ® as-received;
PSOC-1486 (Sub-bituminous B): O :oxidized, ® :as-received;
PSOC-1487 (Sub-bituminous A): A :oxidized, A :as-received.
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B.3 Electrokinetic Studies

Electrokinetic tests were done on three coals with different rank: sub-bituminous
(PSOC-1442), HVA bituminous (DECS-12) and anthracite (PSOC-1461). Zeta potential
versus pH curves for each of the coals studied are given in Figures 39, 40, @d 41. Figure
39 shows that oxidation at 2300C slightly increased the magnitude of the negative zeta
potential of sub-bituminous coal (PSOC-1442) at pH values above 3.0. Also, the PZR
decreased from about 2.1 (for as-received) to about 1.8 after oxidation and the zeta
potential remained relatively insensitive to pH in the range 3 to 10 for both raw and
oxidized coals. Similar results were obtained by Kelebek et al.118 and Wen et al. 119
However, it was proposed!19 that hydronium and hydroxide ions were not the potential
determining ions for sub-bituminous coal, since the zeta potential remained constant i the
pH range between 4 and 8. Figure 40 shows that oxidation strongly affected the zeta
potential of HVA bituminous coal (DECS-12) up to pH 10 or so; the PZR decreased from
about 3.1 (for as-received) to about 2.3 after oxidation. Figure 41 shows that oxidation
has no effect on the zeta potential of anthracite coal (PSOC-1461); this is consistent with
the fact that this coal was not appreciably oxidized at 2309C for 24 hours (Figure 32) and
suggests that the loss of volatile matter could be the major reason for its increase in
wettability. The strongly negative zeta potential observed is probably due to the high ash
content of this coal. About 56.5% of the ash content in this coal is silica. The PZR was
found to lie at about 2.7, consistent with the presence of silica (PZR at about 1-2); similar
PZR was found by Fuerstenau e a/l17 working with high ash anthracite coal. Quast and
Readett 132 found that the zeta potential of the residual ash from the proximate analysis of
low rank coals remained negative in the pH range 2 to 12. Figures 39, 40, and 41 show
that the coal surfaces are negatively charged except under strongly acidic conditions. This
is consistent with the presence of acidic functional groups which are ionized, except at low

values of pH. The reduction in the magnitude of the zeta potential at pH greater than 10
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Figure 39. Electrokinetic measurements on PSOC- 1442 (Sub-bituminous C) coal;
0O :oxidized for 24 hours at 2300C, B :as-received.
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Table 11. Summary of the PZR values of raw and oxidized coals

Sample Rank PZR Oxidation PZR
Temperature
as oC after oxidation
received for 24 hours

PSOC-1442 | Sub-bituminous C 2.1 230 - 1.8
DECS-12 HVA Bituminous 3.1 230 2.3
UET MV Bituminous 48 150 2.8
PSOC-1461 Anthracite 2.7 230 2.7

* Freshly mined Upper Freeport coal

is due to dissociation of humic acids at high pH values. However, the effect is also
observed in the anthracite coal that underwent slight oxidation. It is possible that at high
concentration of NaOH some adsorption of sodium ions could occur. Table 11

summarizes the resuits obtained m this mvestigation.

In summary, the results of this study indicate that in general, oxidation decreased
the pH at which the zeta potential of a coal is reversed. This is due to the presence of
acidic oxygen functional groups generated by oxidation. Also, oxidation generated a more

negatively charged coal surface.

B.4 Surface Area Measurements

Carbon dioxide adsorption experiments at room temperature were conducted on as
received coal samples from the Pennsylvania State Coal Bank. Duplicate samples were
run and the mean surface area for each coal sample is shown in Table 12. It is observed
that generally there is a decrease in surface area with increasing coal rank and indicates
that m this study high rank coals have a more close pore structure. The surface area of
Upper Freeport coal is smaller than others coals suggesting a less porous structure. A

value of 136 m2/g has been also reported for Upper Freeport coal. 148
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Table 12. Surface areas of coals measured by CO; adsorption at room temperature.

Sample Rank Mean Surface Area
m?/g
PSOC-1442 Sub-bituminous C 322
PSOC-1494 HVB Bituminous 290
PSOC-1481 HVA Bituminous 115 .
DECS-12 HVA Bitummous 245
PSOC-1527 MYV Bituminous 234
PSOC-1516 LV Bituminous 216
PSOC-1461 Anthracite 181

B.5 Wet Oxidation Studies

Wet oxidation tests were done on all of the coal samples from the Pennsylvania
State Coal Bank to imvestigate the changes induced by oxidation on the coal surface
properties. Twenty gram samples of each coal sample were oxidized for 5 hours at room
temperature using 600 ml of 10% H207 at pH 1.0, 1.0 N HNO3 or 0.05 M Fe3(S04)3 at
pH 1.0. The amounts of carboxylic and phenolic group oxygen generated by oxidation
with different treatments are shown in Table 13, in which the coals are listed in order of

increasing rank.

Table 13 indicates that generally the amount of carboxylic and phenolic groups
increased after the oxidation procedures. The phenolic content of the anthracite coal
(PSOC-1461) decreased slightly after oxidation in nitric acid, probably because of
conversion to another functional group. The sub-bituminous (PSOC-1442) and MV
bituminous (PSOC-1527) samples underwent much more extensive oxidation than the
other samples. These differences could be due to the individual structures of each coal

sample, or to the presence of different levels of ash and pyrite.
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Table 13. Weight percentage of carboxylic and phenolic group oxygen of coal as-received,
and oxidized in different solutions.

Sample As-teceived 1.0 N HNO3 10 % Ha202 0.05 M Fe2(SO4)3
Carboxylic |  Phenolic Carbaxylic Phenolic Carboxylic | Phenolic | Carbaxylic Phanolic
% % % % % % % %

PSOC-1442 0.99 3.23 2.20 10.50 1.10 9.10 1.80 9.50
PSOC-1538 0.13 1.06 0.44 1.82 0.38 1.91 0.32 1.67
PSOC-1486 0.30 1.80 1.10 2.23 0.92 2.56 0.82 1.97
PSOC-1487 0.2} 0.29 0.75 1.06 0.83 1.23 0.56 0.97
PSOC-1539 0.62 1.68 1.57 2.75 1.98 3.46 1.05 2.02
PSOC-1497 1.02 1.38 1.10 1.47 1.52 2.35 1.04 1.41
PSOC-1494 0.50 1.07 0.65 1.39 0.70 1.49 0.58 1.24
PSOC-1481 0.81 2.84 1.87 3.87 1.02 4.12 2.81 3.97
DECS-12 0.15 0.41 0.16 0.50 0.19 0.49 0.17 0.52
PSOC-1527 0.25 1.22 2.10 10.50 2.20 9.10 0.80 8.00
PSOC-1516 0.35 0.02 0.44 1.02 0.61 1.20 0.40 1.20
PSOC-1515 0.11 0.42 0.12 0.46 0.15 0.54 0.13 0.51
PSOC-1461 0.11 1.47 0.26 1.42 0.92 1.61 1.40 1.81

B.6 Film Flotation Tests on Wet Oxidized Samples

Figure 42 shows film flotation curves of as-received and oxidized sub-bitummous
C coal (PSOC-1442). Table 13 shows that this sample has a strong sensitivity to
oxidation, consistent with its low rank. Ferric sulfate markedly reduced the
hydrophobicity of the coal, while hydrogen peroxide and nitric acid gave only a moderate
reduction in hydrophobicity. Comparison with Table 13 shows that the change in surface
properties cannot be due entirely to an increase in carboxylic and phenolic groups, since
these were fairly comparable after oxidation with all three aqueous oxidizing agents. The
reduction in hydrophobicity was much less dramatic than that observed for the same coal
after thermal oxidation, which produced about the same weight percentage of carboxylic
and phenolic groups (Figures 32 and 36). This supports the hypothesis that thermal
treatment alters the surface properties of coals through loss of volatiles, as well as through

surface oxddation.

121

° ° X e == 9% CIETITT L AR
- oo “te 3 © L » BRI =R ! SR




T NI ST T TR Y BN

100

| ////

n
70 A
0
60
50 |
40 )

Cumulative lyophobic fraction, %

o
o
30 ©=m /
20 /
10 | //
A
hii/"
0 1 J_e I'\v P - : 1
0 10 20 30 40 50 60 70 80

Surface tension methano! solution, mN/m

Figure 42. Film flotation partition curves of sub-bitumimous C (PSOC-1442) coal after wet
oxidation by different oxidizing agents for 5 hours. O: as-received, B:1.0 M
HNO3, @ :0.05M Fey(SO4)3, A :10% HpO2, all at pH 1.0.
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Figures 43 and 44 show film flotation curves for HVA bituminous coal samples
(PSOC-1481 and DECS-12) respectively. None of the oxidizing procedures significantly
affected the wetting behavior of these samples. Although this is somewhat consistent with
the modest increase m carboxylic and phenolic concentrations experienced by these
samples on oxidation, it is surprising that the differences in carboxylic and phenolic
concentration of the different coals after oxidation did not give more marked differences in

film flotation.

The film flotation curves for raw and oxidized MV bituminous (PSOC-1527) coal
are presented in Figure 45. The hydrophobicity is markedly reduced at surface tensions
higher than 40 mN/m, with oxidation by 10% HO, having the most severe effect,
followed by ferric sulfate. As with Figure 42, comparison with Table 13 indicates that
although the reduction in hydrophobicity is qualitatively consistent with an increase m
carboxylic and phenolic groups, the agreement is not quantitative. The critical surface
tension of LV bituminous coal (PSOC-1516) was not modified by the different oxidizing
treatments (Figure 46), and the hydrophobicity was only modestly reduced at surface
tensions exceeding 45 mN/m. This coal underwent moderate increases in phenolic group

concentration on oxidation, and very minor increases in carboxylate groups.

Figure 47 shows film flotation curves of as-received and oxidized anthracite
(PSOC-1461) using different oxidizing agents. Although this sample experienced only
minor increases in carboxylic and phenolic group concentrations after treatment with the
oxidants, the hydrophobicity was reduced markedly, particularly by 10% H,O and
0.05M Fe)(SO4)3. This could not be due to loss of volatile material, because the wet

oxidation tests were done at room temperature. Assuming that the ash content was
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Figure 43. Film flotation partition curves of HVA bituminous (PSOC-1481) coal after wet

oxidation by different oxidizing agents for 5 hours. O: as-received, ®: 1.0 M
HNO3, ®: 0.05M Fey(SOg4)3, A: 10% HpOp, all at pH 1.0.

124

RIS S

TSRS AR N AR NN S

EN03




100 —
0 | g7 "
80 |
70 |
60
50
40

30 + I.
A

20 O/
10 | //

Z
o 1 1 Vo 4’_‘ z e 1 2
0 10 20 30 40 50 60 70 80
Surface tension methanol solution, mN/m

Cumulative lyophobic fraction, %

Figure 44. Film flotation partition curves of HVA Bitumious (DECS-12) coal after wet
oxidation by different oxidizing agents for S hours. Q: as-received, 8: 1.0 M
HNO3, @: 0.05M Fey(SO4)3, A: 10% H»O», all at pH 1.0.
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Figure 45. Film flotation partition curves of MV bituminous (PSOC-1527) coal after wet
oxidation by different oxidizing agents for 5 hours. Q: as-received, &: 1.0 M
HNO3, ®: 0.05M Fe(SO4)3, A: 10% H0», all at pH 1.0.
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Figure 46. Film flotation partition curves of LV bituminous (PSOC-1516) coal after wet
oxidation by different oxidizing agents for 5 hours. Q: as-received, M: 1.0 M
HNO3, ®: 0.05M Fe(SO4)3, A: 10% Hy05, all at pH 1.0.
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Figure 47. Film flotation partition curves of anthracite (PSOC-1461) coal after wet
oxidation by different oxidizing agents for 5 hours. O: as-received, B: 1.0 M
HNO3, ®: 0.05M Fey(S04)3, A: 10% HOp, all at pH 1.0.
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homogeneously distributed on the coal, it is possible to suggest that some ash compounds

were modified during the oxidation to render more hydrophilic products.

Figure 48 compares the effect of 1.0M HNO;3 on the hydrophobicity of sub-
bituminous C (PSOC-1442), HVA bituminous (DECS-12), and anthracite{PSOC-1461).
The sub-bituminous coal and anthracite experienced the most significant reduction m
hydrophobicity, especially at the lower surface tenmsions. Figures 49 and 50, which
compare the behavior with 0.05M Feo(SO4)3 and 10% HO», show similar trends.

B.7 Diffuse Reflectance Infrared Fourier Transform Spectroscopy Analysis
(DRIFT)

Spectroscopy is the measurement and interpretation of electromagnetic radiation
adsorbed, scattered, or emitted by atoms, molecules, or other chemical species. This
adsorption or emission is associated with changes in the energy states of the interacting
chemical species and because each species has characteristic energy states, spectroscopy
can be used to identify the interacting species.!90 Infrared spectroscopy involves
examination of the twisting, bending, rotating, and vibrational motions of atoms in a
molecule. Upon interaction with infrared radiation, portions of the incident radiation are
absorbed at specific wavelengths. The multiplicity of vibrations occurring simultaneously
produces a complex spectrum that is uniquely characteristic of the functional groups that

make up the molecule and also of the overall configuration of the molecule. 190

DRIFT spectroscopy was used to obtain information on the changes of the
structure of coals during oxidation by different procedures. This technique is very
sensitive for studying the chemical transformations undergone by the coal surface during

oxidation.9! Figures 51, 52, and 53 show the spectra of as-received and oxidized sub-
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Figure 48. Film flotation partition curves of raw and after oxidation with 1.0M HNO;3 for
5 hours. Sub-bituminous (PSOC-1442): (1. as-received, W: oxidized, HVA
bituminous (DECS-12): A: as-received, A: oxidized; Anthracite (PSOC-1461):
Q: as-received, ®: oxidized.
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Figure 49. Film flotation partition curves of raw and after oxidation with 0.05 M
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Fey(SO4)3 at pH 1.0 for 5 hours. Sub-bituminous (PSOC-1442): Q: as
received, B: oxidized, HVA bituminous (DECS-12): A: as-received, A:
oxidized; Anthracite (PSOC-1461): O: as-received, ®: oxidized.
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Figure 50. Film flotation partition curves of raw and after oxidation with 10% Hp0; at
pH 1.0 for 5 hours. Sub-bitummous (PSOC-1442). Q: as-received, W
oxidized; HVA bituminous (DECS-12): A: as-received, A: oxidized;
Anthracite (PSOC-1461): O as-received, ®:oxidized.
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bituminous (PSOC-1442), HVA bituminous (DECS-12), and anthracite (PSOC-1461)
coals respectively. The peaks at about 2900 cm! in the spectra of as-received PSOC-
1442 and DECS-12 coals are characteristic of aliphatic -CH- and -CH2- groups. A
significant decrease in the peak intensity was observed after thermal oxidation, mdicating
that the aliphatic structure was either severely oxidized or volatilized. As discussed
earlier, the first step of oxidation is the formation of peroxide compounds by the oxidation
of the aliphatic, olefinic, and ether structures that link the aromatic units present in coal
These reactions are commonly invoked98.74.97 and are likely to be occurring in this
study. The detected loss of aliphatic groups suggest that this would be the initial site of
abstraction of hydrogen and subsequent peroxide formation. Peroxide products, are
difficult to detect directly on coal surface by DRIFT (or any other method), because they
easily decomposed at the experimental oxidation temperature. Figure 53 shows no peak
at 2900 cm-! for anthracite (PSOC-1461), which is consistent with the highly aromatic
structure of high rank coals.

The 1900-1400 cm"! region is of interest in oxidation studies because most of the
oxygen functional groups absorb infrared radiation in this region. The shoulders at 1770
and 1840 cm"! correspond to ester and anhydride functionalities respectively. 191 Ester
and anhydrides are formed at high oxidation temperature according to reactions 17 to 19
(Section D, Chapter 3). A medium intensity peak at about 1726 cm!and 1720 cm-!,
corresponding to carboxylic acids, was observed in the spectra of oxidized PSOC-1442
and DECS-12 coals respectively. As discussed earlier, the formation of carboxylic groups
probably occurs according to the reactions 10 to 16 (Section D, Chapter 3). Figure 32
indicates that the final percentage of carboxylic oxygen group of the HVA bituminous coal
(DECS-12) was close to the initial percentage of the carboxylic oxygen group of sub-
bituminous C (PSOC-1442) coal. Unexpectedly, these results are not consistent with

those in Figures 51 and 52, because the peaks corresponding to carboxylic acids are only
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Figure 51. DRIFT spectra of sub-bituminous C coal (PSOC-1442); (A): as-received;
(B): oxidized at 230°C for 24 hours.
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Figure 52. DRIFT spectra of HVA bituminous coal (DECS-12); (A): as-received;
(B): oxidized at 230°C for 24 hours.
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Figure 53. DRIFT spectra of anthracite coal (PSOC-1461); (A): as-received,
(B): oxidized at 230°C for 24 hours.
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observed in the spectrum of the HVA bituminous coal (DECS-12), whereas the spectrum
of sub-bituminous coal shows a small shoulder at 1701.9 cm-l. It is possible that the
vibration of the oxygen functionalities in the as-received sub-bituminous C coal are in

somehow diminished by the presence of other molecules.

~ The peak at about 1600 cm! probably corresponds to aromatic rings. The peak at
about 1450 cm-! is characteristic of aliphatic bending modes. The intensity of the peak at
1450 cm! was less intense in the spectrum of oxidized DECS-12 coal than for as-
received coal, reflecting a loss of -CH2- and -CH3- groups with thermal oxidation. The
broad band at 3300-3400 cm"! in the spectra of as-received and oxidized PSOC-1442 and
DECS-12 coals probably reflects the presence of phenolic groups. The spectra of as-
received and oxidized anthracite coal in Figure 53 are characterized by a more uniform
adsorption in the region between 3000-1500 cm~!- The latter feature, is probably
produced by free electrons associated with graphitic structures.!92 As expected, no
significant differences between the spectra are evident; this is consistent with the negligible
oxidation experienced by this coal. The peak present at about 3600 cm-! is attributable to
kaolinite. 191,193 Two peaks are evident at 1588.5 and 1425.3 cm-! corresponding to
C=C aromatic stretching. The former peak slightly shifted to 1592.0 with oxidation. The
strong peaks at 1028.1 cm-!(as-received coal) and 1024.5 cm-l(oxidized coal) could
correspond to the presence of kaolinite and quartz!36. The ash of this coal contains 56.5
% of SiOy (Wt% dry basis). The peaks at 1028.1 cm~! and 3600 cm~! were not
significantly altered by any of the oxidation procedures. Peaks of medium to small
intensity characteristic of out of plane aromatic C-H deformations are present between

900 and 650 cm!, consistent with the rich aromatic nature of anthracite coals.

In summary, in the case of sub-bituminous and bituminous coals, the organic

structural changes caused by thermal oxidation are very similar, except for a few minor
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differences. Anthracite coal shows a more uniform absorption in the 3000-1500 cm-!

region.

In a qualitatively analysis of as-received and oxidized coals using DRIFT
spectroscopy Fuerstenau ef al. 194 found similar characteristic peaks to those observed in
this study. Oxidation of coal at 2000C for 30 minutes resulted in the appearance of a
carbonyl peak in conjuction with a decrease in the intensity of aliphatic C-H groups.
However, changes on the coal surface were only detected when coal was subjected to

severe oxidation.

Coal samples oxidized by aqueous solutions of different oxidizing agents were also
analyzed by DRIFT. Figures 54 and 55 show the spectra of as-received and oxidized sixb-
bituminous C (PSOC-1442) coal and Table 14 summarizes the most relevant peaks
observed along with their intensities. The broad peak observed at about 3400 cm’!
corresponds to hydroxy! vibrations. This peak did not experience appreciable changes in
the oxidized coal spectra and Table 14 shows that a slight increase in the intensity of this
peak was observed with all oxidation treatments. Comparison with Table 13 shows that
although increase in peak intensity is qualitatively consistent with an increase in carboxylic
and phenolic groups, the agreement is not quantitative. The range between 3000 and
2800 cm”! corresponds to the alkyl group region (CH, CHp and CH3). As-received coal
exhibited two principal peaks at 2921.8 and 2850.9 cm™ . Although these were
unchanged by treatment with 0.05 M Fe(SO4)3 and 10 % HO7, the former shifted to
2928.9 cm™} and the later to 2858.0 cm™! by treatment with 1.0 N HNO3. Table 14
indicates that the intensity of the peaks was slightly increased by treatment with 1.0 N
HNO3 and 0.05 M Fep(SO4)3 and decreased by treatment with 10% H207,. These
results contrast with the spectrum of the same coal oxidized by air at 230°C (Figure 51)

where the intensity of these specific peaks was significantly decreased, and indicate that
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Figure 54. DRIFT spectra of sub-bituminous C coal (PSOC-1442); (A): as- received;
(B) oxidized with 1.0M HNO3 for S hours at room temperature.
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Figure 55. DRIFT spectra of sub-bituminous C coal (PSOC-1442); (A):oxidized with 10%
Hy0»; (B) oxidized with 0.05M Fey(SO4)3 for 5 hours at room temperature.
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Table 14. DRIFT absorption peaks of as-received and oxidized sub-bituminous C
(PSOC-1442) coal.

As-received 1.0 N HNO, 10 % H,0, 0.05 Fe,(SO,),
Peak Intensity Peak Intensity | Peak Intensity Peak Intensity
cm? cm’? cm’ cm’? ,

3402.2 0.44 3402.2 0.49 3402.2 0.48 3402.2 0.53
2921.8 0.41 2928.9 0.43 2921.8 0.40 2921.8 0.42
2850.9 0.36 2858.0 0.37 2850.9 0.35 2850.9 0.37
1701.9 0.38 1701.9 0.49 1701.9 0.48 1701.9 0.55
1609.7 0.47 1616.8 0.53 1616.8 0.49 1616.8 0.64
1439.5 0.42 1446.6 0.49 1446.6 0.42 1446.6 0.57
1283.4 0.38 1283.4 0.52 1283.4 0.46 1283.4 0.59
1038.7 0.38 1045.8 0.43 1045.8 0.38 1045.8 0.48

the mechanisms associated with wet oxidation do not involve the formation of peroxide
compound by oxidation of the aliphatic and olefinic structures that link the aromatic units

present in coal.

The as-received coal spectrum shows a shoulder at 1701.9 cm™! and two peaks at
1609.7 and 1439.5 cm™). The shoulder at 1701.9 cm’’ corresponds to carbonyl
absorption and it is consistent with the presence of carboxylic group on as-received coal.
The peak at 1609.7 cm! corresponds to C=C aromatic stretching whereas the peak at
1439.5 cm’} corresponds to aliphatic bending modes. Changes were observed m all
spectra of wet oxidized coal. The most significant change is the enhanced carbonyl

absorption at the 1701.9 cm’!

region that is in agreement with the increase of carboxylic
group observed in Table 13 after oxidation with all three aqueous oxidants. The peak at
1609.7 cm™ ! exhibits a shift towards 1616.8 cm™! by treatment with 10% H2O2 and 0.05
M Fe(SO4)3 and it is due to aromatic hydrogen substitution patterns.195 This fact
suggests that the aromatic configuration would be the site of abstraction of hydrogen and
subsequent peroxide formation. As discussed earlier, in the specific case of oxidation by

hydrogen peroxide, the hydroxyl radicals formed by the Fenton mechanism?4 can react

with the organic structure present in coal by either splitting off hydrogen from them or by
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adding unsaturated fragments.108 Furthermore. Table 14 shows that the intensity of this
peak increased with all treatments and may be explained by the presence of more adjacent
oxygen-containing functional groups, which induces an asymmetrical arrangement of C=C
rings. 196 The peak at 1439.5 cm! corresponding to an in plane aromatic CH
deformation shift to 1446.6 cm'l, is likely due to substitution by OH groups in the ring
structure. 195 Also, the peak intensity increases omly by treatments with 0.05 M
Fe2(S0O4)3 and 1.0 N HNOs.

Consistent with the increase in the concentration of phenolic group with oxidation

as is observed in Table 13, the intensity of the peak at 1283 cm’!

corresponding to C-O
stretching (phenols) coupled with OH deformation increased for all oxidized samples.
The mechanism of phenol formation has been discussed by Alberts et al. 101 and
Markova. 102 The peak at 1038.7 cm'l, which corresponds to Ca-O-Cy stretching197
(al=aliphatic), shifts to 1045.8 cm™! with all oxidation treatments, although the intensity

was only increased by treatments with 0.05 M Fep(SO4)3 and 1.0 M HNOs3.

Figure 56 shows the spectra of HVA bituminous (PSOC-1481) coal, as-received
and oxidized with 1.0 M HNO3. Table 15 summarizes the wavenumbers and intensities

associated of the major peaks observed in Figure 56.

The peaks observed for this bituminous coal are similar to those in Figures 54 and
55; the peak at about 3450 cm™! corresponding to hydroxyl vibrations, and the peaks at
2921.8 cm"! and 2858.0 cm~! corresponding to alkyl region, were not changed by
oxidation. Again, the most significant change was the increase in the peak absorbance at
1701.9 cm-! corresponding to the formation of carboxylic groups on oxidation. The
position and intensity of the peak at 1609.7 cm™! was not altered by oxidation, whereas
the peaks at 1443.0 cm~! and 1191.2 cm"! experienced a slight decrease in intensity. The
peak at 1049.4 cm-! increased after oxidation; this probably has its origin in the C-O
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Figure 56. DRIFT spectra of HVA bituminous C coal (PSOC-1481); (A): as- received;
(B) oxidized with 1.0M HNO3 for 5 hours at room temperature.
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Table 15: DRIFT absorption peaks of HVA bituminous (PSOC-1481) coal, as-received
and oxidized with 1.0M HNO3

As-received 1.0 N HNO3
Peak Intensity Peak Intensity
cm’” cm’

3453.8 0.34 3453.8 0.34
2021.8 0.36 202138 0.35
2858.0 0.33 2858.0 0.32
1701.9 0.28 1701.9 0.34
1609.7 0.36 1609.7 0.36
1443.0 0.36 1443.0 0.33
1191.2 0.38 1191.2 0.35
1049.4 0.35 1049 .4 0.42

stretching of aliphatic ethers.191 Similar spectra (not shown) were obtained for this coal
oxidized with HyO, and Fex(SO4)3.

Figures 57 and 58 show the spectra of as-received and oxidized MV bituminous
(PSOC-1527) coal. Table 16 summarizes the principal features of these spectra. This
coal showed a series of peaks at high wavenumbers, predominated by a peak at 3617.0
cm-! that decreased after oxidation and shifted to 3624.1 cm™1 after treatment with 10 %
H7O7. This feature is thought to be due to specific minerals (an ash analysis of this coal is
not available). A similar peak has been assigned to kaolinite (Aly(SipO5)XOH)4).193.198
The broad hydroxyl peak at 3382.9 cm-! decreased in intensity after all oxidation
treatments, although there was a marked increase in the concentration of surface groups
measured by ion-exchange. A peak at about 3042 cm~! associated with aromatic C-H
stretching was present, in addition to peaks corresponding to the alkyl groups (CH, CH,
and CH,); this is consistent with the fact that high rank coals have a more aromatic
structure. The intensity of these peaks was slightly reduced by all wet oxidation
procedures, however; Figure 59 shows that the same coal oxidized in air at 230°C

experienced a dramatic decrease in intensity of the peaks corresponding to the alkyl
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Table 16: DRIFT absorption peaks of as-received and oxidized MV bituminous

(PSOC-1527) coal.

As-received 1.0 N HNO, 10 % H,0, 0.05 Fe,(SO,);
Peak Intensity Peak | Intensity | Peak | Intensity Peak Intensity
cm’ cm? cm™ cm’

3617.0 0.45 3617.0 0.34 3624.1 0.38 3617.0 0.40
33829 0.53 33829 0.36 33829 0.40 3382.9 0.44
3042.4 0.51 3042.4 0.37 30424 0.38 3042.4 0.41
2928.9 0.57 2921.8 0.50 2921.8 0.51 2921.8 0.54
2858.0 0.51 2865.1 0.42 2872.2 0.42 2865.1 0.45
1652.3 0.40 1652.3 0.42 1652.3 0.42 1652.3 0.42
1609.7 0.53 1609.7 0.53 1609.7 0.55 1609.7 0.55
1453.7 0.53 1446.3 0.53 1439.5 0.57 1446.3 0.54
1191.2 0.54 1191.2 0.47 1191.2 0.53 1191.2 0.54
1099.0 0.61 1099.0 0.52 1099.0 0.63 1099.0 0.65
1028.1 0.67 1031.6 0.64 1028.1 0.77 1035.2 0.77
914.6 0.51 914.6 0.46 914.6 0.55 914.6 0.52
801.1 0.52 804.7 0.47 801.1 0.54 801.1 0.52

groups. This confirms the fact that dry oxidation severely modifies the aliphatic structure
of coal. Figures 57 and 58 contain no carbonyl peak at about 1700 cm"! . This is also
inconsistent with results of ion-exchange (Table 13); the analytical data indicate a
significant increase in the amount of oxygen functional groups with all wet oxidation
procedures that was not reflected by an increase in the peak intensity at 1700 cm-!. This
inconsistency is not yet understood. It is possible that adsorption of ferric and ferrous iron
by ion exchange at the carboxylic group!!4 could changes the vibrational states of
carboxylic groups; however, the effect should appears in all spectra of wet oxidized coals.
A small shoulder at 1652.3 cm-!, associated with highly conjugated carbonyl, most
probably quinone type78v87’199 appeared in all spectra of wet oxidized coal. Quinone
structures are products of further oxidized phenolic groups.!01.102 On the coal surface
the group that is able to undergo a reversible redox reaction in the potential range of the

Fe3*/Fe2* couple is the quinone/hydroquinone system, as proposed by Vetter. 11
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Figure 57. DRIFT spectra of MV bituminous coal (PSOC-1527); (A): as- received;
(B) oxidized with 1.0M HNOj3 for 5 hours at room temperature.
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Figure 58. DRIFT spectra of MV bituminous coal (PSOC-1527); (A):oxidized with 10%
H>0,; (B) oxidized with 0.05M Fey(SO4)3 for 5 hours at room temperature.
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Figure 59. DRIFT spectrum of MV bituminous (PSOC-1527) coal oxidized with air at
2309C for 24 hours.
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The presence of solution potentials above 0.7V during the oxidation tests and quinone
structures detected by DRIFT suggests that this reaction likely occurred. In this reaction.
hydroquinone structures are oxidized to quinone structures. As the hydroxyl species are
consumed, sites with higher oxidation states are produced on the coal surface and other
oxidation reactions could occur, leading for example to the formation of carboxylic
groups.112 A small peak was present at about 1191.2 cml, probably due to C-O
stretching vibrations, mainly of ether groups200,201 or 1o C-OH species. 202 The peaks
at 1099.0 cm-! and 1028.1 cm-! are probably due to kaolinite. 193,198 In the range
between 900 and 650 cm! this MV bituminous coal exhibited at least nine different peaks

of medium intensity which are characteristic of out of plane aromatic C-H deformations.

Figure 60 shows the spectra of anthracite (PSOC-1461) coal, as-received and
oxidized with 1.0 M HNO3. Table 17 summarizes the major features of Figure 60. The
spectra indicates that this anthracite coal shows more uniform absorption in the region
between 3000-1500 cm~!. As reported earlier, no significant differences between the
spectra are evident; this is consistent with the negligible oxidation experienced by this coal
(Table 13). The peaks of oxidized coal are practically the same as those discussed m the
analysis of dry thermal oxidation at 2309C. Similar spectra (not shown) were obtained for

this coal oxidized with HyO7 and Fe;(SO4)s3.

DRIFT spectroscopic analysis is a sensitive technique for detecting changes m the
structure of coal as a result of oxidation. A set of four as-received and oxidized coals of
different ranks were characterized by DRIFT analysis; good qualitative information on the
absorption of the main functionalities present in coals were obtained. The organic
structural changes caused by oxidation of different coals in aqueous HyO3, HNO3 or
Fey(SO4)3 solutions were in general similar with the exception of the formation of
aliphatic ethers in sub-bituminous C (PSOC-1442) and HVA bituminous (PSOC-1481)
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Table 17. DRIFT absorption peaks of anthracite (PSOC-1461) coal, as-received and

oxidized with HNO3.
As-received 1.0 N HNO,
Peak Intensity Peak Intensity
cm’ cm’
3638.2 0.42 3638.2 0.45
3255.2 0.41 3255.2 0.45
1588.5 0.37 1588.5 0.37
1425.3 0.36 1425.3 0.36
1028.1 0.46 1028.1 0.50
801.1 0.37 801.1 0.35

coals, and the formation of quinome-type structures and aromatic ethers m MV
bituminous (PSOC-1527) coal. As expected, no significant differences between as-
received and oxidized anthracite coal were detected. The results of this study are not in
total agreement with the mechanism of interaction between coal and nitric acid proposed
by van Krevelen. 109 He postulated that the first stage of oxidation involves the oxidation
of the aliphatic coal chain to form quinone structures that later are transformed to
carboxylic groups. Although in this study the presence of quinone-type structures and
carboxylic groups was detected, the aliphatic structure of coals was not significantly
altered, suggesting that there could be a direct oxidation of the aromatic structure of
coals. Kinney ef al.40 proposed that at low temperatures the initial reaction of the coal
involves the addition of nitric acid to unsaturated structures and the cleavage of other

structures, such as phenolic ether linkages, possibly forming nitrophenols.

In the oxidation study by nitric acid, the potential of the coal slurry solutions showed
several discontinuities, probably due to the fact that there would have been more than one
redox couple in solution, and these need not have been at equilibrium. The behavior of the

redox potential with time was an indicator of the complexity invoived. The potential of
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Figure 60. DRIFT spectra of anthracite (PSOC-1461); (A): as- received; (B) oxidized with
1.0M HNO3 for 5 hours at room temperature.

151




the platinum working electrode could have changed, depending on the exchange current

density, and polarization behavior of each redox couple.

Kaolmite and quartz present in MV bituminous and anthracite coals as ash
constituents were unaltered by oxidation. In general the most signiﬁdant agreement
between the results for oxidation of coals with air at 230°C and wet oxidation using
different oxidizing agents was in the appearance of a band at about 1700 cm-!, which is
normally attributable to the carbonyl group in carboxylic acids. However, thermal
oxidation at 230°C induced significant changes in the aliphatic structure of low rank coals
whereas wet oxidation treatments were less severe. The mechanisms of oxidation at
2300C can be interpreted in terms of classical autooxidation reactions in which the first
step of oxidation is the formation of hydroperoxide compounds by the oxidation of the

aliphatic, olefinic, and ether structures that link the aromatic units present in coal.

According to the above results, oxidation of coals by different oxidizing agents
induced changes in the content of oxygen functional groups and other functionalities that
affect the surface characteristics of coals. Because of the complex nature of coals, the
exact mechanisms of chemical changes that occur during oxidation are not known with

certainty; therefore, the chemistry of oxidation is often described in generalities.
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B.8 Low Temperature Dry Oxidation Studies on Coals

Coal samples from the Pennsylvania State Coal Bank were also oxidized at room
temperature. Five g samples of coals, spread to about 1 mm, were oxidized at ambient
humidity (50-70% relative humidity) at room temperature (mean 20°C) for extensive time
periods. Room temperature tests were also done at approximately 100 % humidity in a
dessicator with water at the bottom . The dessicator valve was left slightly open, to ensure
an adequate supply of oxygen. The extent of the oxidation was assessed by analyzing the

carboxylic and phenolic functional groups.

Figure 61 shows the carboxylate and phenolic contents of sub-bituminous (PSOC-
1442), HVA bituminous (DECS-12) and anthracite (PSOC-1461) coals oxidized at room
temperature for 90 days at ambient humidity. The HVA bituminous coal experienced the
highest increase in total acidity (carboxylic plus phenolic) in 90 days, whereas the
anthracite coal experienced the lowest. The rate of carboxylic group generation appeared
to be steady for all coals, with anthracite showing the slowest rate. The HVA bituminous
coal had the highest rate of phenolic group generation. Figure 62 shows the carboxylate
and phenolic contents for the same coals after oxidation at room temperature and 100%
humidity. With the exception of anthracite, the rate of oxidation was mitially low but
increased markedly after 30 days. Comparing with Figure 61, it is clear that there was
more extensive oxidation under humid conditions. Water could accelerate the oxidation of
coal by a physical effect, or the oxidation mechanisms could involve surface hydroxyl
groups. It has been demonstrated that during adsorption of oxygen on solid surfaces
different forms of molecular and ionic oxygen can be formed.103 As discussed earlier,
these ionic forms of oxygen have the capacity to react with water to form hydroxide ions
and radicals that can participate in the formation of hydroperoxide compounds and free

radicals. Subsequent reactions can proceed to oxidize the surface of coal, generating
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Anthracite (PSOC-1461): O: phenolic, ®: carboxylic.
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Figure 61. Wt% phenolic and carboxylic oxygen of coals oxidized at room temperature,
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Figure 62. Wt% phenolic and carboxylic oxygen of coals oxidized at room temperature
and 100% humidity.
Sub-bituminous (PSOC-1442): Q: phenolic, B: carboxylic;
HVA bituminous (DECS-12): A: phenolic, A: carboxylic;
Anthracite (PSOC-1461): O: phenolic, ®: carboxylic.
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oxygen group functionalities. Thus, water enhances oxidation of coal by catalyzing the

formation of free radicals.

Minerals components present in coal are active water sorbents. Particularly in the
case of pyrite, the interaction with oxygen and water occurs through sorption of the latter.
Pyrite in the presence of water and oxygen is oxidized to form sulfuric acid. 156 It was
noted in this study that Sub-bituminous B (PSOC-1539) and HVC Bituminous (PSOC
1486) coals had high susceptibility to sorb water, evidenced by the presence of a thin
water layer at the bottom of the petri dishes that contain each coal. The pH of both water
layers was estimated using indicator paper, and found to be acidic, suggesting that
oxidation of pyrite had occurred. It has been reported that reactions involving peroxide
compounds are pH dependent.58 This could suggest that pyrite indirectly activates the

oxidation of coal.
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B.9 Flotation Tests

Flotation tests were done on as-received Upper Freeport coal and on coals from
the Pennsylvania State Coal Bank. Table 18 shows the oxygen group analysis of each

coal, because of the interest in the relationship between this parameter and wettability.

Table 18. Oxygen Group Analysis of Coal Samples Studied.

Sample Origin Rank Wt% Wt%

Phenolic Carboxyl

Oxygen Oxygen

As rec'd As rec'd
PSOC-1442 Darco, Texas Sub-bituminous C 3.23 0.99
PSOC-1538 Bottom, Texas Sub-bituminous C 1.06 0.13
PSOC-1486 Big Dirty, Washington Sub-bituminous B 1.80 0.30
PSOC-1487 Adaville#1, Wyoming, Sub-bituminous A 0.29 0.21
PSOC-1539 Illinois #6, Illinois HVC Bituminous 1.68 0.62
PSOC-1497 Hiinois #2, Illinois HVC Bituminous 1.38 1.02
PSOC-1494 Kentucky #9. Kentucky HVB Bituminous 1.07 0.50
PSOC-1481 Upper Clarion, Pennsylvania. HVA Bituminous 2.84 0.81
DECS-12 Pittsburgh #8, Pennsylavnia. HVA Bituminous 0.41 0.15
U.F. Upper Freeport, Pennsylvania. MV Bituminous 0.68 1.01
PSOC-1527 Upper Freeport, Pennsylvania. MV Bituminous 1.22 0.25
PSOC-1516 | Lower Kittanning, Pennsylvania. LV Bituminous 0.02 0.35
PSOC-1515 | Penn. Anthracite, Pennsylvania. Semi Anthracite 0.42 0.11
PSOC-1461 Mammot, Pennsylvania. Anthracite 1.47 0.11

In order to find a desired conditioning time, the fraction floated or flotation yield
of Upper Freeport coal was determined for different conditioning time periods using a
0.5M NaCl solution at pH 5.6. Upper Freeport coal was used in this screening tests
because relatively large quantities of this sample were available. Figure 63 shows that the
flotation yield was independent of the conditioning time from 5 to 20 minutes. A
conditioning time of 10 minutes was selected for this study, to ensure that the electrical

charge could develop fully on the coal surface.

Figure 64 shows the flotation yield of Upper Freeport coal as a function of

flotation time using a 0.5 M NaCl solution at pH 5.6 after conditioning for 10 minutes.
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Figure 63. The effect of conditioning time on the flotation yield of as-received Upper
Freeport coal in 0.5M NaCl solution at pH 5.6, in a modified Hallimond tube
with 3 minutes of flotation.
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Figure 64. Flotation yield of as-received Upper Freeport coal in 0.5M NaCl solution at pH
5.6 as a function of time, in a modified Hallimond tube after 10 minutes of
conditioning time.
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Each data point represents a separate flotation test using a new sample. Figure 65 shows
In(1 - flotation yield) plotted as a function of the flotation time. The least-squares
regression line shown had a correlation coefficient, r, of 0.9989. Flotation clearly follows

first-order kinetics:

In (1-flotation yield) = - Kt (52)
where t is the flotation time and K is the flotation rate constant, in this case 0.129 min.~!

The effect of the solution pH on the floatability of Upper Freeport coal was tested
by salt flotation tests at different pH values. The pH was controlled by additions of HCI
or NaOH and each sample was conditioned at the chosen pH for 10 minutes. Figure 66
shows that the flotation yield after 3 minutes reached a maximum of 44.9% at pH 3.1.
There was some correlation between flotation yield and zeta potential; the greatest yield
ocurred at pH values where the zeta potential was relatively small, although the maximum
yield occurred at a pH below the PZR. This effect was probably associated with the ash
content (17.6% ash). Some correlation is to be expected, both because the coal surface
would become more hydrophobic with low surface charge, and because the rate of
bubble/particie attachment would be fastest close to the PZR when there is no retarding

force due to overlapping of double layers on the coal particle and nitrogen

bubbles, 16,203

Figure 67 shows the flotation yield versus pH of sub-bituminous (PSOC-1442),
HVA bituminous (DECS-12) and anthracite (PSOC-1461) coals obtained in the
Hallimond tube after 10 minutes conditioning and 3 minutes flotation. The HVA
bitumninous and the sub-bituminous coals showed the maximum flotation yield at pH about
3.0 and 2.4 respectively. The anthracite coal gave much lower flotation yield, with a

maximum at about pH 3.3. Again, there was some correlation between the maximum

160

S e ey
T

.
S FARTG Ty ¢ ree wp—
RGAIA RN £ o S A X GO K S A T e

4 A T W ST o e Sy
e BSTAE L G SRl NS O A




0.0m

N
-\

. -0.21 -
Q
=
w
>-
2 -0.4- ™
o
e
}—-
S .06
o = \
£

-0.81

’1 .0 L] T L T T

0 1 2 3 4 5 6

TIME, MINUTES

Figure 65. Verification of first order flotation kinetics for Upper Freeport coal in 0.5M
NaCl solution at pH 5.6 in a modified Hallimond tube after 10 minutes of
conditioning.

161

P T N TR YT SRy L (YRR
TR ETNT W T OIEN T - WTR

O BT T




FLOTATION YIELD, PERCENT

60 40
50"’ A
\ o 20 =
E
\
=0 A\\D .}
A <
\\ E
304 J N S it 0 @
\ o
a.
20- / _ E
/D A S - L og N
et \A\
0 , . . . A~ |40
0 4 6 8 10 12 14
pH

Figure 66. Zeta potential (A) and flotation yield (Q) (in modified Hallimond tube after 10
minutes conditioning and 3 minutes flotation) of as-received Upper Freeport
coal in 0.5M NaCl solution as a function of pH.

(A = i e Ot e

162




FLOTATION YIELD, PERCENT

30

O
/-‘ q
-
201 // TN \
/ ~
! \.\
I 4 =N
’ \\-
)4 SN a
B N
10- ' T me =
______ -—
A
A/ T~a
TTT— A
0 R T T T T
0 2 4 6 8 10 12
pH

Figure 67. Flotation yields versus pH of coals in 0.5M NaCl solution, using a modified
Hallimond tube, with 10 minutes conditioning time and 3 minutes flotation:

®: Sub-bituminous (PSOC-1442); O: HVA bituminous (DECS-12);
A: Anthracite (PSOC-1461).
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flotation yield and the reported PZR values of sub-bitummous C (PSOC-1442), HVA
bituminous (DECS-12) and anthracite (PSOC-1461) reported earlier (Figures 39,40 and
41). It has been suggested that anthracite coal is more hydrophilic than bituminous coals

because of the 7 electrons associated with the higher level of aromatization.204

Figures 68 shows the flotation yield versus pH of LV bituminous (PSOC-1516),
MV bituminous coal (PSOC-1527) and HVA bituminous (PSOC 1481) coals. The
flotation yields were much higher than those observed m Figure 67. LV bituminous coal
had the highest flotation yield, with a maximum at about pH 4.7. The good floatability of
this coal is attributed to its low content of nonfloatable components such as moisture.
oxygen functional groups, and relatively low content of ash. The somewhat lower
floatability of MV bituminous coal might be due to its higher ash content. The ﬂoatabi]ity
of the PSOC-1481 HVA bituminous coal decreased steadily with increasing pH. It should
be noted that this coal behaved quite differently from the DECS-12 HVA bituminous
shown in Figure 67, which was very similar in composition, except for pyrite and total

sulfur content. The reasons for the differences are not fully understood.

Because Hallimond tube salt flotation experiments provide a good measure of the
floatability of coals, flotation tests were done on each coal. Table 19 summarizes the
maximum flotation yields found for each sample, using 10 minutes of conditioning time
and 3 minutes of flotation, along with the pH of flotation maximum. In an attempt to
relate the floatability of the coal samples to their composition, chemistry and structure, the
maximum flotation yield of each coal was plotted as a function of selected rank parameters
from the proximate, sulfur and oxygen group analysis, to identify any parameters that
correlated well with flotation yield, either positively or negatively. In each of these plots
the coal samples have been identified by a number, as given in Table 19. '
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Table 19: Relative maximum flotation yields of coal samples studied.

Sample Origin Rank Maximum Flotation pH of Maximum Plotting
Yidd, % Flaation Yield Symbol
PSOC Darco, Texas Sub-bituminous C 21.80 2.4 1
11;(‘;2 Bottom, Texas Sub-bituminous C 37.58 2.0 2
I}Ss(3)i Big Dirty, Washington Sub-bituminous B 11.73 12 3
l:;gg Adaville #1, Wyoming Sub-bituminous A 35.40 40 4
II;g’C Tliinois #6, Ilinois HVC-Bituminous 28.88 3.2 5
;Ssg)i: Tliinois #2, Nlinois HVC-Bituminous 25.41 1.2 6
l:;(?)z: Kentucky #9, Kentucky HVB-Bituminous 25.39 12 7
13;3‘:: Upper Clarion, Penn. HVA-Bituminous 43.83 1.0 8
I;:ngs Pittsburgh #8, Pam. HVA-Bituminous 23.86 3.0 9
PSl(z)C Upper Freeport. Penn. MV-Bituminous 57.40 4.7 10
}:SsCz)ZI Lower Kittaming. Pemn. LV-Bituminous 78.38 4.7 11
I:SS(l)g Pern. Anthracite, Penn. Semi-Anthracite 11.81 2.0 12
IECEC Mzammoth. Penn. Anthracite 6.69 33 13

Figure 69 shows that with the exception of Upper Freeport coal (PSOC-1527,
denoted as 10), higher ash levels tended to decrease the flotation yield. Figure 70 shows
that, in general, higher amount of volatile matter give better floatability due to the
presence of larger amounts of waxy hydrocarbon components, although the correlation is
rather weak. Figure 71 shows that as the fixed carbon content increases, the flotation
yield rises to a maximum for low and medium volatile bituminous coals and decreases for
the anthracite as discussed above. Figures 72 and 73 show poor flotation at high phenolic
and carboxylic oxygen contents, but poor correlation of flotation with the oxygen content

at low levels. The decrease in floatability at high oxygeﬁ levels is a consequence of the
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Figure 69. Maximum flotation yields versus ash content (as-received) of coals. Flotation

performed in modified Hallimond tube, using 0.5M NaCL, 10 minutes
conditioning time, 3 minutes flotation. See Table 19 for key to sample numbers
and pH of maximum flotation yield.
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Figure 70. Maximum flotation yields versus volatile matter (as-received) of coals.
Flotation performed in modified Hallimond tube, using 0.5M NaCl, 10 minutes
conditioning time, 3 minutes flotation. See Table 19 for key to sample numbers
and pH of maximum flotation yield.
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Figure 71. Maximum flotation yields versus fixed carbon content (as-received) of coals.
Flotation performed in modified Hallimond tube, using 0.5M NaCl, 10 minutes
conditioning time, 3 minutes flotation. See Table 19 for key to sample numbers
and pH of maximum flotation yield.
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Figure 72. Maximum flotation yields versus phenolic oxygen content (as-received) of
coals. Flotation performed in modified Hallimond tube, using 0.5M NaCl, 10
minutes conditioning time, 3 minutes flotation. See Table 19 for key to sample
numbers and pH of maximum flotation yield.
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Figure 73. Maximum flotation yields versus carboxylic content (as-received) of coals.
Flotation performed in modified Hallimond tube, using 0.5M NaCl, 10 mmutes
conditioning time, 3 minutes flotation. See Table 19 for key to sample numbers
and pH of maximum flotation yield.

171




high affinity between polar water molecules and oxygen sites on the surface. Acidic
oxygen functional groups also affect the electrical charge on the coal surface, which
influences the rate of contact between bubbles and the coal particles. However, the
maximum flotation yields tended to be at pH values lower than the pK,'s expected for the
carboxylic acid present, so that this effect is probably weak. Figure 74 shows that with the
exception of semi-anthracite and anthracite coals, high moisture content significantly
reduced the floatability of coals. The amount of water generally correlates well with the
content of phenolic and carboxylic groups. Thus, it is possible that most of the water

present in coals is adsorbed on sites made hydrophilic by the presence of functional

groups.

It should be noted that neither regressional nor statistical analysis were done with

the data of flotation tests.

Figures 75 and 76 show the flotation yield versus pH of as received and oxidized
sub bituminous C (PSOC-1442), HVA Bituminous (DECS-12), LV Bituminous (PSOC-
1516) and anthracite (PSOC-1461) coals obtained in the Hallimond tube after 10 minutes
conditioning and 3 minutes flotation. Clearly, in agreement with Figures 72 and 73, the
floatability of coals samples oxidized at 2300C for 24 hours, is reduced significantly. The

effect is particularly dramatic for sub-bituminous and bituminous coals.

Table 20 shows the percentage of total sulfur present on coal samples in the feed,
concentrate and tailing fractions during salt flotation of as-received coals all at the pH of
maximum flotation. With the exception of HVA bituminous coal (PSOC-1481), the total
sulfur content of each coal sample (28x65 mesh size fraction) in the feed was lower than
those reported in Table 7 for the whole coal sample. It should be noted, that different size

fractions have different total sulfur content. Because coal samples have been under
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Figure 74. Maximum flotation yields versus moisture content (as-received) of coals.
Flotation performed in modified Hallimond tube, using 0.5M NaCl, 10 minutes
conditioning time, 3 minutes flotation. See Table 19 for key to sample numbers
and pH of maximum flotation yield.
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Figure 75: Flotation yield versus pH of coals in 0.5M NaCl solution, using a modified
Hallimond tube, with 10 mins conditioning and 3 minutes flotation: HVA
Bituminous (DECS-12):A:oxidized, A:as-received;

Sub-bituminous C (PSOC-1442): Q:oxidized, MW:as-received.
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Figure 76: Flotation yield versus solution pH of coals in 0.5M NaCl solution, using a
modified Hallimond tube, with 10 mins conditioning and 3 minutes flotation:
LV Bituminous (PSOC-1516):A:oxidized, A:as-received;
Anthracite (PSOC-1461): Q:oxidized, W:as-received.
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Table 20: Sulfur percentage in the feed, concentrate, and tailing fractions in salt flotation

of as-received coals all at pH of maximum flotation.

Sample Maxmmum Flotaan W% Sulfur W% Sulfur W% Sulfur pH of Maximum
Yield. % Feed Cancentrate Tailmg Flotation Yield

PSOC 21.80 0.40 0.26 0.45 24
1442 .
PSOC 37.58 0.37 0.43 0.32 2.0
1538

PSOC 11.73 0.29 ND ND 1.2

‘1486

PSOC 35.40 0.76 0.42 0.85 4.0
1487

PSOC 28.88 2.66 2.41 3.16 32
1539

PSOC 25.41 2.10 2.00 2.12 1.2
1497

PSOC 25.39 4.12 2.20 2.23 1.2
1494

PSOC 43.83 6.00 1.64 1.87 1.0
1481

DECS 23.86 0.49 0.39 0.57 3.0

12
Upper 44.90 0.62 0.37 0.58 3.1
Freeport

PSOC 57 40 0.57 0.74 ND 4.7
1527

PSOC 78.38 0.35 0.28 0.72 4.7
1516

PSOC 11.81 0.34 0.21 ND 2.0
1515

PSOC 6.69 ND ND ND 33
1461

ND:Less than 0.1 wt% sulfur.

storage for extensive periods, it is possible that some gaseous sulfur compound such as

H>S had evolved, lowering the total sulfur content of coal samples.

Table 20 indicates that with the exception of sub-bituminous C (PSOC-1538) coal,
the percentage of total sulfur was higher in the tailing than in the concentrate, suggesting
that flotation of inorganic sulfur has been depressed by oxidation of pyrite despite all effort
to minimize probably contact with air. HVB bituminous (PSOC-1494), HVA bituminous
(PSOC-1481), and MV bituminous coals show higher percentage of total sulfur in the feed

than in the concentrate and tailing fractions. The reason for these inconsistencies are not
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Table 21. Sulfur percentage in the feed, concentrate, and tailing fractions in salt flotation

of oxidized coals at 2309C for 24 hours, all at pH of maximum flotation.

Sample Maxamum Floauon Wt% Sulfur Wit% Sulfur Wit% Sulfur pH of Maximum
Yield. % Feed Cancentrate Tailing Floution Yield
PSOC 1791 0.40 ND ND 22
1442
DECS 4.67 0.49 0.73 0.44 4.7
12
PSOC 18.40 0.35 ND 0.47 4.0
1516
PSOC 27 ND ND 0.5 1.7
1461

ND:Less than 0.1 wt% sulfur

fully understood, although some sulfatic sulfur species could have been dissolved durmg

the tests at low pH.

Table 21 gives the sulfur percentage in the feed, concentrate, and tailing fractions m the
salt flotation of oxidized coals, all at the pH of maximum flotation. The total sulfur
content of HVA bituminous (DECS-12) coal in the concentrate was higher than m the
tailing fraction, indicating that coal particles in the concentrate were rich in hydrophobic

organic sulfur, whereas coal particles in the tailing were rich in hydrophilic functional
groups and oxidized coal pyrite.

Flotation studies under controlled potential and pH conditions were carried out to
mvestigate the effect of polarization on the flotation of coal. The Hallimond tube used in
this study had a platinum disk electrode fitted into the flotation zone. The electrical
control was obtained by inserting a platinum counter electrode through the top of the tube
while contact with the reference electrode was obtained through a fritted glass disk
connecting the main tube with the reference electrode compartment. In each experiment,

the flotation yield was studied as a function of the solution potential at the optimum pH of

each coal sample given in Table 19.
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Figure 77 shows the flotation yield versus solution potential of HVC Bituminous
(PSOC-1497), HVB Bituminous (PSOC-1494) and HVA Bituminous (PSOC-1481)
coalsobtained in a specially modified Hallimond tube after 10 minutes conditioning and 3
minutes flotation. As summarized in Table 7, these coal samples contain high amounts of
pyritic sulfur and were used to check possible polarization effects. The results given in
Figure 77 show that on reducing the solution potential, the flotation yield slightly
increases, possibly due to the reduction of the functional groups on the coal surface which
would cause the coal surface became more hydrophobic. Table 22 shows that at low
potentials, the total sulfur content is higher in the concentrate fractions. The total sulfur in
the tailing fraction must be rich in pyritic sulfur since at these negative potentials, the
surface of pyrite is more hydrophilic (to be discussed later) due to the reduction of pyrite
to FeS or Fey_,. On increasing the solution potential, the flotation yield decreased
substantially for HVB Bituminous (PSOC-1494) and HVC Bitummous (PSOC-1497)
coals. Table 22 indicates that at high potentials the total sulfur content was higher in the
tailing fractions. The effect was particularly noticeable in the HVB Bituminous (PSOC-
1494) and HVC Bituminous (PSOC-1497) coals with high content of pyritic sulfur. It
was observed (to be discussed in the next section) that when pyrite was oxidized at high
potential, its wettability was significantly reduced probably due to the formation of a
hydrophilic oxide layer on its surface. Also, at high potential the flotation of coal is
reduced by the presence of highly oxidized funtional groups on the coal surface.

In Figure 78, the flotation yield is presented as a function of solution potential of
HVC Bituminous coal (PSOC-1539), MV Bituminous coal (PSOC-1527) and Upper
Freeport (MV Bituminous) coals obtained in a specially modified Hallimond tube after 10
minutes conditioning and 3 minutes flotation. These plots indicate that only Upper

Freeport coal exhibits similar behavior to those observed in Figure 77.
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Figure 77: Flotation yield versus solution potential of coals n 0.5M NaCl solution, using a
modified Hallimond tube, with 10 mins conditioning and 3 minutes flotation:
B: HVC Bituminous (PSOC-1497); :*: HVB Bitumimous (PSOC-1494),
Q: HVA Bituminous (PSOC-1481).

179




Table 22. Sulfur percentage in the feed, concentrate, and tailing fractions in salt flotation

of as-received coals as a function of the solution potential all at pH of maximum

flotation.
Saople | W%S | -0.8 Vohs (SHE) -0.4 Vohs (SHE) 0.5 Volts (SHE) 1.0 Votis (SHE) pH
Feed
Wit%sS. Wt%S. W1t%S. Wt%S. W1%S. W1%S. W1t%S. Wt%S, Max.
Canc. Tail Canc. Tail. Canc. Tail. Canc. Tail. Flaation
PSOC 2.10 1.66 1.64 1.96 2.64 1.97 2.12 1.47 2.55 1.0
1497
PSOC 4.12 2.30 1.82 NA NA 2.42 445 1.1 510 3.0
1494
PSOC 6.00 1.67 1.46 1.53 2.65 2.10 2.79 NA NA 1.0
1481
Upper 0.62 0.20 0.25 NA NA 0.26 0.42 ND 0.37 35
Freepont
PSOC 0.57 0.57 1.50 NA NA 0.70 1.25 0.84 0.50 4.5
1527
PSOC 2.66 2.32 2.72 2.7 3.94 243 386 2.24 3.39 3.0
1539
NA:Not available

ND:Less than 0.1 wt% sulfur

At negative potentials the flotation yield of HVC Bituminous coal (PSOC-1539)
decreases in conjﬁction with a tailing fraction with higher total sulfur than the concentrate
fraction. At positive potentials the flotation yield of MV Bituminous (PSOC-1527) coal
increases, due to a oxidation of pyrite to hydrophobic polysulfide species at high
potentials. The higher flotation yield is also consistent with a concentrate fraction more

rich in sulfur.
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Figure 78: Flotation yield versus solution potential of coals in 0.5M NaCl solution, using a
modified Hallimond tube, with 10 mins conditioning and 3 minutes flotation:
B: MV Bituminous (UF); :*: MV Bituminous (PSOC-1527);
Q: HVC Bituminous (PSOC-1539).
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C. Electrochemical Studies on Coal Pyrite Samples.

C.1. Rest Potential Measurements

The potentials of both pyrite samples in the different buffer solutions at 0 and 24

hours is shown in Table 23. The potentials measured initially were relatively high, then

Table 23. Potentials of Coal Pyrite Electrodes (mV SHE + 10 mV)

ite Source | pH 1.0 pH 7.4 pH 9.3 pH 10.5

Initial 24 hrs | Initial 24 hrs | Initial 24 hrs | Initial 24 hrs

Upper Freeport | 727 311 | 586 303 | 600 273 |- -

Pittsburgh 645 552 [ 730 323 | 360 249 | 305 205

decreased, albeit to different extents. After 24 hours the potentials were fairly steady.
Since there was no added oxidant or reductant in any of the electrolytes, the pyrite should
have established an equilibrium potential rapidly, and remained at this potential. The
steady decrease over the first 24 hours or so is indicative of some reaction or physical
transformation. Recognizing this, we designate the potential after 24 hours as the "rest
potential”, with the caveat that this might not be characteristic of true equilibrium, or of
the electrode surface at the point of immersion. These potentials are shown on Figure 79.
In all cases, the potentials of the pyrite samples were well above the region of
thermodynamic stability for pyrite, consistent with earlier reports in the literature 113,155-
157,167 QOne reason for this non-equilibrium behavior might be that despite all attempts
to exclude oxygen, during grinding the pyrite surfaces form oxide films or polysulfides that

are not removed by etching. Altematively, the grinding procedure might introduce a large
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Figure 79. Experimentally measured electrode potentials of Upper Freeport coal pyrite:
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number of defects that alter the stability of the surface layers of pyrite. It is highly relevant
that Tao ef al. 166, and Richardson and Yoonl69 have observed that pyrite surfaces
exposed by cleavage in-situ exhibit different electrochemical behavior to pyrite samples

that have been ground.

The differences oﬁserved in the initial potentials of the two pyrite samples are
likely to be due to differences in the level of trace oxygen impurities during grinding, or to
differences in damage, although the intrinsic characteristics of the pyrite samples also can
influence their behavior. At pH 1.0, oxide films would be expected to dissolve, which
could account for the reduction in potential of both pyrite samples over 24 hours.
However, the failure to reach the region of stability for pyrite suggests that there is also
some influence from grinding defects, or that a polysulfide layer formed by acid
dissolution during the "equilibration”. The final potentials of both coal pyrite samples
were close at both pH 7.4 and pH 9.3. This fact, in conjunction with observation made
during cyclic voltammetry (discussed below), suggests that phosphate and borate replaced
any original oxide coating during the 24 hours period. The potentials of both pyrite
samples decreased with increasing solution pH. This is consistent with the pH dependence
of the stability areas shown on the Eh-pH diagram (Figure 79).

C.2 Cyclic Voltammetry Tests

pH 1.0: Figure 80 shows the cyclic voltammogram obtained for a Pittsburgh coal pyrite
electrode after 2 hours in contact with HpSO4 solution at pH 1.0 scanning at the relatively
slow scan rate of 2.0 mV/s. At this scan rate, mobile species that are generated by
electrode reactions, such as ions and dissolved gas, tend to be transported away from the
electrode into the bulk solution, and are not present at the surface in sufficiently large

concentrations to allow the reverse reaction to occur at an appreciable current density
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Figure 80. Cyclic voltammogram for Pittsburgh coal pyrite after 2 hours in contact with a
pH 1.0 H2SO4 solution at 2.0 mV/s
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when the potential returns to the required value during cycling. Thus, any peaks that are
observed must be due to reaction of the solid alone, or the solid and electrolyte. On the
first anodic sweep there was no significant anodic current until about 0.9 V SHE, when
extensive oxidation occurred. The cathodic peak I, observed at about 0.0 V on reversing
the scan, was probably due to reduction of the insoluble oxidation products that had been
formed at the higher potentials, as opposed to reduction of a// oxidation products, since
the total charge associated with this reaction, which is proportional to the area under the
current density-potential curve, was much lower than that for the extensive anodic
oxidation. At pH 1.0 the insoluble products are more likely to be polysulfides than oxides,
and the soluble species would be Fe3*and HSO4~. The cathodic reaction that started at
about -0.3V had a very high charge associated with it and probably corresponds to
reduction of FeS) to FeS,_ or FeS. On the returning anodic scan, the current- density
was greater than had been observed in the first anodic excursion, indicating that the new
surface was more susceptible to oxidation than the original, ground and etched surface had

been. Successive scans resulted in converging voltammograms.

For the same electrode, the plots given in Figure 81 shows that the characteristics
of the cyclic voltammograms were changed markedly when the scan rate was increased to
20.0 mV/s under the same conditions used to generate Figure 80. At this scan rate mobile
reaction products are still present at the electrode to participate in the reverse reaction
when an appropriate potential is reached. On the first cycle (labeled 1) the current was
low up to about 0.9 V, where extensive oxidation occurred. On reversing the scan
direction, the cathodic peak IT appeared at about 0.65 V. This is the correct potential for
reduction of Fe(III) to Fe(Il), and demonstrates that Fe(IIl) was produced at the highest
current densities. Although there was no distinct peak at around 0.0V corresponding to
peak I in Figure 80, there was a continual increase in current density, down to -0.4V,

suggesting continual reduction of polysulfides, and then underlying pyrite. A broadening
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Figure 81. Cyclic voltammogram for Pittsburgh coal pyrite after 2 hours in contact with a
pH 1.0 H2SO4 solution at 20.0 mV/s
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of peaks and higher overpotentials are characteristic of rapid scan rates. The anodic peak

II probably corresponds to re-formation of pyrite, by reversal of reaction:

FeSy + 2xH' + 2xe <> FeSy.y + xHpS 0 (53)

:

The charge associated with this reaction is less than the cathodic charge, because some of
the HS released on reduction would not be available at the pyrite surface. Consequently
there would not be complete replacement of surface FeS or FeSy_x with FeS», although
the spatial distribution of sulfur in the surface layer is not known. The anodic current was
again higher on the second and subsequent cycles, suggesting a change in surface
reactivity. Peak IV is due to oxidation of Fe(Il) to Fe(III). On the subsequent cycles, the
cathodic peak I appeared at -0.1V, rather than the continuous increase in the current
density seen on the first cycle. This suggests that the solid oxidation products produced
during the second and subsequent cycles had a more distinctive composition than those

present on the first cycle.

The same electrode was contacted with the acidic solution for 24 hours, and a
cyclic voltammetry experiment was carried out at 20.0 mV/s. The results are shown in
Figure 82, which is essentially similar to Figure 81. This shows that although the rest
potential had decreased almost 100 mV in 24 hours (Table 20), this did not cause any

fundamental change in the electrochemical reactivity of the surface.

Figure 83 shows the cyclic voltammograms obtained with the Upper Freeport coal
pyrite electrode after 24 hours of contact with pH 1.0 H2SO4. On the first cycle the
anodic current was extremely low up to about 0.6V, when oxidation occurred. A cathodic
reaction was observed at about -0.4V that was probably due to dissolution of the oxidized

layer, possibly a polysulfide. On the second anodic scan, the anodic current density
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Figure 82. Cyclic voltammogram for Pittsburgh coal pyrite after 24 hours in contact with a
pH 1.0 H2SO4 solution at 20.0 mV/s
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Figure 83. Cyclic voltammogram for Upper Freeport coal pyrite after 24 hours in contact
with a pH 1.0 H2SO4 solution at 20.0 mV/s
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started increasing at about 0.3V, and higher anodic currents were passed on subsequent
scans, indicating that the electrochemical character of the pyrite surface changed during
the course of cycling. The cathodic current was lower on the second and subsequent

scans than in the first cycle.

pH 7.4, 9.3, and 10.5: The surface properties of coal pyrite are very sensitive to changes
in the solution conditions. Because of this, the behavior of pyrite was studied at pH values
closer to those used in flotation systems. Cyclic voltammetry experiments were done with

Pittsburgh coal pyrite at pH 7.4, 9.3 and 10.5.

Figure 84 shows the behavior over 5 cycles at 2.0 mV/s after 2 hours of contact
with a pH 9.3 borate buffer solution. On the first cycle the current was low initially and
started increasing at about 0.4 V. This potential is lower than the potential where the
anodic current density started to increase at pH 1.0, namely 0.9V (Figs 80-83), which is
consistent with the pH dependence shown i Figure 79. A cathodic peak (I) was observed
at -0.5 V. This must be due to reduction of oxidized layers, since the potential is too high
for pyrite reduction. There was a small peak at -0.8V, probably corresponding to

reduction of pyrite to form FeS and HS™ by the reaction:

FeSy; + H' + 2¢” & FeS + HS (54)

On the anodic scan, re-formation of FeS) by interaction of FeS layers on the
electrode surface with HS™ would be unlikely, because of transport of HS™ from the
electrode by both migration and diffusion. Thus peaks (II) and (III) in Figure 84 are
probably due to electrochemical reactions involving the borate buffer. This possibility has
been confirmed recently by Wang er al.205 who reported that different borate and
phosphate buffers react strongly with pyrite and other sulfide minerals, to form both
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Figure 84. Cyclic voltammogram for Pittsburgh coal pyrite after 2 hours in contact with a
pH 9.3 borate buffer solution at 2.0 mV/s
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soluble and insoluble compounds. These reactions could either enhance or inhibit the

oxidation of pyrite and its interaction with flotation reagents.

Figure 85 shows the cyclic voltammogram obtained with the Pittsburgh coal pyrite
electrode after 2 hours of contact with pH 9.3 borate buffer at 20 mV/s. 'i'he anodic -and
cathodic current densities were higher than those observed at 2.0 mV/s (Figure 84). This
is a general feature of rapid scan rates, reflecting the shorter time available for charge to
pass while an electrode is in a particular potential range. During the first anodic excursion
the current density started increasing at 0.4V. The cathodic peak observed at -0.75 V is
probably due to the reduction of pyrite according to reaction 54. The anodic peaks II and
I undoubtedly include components due to the same reaction observed in Figure 84.
However, peak II was comparatively larger than IIl, suggesting that there might also be
some recombination of HS™ and FeS at this potential. As noted in other voltammograms.
the new surface passed higher anodic currents than the original pyrite surface. Because of
the low solubility of iron species in basic solutions, no peaks were observed for the
reduction of Fe(III) and oxidation of Fe(II). On the second cycle a very small cathodic
shoulder (I) appeared at about -0.4 V and its magnitude was constant on subsequent
cycles. This peak could be due to reduction of oxidation products or to an
electrochemical interaction between the electrode and the buffer solution. This effect was

not reported in previous electrochemical studies using buffer borate as
electrolyte. 157,159,160,162,166-168,170

The Pittsburgh coal pyrite electrode was also contacted with the same borate
buffer solution for 24 hours before cyclic voltammetry at 20 mV/s. Figure 86 shows that
pesks were obtained at the same potentials as those observed in Figure 85. The cathodic
peak at -0.6 to -0.8V had a slightly higher current density than that in Figure 85, and the

anodic peak Il was dramatically higher. especially in the first cycle. This confirms that this
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peak is largely due to some interaction with borate, and suggest that it is oxidation of a

borate-containing layer that develops on exposure to the buffer.

Cyclic voltammograms at 20.0 or 2.0 mV/s with Pittsburgh coal pyrite m contact
with pH 7.4 phosphate buffer and pH 10.5 borate buffer solution showed similar behavior

to that observed at pH 9.3. This indicates that phosphate is also electrochemicaily active.

Figure 87 shows cyclic voltammograms obtained with the Upper Freeport coal
pyrite electrode after 2 hours in contact with pH 9.3 borate buffer, scanning at the
relatively slow scan rate of 2.0 mV/s. These are very similar to those for the Pittsburgh
pyrite discussed above. On the first cycle, a cathodic current passed to about 0.45V,
where the current reversed and increased. A cathodic peak I started developing at -0.4V,
with a shoulder at -0.6V, probably due to reduction of oxidation products formed during
electrode preparation. or reduction of borate species. A cathodic peak due to reduction of
pyrite was established at -0.75V. The anodic peaks II and III are probably due to the

same reaction of borate seen in Figures 84,85,and 86.

For the same electrode, Figure 88 shows the cyclic voltammograms obtained after
2 hours in contact with a pH 9.3 borate buffer scanning at 20.0 mV/s. The
voltammograms indicate that even at relatively high potentials, the electrode is passing a
cathodic, rather than the thermodynamically favorable anodic current. Even at the "rest”
potential , a substantial cathodic current was being passed. Also, the currents observed
for the Upper Freeport coal pyrite were less steady than those for the Pittsburgh coal
pyrite under all conditions, suggesting that semiconductor or insulating layers were
forming under certain conditions and giving erratic responses. This pyrite clearly has a

very low propensity for oxidation, in marked contrast to the Pittsburgh coal pyrite. Such
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differences would be extremely important in determining the ability to desulfurize each

coal after weathering.

C.3 Implication for Coal Cleaning

The experimental results of this study, in conjunction with previous work, clearly
indicate that significant differences can be expected in the electrochemical behavior of coal
pyrite samples, depending on their prior history. For example, grinding can mtroduce
damage or defects in the surface layers, and traces of oxygen can readily oxidize their
surface. These effects are more likely during commercial coal preparation as during
idealized laboratory experiments. Any of these factors could alter the rest potential of
pyrite samples from their intrinsic value. It is also possible that the reducing environment
provided by coal actually increases the susceptibility of freshly exposed pymte to
oxidation, in the same way that the pyrite studied here was more susceptible after a

cathodic excursion.

Coal pyrite undergoing weathering in storage piles may develop low pH values,
according to reaction 46. The results obtained in this work would suggest that such
weathering at low pH would make the coal pyrite surface more hydrophobic, because of
the formation of sulfur and polysulfides. This would be undesirable, since cleanmng
methods such as flotation and oil agglomeration require the pyrite to be less hydrophobic
than the coal. The problem is compounded by the concurrent oxidation of coal, which

introduces hydrophilic carboxylic and phenolic groups.

Oxides form when pyrite oxidizes under basic conditions, although the effect of
this on the surface properties would depend on whether non-equilibrium polysulfides also

appeared. The borate or phosphate compounds that developed in the electrochemical
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studies would not, of course, be expected in a coal flotation circuit where pH would be

regulated with mexpensive bases.

C.4 Contact Angle Measurements.

Figure 89 shows the effect of the electrode potential on the wetting behavior of
Pﬁtsbmgh coal pyrite at pH 9.3. As the potential of the electrode was increased, the
surface became more hydrophobic at potentials between 250 and 450 mV(SHE). From
our cyclic voltammetry results, this increase in hydrophobicity could be attributed to the
formation of polysulfide species at the surface. When the electrode potential was further
increased, the surface of the electrode became more hydrophilic, probably because of
formation of oxide species that strongly imteract with water. On reducing the electrode
potential from 700 to 450 mV, the surface became more hydrophobic because of the
reduction of the oxide layers formed during the anodic excursion. However, there was
noticeable hysteresis. which is to be expected since diffusion of sulfate away from the
electrode would preclude reversal of the chemical reactions that occurred during the
anodic excursion. Upon further decrease in the electrode potential, reduction of the
surface species made the electrode surface more hydrophilic. However, at the "rest
potential" of the electrode, the surface was more hydrophobic than it had been at the
beginning of the test, suggesting that not all of the oxidation products had been reduced
on reversing the electrode potential. Between 250 and -200 mV the contact angle
remained constant, then at more cathodic potentials the contact angle decreased
continuously to about 90, mainly due to the reduction of pyrite to form FeS and HS
according to reaction 54. Figure 90 shows the effect of the electrode potential on the
wetting behavior of Pittsburgh coal pyrite at pH 1.0. As the potential of the electrode was
increased up to 1000 mV the surface became more hydrophobic, due to the formation of

polysulfides and sulfur. On reducing the electrode potential, the surface became more
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Figure 89. Contact angle of a nitrogen bubble on Pittsburgh coal pyrite as a function of the
electrode potential in a borate buffer solution at pH 9.3. The potential was
stepped, starting at the rest potential, and initially scanning anodically, then
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Figure 90. Contact angle of a nitrogen bubble on Pittsburgh coal pyrite as a function of the
electrode potential in a sulfuric acid solution at pH 1.0. The potential was
stepped, starting at the rest potential, and initially scanning anodically, then
cathodically.
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hydrophilic because of the reduction of the oxidation products. When the electrode
potential was decreased beyond the rest potential, the contact angle decreased steadily,
due to reduction of polysulfides and FeS; to FeSy_y or FeS. On reversing the potential
step direction, the surface became more hydrophobic due to the re-formation of pyrite.
There was hysteresis, however, probably because there was incomplete replacement of the

reduction products by FeS;.

These results indicate that at least two products form when coal pyrite was
oxidized at pH 9.3. These products are a hydrophobic polysulfide species and a
hydrophilic oxide layer. The relative abundance and properties of these products
determine the flotation response of coal pyrite. If the oxide layer is absent, that is, either it
does not form or it is dissolved, coal pyrite is more hydrophobic. Oxidation of pyrite at
pH 1.0 renders the surface more hydrophobic because of the formation of hydrophobic
species such as polysulfide and sulfur, and the absence of an oxide layer. This behavior

might be utilized in selective flotation for coal cleaning.
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D. Chemical Oxidation of Upper Freeport Coal Pyrite

The purpose of these experiments was to study the reliability, reproducibility and
suitability of different standard test methods used to determine the pyrite content of coal

and its propensity to release acidic drainage.

D.1 The Peroxide Method (Smith ef al.173 ; Sobek et al174),

Here, the validity of the assumption that all the pyrite in a sample reacts completely
with hydrogen peroxide to produce acid was tested. The amount of iron released by
pyrite oxidation was determined by atomic absorption spectrophotometry, and the amount
of acid released was determined by titration with NaOH. The titration results were
analyzed by assuming that all Fe(III), as determined by atomic absorption analysis, would
consume three equivalents of OH", and that the residual OH~ consumption was due to the

single HY ion released according to the reaction:

FeSp + 15/2HyOy ¢ Fe(OH)3 + 28042 + 4Hp0 + 4H* (55)

Although the hydrogen peroxide method is not a standard method for coal pyrite,
it was tested to compare with ASTM D2492-84 method”z, and to understand the

differences in the behavior of coal and ore pyrite samples.206

It is clear from Table 24 that for Upper Freeport coal, the AA (atomic adsorption)

and titration analyses are totally inconsistent, and, in the case of acid titration, not realistic.
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Table 24. Percentage of total pyrite in Upper Freeport coal reacted during peroxide
oxidation processes (uncontrolled:PO:U, or temperature controlled at 40°C;

P0O:40 or 10°C; PO:10)

PO:U PO:40 PO:10
AA Titration | AA Titration | AA Titration
Sample 1 8.94 374.7 | 8.18 316.1 | 10.82 356.1
Sample 2 8.40 357.5 | 8.34 310.7 | 9.04 360.0
Mean 8.67 366.1 | 8.26 313.4 § 9.93 358.1

B AP AT sk

Vigorous, exothermic reactions were observed between coal and hydrogen
peroxide, with the temperature typically rising to about 959C within a few seconds of
adding peroxide. and the temperature only decreasing to room temperature after about 30
minutes. This caused release of little iron. and excessive acid. It is probable that much of
the peroxide oxidized the coal, creating acidic groups on the surface of coal. Some of
these were soluble, contributing greatly to the excess acid in solution, while surface acid
groups may well have complexed some of the iron released by pyrite oxidation. It is clear
that peroxide oxidation is an inappropriate method for analyzing the pyrite content of coal,

and presumably of coal-containing wastes.

D.2 Nitric Acid Extraction Method (ASTM D2492-84)172

This method implicitly assumes that all the pyritic sulfur in a coal sample would be
dissolved by this method. Upper Freeport coal pyrite samples were hand picked from
broken coal before grinding. Because of the intimate association of coal with pyrite,
samples of homogeneized, ground coal pyrite were ashed in duplicate in a proximate
analyzer equipment (LECO-MAC-400) at 706°C under oxygen atmosphere. These
samples contained 59.87% of ash. Pure pyrite would produce 66.55 wt% ash on

oxidation to hematite (which would be expected in an oxygen atmosphere), which
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suggests that homogeneized pyrite materials contained about 90% pyrite. When the
ASTM Method D2492-84 was performed on four different pyrite nodules isolated from
coal, the dissolved iron was equivalent to between 94.08 and 100% (mean 97.58%,
standard deviation: 2.464) of the weight of pyrite used. Given that the homogeneized coal
pyrite had contained a maximum of 90% pyrite, these results indicate that the test method
is, indeed, capable of dissolving all the pyrite within the duration of the test, although it is
implicit that the coal or other sample must be ground sufficiently fine to expose all pyritic
material to the nitric acid oxidant. This requirement must be allowed for when analyzing
coal samples with very small, encapsulated pyrite particles, which may end up being
reported as organic sulfur. Despite this limitation, this test method seems to be adequate
for normal analysis. However, the variant of this method indicates that samples can be left
overnight at room temperature in order to dissolve all pyrite. Under this condition the
kinetics of pyrite dissolution could be unfavorable -and consequently might mtroduce

erroneous pyritic sulfurdeterminations.

D.3 Oxidation Kinetics Studies.

Kinetic studies were made on the dissolution of coal and ore pyrite in 1.97M
HNO3 and 5% H)O7 solutions to gain insight into the kinetic features that could be

incorporated into tests for predicting water quality during waste management.

D.3.1 Nitric Acid Test

Figure 91 shows the percentage of Upper Freeport coal pyrite and ore pyrite
dissolved by 1.97M HNO3 (concentration used in the ASTM method) as a function of
time. Specifically, for these particular pyrite samples, it is clear that the coal pyrite was
oxidized more rapidly than was ore pyrite. Such differences should be taken into account

in kinetic models that predict the rate at which the acid potential and neutralization
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Figure 91. Percentage of pyrite samples dissolved by 1.97M HNO3 at room temperature.
W:Upper Freeport coal pyrite; O: Huanzala, Peru ore pyrite
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capacity of a given waste material are depleted. It should also be noted that ASTM
Method D2492-84 states that samples can be left ovemnight m nitric acid at room
temperature, instead of being boiled for 30 minutes. These results demonstrate that this

treatment would not give complete oxidation of pyrite and hence, should be avoided.

D.3.2 Hydrogen Peroxide Test.

Figure 92 shows the percentages of Upper Freeport coal pyrite and ore pyrite
dissolved by 5% H7O5 as a function of time. The coal pyrite gave 100% dissolution after
about 10 hours, as analyzed by the iron content of the solution, whereas iron analysis had
indicated only about 10% pyrite dissolution in the standard hydrogen peroxide oxidation
technique. The discrepancy may have been due to the fact that there was more hydrogen
peroxide present in this experiment to oxidize the pyrite, or that the reaction time here was
longer than in the standard method, or that the temperature was lower. giving less thermal
decomposition of peroxide. However., it is also highly probable that at the lower peroxide
concentration, conditions were not sufficiently oxidizing to create soluble and surface acid
groups by oxidation of the coal. Hence there would have been no side reaction consuming

peroxide, or oxidized functional groups to adsorb iron from the peroxide solution.

E. Electrokinetic and Film Flotation Tests on Raw and Oxidized Coal Pyrite
Samples.

In order to study the effect of oxidation on the electrokinetic behavior of coal
pyrite samples, 3 g samples of -400 mesh Upper Freeport and Pittsburgh coal pyrite,
spread to a depth of about 1 mm, were oxidized in a convection oven at 230°C for 24
hours. Figures 93 and 94 show the effect of oxidation on the zeta potential of coal pyrite

samples. The results indicate that like the Upper Freeport coal samples the PZR shifts to
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Figure 92. Percentage of pyrite samples dissolved by 5% H2O» at room temperature.
®: Upper Freeport coal pyrite; O: Huanzala, Peru ore pyrite.
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more acidic pH's values, probably due to the dissociation of some oxidation products at
low pH. However, for Pittsburgh coal pyrite, there is no significant effect of oxidation
upon the PZR. The PZR values of 2.2 seem to be in good agreement with some values
reported in the literature, 118,207 put not with those reported by Fuerstenau et al.208
who found a value of 6.2 for ore pyrite. The reason for this discrepances are possibly
associated with differences in the surface composition of the pyrite samples. They also

found that oxidation modify the interaction of pyrite with xanthate during flotation.

Upper Freeport coal samples oxidized at higher temperatures were negatively
charged at all pH values (Figure 14). It is clear that this negative charge must be
determined mainly by the acidic groups present on coal surface, rather than the oxidation

products of pyrite.

Figure 95 shows the film flotation partition curves of coal pyrite samples as-
received and oxidized at 230°C. Clearly, the critical surface tension increased
dramatically on oxidation, reflecting a decrease in the hydrophobicity of pyrite samples
with oxidation. This is undoubtedly due to the presence of hydrophilic iron oxide or
hydroxide on the surface. Clearly this change with oxidation would affect the

performance of coal cleaning processes.
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VL. SUMMARY AND CONCLUSIONS

In this research, the influence of specific oxidation treatments on the surface
properties that control the behavior of coal and coal pyrite in relation to physical cleaning
processes was investigated. Fourteen coal samples of different ranks ranging from high to
medium sulfur content were studied by dry oxidation tests at different temperatures and
humidities, and by wet oxidation tests using different oxidizing agents. The wettability of
as-received and oxidized coal samples were characterized by film flotation tests and
electrokinetic behavior. Based on the results of the oxidation tests, possible mechanisms
have been proposed to explain the changes on the coal surface induced by different
treatments. Flotation tests were carried out on different coals under controlled pH and
potential to investigate the effect of polarization on the flotation of coal, and the ability to
separate pyrite from coal by selective flotation of either coal or pyrite. Fmally,
electrochemical tests were performed on two coal pyrite samples in order to obtam a

better understanding of coal pyrite oxidation.

The effects of specific oxidation treatments on various surface properties of coals
have been studied systematically. The concentration of oxygen functional groups
increases as the temperature, humidity and oxidation time are increased. During oxidation
at 2300C, anthracite coals show only a small increase in the oxygen functional group
concentration. This is consistent with the predominantly aromatic structure of anthracite
coal and the fact that oxidation occurs preferentially on aliphatic groups. Conversely, sub-
bituminous coals experienced severe oxidation with significant increase in the oxygen
functional group concentration. These result are consistent with the fact that lower rank

coals are more susceptible to oxidation than higher rank coals.
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The wettability of as-received and thermally oxidized samples was studied by film
flotation tests with a series of aqueous methanol solutions. In general, coals show wetting
distribution curves that shift towards higher surface tensions with increasing oxidation.
This decrease in hydrophobicity is attributed to the increase of functional groups that
interact strongly with water and the evolution of volatile matter with oxidation. The
decrease in hydrophobicity is more pronounced in bituminous coals, possibly due to more

significant evolution of volatile matter.

With the exception of anthracite coal, electrokinetic tests on as-received and
oxidized coals show that oxidation decreases the zeta potential and the PZR values shift to
lower pH's. The shift is more pronounced as coals become more oxidized. This is due to
the formation of more oxygen functional groups that dissociate at low pH. The presence
of significant amounts of ash in the coal samples also affects the zeta potential. At basic
pH, the zeta potential of coal samples became less negative, due to the formation and

dissolution of humic acids.

The dry thermal oxidation of coals is accompanied by a change m the
concentration of various functional groups. The DRIFT spectra of different coals show
that the intensities of some specific absorption bands change during oxidation. With the
exception of anthracite coal, in most of the cases, the intensity of the peak corresponding
to the carboxyl functionality increases with oxidation. Also, the peaks corresponding to
ester and anhydride functionalities was increased slightly, whereas the intensity of the
peaks corresponding to aliphatic configurations decreased dramatically. The latter
confirm the fact that thermal oxidation at 2300C severely modifies the aliphatic structure

of coal.
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The mechanisms of oxidation at 2300C have been interpreted in terms of classical
autooxidation reactions in which the first step could be the formation of hydroperoxide
compounds by the preferential oxidation of the aliphatic units present in coal. The loss of
aliphatic structure detected by DRIFT measurements suggests that this would be the initial
site of abstraction of hydrogen and subsequent hydroperoxide formation. These products
were not detected because they easily decomposed at the experimental oxidation
temperature. Once hydroperoxide decomposition has occurred and released further
radicals into the system, the range of reaction possibilities becomes extensive, and
choosing between them is somewhat speculative. However, the presence of carboxylic
acids, phenolic groups, esters and anhydrides detected in this study has been consistently

explained according to coherent reaction sequences.

Wet oxidation studies using different oxidizing agents revealed that the extent of
oxidation for the sub-bituminous C (PSOC-1442) and MV Bituminous (PSOC-1527)
coals is comparable to that observed after dry thermal oxidation at 2309C. The
susceptibility to oxidation by a given oxidizing agent varied from sample to sample in no
obvious systematic way. Wet oxidation also reduced the hydrophobicity of the coal
although to a lesser extent than dry thermal oxidation. Wet oxidation by hydrogen
peroxide probably involves a Fenton reaction mechanism by which pyrite catalyzed the
oxidation process by reducing HyO; to form OH' radicals that enhanced the oxidation of
coal. Interaction between coal and nitric acid involves complex mechanisms characterized
by a series of reactions such as oxidation of the organic and inorganic fractions of coal. In
the oxidation of coal by ferric sulfate solution, the functional groups present in as-received
coal and those generated by oxidation can interact with both ferric iron as well as ferrous
iron generated by the oxidation of coal pyrite. The interaction is explained by an ion-
exchange mechanism that is consistent with the marked decrease in the concentration .of

total iron in solution during the initial stage of oxidation.
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Although the alteration of the morganic and organic materials occurs
simultaneously in coal exposed to the atmosphere, these processes had been generally
regarded as mdependent. This study analyzed the importance of the role that the
nteraction of pyrite with water and oxygen plays in the oxidation of coal. Pyrite oxidation
could promote and catalyze the oxidation of coal by the generation of sulfuric acid and
ferrous iron. The role of sulfuric acid is very important because it participates in primary
steps of coal oxidation, and it can leach trace toxic metals from ash minerals, promoting
the alteration of other minerals present in coal that otherwise might be stable. The role of
ferrous iron is related to its oxidation by oxygen to ferric iron, which in turn oxidizes

pyrite and coal.

Oxadation of coal creates conditions for water sorption; water activates oxygen
molecules that participate not only in the formation of free radicals, promoting the
oxidation of the organic structure of coal, but also in the oxidation of pyrite. These
concurrent oxidation processes produce an autocatalytic effect, thereby making the

process self-propagating.

The complex nature of coals means that definitive results on coal oxidation are
difficult to achieve. The results of the present work indicate that the oxidation mechanism
is probably similar in all coals except, perhaps, for anthracite coal. The principal variations
in oxidation are probably due to different relative proportion of the reactive species in

different coals.

Bituminous coals exhibited the highest floatability, whereas sub-bituminous and
anthracite coals showed poor floatability. No obvious reason could be found for the
unexpectedly low flotation response of anthracite coals, however, similar behavior has

been observed by other authors. The results of the oxidation, film flotation and salt
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flotation studies indicate that the presence of oxygen functional groups, high ash and

moisture contents may be responsible for the mediocre flotation behavior of some coals.

The effect of the solution potential on the flotation of coal and coal pyrite was
studied on high sulfur coals. An important conclusion drawn from these flotation tests is
that at reducing potentials, the functional groups present on the coal surface are reduced
and consequently the hydrophobic character of the coal surface is partially restored.
Moreover, at these potentials, the pyrite surface is more hydrophilic due to the formation
of layers of sulfur-deficient (metal-rich) sulfides such as FeS or FeS;.. These concurrent
effects contribute to potentially significant improvements in the separation of coal pyrite

from coal, and should be considered in seeking more efficient conditions for flotation.

At oxidizing potentials, the flotation of coal.decreases significantly due to the
presence of highly oxidized functional groups on the coal surface. This phenomenon
enhances the detrimental effect of oxidation on the surface properties of coal by
decreasing its hydrophobicity. Moreover, at these oxidizing potentials the surface of
pyrite is less hydrophobic due to the formation of a hydrophilic oxide layer on its surface.
Therefore, it is clear that high potentials do not provide appropriate conditions for coal

flotation.

This study showed that controlled experimental procedures can control the amount
of carboxylic, phenolic and other functional groups on coal surface. This control provide
a way to control for example: wettability, solvent penetration, ion-exchange capacity of
coals, etc. Thus, for example, control of the surface characteristics of coals may allow the

selective chemistry more commonly attainable with catalysts to be achieved with coals.
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An important contribution of this study has been the extensive use of
electrochemical tests at different pH to study the effect of different solution conditions on
the behavior of coal pyrite. Results of these tests are very important since they provided
insight on the behavior of pyrite in acid mine drainage and in flotation systems. It has been
observed that significant differences can be expected in the electrochemical behavior of
coal pyrite samples, depending on their prior history. For example, grinding can mtroduce
damage or defects in the surface layers, and trace quantities of oxygen can readily oxidize
their surface. These effects are even more likely during commercial coal preparation as

during idealized laboratory experiments.

Pyrite samples studied here were more suséeptible to oxidation after a cathodic
excursion, suggesting that the reducing environment provided by coal actually increases
the susceptibility of freshly exposed pyrite to oxidation. This finding constitutes important
additional evidence to explain the reported higher reactivity of coal pyrite in comparison
with ore pyrite.

Coal pyrite undergoing weathering in coal mines and storage piles may develop
solutions of low pH values, according to reaction 46. The results of the present work
would suggest that such weathering at low pH would make the coal pyrite surface more
hydrophobic, because of the formation of sulfur and polysulfides. This transformation
would be undesirable, since cleaning methods such as flotation and oil agglomeration
require the pyrite to be less hydrophobic than the coal. The problem is compounded by
the concurrent oxidation of coal, which introduces hydrophilic carboxylic and phenolic
groups. Oxides form when pyrite oxidizes under basic conditions, although the effect of
this on the surface properties would depend on whether non-equilibrium polysulfides also
appeared.
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Another observation in this work is that the borate or phosphate buffer solutions
interacted with pyrite electrodes. This observation should be crucial in the mterpretation
of previous electrochemical studies using phosphates and borates as electrolytes. The
compounds formed would not, of course, be expected in a coal flotation circuit where pH

would be regulated with mexpensive bases.

Thete is no significant effect of thermal oxidation upon the PZR value of
Pittsburgh coal pyrite; however, the PZR value of Upper Freeport coal pyrite shifted to
more acidic pH with oxidation. The negative charge on coal surface must be determined
mainly by the acidic groups present on coal surface, rather than the oxidation products of
pyrite. The critical surface tension of both coal pyrite samples increased dramatically on
oxidation, reflecting a decrease in the hydrophobicity with oxidation. This is undoubtedly
due to the presence of hydrophilic iron oxide or hydroxide on the surface. Clearly, this

change with oxidation would affect the performance of coal cleaning.

The reliability and suitability of standard test methods used to determine the pyrite
content of coal and mineral wastes, and their propensity to release acidic drainage, were
studied. The hydrogen peroxide method published by the U.S. Environmental Protection
Agency is not reliable for materials containing coal, because of mterference associated
with coal oxidation itself. The nitric acid oxidation-extraction method described in ASTM
D2492-84 is effective at dissolving coal pyrite. Coal pyrite oxidized faster than ore pyrite
and, therefore, differences in the reactivity of pyrite samples should be taken into account

in any pre-mine prediction of post-mining drainage quality.
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VIL RECOMMENDATIONS FOR FUTURE WORK

The need to use energy resources in an acceptable environmental manner present
crucial challenges and opportunities for coal beneficiation during the present and future
years, particularly regarding the control of SOy and hazardous air pollutants. In this
context, it is essentially important to develop cost-effective coal cleaning methods for
sulfur removal and other precursors of hazardous air pollutants. The most promising
methods for sulfur removal are advanced froth flotation and oil agglomeration, surface-
based processes that are affected by oxidation. The results of this study confirm that
oxidation affected the surface properties of coal and coal pyrite and consequently a
detrimental effect would be expected on the separation efficiency. Although, this study
has provided a basis for understanding the process of coal oxidation, more systematic
examination of both mineral and maceral oxidation than was attempted in this study are
required to elucidate the oxidation mechanisms. /n-situ examination of coal during
oxidation by infrared spectroscopy should be further developed in order to gather
complementary information on the chemistry and behavior of individual coals. The study
of the surface of pyrite during oxidation by using techniques such as X-ray photoelectron
spectroscopy (XPS) and infrared spectroscopy would provide information on the nature
and distribution of iron and sulfur species present on coal pyrite surfaces. This is very
important because the wetting behavior of pyrite is controlled by the distribution of
hydrophobic and hydrophilic species present on its surface, and oxidation products can
also influence interactions with flotation collectors and reagents used in oil agglomeration.
It is also necessary to carry out an in-depth study of the morphology, semiconductor
properties, composition, size and distribution of the mineral matter in coal prior to

beneficiation in order to find the most suitable methods and conditions for its removal.
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Because chemical processes to remove sulfur from coal are not economically
viable under present economic conditions, it is important to work on the improvement of
the kinetic aspects associated with these processes. However, the use of microbial
systems although slow. can be sufficiently effective and low in cost for practical utilization

m coal cleaning.

Coal contains a wide range of trace elements, including Ni, Cu, Zn, As, Se, Mo,
and Pb among others. The majority of these trace elements are associated with the
inorganic mineral matter present in coal, and are released into the gas phase during coal
combustion. It is important to study the behavior of these elements during combustion
and their environmental significance, particularly the potential groundwater contamination
from discarded fly ash. It should be noted that the removal of pyrite from coal, a;lso
reduces the concentration of some environmentally sensitive trace elements. It would be
also interesting to determine the type and concentration of the trace elements associated
with different coal pyrite samples and to correlate this with the electrochemical behavior

of coal pyrite.
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