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(ABSTRACT) 

The Chemical and Electrochemical Coal Cleaning (CECC) process, designed to re

move mineral matter from coal, has been investigated by treating coal samples in 

acidified slurries. Various coals, characterized by different maceral structures and min

eral matter contents, were subjected to several experimental procedures under mild con

ditions. 

Substantial amounts of mineral matter (up to 700/0) could be extracted from coals 

which were resistant to physical cleaning, while 220/0 of sulfur could be removed from 

pyritic coals. The operating conditions of the CECC were studied in order to determine 

their influence on the process efficiency. 

Analyses conducted on solids and leachates resulting from the tests demonstrated 

that different mechanisms were achieving demineralization by the CECCo Between 50% 

and 95% of the feed mineral matter was removed by dissolution, whereas the balance 

could be ascribed to liberation. The CECC process is suitable for cleaning middlings, 

as well as for further extracting mineral matter from physically clean coals, especially 

from pyritic vitrinite and fusinite type coals. 
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1.0 INTRODUCTION 

1.1 Preamble 

Low-ash coal is needed for many applications in energy supply or industrial use, 

when it may be substituted for petroleum products. One of the applications of low-ash 

coal is to provide power. During combustion, the mineral matter contained in coal 

macerals may be released as airborne particles and hazardous gases (above all sulfur 

dioxide) which are harmful to the environment. The uncombustible mineral matter turns 

into ash that forms slags on turbine blades and damages the equipment. It is therefore 

necessary to remove as much mineral matter as possible from coal prior to its com

bustion. 

Physical coal cleaning methods are commonly used to remove mineral matter from 

coal. Heavy-medium separation is widely used for cleaning coarse coal (above 500j.lm), 

while froth flotation is used to clean fme coal smaller than 300flm. Fines and ultrafines 

may be cleaned by flocculation, coagulation or microbubble flotation . 

• 
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However, some coals, particularly low rank coals, are unresponsive to these physical 

methods, so that research on alternative processes is needed. In addition, grinding is the 

more expensive step of the physical cleaning of coal; therefore, research in new methods 

involving coarse particles is needed. 

The new methods should meet the following requirements: an economic process that 

can achieve high recovery of a low-ash product. The new method may consist of one 

or more than one processing step, each step being designed for a specific purpose. The 

new process could be an additional step to a conventional coal cleaning process. For 

example, a coal that has been cleaned by a physical method may be chemically treated 

to further reduce its ash and sulfur contents. Depending on the coal, the new method 

may as well be used to process the whole combustible. 

CECC may be one of these alternative processes. Nowadays, research on coal 

desulfurization by chemical leaching is being intensified, because of the inefficiencies in 

physical coal cleaning processes. Only a few investigations have been made in acidic 

media, while more attention has been paid to the mineral matter extraction in basic 

media. Furthermore, extracting the mineral matter which is the minor constituant of 

coal with aqueous solutions should be more economical than the liquefaction process 

which dissolves the whole organic matter with expensive organic solvants. 

Chemistry-based extraction of mineral matter should not be aimed at removing free 

minerals, because it may result in an excessive consumption of reagent. Furthermore, 

free minerals can be easily removed using conventional physical techniques. Therefore, 

CECC should be aimed at separating and removing minerals tightly bound to or trapped 

inside the coal matrix, which can not be removed by physical techniques unless a long 

and expensive grinding step is employed. 

Chemistry-based processes exist to extract mineral matter; alkaline treatments are 

efficient, especially on quartz and kaolinite (Waugh and Bowling, 1984). However, the 
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high temperature and pressure involved induce high investment and operating costs. 

On the other hand, the acid-based CECC, despite a lower efficiency, may be conducted 

within slurries at low temperature and at atmospheric pressure, and yield good ash re

ductions. The procedure applied for the CECC being fairly simple, the equipment re

quired being easily supplied, and the reagents utilized being safe and widely used, the 

treatment of ground coal in acid solutions appeared to be an attractive process to be 

developed. 

CECC carried out in an acid medium allows different mechanisms to take place. In 

addition to mineral matter dissolution due to the solution acidity, other phenomena are 

expected to improve liberation and dissolution of mineral matter. The treatment of coal 

in acidified slurries, intensely studied in the past decade, was demonstrated to oxidize 

readily the coal surface (Farooque and Coughlin, 1979, Okada et aI., 1981, Dhooge et 

al., 1982). Furthermore, strong oxidation of the coal is believed to favor a phenomenon 

of osmotic pressure, taking place inside the maceral cracks, and at the interface bet\veeen 

minerals, or between coal and minerals (Yo on and Paul, 1987), and liberating mineral 

matter. A model was developed (Paul, 1988), which predicts the oxidation of the sur

faces, the consequent attraction of ionic species into the interstices, and the resulting flux 

of water towards the inside, which creates an osmotic pressure that may be sufficient to 

open the coal cracks, or separate mineral matter particles from the coal. Ferric ions are 

known to act as a catalytic agent liable to oxidize the coal surface; since a very low pH 

is required to reoxidize ferrous ions into ferric as well as to keep ferric ions at their 

highest oxidation level, an acidic medium was necessary to carry out the CECCo 
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1.2 Description of the CECC P,·ocess 

The procedure applied was fairly simple. A typical experiment involved the follow

ing steps: 

• The feed coal, ground, sieved and pre-washed at the required size, is mixed in a 

vessel with an acid solution at the right temperature. 

• The slurry thus formed is stirred during a given period of time at a constant tem

perature; electrolysis can be applied in order to increase the solution potential in the 

anodic compartment of the vessel; this case is called "electroleaching" (EL). Chem

icals such as ferric ions can be added into the slurry to enhance the oxidation level 

of the slurry. "Simple leaching'" (SL) will refer to the case where no electrolysis is 

applied. The mechanisms mentioned above take place from the begining of the 

procedure until reactions are completed. A few hours are usually necessary, but 

some coals may require longer processing times. 

• After processing, the slurry is rinsed with tap water onto a screen to separate the 

solid product from the solution and from the fmes produced during the treatment. 

Each sample is then dried for analysis. 

• Analyses on feed coal. on product coal and on tailings, as well as on leachate, are 

used to quantify the amount of mineral matter extracted from the feed coal and to 

characterize the mechanisms by which this mineral matter could have been ex

tracted. 
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1.3 Working Principles 

The mineral matter is extracted basically by two means: by chemical dissolution and 

by liberation. Liberation and dissolution of mineral matter depend on coal type, percent 

solid, particle size, processing time, temperature, acid type and concentration, oxidation 

level, and stirring speed. 

Moreover, a high oxidation level and the presence of ferric ions in the slurry were 

reported to improve the oxidation of the surface of coal, and therefore favor the build-up 

of electrical double-layers with ions attracted from the electrolyte (Paul, 1988). The 

osmotic pressure should then be enhanced, and consequently favor the liberation of the 

particles. 

1.4 Purpose of lItis Study 

The first objective of the present study was to apply extensively the CECC process 

described above to evaluate its potential to clean different coals. This included a series 

of preliminary tests designed to flnd out the best responding coals and the ideal operat

ing conditions by determining how much of their mineral matter was removed. 

The second objective of this study was to conduct convenient analyses on the most 

propitious coals, and to illucidate the different mechanisms involved in the CECCo This 

was necessary to evaluate the mineral matter present in the coal feed and product, and 

to determine how much was removed by liberation and by dissolution. This also re-
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quired visual examination of the particles of feed and product samples to attempt to 

comprehend the process. 

1.5 Chapter Outline 

Chapter 2 gives the literature review on coal structure and various processes for 

chemically removing mineral matter from coal. 

Chapter 3 presents the materials and the equipment used to carry out the exper

iments, as well as the details of the procedures adopted in the various experiments. 

Chapter 4 details the extensive series of experiments conducted in order to meet the 

objectives defined in the introduction. The fl!st section deals with the experiments de

signed for cleaning the various coals, while the second section focuses on the systematic 

study of a selected coal (Wyodak coal), to determine the optimum operating conditions. 

In chapter 5, the first section deals with analyses carried out on selected coal sam

ples (Wyodak and Widow Kennedy). These analyses involved x-ray to determine the 

minerals present, mass balance calculation to quantify dissolution and liberation, and 

electron microscopy to determine the way minerals were removed. The second section 

proposes an interpretation of the previous analyses intended to provide a better com

prehension of the whole process. 

Chapter 6 summarizes the main conclusions about the application of the process 

and the main mechanisms involved. The chapter ends with guidelines proposed for fu

ture work on the topic. 
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2.0 REVIEW of LITERATURE 

2.1 COAL STR UCTURE 

Coal is a heterogeneous composite material basically made of an organic carbon 

matrix (60-95%
) and inclusions of various types of minerals. Biochemical (bacterial) 

degradation of plant debris such as cellulose, lignin, resins and waxes, is responsible for 

maceral formation. Further metamorphosis under high temperature and pressure over 

long periods leads to the usual coal structure. The more advanced the metamorphosis, 

the higher the coal rank (percent fIXed carbon). The mineral matter is included in coal 

either by drainage and entrapment of fme particles in the forming macerals, or by 

chemical reaction involving aqueous solutions during the metamorphosis. 

Like Figure 1 shows (Wiser t 1987), the molecular structure of most coals consists 

of arrangements of aromatic carbon rings (4)) fused together into small clusters, them

selves linked by different bondings: 4>-4>, 4>-0-4> (ether) or open chain C-C (aliphatic). 

Usually, phenolic (4)-OH), hydroxyl, quinone (4) = 0) and methyl (4)-CH 3) groups are 
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attached to the carbon rings. Organic sulfur is present when attached to the aromatic 

structures (such as thiophenes). 

2.1.1 Coal Oassification 

The ASTM definition for the coal rank states that the rank. of a coal is defined by 

"its degree of metamorphism, or progressive alteration, in the natural series from lignite 

to anthracite" (ASTM, 1979). The usual classification by increasing rank is the fol

lowing: 

• Lignite 

• Sub-Bituminous 

• Bituminous 

Low-rank 

Medium-rank 

High-rank 

• Anthracite 

Semi-anthracite 

Anthracite 

M era-anthracite 

As for high-rank. coals, the higher the f!Xed carbon value, the higher the rank. of the 

coal. For low-rank coals, the higher the calorific value, the higher the rank.. In general, 

a higher rank coal will not only contain less linear polymers, less hydrocarbons, less 

C02 t less oxygen groups and less moisture, but also improved carbon aromaticity and 

reflectivity to incident light. The cleat network is also known to improve with the coal 

rank until low-volatile bituminous stage is reached; at higher ranks, the fracture system 

will be less developed (Ting, 1982). 
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2.1.2 Macerals in Coal. 

Three major types of macerals composing the organic matrix of most coals (Ting, 

1982) can be distinguished. 

2.1.2.1 Vitrinite 

Originating from the decomposition of woody stems, roots, bark and leaves, this 

type of maceral is the most abundant one (70·800/0). I ts lightly anisotropic matrix is 

fairly compact, and appears to be band or lens shaped. The cleat (fracture system) is 

well developed, microscopically as well as macroscopically and the grinding resistance is 

known to be low. Vitrinite is characterized by a medium density and a high moisture 

content. It contains very few disseminated minerals, except pyrite. This maceral is easy 

- to convert into liquid or gaseous fuel. Moreover, it is sensitive to post mining storage 

oxidation. 

2.1.2.2 Inertinite 

Inertinite comes from woody tissues that were charred during swamp fires. It is 

therefore very stable and chemically inert, so that little macerals transformation occurs 

during metamorphosis. Some hydrogen can remain when not all tissues have been 

burned; when this is the case, these materials should degrade into vitrinite-type macerals. 

Inertinite represents about 10 to 20% of the coal macerals, and exists mainly as fusinite. 

I ts structure is clearly fibrous but the material is amorphous and isotropic. In general, 

inertinite contains more aromatized carbons and less hydrogens than any other maceral, 
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while its density is the highest. Most of the time, the pores are filled with clay-type 

minerals. 

2.1.2.3 lSiJ'tinite 

Liptinite (exinite) is issued from resins and waxes and is available in small amounts 

(0-70/0 of the organic matter) which is composed of very small grains (minus 100Jlm). 

Extremely porous, this substance has the lowest density among macerals, and because 

of its plate-like structure, it is the most anisotropic. Liptinite contains little moisture 

but much hydrogen, and is readily converted into liquid or gaseous fuels. 

2 .. 1.3 Mineral Matter in Coal 

The above mentioned coal macerals usually contain a considerable amount of min

eral matter, that is various crystalline forms. The average size of mineral particle is 

20Jlm, thus much smaller than any maceral body. The genesis of these minerals follows 

various patterns (Renton, 1982). The mineral matter may appear at the begining of 

coalification ( syngenesis), or after the coal has already been formed (epigenesis). 

Some "'vegetal'" mineral matter is already contained in plant fibers (especially in 

leaves and bark) before they die, while detrital mineral matter may be inserted in the 

seam as it forms, generally as quartz and clays brought by erosion. However, some 

mineral matter forms in the coal matrix by precipitation of dissolved ions from aqueous 

solutions. These solutions transported dissolved mineral matter from the swamp envi

ronment, and then reacted with some organic (or inorganic) elements released by 
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macerals during decomposition. The Pocahontas Basin coals, for example, contain ap

proximately 40% kaolinite, 16% illite and 300/0 quartz, 3.5% pyrite, 2.5% calcite, 1 % 

dolomite and 1 % siderite. 

2.1.3.1 Typical Mineral Matter in Coal 

Kaolinite [A~S4010(OH)8] is one of the most common syngenetic mineral matter, 

and is found in between the coal planes, dispersed throughout vitrinite, or filling fusinite 

cells, and other macrofractures in coal. However, kaolinite is also the only clay found 

in epigenetic formation. 

Illite [KAh(AIShOloXOHhl is always mixed with kaolinite and located mainly in 

bedding planes. Illite is found neither disseminated through the coal matrix, nor filling 

pores or cracks; it should therefore be absent from physically cleaned coal. 

Other mixed-layered clays are quantitatively hard to evaluate, and are more abun

dant in low-rank coal seams. Water penetrates easily the layer structure of clays, and 

can swell some of them (such as montmorillonite). Clays also show cation exchange 

characteristics with many inorganic (and organic) ions in solution (Leja, 1982). 

Quartz [Si02] is typically syngenetic, from detrital, vegetal or chemical origin 

(Renton, 1982). Some vegetal amorphous silica may also have dissolved and recrystal

lized into Si02. Quartz is present as tiny particles, from micron-size grains to very small 

crystallites. 

Carbonates are usually ranked third among mineral matter components in U.S. 

coals. They are usually formed during late stages of syngenesis. 

Calcite [CaC03 ] is the most common carbonate, often fuling up cavities and cleats. 

Calcite is often associated with dolomite [(Ca,Mg)C03]' 
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Siderite [FeC03 ] whose metamorphism involves non-marine or non-alkaline waters, 

and low reductible·sulfate ions (like in the Southern Appalachian Basin or the Western 

States) and is often combined with calcite. 

Pyrite [FeS2], is the most abundant sulfide in coal (Brown et ai., 1952). Pyrite is 

mostly found in vitrinite (or in inertinite as a cementing agent), as framboids, euhedral 

crystals, irregular shaped crystals or as fracture filling materials (Renton, 1982). 

• Framboids are made of a group of tiny crystals (0.1 to 2Jlm), forming typical spheres 

of 10 to 200Jlm in diameter. The crystals are most often cemented together by fine 

pyrite powder, and in rare cases, by kaolinite (Scheihing et al., 1978). Framboids 

are abundant in vitrinite matrix, in bedding planes or in cavities. 

• Euhedral Crystals look like the crystals composing framboids, except that they are 

not assembled together. 

• Irregular-Shape crystals are most often inclusions in fusinite pores or substitutions 

of maceral groups in vitrinite bodies (high sulfur coals). 

Sulfates in coal include calcium complexes such as bassanite [CaS04·1/2H 20J, 

anhydrite [CaS04), and gypsum [CaS04-2H20j. Some iron sulfate [FeS04} is not rare. 

2.1.3.2 Combinations of Minerals in Coal 

Depending on the chemical nature of the coal fields, some associations of minerals 

can occur. At low pH, the low bacterial activity preserves the organic matter in vitrinite, 

and most ions remain in solution; in this case, kaolinite formation is enhanced. On the 
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contrary t at higher pH, most ions precipitate and favor illite formation. Therefore, the 

ratio of kaolinite over illite in coal formation depends on the pH of the ground. 

It is often observed that pyrite and calcite contents vary the same way. Further

more, with low pH solutions containing limited amount of sulfates, siderite is favored 

against pyrite, whereas with higher pH solutions containing more sulfates, pyrite is fa

vored 

2.2 OSMOTIC PRESSURE 

2.2.1 Osmotic Pressure Inducing MinerallVlatter Liberation 

A general mechanism, termed "Electrocatalytically Induced Liberationt! of mineral 

matter (ElL), studied and reported by Paul, (1984 and 1988), and a patent obtained by 

Yoon and Paul (1987), describe an electrochemical process designed to liberate mineral 

matter from coal. The mechanism of this method is believed to occur from the buid-up 

of an osmotic pressure in coal crevices inducing the liberation of the trapped mineral 

particles. 

The surface of a coal submitted to an acidic electrolyte containing oxidizing ions is 

becoming oxidized. This is the result of an oxidation initiated by the reduction of ferric 

ions to ferrous ions on the surface and on the crevice walls inside the macerals. The 

oxidation of the surface by the ferric ions involves the breakage of sessile bonds from the 

matrix and the transfer of electrons to the ferric ions which are reduced to ferrous ions. 

This oxidation is believed to destroy part of the cross-linked coal structure and open up 
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the cracks. The spent ferrous ions can be electrochemically regenerated to ferric ions 

at the anode placed in the coal slurry, this anode delivering a potential higher than the 

equilibrium potential of the ferrous-ferric couple. 

Most of the minerals in coal being positively charged in strong acid solution, the 

charging process of the solids should create repulsion and, if the pore is large enough, 

dislodge the minerals. If the pore is narrow, the mineral surface charging should con

tribute building-up a greater positive charge inside the pore. This should enhance the 

migration of the electrolyte negatively-charged ions towards the inside of the pores and 

result in the build-up of electrical double-layers, under favorable electrolyte and pore size 

conditions. The high ionic concentration resulting from the overlapping of these 

double-layers should play the role of a semi-permeable membrane, and induce a Donnan 

potential gradient (unequal distribution of ions across a membrane or a charged surface). 

This gradient induces an imbalance in the chemical potential of water, reduced inside the 

pore and maximum outside in solution. As a con~equence of this imbalance, the water 

is forced to flow inwards through the "ionic membrane", which builds up an osmotic 

pressure, which may be high enough to open the crevice. I f this is the case, the 

electrolyte flows inside and leaches mineral matter; in case of wider openings, the mineral 

matter entrapped in the matrix shall be liberated. This principle is illustrated by 

Figure 2. The fine liberated particles can then be removed from the product coal by an 

appropriate means, such as screening or microbubble flotation. 

A thermodynamic model was developed (Paul, 1988), based on Donnan equilibrium 

and depending on parameters such as pore size or electrolyte type. Pressures of 4 to 7 

atm should build up in fissures 100 to loooA in width, as sho\vn in Figure 3. 

Many coals were processed, and the significant ash reductions were ascribed to the 

ElL process. The improvement noticed for the ElL process over simple acid leaching 
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Step I: The coal swface aquircs a positive 
surface charge in the the acidic medium (pH 
SI.0). A double layer of counter-ions fonDS 
along the coal surface. 

Step III. The increased ion concentration 
inside the pore reduCC3the aqueous chemical 
potential. The hydrostatic pressure inside the 
pore increases to equalize the aqueous 
chemical potentials inside and outside the 
pore. 

Stcp II: The reaction of feme ions with the 
coal increases the charge on the coal and 
attracts more counter-ions to the vicinity of 
the coal surface. 

secp IVl The increased hydrostatic pressure 
fracture$ the pore anu loosens the mi.neral 
particle. nus in turn allows the electrolyte 
to penetrate further into the pore. Steps 
I-IV may be repealeu to liberate other 
mineral particles embedued deep inside the 
pore. 

Figure 2. Stages in the Liberation of a :\lineraJ Particle Inside a CoaJ Pore During ElL 
Process (Paul, 1988) 
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was said to be due to the increase in the coal surface oxidation, itself due to the action 

of positive charges (such as ferric ions). 

2.2.2 Osmotic Swelling of Clays 

Clay-water systems were intensely studied in mineral processing, as well as in 

geology and in foundation engineering. Clays are made of compact aggregates of very 

fine plates, liable to attract water molecules from the surroundings and induce hydration 

phenomena. Three major forces govern the adsorption of water between clay layers: 

Van der Waals attraction, electrostatic repulsion and hydration interactions. Clay layers 

are likely to be pushed apart from each other and swell according to two mechanisms: 

hydration swelling and osmotic swelling (van Olphen 1977). 

Swelling due to Hydration results from the hydration interaction, that is the 

adsorption of monolayers of water molecules on the plates surface. The spacing between 

plates at which this hydration occurs is generally a few nanometers. Adsorption is en

ergy based, and is characteristic of the layer adsorbed. The energy necessary to desorb 

the first monolayer of water from clays is usually very high. Analyses conducted with 

I R Absorption prove that hydrogen bonds, linking water hydrogens with silicate oxy

gens, are highly predominant. 

Swelling due to Osmotic Pressure becomes predominant after four monolayers of 

water, reaching a spacing of about loA, are adsorbed between the plates; at this point, 

the surface hydration energy is no longer important, and the governing force is based 

on electrostatic repulsion. Flakes of montmorillonite can s\vell until plate interspacing 

reaches 120A, while osmotic pressures develop up to several atmospheres. Osmotic 

swelling is limited by an increase of salt in the electrolyte, proving that the phenomenon 
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is based on double-layer repulsion. The gradient of ions concentration between inside 

the clay and outside in the electrolyte forces the water to drive towards the plates sur

face; an increase in ionic strength in the solution would then lo\ver the attraction of 

water and consequently the swelling. 

Swelling is limited however, and clays do not fall apart; at equilibrium distance be

tween the plates, attracting Van der Waals forces should compensate the repUlsion 

forces; however, these attraction forces are theoretically too weak, and another attractive 

force to be considered is a cross-linking force established by positive edge-negative face 

combinations of nonparallel plates. These cross-linking forces not only hold the clay 

structure together, but also reinforce the clay against compression by increasing its ri

gidity. 

2.3 CHEMICAL TREA TMENT of COAL 

2.3.1 l\'Iineral Matter Removal 

In order to enhance combustion, coal can be separated from its mineral matter by 

a chemical process; most treatments usually require high pressure and temperature, and 

none offers commercial promise yet. Most time, a hot alkaline solution is used to con

vert quartz and clays into acid soluble products (Waugh and Bowling, 1984). Acid 

leaching then takes place followed by many stages of washing. The extraction of ash

forming minerals in bituminous coals was carried out using aqueous sodium hydroxide 

at 200-300°C under pressure (Waugh and Bowling, 1984). Most extracted species were 
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silica and kaolin that formed sodium alumino-silicates, not soluble in alkali, but readily 

soluble in acid; finally, spent leachates were recycled. High-sulfur coals were treated by 

NaOH-KOH at 320-400°C for 1 to 3 hours, then washed with acid (Norton et aI., 1988); 

60 to 900/0 of the ash was removed along with 25 to 90% of the sulfur, depending on 

temperature and reaction time. 

Hydrothermal treatment of some coals in hot water - 300°C- was found lowering the 

ash and sulfur contents (Hippo at ai., 1988). At higher temperatures, the organic matter 

devolatilizes. Some iron was found in the leachates and pyrite grains were missing on 

the coal surface. 

2.3.2 Sulfur Removal 

2.3.2.1 Pyrite Oxidation 

Below pH 2 and above Eh O.421V, pyrite oxidizes and yields ferrous ions according 

to the following oxidation reactions (Biernat & Robins, 1972): 

Fe52 -+ Fe2 + + 250 + 2e 

Fe52 + 8H20 -+ Fe1 + + 2504
2- + 16H + + 14e (above Eh 0.362V) 

Below pH 1.1 and above Eh O.771V, ferrous ions will be oxidized to ferric ions: 

Fe2 + -+ Fe3 + + e 

According to the Pourbaix Diagram from Garrels & Christ for the iron system, if 

pH> 1.1, ferric ions will undergo: 

Fe3 + + OH- -+ Fe(OH)2 + 
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I t is then necessary to maintain a very low pH to keep the ferric ions dissolved, as 

shown on the diagram for iron sulphides and oxides, from Harper and Row (1965), in 

Figure 4. 

The reaction of pyrite oxidation may be autocatalytic (Lalvani & Shami, 1986): 

Fe52 + 2Fe3 
-4- -+ 3Fe2 + + 25 at Eh2:: 1.04V 

since ferrous ions issued from pyrite are regenerated to ferric ions, which can oxidize 

pyrite. 

2.3.2.2 Mineral and Organic Sulfur Removal 

Over 600/0 of the total sulfur of a coal slurry can be removed by electrolysis in an 

alkaline media (Wapner et al., 1988). Mineral sulfur (sulfates and pyritic sulfur) de

creased by 85% after 1 hour of electrolysis in NaOH 1 M in the anodic compartment of 

the cell, at the potential 1.3V SCE. The higher the temperature, the higher the oxidation 

rate and the higher the anodic current. Like mineral sulfur, organic sulfur was efficiently 

extracted (at 70%
) from the coal matrix, using electrolysis at high cell potential in 

NaOH, the temperature ranging from 27 to 80aC (Wapner et aI, 1988). 

The high selectivity of the H20 2 -H 2504 mix was discovered for sulfur oxidation 

(Vasilakos & Clinton, 1984). Pyritic sulfur oxidized to soluble iron sulfates (resulting in 

sulfur reduction from 1.30/0 to 0.2%
). After prolonged exposure, organic sulfur was also 

oxidized. The mix had a synergic effect, and the optimum acidity was found to be 

around 0.1 M of sulfuric acid. It should be noted that control of oxidation in any 

desulfurization process is important, since the heating value of the coal would be reduced 

if the coal is oxidized severely. 

Yurovskii designed a method of cleaning coal based on acid leaching and 

desulfurization (1960). This process involved ferric sulfate solutions (oxidizing pyrite 
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and elemental sulfur to sulfates) also containing nitric acid, both known as effective 

leachants of pyrite. This mixture was found to have a synergetic effect on pyrite ex

traction. Then, the coking properties of the coal were not affected as they would be with 

nitric acid alone. All the ferric sulfate required was provided by the process itself, pyrite 

being decomposed under the action of nitric acid into ferric sulfate. Finally, no ele

mental sulfur was left contaminating the coal as would have been the case with ferric 

sulfate alone. From a 25.8% ash and 5.82% sulfur coal processed in a pilot plant, a 

product assaying 4.5% ash and 2.17% sulfur was recovered. 

Various other ways of cleaning coal of sulfur are reported (Meyers, 1977; Yoginder 

and Candle, 1988), and many others are presently being intensely investigated, since the 

protection of the environment from sulfur dioxide has become a real challenge. 

2.3.2.3 Cracking o/Coal 

The reaction of a coal with anhydrous ferric chloride (dry process) in a ratio 3: I by 

weight at 230°C during 1 hour under a nitrogen gas stream had significant effect. A 

tremendous network of cracks had developed and made the surface area of the coal in

crease by 35 times. Some FeCh substances had recrystallized between the carbon 

planes, especially with high-rank coals (Beall et al., 1983). 

Chemical comminution of coal to generate slurries in situ can be achieved by a 

chemical process patented by Aldrich (1984). A reactive agent, pumped down to the 

seam, disjoins the coal grains and draws the slurry out. The disjoining mechanism is 

understood as a diffusion of the reagent into the reactive sites of the matrix, followed 

by ionic exchanges on polar bonds. The matrix swells and breaks, releasing coal parti

cles into the liquid. The molecular size of the reagent and temperature are the most in

fluential factors governing the process. 
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2.4 ELECTROCHEMICAL TREA TMENT of COAL 

2.4.1 Electrochemical Oxidation of Coal 

Electrochemical oxidation studies were carried out to oxidize coal slurries. I twas 

believed that coal gasification products (like CO and I-h), conventionally extracted by 

high temperature processes, could be obtained by a low temperature electrochemical 

treatment. 

The anodic oxidation of a coal slurry in acid media using platinum or graphite 

electrodes (Farooque & Coughlin, 1979) was described as: 

C + 2H20 .... CO2 + 4H'" + 4e on coal surface 

or C + H 20 .... CO + 2H'" + 2e on coal surface 

4H'" + 4e .... 2H2 at the cathode 

The carbon dioxide and carbon monoxide were produced in the anodic compart

ment, whereas the hydronium ions migrated through the glass frit wall toward the cath

ode, and collected the electrons necessary to form hydrogen. Coal is thought to be a 

good electron donor, hence a substance liable for oxidation. Along with anodic 

oxidation, oxides were formed on the surface (mostly carboxylic groups RCOOH). 

Sulfuric acid was readily regenerated, and was not consumed by the electrochemical 

gasification. The reactivity was improved by a decrease in particle size. 

The idea of studying the current densities at the anode and the production of hy. 

drogen at the cathode was developed by Okada et al. (1981) and Dhooge et al. (1982). 

By adding ferric ions, the oxidation was improved. Dissolved iron is more electroactive 
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than coal, and therefore is a good reaction catalyst. The reaction on the surface was as 

follows: 

C + 4Fe3 + + 2H 20 ..... CO2 + 4Fe2 + + 4H+ 

in which ferric ions are shown to be reduced to ferrous ions. The latter is then 

reoxidized to ferric at the anode by the following reaction: 

F e2 + ..... F e3 + + e 

Ferric ions can therefore be reused for the reaction, while the electrons supplied 

produce an anodic current. These two reactions are represented on Figure 5. 

Other studies indicated that the primary step of electrochemical coal oxidation, in 

the potential range where Fe2 + /Fe3 + reactions occur, involved mainly hydroquinone 

rings that were oxidized by ferric ions to quinone groups (Kreysa and Kochanek, 1985): 

OH-tb-OH -+ O-cf>-O + 2H + + 2e 

Very little CO2 was formed, which was contrary to what Farooque and Coughlin found 

(1979). The above reaction was limited by the redox potential of the system. 

2.4.2 Electrochemical Oxidation of Sulfur 

The electrolytic oxidation of pyrite in acidic medium was described by Biegler and 

Swift (1981): 

FeS2 + 8H20 -+ Fe3 + + 2S04
2 - + 16H + + 15e 

FeS2 ..... Fe3 + + 2S + 3e 

Pyrite removal is, therefore, possible by oxidation, producing sulfates and/or elemental 

sulfur as products. Thus, coal oxidation can occur either by directly contacting the 

anode and giving off electrons, or by transport of the ferric ions to the coal surface. 
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ANODE 
COAL SLURRY 

Figure s. Representation of Coal Oxidation Via the Fe(II)/Fe(III) Redox Couple 

REVIE\V of LITERATURE 26 



Ferric ions are considered to migrate towards pyrite crystals or thiophene groups in 

macerals (Lalvani et aI., 1983), and oxidize them into sulfates. At 60°C, 40% of the total 

sulfur was removed and the CO2 emission was very poor. Pyrite, known to be insoluble 

at room temperature in dilute sulfuric acid, was found soluble in highly oxidizing con

ditions (i.e., at 1 V NHE) in concentrate acid at temperatures not exceding 100°C; com

plete dissolution was achieved after 4 hours of processing. 

Mild pyrolysis (50 to 350°C) of coal in alkali resulted in 70% of sulfur removal 

(Lalvani and Hines, 1988). This was due to breakage of scissile bonds (like aliphatic and 

ether), which induced depolymerization and created more access to sulfur. Ash removal 

and devolatilization of organic matter increased with the applied potential (up to 50% 

ash reduction). 
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3.0 EXPERIMENTAL PROCEDURE 

3.1 MA TERIALS 

3.1.1 Coal Samples 

The coals samples tested were usually run-of-mine (RoM) samples delivered by 

companies upon our request. Table 1 gives some characteristics of the main coals 

studied in this project. 

3.1.2 Chemicals 

All chemicals used were of analytical grade. The concentrated acids, such as sulfuric 

acid (98% pure), hydrochloric acid (370/0), nitric acid (70% ) and hydrofluoric acid 
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Table 1. List of the CoaJs Selected for the Study 

Coal RoM Washed Floated Supplier 
Ash % Ash % Ash 0/0 

Pittsburgh #8 25 18 6.5 

Splashdam 40 35 6.0 Wellmore Coal Corp., VA 

Widow Kennedy 30.5 8.2 Wellmore Coal Corp., VA 

W K Dominion #1 45 3.5 Jewell Smokeless Coal Corp., VA 

W K Winston #9 35.4 26.4 Jewell Smokeless Coal Corp., VA 

W K Coking Coal 5.4 Jewell Smokeless Coal Corp., V A 

Wyodak Anderson 4.0 Kerr McGee Coal Corp., \VY 

Jacob's Ranch 11.5 9.0 North-Dakota Univ., ND 

Jacob's Ranch 10.0 7.0 Kerr McGee Coal Corp., WY 

(49%
), were purchased from Fisher Scientific Company. Ferric sulfate 

[Fe2(S04)3-H20] from Eastman Kodak was used as an extraneous source of ferric ions. 
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3.2 EQUIPMENT 

3.2.1 Sample Preparation Equipment 

For size reduction. a Deco jaw-crusher was used, followed by a hammer-mill from 

American Pulverizer Company. The coal was then ground in ceramic ball mills, 10 and 

15 cm in diameter, ·using 25mm carbon steel balls. 

Standard testing sieves from the Fisher Scientific Company were used to obtain 

different size fractions. A vibrating shaker by Sepor Inc. helped to wash coal with tap 

water and to efficiently drain the water. 

A Denver D12 laboratory flotation machine, with a 7 liter cell was used to preclean 

some of the RoM coals. Coarse coal particles were separated from shale with the col

umn shown in Figure 6. 

3.2.2 Sample Processing Equipment 

Figure 7 shows the double-jacketed vessel, used for the CECC process. I t was specially 

built by Ace Glass Inc. with the following dimensions: l03mm J.D., and 85mm in 

height. A second cell, only 65mm in height, was used for separate electrolysis (refer to 

the section 3.3). Heating was provided by a circulating water bath (Endocal Neslab, 

model RTE 8). The coal slurry was stirred by a teflon-coated magnetic bar, 50mm long 

and lOmm wide, rotated by a stirring plate such as the Fisher Thermix model 120M or 

the hot plate 310T. This stirring bar was encaged to avoid significant breakage of par

ticles. Alternatively, a glass impellor with 55mm diameter was also used to stir the coal 
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Figure 6. Representation of the Separation Column for Coarse Particles 
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slurry. During experiments, a 20ml slurry was sampled by means of a syringe, and the 

slurry could be filtered using a Whatman #44 filter paper. 

Each electrode was made of a platinum cylindrical mesh, 25mm in diameter and 

50mm in height, and whose surface area was 82cm2 • The working electrode was im

mersed in the slurry through the top of the vessel, and communicated to the reference 

electrode via a Luggin capillary. The counter electrode was placed in a compartment 

communicating with the slurry through a glass frit. The reference electrode was a Fisher 

saturated calomel electrode filled with saturated KCl. Potentials necessary for the 

oxidation of ferrous ions to ferric were supplied using a Scanning Potentiostat 362 made 

by EG&G Princeton Applied Research. Measurements of the current and charge were 

made by a EG&G PARC model 379 Digital Coulometer. 

The redox potential of the slurry (Eh) was measured by means of a Fisher platinum 

Ag/AgCI combination electrode, using a Keithley 642 electrometer. The pH was meas

ured by a pH electrode linked to a Cole-Parmer Chemcadet pH-meter. 

In order to minimize the chances for breaking the coal particles by the stirrer, a 

fluidized-bed column was designed as shown in Figure 9 on page 44. The column was 

sold by Ace Glass Inc., and was 25nun I.D. and 4S0mm in height. Teflon stoppers 

holding a glass frit were set at both ends, so that coal particles could remain trapped 

inside the column. A Cole-Parmer Masterflex peristaltic pump (variable speed) driving 

a # 18 head was used to pump the electrolyte into the column. 
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Figure 7. Representation of the Reaction Vessel 
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3.2.3 Analysis Equipment 

Bulk samples were weighed on a Ohaus 1500D balance, and small amounts, on a 

Mettler AC 100 scale. A Hevi .. Duty Electrical Corp. furnace was used for ash analyses. 

Sulfur analyses were made using a Leco SC 132 sulfur determinator. 

Low temperature ashing was done by slow oxidation of coal in the oxygen plasma 

induced by a LFE Corp. L T A-302 oven coupled with an Alcatel vacuum pump. The low 

temperature ashes (LT ash) were analyzed by using a Picker Nuclear Diffractometer, 

using the Cu K-(X radiation. 

A Cambridge scanning electron microscope Stereoscan 120, was used to take the 

electron micrographs of the test samples. Sample surfaces were gold-coated using a 

Denton Vacuum Desk II sputter coater. The Kevex Ray energy dispersive x-ray 

micro analyzer was able to identify the elements of a mineral by a high energy electron 

beam. 

3.3 PROCEDURE 

3.3.1 Sample Preparation 

The coal was fIrst crushed to minus Y2 inch, and passed through a hammer-mill. 

The sample was then ground in a ball-mill for 15 min. to obtain minus 40 mesh (380 fJ.m) 

material. The pulverized coal was dry-screened for 20 minutes on a Rotap to obtain 

desired size fractions. In some cases, the dry-screened sample was wet-screened to re .. 
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move small coal and mineral matter particles adhering to the surface. The need to re

move these impurities from the feed is obvious; otherwise the fines reporting to the 

underflow fraction after the CECC process might be mistaken as liberated mineral mat

ter. To ensure complete removal of mineral matter, the coal sample was washed on a 

vibrating sieve with a water spray for 5 minutes, until the drain water was clear of any 

fines. 

Some of the run-of-mine coal samples assayed too much ash to be treated 

chemically; there was no advantage in processing free mineral particles since they will 

simply consume the reagents. Therefore, a substantial portion of the free minerals were 

removed by flotation from the coal sample before subjecting it to the CECC process. 

Typically, about 300g of coal was mixed in 6 liters of tap water in the flotation cell, 

stirred at 1800 rpm. Dow frother M 150 was added (one or a few drops) and after one 

minute, air was introduced to the cell and bubbling was initiated. The coal concentrate 

was collected at the top, while the depressed minerals remained at the bottom of the cell. 

The concentrate was refloated several times until the required purity of feed was ob

tained. The fmal concentrate was rewashed on the vibrating screen in order to rinse out 

the frother and the last fmes. It was then dried overnight in an oven (80°C), and stored 

for later use. 

Before and after each test, the feed and the product were rimed to obtain represen

tative samples for assaying. For most tests, three assays were done and averaged. 

3.3.2 General Care 

Due to the use of hazardous chemicals, glassware, hot fluids, ovens, grinders, etc, 

extreme caution was taken during each experiment. All the electrodes were stored in 
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water after use; and the coal samples were stored in the freezer to minimize oxidation. 

Samples, including coal, ash and low-temperature ash, and hygroscopic reagents such 

as ferric sulfate were stored in dry atmosphere. 

3.3.3 Processing 

The' process described below has been inherited from Paul's work (1988) on 

electrochemical tests, and parts of the equipment used were the same. However, the 

complete procedure and improvements in the system described below are the results 

from the author's own work. 

3.3.3.1 Setting 

Acids were mixed and diluted with single distilled water, and the mixture was heated 

in the reaction vessel at the required temperature. A circulating bath allowed to main

tain a very constant temperature in the double-walled jacket of the vessel, as measured 

by a mercury thermometer. The coal slurry was agitated at a constant rpm (about 

800rpm) during the test. The cathode was placed in its fritted glass compartment, while 

the anode and the luggin capillary were immersed in the slurry. The reservoir of the 

capillary was partially filled with the electrolyte to create an ionic bridge between the 

anode and the reference electrode. The reference electrode was tightened in it to keep 

the liquid from draining. The reference electrode was filled with a KCl 4M saturated 

solution. The electrodes were connected to the potentiostat which was set usually at 1 

volt SCE, and the current was monitored. The coulometer was also connected to the 

system to monitor the charge passed. 
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3.3.3.2 Starting the Test 

The coal sample to be treated was weighed and added into the acid mix, then stirred 

strongly to allow slurry to form. At this time, the stop-watch was switched on. The rpm 

speed of the stirrer was then adjusted and the cap was placed to cover the cell. 

After a set period of soaking time, the potentiostat was switched on to provide a 

potential of 1 volt SeE, and the current was monitored by means of a coulometer. The 

intensity of the current was maximum when the reaction started, and then decreased 

continually until a limiting current was reached after a few hours. 

3.3.3.3 During Processing 

The set parameters, temperature, stirring speed and applied potential, were regularly 

checked during the test. When samples were collected, appropriate readings such as 

current, coulometer reading and potential were recorded. 

In some tests, 20ml of slurry samples were taken intermittently during the exper

iment. The sample was poured onto a screen (stainless steel sieve) and rinsed with tap 

water for 5 minutes. The sieve size was chosen to correspond to the lower size limit of 

the feed coal. Sometimes, smaller screen apertures were chosen, so that coal particles 

which had been slightly reduced in size could be retained. The product coal was then 

poured into a petri-dish and dried in the oven at 80°C. When it was desired to analyze 

the solution, the sample was poured onto a fliter paper held by a funnel. The filtrate 

was directly bottled for further elemental analysis, while the residue was rewashed with 

tap water. 
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3.3.3.4 After Processing 

As soon as processing time was over, the test was interrupted. Last readings were 

made such as temperature, current and coulometric charge. All apparati were turned 

off and the slurry was poured out on a sieve and rinsed under a tap water stream for 5 

minutes. All the underflow was collected into a bucket, and allowed to settle, so that 

water could be removed by siphoning, and the underflow collected into a petri-dish for 

drying. 

3.3.4 Analyses 

Various types of analyses were conducted on samples, before and after processing, 

on both solid and liquid phases, in order to monitor the changes occuring on the coal 

sample. These analyses were both qualitative and quantitative in nature, so that the 

samples could be characterized and the process efficiency could be determined. 

3.3.4.1 Ash Content 

The process efficiency is mainly expressed by the percent ash of the product coal, 

which is compared to the percent ash of the feed. The percent ash of a sample is defined 

as the weight percent of matter remaining after coal has been ashed. About Ig of dry 

coal was weighed in a crucible. This was then put into the ashing oven whose temper

ature was raised to 750°C, then remained constant for 3 hours before it was slowly 

brought down and kept at 75°C. The ash left in the crucible was weighed and the per

cent ash calculated. 
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In the tests described in the chapters to come, some abreviations were used in the 

tables: 

• RoM refers to the run-o!-mine. 

• The percent ash is symbolized by A %. 

• The ash percent reduction (A % Red) is defined as: 

lOOx[A % in feed - A % in product] / [A % in feed] 

• The percent ash removal, designated as Ash Rem, refers to the weight of ash in the 

feed minus the weight of ash left in the product, over the weight of ash in the feed. 

• U'Flow refers to the underflow. 

3.3.4.2 Sulfur Analysis 

The amount of sulfur removed during the process was evaluated by measurements 

of the percent sulfur in the feed and in the product. This was given by the Leco sulfur 

analyzer, by burning about O.25g of coal in the furnace (1375°C) for one minute. In the 

tables, Sulf. % expresses the sulfur percent of the coal. 

3.3.4.3 Low Temperature Ashing 

Since the coal undergoes a high temperature during the ashing procedure mentioned 

above, changes in mineral matter composition are expected. First, some mineral ele

ments may have been lost as gases; second, the distribution of mineral matter may have 
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been significantly modified. Finally, crystal structure may have undergone important 

transformations. 

To prevent these changes from occuring, the coal must be ashed in a low

temperature ashing (LTA) process (Gluskoter, 1965). The organic matrix was removed 

by a radio-frequency induced oxygen plasma combustion. The LTA was carried out on 

RoM, feed, product, or refuse coals, and the ash products were analyzed by x-rays 

diffraction, SEM and atomic absorption spectroscopy. 

About half a gram of fine coal spread on a petri-dish was placed into the L T A oven. 

Vacuum was set at 0.3 mmHg and oxygen was blown into the cell so that overall pres

sure did not exceed 0.4 mmHg. Then, the radio-frequency emission was initiated at 250 

W. A blue colored plasma appeared, that had turned violet when the reaction was 

completed after one to three days. It was necessary to interrupt the process every 8-10 

hours to better expose the remaining coal to the plasma. 

3.3.4.4 Elemental Analysis 

F or elemental analysis, L T ash was digested in a strong acid mix, including 

hydrofluoric acid, and the filtrate was analyzed by atomic absorption. This provided the 

concentration of the major elements dissolved. Filtrates of samples were collected dur

ing experiments to study kinetics of dissolution of mineral matter. 

The digestion of mineral matter was carried out in a teflon beaker containing equal 

volume of pure Hel and HN03 • A hot plate was used to maintain gentle boiling con

ditions, while the mix was stirred wit.h a teflon magnet bar. Splashing was prevented by 

a polypropylene top covering the beaker. After the soluble minerals were digested, the 

top was removed and the acid mix 'vas allowed to concentrate by partial evaporation. 

Then, 20 ml of hydrofluoric acid were carefully added into the beaker after the hot plate 

EXPERIMENTAL PROCEDURE 40 



was turned off. The beaker was covered again, stirring was started, and continued 

overnight to achieve total dissolution of the silicates. The acid mixture was, then, 

centrifuged to separate the leachate from the remaining solids (mostly coal that had not 

burned during the L TA), and the liquid was collected, diluted, and sent for analysis. The 

residue was rinsed with double-distilled water, then put to dry on a dish in the oven be

fore being weighed. Since silicon volatilizes from the solution with fluorine, forming 

SiF4 (g), the mass balance for Si may not be very accurate. 

3.3.4.5 Scanning Electron Microscopy 

Particles of run-of-mine, feed, product or tail were observed with the the SEM which 

revealed the topography of the surfaces. Differences in reflectivity, in the back-scatter 

mode, indicated the presence of crystalline substances which are much brighter. 

The energy dispersive x-ray micro analyzer coupled with the SEM was used to 

characterize minerals by providing a spectrum made of peaks corresponding to the spe

cific energies of every element of the shot area. Only typical photographs (electron 

micrographs) were taken, i.e. pictures of characteristic particles in representative situ

ations shot with the ideal orientation. This helped figuring out the different mechanisms 

of mineral matter removal involved in the CECC process. 
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3.3.5 Alternative Processes 

3.3.5.1 Oxidation in a Separate Reactor 

An alternative way of conducting the CECC was to regenerate F e3 + ions from the 

spent Fe2 + ions separately from the slurry contained in the reaction vessel. The 

electrode system was placed in the smaller cell. The electrolyte from the reaction vessel 

was continuously pumped out through a fritted glass tubing, and was sent to the small 

stirred electrolysis cell. The Fe2 + ions were oxydized to Fe3 + ions at the anode and the 

solution containing Fe' + ions was pumped back to the reaction vessel where they were 

contacted with coal. This is represented in Figure 8. 

3.3.5.2 1?lutriated ~olu~ 

Figure 9 shows an elutriation column, in which a coal sample is contacted with 

ferric ions. The spent solution is sent to an electrolysis cell, in which Fe2 + are converted 

to Fe3 + ions by contacting with the anode at 1 volt SCE. The electrolyte solution con

taining Fe3 + ions is, then, pumped to the bottom of the elutriation column, which sup

plies Fe3 + ions to the coal and at the same time keeps the coal particles in suspension. 

This reactor has been designed to eliminate mechanical agitation which may result in size 

reduction. 
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4.0 TESTS and DISCUSSION 

4.1 TESTS on DIFFERENT TYPES of COAL 

4.1.1 Pittsburgh #8 

4.1.1.1 Tests on Washed Coal 

The samples were ground, dry-sieved and washed to remove fines prior to conduct

ing CECC tests. Effect of particle size and reaction temperature were studied. 

Effect of Particle Size 

A series of three tests were carried out on samples of particle size 25-7 5J..lm, 75-210 

J..lIll and 210-840 J..lIll. The operating conditions were as follows: a 51 g coal sample was 

placed in 830m! of 4M sulfuric acid and processed for 5 hours at 55°C, while applying 

a potential of 1 volt SCE. The reaction product of each size fraction was collected on 
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a 25, a 62 or a 21 O~m sieve, and washed. However, in order to catch the particles broken 

during the reaction, finer sieves (38 and 150~m.) and filter paper (Whatman #44) were 

also used to wash the product. The results obtained are given in Table 2. 

Table 2. Effect of Particle Size on Ash Removal from \Vashed Pittsburgh #8 

Size RoM Washed Product Ash 0/0 Finer Mesh 

(pm) Feed AO/o Feed AO/o Ash 0/0 Reduction Prod Ash% 

25-75 25.00/0 20.50/0 11.20/0 45.40/0 --
75 .. 210 18.30/0 15.7% 8.40/0 46.50/0 10.3% (38)lm) 

210-840 25.00/0 22.00/0 13.3% 40.0°/0 20.3% ( 150Jlm) 

The ash reductions achieved were fairly good. The 75-21 OJ,lm fraction proved to be 

the easiest sample to clean. The product from the 210-840J,lm feed assayed the higher 

ash content, because the feed contained more mineral matter. The coal products 

screened on finer sieves proved a higher ash content, because more mineral matter is 

present in the fme particles. Resoaking the 75-210}J.m product for one hour in fresh 

water further reduced the ash content, from 8.40/0 to 7.9°/0, which is difficult to explain. 

Influence of TUDe and Temperature 

Four tests were conducted at 25, 40, 54 and 70°C, with 50g of wet-screened coal 

(75-210Jlm). For each experiment, the feed was presoaked in 800 ml of 1 M sulfuric acid 

for 5 hours and 10 minutes; then, electrolysis was applied for 5 more hours. 30ml of 

slurry were sampled after 1/2hr, Ihr, 2hr, 3hr and 4hr, then screened and dried, in order 

to study the influence of processing time on the CECCo After 5 hours of treatment, the 

TESTS and DISCUSSION 46 



product was washed and dried for assaying. The results obtained are displayed on 

Table 3, and plotted in Figure 10 on page 48. 

Table 3. Effect of Temperature and Time on Ash Removal from 'Vet-screened Pittsburgh #8 
with Electroleaching 

Temp Feed AO/o t/2h AO/o th A% 2h AO/o 3h AO/o 4h AO/o Red Recov. Sulf % 

25°C Ash: -- 15.So/0 14.4% 14.2% 14.0% 23.50/0 70.70/0 1. 5S % 

40°C IS.30/0 -- 13.60/0 15.0% 14.70/0 12.S% 30.0% 75.20/0 1.470/0 

54°C Su1f: 13.20/0 13.0% 13.20/0 I1.S % 1 1.0% 39.90/0 SI.1 0/0 1.60% 

70°C 1.9 S 0/0 12.00/0 12.00/0 12.20/0 10.2% 9.0% 50.So/0 73.30/0 1.64% 

It is shown that ash rejection improves with increasing temperature. The sulfur re

jection averages approximately 200/0 and appears to be independant of temperature. 

4.1.1.2 Physical Cleaning of Pittshurgh #8 

The different size fractions of the coal were physically cleaned as follows: 

• Froth flotation for the fmes (()'75pm), followed by wet-screening on a 25Jlm sieve. 

• Froth flotation for the medium size (75 .. 210pm) , followed by wet-screening on a 
75JlIl1 sieve. 

• Specific gravity separation for the coarse particles (21()'840pm). 

The results are presented in Table 4, in which Cone. refers to the concentrate and 

Sulf. 0/0, to the sulfur content. 
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Table 4. PhysicaJ Cleaning of Different Fractions of Pittsburgh #8 CoaJ 

Size RoM \Vashed Cone. Tail Recov. RoM \Vashed Cone. 

Fraction Asho/. Asho/. Ash% Ash % Sulf.O/o Sulf.O/o Su If. 0/0 

0-25Jlm < 75Jlffi < 75Jlm 120/0 < 75Jlm _. -- -- --

25-75Jlm 24.8% 14.30/0 6.78 % 78.00/0 -- 1.65% 2.200/0 1.610/0 

75-21 OJlffi 24.6% IS.30/0 6.500/0 47.3 % 92.20/0 1.610/0 1.98 % 1.560/0 

210-S40Jlm 25.20/0 15.0% 6.57 % 77.60/0 92.4% 1.570/0 1.77% 1.21 % 

These figures showed significant ash reductions along with good recoveries and fast 

kinetics. The fact that a mere washing of the run-of-mine coarse coal removed as much 

as 40% of the ash stresses the phenomenon of adhesion of free minerals on the coal 

surface. As for fines (minus 75J.1Ill), the wet-screening on a 25J.1m sieve decreased the ash 

content by 420/0, confrrming that fines contain much mineral matter. 

Next, the sulfur content of run-of-mine, wet-screened and physically cleaned 

Pittsburgh #8 increased with decreasing particle size. Furthermore, for all size fractions, 

the sulfur content increased after the wet-screening of the run-of-mine, implying that 

sulfur was mostly carried by the macerals. However, the sulfur content decreased after 

flotation, suggesting that a substantial amount of sulfur was contained in the middlings. 

Additional stages of physical cleaning could not yield products with less than 4% 

ash. This percentage probably corresponds to the mineral matter disseminated 

throughout the maceral, thus not available for physical removal. 
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4.1.1.3 Tests on Pllysically Cleaned Coal 

Electroleaching of Physically Cleaned Coal 

Four tests were conducted with floated coal (62-210J..Lm) at four different temper

atures: 28, 42, 55 and 70°C. Each feed, 50g. was dispersed into 800ml of 1 M sulfuric acid 

and processed for 5 hours with an applied electrical potential of 1 volt. Samples were 

collected after I, 2, 3, 4 and 5 hours of treatment, and rinsed onto a 62f.lm sieve. The 

data are reported in Table 5. 

Table 5. Effect of Temperature on the Ash Removal from Physically Cleaned Pittsburgh #8 
with Electroleaching 

Temp. Feed A% Ih Ao/02h AO/o 3h AO/o 4h A%5h AO/o Red Sulf 0/0 

28°C 6.44% 6.17% 6.170/0 6.050/0 5.610/0 5.68% 13.00/0 1.43% 

42°C 6.440/0 5.840/0 5.620/0 5.580/0 5.43% 5.340/0 17.80/0 _. 

55°C 6.440/0 5.480/0 5.280/0 5.170/0 5.020/0 5.150/0 20.80/0 --

70°C 7.000/0 6.79% 6.36% 5.650/0 .. 5.180/0 26.00/0 1.440/0 

The ash reductions, though limited, were again increasing with temperature; never .. 

theless, the product ash contents did not vary significantly, and the product could not 

assay less than 50/0 ash. The sulfur content was reduced from 1.560/0 to 1.430/0, whatever 

the temperature. 
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Simple Leaching of Physically Cleaned Coal 

Same conditions as those described in section 4.1.1.3 were used, except that no 

electrolysis was applied. The results are reported in Table 6. 

Table 6. Effect of Temperature on Ash Removal from Physically Cleaned Pittsburgh #8 with 
Simple Leaching 

Temp. Feed A% Ih Ao/G 2h AG/o 3h AO/o 4h AO/o Sh AO/o Red Surf 0/0 

28°C 6.50% 5.810/0 5.590/0 5.660/0 5.610/0 5.43% 16.50/0 1.42% 

42°C 6.44% 6.12% 6.03% 5.66% 5.600/0 -- 13.0% .. 

54°C 6.500/0 5.67% 5.46% 5.75% 5.360/0 5.680/0 15.40/0 --

70°C 6.50% 5.950/0 5.710/0 5.85% 5.510/0 5.63% 15.4% 1.440/0 

The ash reductions were low, and seemed to be independent of temperature. The 

tailing from the sample treated at 28°C was assaying 7.80/0 ash only, showing that little 

mineral matter was liberated. The product sulfur contents were identical to those ob

tained with electroleaching. 

These series of tests demonstrated that CECC conducted with electrolysis slightly 

improved the mineral matter removal over a simple leaching. Moreover, it revealed that 

temperature is not an influential factor for further processing physically cleaned 

Pittsburgh #8. 
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Influence of Regrinding on Physically Cleaned Pittsburgh #8 Processing 

The CECC tests conducted on physically cleaned coal did not produce promising 

results, which may be attributed to the fact that the mineral matter was not exposed on 

the surface. Therefore, the physically cleaned coal was reground before treatment by the 

CECC process. Two series of tests were conducted, involving medium and coarse 

cleaned coals. 

A 180g sample of floated coal (75 to 210~m) was reground in the ball mill; its size 

distribution after grinding is plotted on Figure 11. 28.6g of this coal sample (not wet

screened) was treated in 500m! of sulfuric acid (2M) solution at 55°C for 5 hours and 

40 minutes without applying potential (SL), and 4 hours and 30 minutes with applied 

potential (EL). 

Likewise, the coarse coal (210-840~m) cleaned by gravity separation, was reground, 

and then sieved to obtain the range 66-210~m. Unlike for the floated sample, the coal 

(30g) was wet-screened to remove the fines; after drying, 28g remained, indicating that 

6.5% were washed away. Next, the sample was mixed with 800m! of 1 M (5% sulfuric 

acid - 4.50/0 hydrochloric acid by weight of pure acid), and processed at 60°C for 6 hours, 

both with (EL) and without (SL) applied potential. Results are given in Table 7 and in 

Table 8. 

These results showed that electroleachlng did improve the ash removal from the 

physically cleaned coarse coal that was reground, while less improvement in the ash re

jection from the medium size coal was noticed. Moreover, regrinding the feed prior to 

the CECC could not further clean the products. 
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Figure 11. Size Distribution of Physically CJeaned Pittsburgh #8 After Regrinding 
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Table 7. Effect of Electroleaching on Ash Removal from Reground l'Vledium Pittsburgh #8 
Coal 

Test Feed AO/o Prod AO/o Ash Red 

SL 6.39% 5.63% 11.90/0 

EL 6.39% 6.180/0 3.3% 

Table 8. Effect of Electroleaching on Ash Removal from Reground Coarse Pittsburgh #8 
Coal 

Test Feed AOlo Prod AOlo Ash Red Recovery 

SL 6.370/0 5.49°/0 13.8% 86.90/0 

EL 6.47% 5.240/0 19.10/0 86.5% 
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Influence of Product Resoaking and Filtration on the Processing 

Resoaking the product in fresh water after the test may allow the water to wash out 

the acid molecules incorporated in the matrix, thus improving the rinsing step. M ore

over, resoaking should favor the migration of water toward the inside of the coal pores, 

and enhance the build-up of osmotic pressure inside crevices or pores. To test this 

possibility, two tests were conducted using 51g of physically cleaned coal (75-210J.lm) in 

each test. A 830m! of 4M sulfuric acid solution was used at 55°C for 5 hours with (EL) 

and without (SL) applied potentials. After the 5 hours of contact with acid, one fourth 

of the product was water-washed on a 38J.lm sieve, a second fourth was filtered, and the 

half left was stirred in tap water for half-an-hour, and finally separated using both 

screening and filtering. The results are given in Table 9. 

The results indicate that the product ash contents were further reduced by resoak

ing. However, EL was not much better than SL which may be attributed to the fact that 

the acid strength was relatively high (4M). In such a strong acid, simple leaching may 

remove considerable amount of mineral matter. It is also worth noticing that most fil

tered products are cleaner than the wet-screened ones, which is difficult to explain. 

Influence of Aeration 

Considering that ferric ions may play an important electrocatalytic role in increasing 

coal oxidation, other methods to regenerate spent ferrous ions had to be investigated. 

An economic way of regenerating Fe3 + ions would be simple aeration. To check this 

possibility, a test was designed in which the electrolyte was pumped out of the reaction 

vessel, and sent into a vertical cell with fritted glass ends, through which air was blown 

to oxygenate the liquid. The liquid overflow was then recycled to the vessel. The 50g 

coal sample (75-2101llll) was mixed with 800m! of 4M sulfuric acid and processed at 55Q C 

for 6 hours, prior to recovery on a 75J.lm sieve. The data are listed in Table 10. 
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Table 9. Effect of Product ResoaJdng and Filtering on Ash Removal from Physically Cleaned 
Pittsburgh #8 

Test Feed Screened Filtered 

Ash 0/0 Prod AO/o Prod AO/o 

SL 6.500/0 5.62% 5.080/0 

Resoaked 6.50% 5.450/0 4.80% 

EL 6.060/0 5.62% 5.10% 

Resoaked 6.060/0 5.03% 5.400/0 

Table 10. Effect of Aeration on Ash Removal from Physically Cleaned Pittsburgh #8 

Test Feed Screen Tail Filter Screen Filter 

Ash 0/0 Ash 0/0 Ash 0/0 Ash % Asb Red Ash Red 

Aeration 5.910/0 5.150/0 7.70% 4.90% 12.90/0 17.1 % 

EL 6.06% 5.62%, .. 5.10% 7.30% 15.80/0 

Although the differences in the results were not significant, the product was slightly 

cleaner with aeration; therefore, this method may be considered economically viable. 
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Influence of Ferric Ions 

According to the osmotic liberation theory (Paul, 1988), an increase in Fe3 + con

centration in the electrolyte should improve the oxidation of the coal, and favor the 

pressure build-up. In order to check this possibility, ferric ions were added to the slurry 

while a typical test with cleaned Pittsburgh was initiated. < A 50g sample of feed coal 

(75-210Ilm) was contacted with 800ml of 1 M sulfuric acid solution and with 24.7mM of 

ferric ions (as ferric sulfate), at 55°C. A 1 volt potential was applied to regenerate the 

spent ferrous ions into ferric for 5 hours. The results are given in Table 11. 

Table It. Effect of Ferric Ions on Ash Remov~ from Physically Cleaned Pittsburgh #8 

Test Feed AO/o Ih A% 2h AO/o 3h AO/o 4h A% 5h AOlo Red 

No Ferric 6.44°/0 5.480/0 5.280/0 5.170/0 5.020/0 5.150/0 20.0 % 

Ferric 6.440/0 6.080/0 6.200/0 5.930/0 5.410/0 5.40°/0 16.150/0 

As shown, the extraneous source of ferric ions did not improve the ash rejection. 

On the contrary t the contents were higher when ferric sulfate was used. This may be 

explained by the fact that it is not only the concentration of ferric ions that controls the 

oxidation, but also the ratio between the Fe3 + and Fe2 + ion concentrations. Further

more, when a large amount of ferric sulfate is added, considerable amount of Fe(OHh 

may precipitate out, adding to the ash content. This was likely because the sulfuric acid 

concentration was low (1 M). 
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4.1.1.4 Statement on Pittsburgh #8 Processing 

The various tests conducted on this coal demonstrated the importance of the wet

screening before treatment. I t was also shown that wet-screened coal was sensitive to 

temperature and allowed a considerable ash removal. In some cases, the CECC process 

with applied potential did not produce markedly superior results as compared to the 

cases without applied potential. This was usually the case when the acid strength was 

high (> 4M). At lo\v acid strength, however, results were better with applied potentials 

than without, although the improvements were rather marginal. 

4.1.2 Splashdam 

Paul (1988) reported that the CECC process can substantially remove the ash from 

a Splashdam seam coal. To check the reproducibility, a series of tests were conducted 

on a Splashdam coal obtained from the Wellmore Coal Corp., although it is not certain 

that it was from the same mine. 

4.1.2.1 Tests on Wet-screened Coal 

Preliminary Test 

A run-of-mine sample was ground, sieved at 75-210J.1ffi, and wet-screened. A 48.1g 

feed sample was then processed in 800m! of 1 M hydrochloric acid at 60°C for 6 hours 

with 1 v applied potential. The product was then collected and rinsed on a 38J.1m sieve. 

Results are given in Table 12. 
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Table 12. Effect of Electroleaching on Ash Removal from Wet-screened Splashdam 

RoM Washed Product Ash 0/0 Ash Reeov. 

Coal Coal Ash 0/0 Reduc. Removal 

Ash 25.0% 23.70/0 19.0% 24.0% 28.10/0 95.8% 

Sulfur 0.650/0 0.690/0 .- -- -- --

The ash reduction was relatively poor, although the recovery was very high. This 

may be attributed to the fact that the liberated ash was removed at 38J.lm, rather than 

at 75J.lm which was the lower size limit of the feed coal. The sulfur content had slightly 

increased with processing, although no sulphuric acid was added to the slurry, which 

may be within experimental error. 

Influence of Ferric Ions and Electroleaching at High Temperature 

Four samples of the Splashdam coal were processed in a series of comparative tests 

designed to study the effect of electro catalytic parameters on the ash removal. In the 

frrst test, the run-of-mine coal was ground, then sieved in three size fractions and finally 

wet-screened. Table 13 gives the percent ash of both RoM and washed coals. 

The 62-210~ fraction was chosen for this series of tests, and 25g samples were 

processed in 750ml of 1 M sulfuric acid at 60°C for 6.5 hours. In case of EL, a Iv po

tential was applied, 1 hour after the test started. In some experiments, 2mM of ferric 

ions was added. After the processing, the coal samples were washed with tap water for 

5 minutes on a 53J.lm screen. The results are given in Table 14. 
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Table 13. Effect of Wet-screening on Ash Removal from Run-of-mine Splashdam 

Size RoM AO/o Washed AO/o 

0-661J.Il1 51.34% --
66-21 01J.Il1 38.770/0 33.380/0 

210-840~m 47.03% 42.080/0 

Table 14. Effect of Ferric Ions and Electrolysis at 6C)OC on Ash Removal from Wet-screened 
Splashdam 

Test Feed AO/o Prod AO/o Ash% Red Sulf.O/o 

SL 33.90/0 28.60/0 15.60/0 0.750/0 

SL + Ferric 33.8% 27.10/0 19.80/0 --

EL 33.80/0 27.10/0 19.8% --

EL + Ferric 33.50/0 27.20/0 18.8% 0.790/0 

The results show that although the overall ash rejection did not exceed 200/0, the 

addition of ferric ions improved the ash rejection by approximately 40/0. Also, under the 

applied potential conditions, the ash rejection was improved. These improvements were 

discernable because the sulfuric acid and the ferric ion concentrations were relatively 

low. 
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4.1.2.2 Tests on Physically Cleaned Coal 

The 62-2101lm coal, assaying 380/0 ash after wet-screening, was subjected to 

flotation. The concentrate, assaying 50/0 ash in average, was also treated by the CECCo 

Influence of Ferric Ions and Electroleaching at High and Low Temperatures 

Two series of tests, at 60°C and at 24°C, were conducted, with simple leaching, 

simple leaching with ferric ions (2mM), and electroleaching. Every 25g feed sample was 

mixed in 750ml of 1 M sulfuric acid and processed for 6.5 hours. Table 15 and 

Table 16 show the results. 

The results obtained at higher temperature were better, but both EL and ferric ion 

addition showed no improvement in ash reduction. In fact, at the lower temperature, 

the F e3 + addition inhibited the process. The reason why no significant ash rejection 

was observed in these tests was probably because the floated coal did not have much 

exposure of mineral matter on the surface. 

Table 15. Effect of Ferric Ions and Electroleaching on Ash Removal from Physically Cleaned 
Splashdam at 64)0C 

Test Feed A% Prod AOlo Ash% Red 

SL 4.900/0 4.29°/0 12.40/0 

SL + Ferric 5.04°10 4.760/0 5.560/0 

EL 5.18% 4.650/0 10.2°/0 
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Table 16. Effect of Ferric Ions and Electroleacbing on Ash Removal from Physically Cleaned 
Splashdam at 24°C 

Test Feed AO/o Prod AO/o Ash% Red 

SL 5.05% 4.920/0 2.60/0 

SL + Ferric 5.14% 4.76% 7.4% 

EL 5.060/0 4.830/0 4.5% 

Influence of Various Parameters at High Temperature 

The same floated Splashdam coal was treated in three tests involving different feed 

ash contents and different operating conditions. The 75-210J.lm fraction samples, each 

weighing 40g, were used as the feed in three electroleaching tests (potential 1 v), in which 

800m! of acid was used. The sample was presoaked in the same acid prior to the proc

essing. In test 1 and 2, 1 M hydrochloric acid was used, and in test 3, the electrolyte was 

a 3.2M acid blend made of 15%-13.5% sulfuric-hydrochloric acid (by weight of pure 

acid), and 20 moles/liter of ferric ions. Each product was rinsed on a 38J.lm sieve. The 

operating conditions and the results are given in Table 17. 

The ferric ions which were used in test 3 did show some improvements as compared 

to test 2. It seems that at high temperatures, large amount of ferric sulfate addition did 

not impe~e the process. It should also be noted that the best ash reduction was obtained 

with the feed sample containing the largest amount of ash probably because more min-
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Table 17. Effect of Various Conditions on Ash Removal from Physically Cleaned Splashdam 

Test Feed Presoak. Temp. Process Screened Filtered Ash% Red 

Ash 0/0 TIme Time Prod Ash Prod Ash (Screen) 

1 9.74% 3hr 50°C 7hr30 7.600/0 7.40% 22.00/0' 

2 5.900/0 21hr 65°C 7hr30 5.15% 3.600/0 12.7% 

3 5.32% 3hr30 65°C 6hr15 4.300/0 3.600/0 19.2% 

eral matter is exposed to the surface. A similar observation was made with washed 

Pittsburgh #8 coal as well. I t is surprising to note that the use of filter paper in col

lecting the product resulted in better ash reduction than when a screen was used. Similar 

results were observed with Pittsburgh #8 coal. No proper explanation can be found at 

this point. 

The ferric ions in test 3 did not dramatically improve the process when compared 

to test 2 or to the experiments conducted so far. Test 3 yielded the cleanest product, 

which could be due high temperature and very high ferric ions concentration. 

The best ash reduction was obtained with the highest feed ash sample in test 1, be

cause more mineral matter was available for removal, like in case of wet-screened 

Pittsburgh #8. Using futration, the product ash of test 2 was only 3.60/0, which was 

probably due to the retention of fme minerals in the filter paper. 
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4.1.3 Widow Kennedy - Wellmore 

4.1.3.1 Tests on Run-of-mine Coal 

The run-of-mine coal was ground, sieved at 210-840J.lm, and two 2Sg samples were 

mixed in a 3.2M acid mixture (15.50/0-13.5% of sulfuric-hydrochloric acids by weight of 

pure acid), at 60°C for 8 hours. Tests were conducted with (EL) and without (SL) ap

plied potentials. The product was collected and rinsed on 3 sieves of different apertures, 

and analyzed. The results are given in Table 18, in which "Prod" refers to the product 

collected on the 210J.lm sieve, "'Tail}'" the underflow of -210+ 105J.lm, NTail 2" the 

underflow of -105 + 4SJ.lm, and MTail 3M the underflow finer than 45J.lm.. The numbers 

in parentheses represent the percent weight of product and tails collected in each sieve. 

Table 18. Effect of SL and EL on Ash Removal from Run-of-mine \Vidow Kennedy \Vellmore 

Test Feed Prod Ash % Tail 1 Tail 2 Tail 3 Rerov. Sulf 0/0 

Ash % Ash 0/0 Red Ash % Ash 0/0 Ash 0/0 

SL 30.50/0 21.650/0 29.020/0 52.30/0 61.9% 73.7% 88.80/0 1.01 % 

(78.80/0) (7.60/0) (3.20/0) (5.9%) 

EL 30.30
/0 21.75% 28.220/0 62.20/0 73.40/0 71.4% 93.70/0 1.01 0

/ 0 

(83.5%) (5.00/0 ) (2.60/0 ) (5.10/0) 
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I t is shown that the ash contents of the tails are increasing with decreasing particle 

size, indicating that the smaller particles are mostly mineral matter. The sum of the 

tailings represented 16.7% of the total mass collected. The percent ash reduction ob

tained with and without potentials do not show significant difference, which may be at

tributed to the high acid concentration (3.2M) and long reaction time (8 hours). 

4.1.3.2 Tests on Middlings 

The Widow Kennedy coal was physically cleaned by heavy-media separation in a 

slurry of magnetite, to obtain clean coal of I to 5mm in size. The clean coal was re

ground and sieved to obtain the 62-210J.1m fraction, which assayed 8.2% ash. A 25g 

sample of this mono-size feed was treated in 750m! of the sulfuric-hydrochloric acid 

mixture 3.2M at 60°C for 6.5 hours in the frrst stage. In the second stage, 7g of the clean 

coal from the first stage \vas treated for 11.5 hours in 600m! of the same acid at the same 

temperature. In the third stage, the clean coal from the second stage was processed for 

11 hours by adding O.158mM of ferric ions, to the acid solution. The results are shown 

in Table 19, Table 20 and Table 21. 

After the three stages of cleaning, 500/0 of the mineral matter contained in the feed 

was removed from the feed. A substantial amount of mineral matter was removed at 

each stage, even if long processing time was necessary. The results show that under 

applied potential conditions (EL), the ash reduction was improved. It is most interesting 

to note that the sulfur rejection was 22% when the potential was applied, for only 4% 

with simple leaching. 
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Table 19. Results of the 1st Stage CECC Process Conducted on the Widow Kennedy 
\Vellmore, Coal Cleaned by Heavy .l\:ledia Separation 

Test Feed AO/o Feed SOlo Prod AO/o AO/o Red Ash Rem Recov. Yield 

SL 8.250/0 1.0% 6.560/0 20.5% 23.1 % 96.7% 98.50/0 

EL 8.180/0 1.00/0 6.160/0 24.7% 27.30/0 96.60/0 98.70/0 

Table 20. Results of the 2nd Stage CECC Process Conducted on the \Vidow Kennedy 
Well more, Coal Cleaned by Heavy i\ledia Separation 

Test Feed AO/o Prod AO/o Prod S% AO/o Red Recov. Yield 2:AO/o Red 2:Yield 

SL 6.560/0 4.430/0 1.06% 32.5% 88.20/0 90.50/0 46.3% 89.30/0 

EL 6.160/0 3.89% _. 36.90/0 90.2% 93.0% 52.4% 91.80/0 

Table 21. Results of the 3rd Stage CECC Process Conducted on the \Vidow Kennedy 
Wei I more, Coal Cleaned by Heavy 1\ledia Separation 

Test Feed AO/o Prod AO/o Prod S% A% Red 2:AO/o Red 

SL 4.430/0 4.120/0 0.960/0 7.00/0 50.1 % 

EL 3.89% 3.280/0 0.780/0 15.70/0 59.9% 
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4.1.4 Widow Kennedy. - Dominion # 1 

4.1.4.1 Test on Wet-screened Coal 

The feed sample (53-210Jlm) weighing 40g was mixed in 500ml of the acid mixture 

H2 S04 -HCl (3.2M 15.5%-13.50/0), and was processed at 60°C for 10 hours with 

electrolysis (1 v). The results of this experiment are shown in Table 22. 

Table 22. Electrolcaching of\Vet-screened Dominion #1 

RoM Feed Prod 0/0 Red U'Flow 

Ash 44.00/0 43.5% 18.5% 57.4% 50.4% 

Sulfur 0.67% 0.720/0 1.04% -- --

Although ash contents were still high, ash reductions were significant. The sulfur 

content increased, probably because pyrite remained within the macerals while other 

minerals were removed. 

4.1.4.2 Tests on Floated Coal 

Processing of a Sample Assaying 7.9 % Ash 

The Dominion #1 coal, 62-210Jlffi in size, was cleaned in two stages of flotation. 

A slurry of 20g of cleaned coal and 750ml of the 15.5% -13!5 % acid mixture was sub

jected to the CECC process in two stages. The first stage lasted 7 hours and 10 minutes, 
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whereas the second one lasted 16.5 hours without applied potential, and 14 hours and 

20 minutes with electrolysis. The results are given in Table 23. 

Table 23. Effect of SL and EL on Ash Removal from Physically Cleaned WK Dominion # 1, 
7.90/0 Ash 

Test Feed Prod AOlo Prod SOlo Prod AOlo Prod SOlo Ash 8/0 Sulf 0/0 

AO/o S% Stage 1 Stage 1 Stage 2 Stage 2 Red Red 

SL 7.87 % A 5.38°/0 0.86% 4.85 % 1.00% 38.40/0 7.50/0 

EL 0.930/0 S 4.690/0 0.72% 3.330/0 0.740/0 57.70/0 22.60/0 

Widow Kennedy coal again manifested better results with EL, even though tem .. 

perature was lowered during the second stage due to a circulating bath failure. The 

sulfur content was reduced by 22.6% with EL, versus 7.5% with SL, which confirmed 

the observation made with the Widow Kennedy from \Vellmore Company. It seems that 

pyrite rejection is definitely improved by applying the potential. This would underline 

the role strong oxidant (such as Fe3~) can play, which supports the electrocatalytic 

mechanism proposed by Paul (1988), as well as the principle of autocatalytic oxidation 

of pyrite proposed by Lalvani (1986). 

Electroleaching of Clean Coal Assaying 3.38% Ash 

In the next experiment, a sample cleaner than the one used previously was treated 

by the CECC to determine how much mineral matter could still be removed. The 

processing time was shorter than in the previous experiment. 
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Three stages of froth flotation were conducted on the 53-210J,1m fraction of the 

run-of-mine coal, and produced a concentrate assaying 3.38(~/0 ash. For the test, 22.7g 

of feed was processed in 500ml of 3.2M H2S04 -HCl (15.50/0-13.5 %
) at 60°C for 10 hours 

and 40 minutes, with the application of a 1 volt potential. The results are given in 

Table 24. 

Table 24. Results of CECC Tests Conducted on the Physically Cleaned WK Dominion #1 

Feed . Prod 0/0 Red 

Ash 3.38% 1.660/0 50.90/0 

Sulfur 0.890/0 0.710/0 21.10/0 

This test demonstrated that a significant ash reduction could be obtained from a low 

ash coal already physically cleaned, as well as a fair sulfur reduction. Considering that 

the major part of the sulfur is from organic origin, 21.1 % sulfur rejection may represent 

almost complete removal of pyrite. Since the run-of-mine coal was assaying 43.50/0 ash, 

the overall ash removal, combining physical cleaning and CECC, amounted to 96.20/0. 

As shown in this example, the value of CECC process may not be found in cleaning a 

RoM coal, but further removing both ash and sulfur from physically cleaned coals. 

Electroleaching of Physical1y Cleaned Dominion # 1 in the Elutriated Column 

A sample of 30g of cleaned coal, at the size 62-210J,1m, was placed inside the column 

filled with the same acid blend (15.5%-13.5~/o); the electrolysis vessel was filled with 

750ml of the same solution, so that the whole electrolyte reached one liter in volume. 
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The test was run at 53°C for 7 hours and 10 minutes, with 9.6mM of ferric ions. The 

electrolysis (1 v) was applied for 5 hours 40 minutes. The results are given in Table 25. 

Table 25. Electroleaching of Physically Cleaned \VK Dominion # I in the Elutriated Column 

Feed Prod % Red Ash Rem Recov. Yield 

Ash 3.450/0 2.43% 29.60/0 31.90/0 96.7% 97.7% 

Sulfur 0.820/0 0.78% 4.90/0 -- -- --

The results are not as good as those obtained with the stirred reactor, which may 

be attributed to the shorter processing time and the lower operating temperature. 

However, the absence of mechanical agitation might have eliminated liberation by 

breakage mechanism. 

4.1.5 Widow Kennedy Coking Coal 

Multistage CECC Under High and Low Oxidizing Conditions 

Two comparative multistage tests were designed to study the influence of oxidizing 

conditions on the ash removal from a metallurgical coal. The coal was wet-screened at 

the size 53-210}Jlllt which reduced the ash content from 5.240/0 to 4.640/0 and the sulfur, 

from 0.900/0 to 0.85%. The acid used for both tests was a mixture of 2: I sulfuric

hydrochloric acids (by volume of pure acid). The potential of the solution was measured 

using a silver chloride Eh electrode. 
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Each test was composed of four stages: 

• Stage 1: SL of 35g of feed in 500ml of 1 M acid at room temperature for 1.S hour. 

• Stage 2: SL of product from St 1 in SOOml of 3M acid at room temperature for 2hrs. 

• Stage 3: EL at 1.2 volt of product from St 2 in 700ml of 1 M acid at 60°C for 3hrs. 

• Stage 4: EL at 1.2 volt of product from St 3 in 700ml of 3 M acid at 60°C for 3hrs 

with 6.71mM of ferric ions. 

In the second series of tests, no potential was applied; instead, nitrogen was blown 
I 

into the solution to prevent oxygen from entering solution. Nitrogen was introduced 

through a fritted glass tube from the bottom of the reaction vessel at a flow rate of 267 

cc per minute. The results are displayed in Table 26 and Table 27. 

Table 26. Multistage Processing \Vidow Kennedy Coking Coal With Electrolysis 

Feed St 1 St 2 St 3 St 4 Total 

Ash 0/0 4.640/0 3.880/0 (4.250/0) 4.030/0 3.59% _. 

Ash% Red .- -- 8.410/0 5.18% 10.90/0 22.60/0 

Sulfur 0/0 0.850/0 ... -- -- 0.70% 17.2% 

Eh (NHE) O.79v O.79v O.74v O.8OV 0.9Ov --
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Table 27. Multistage Processing of Widow Kennedy Coking Coal Under Nitrogen \Vithout 
Electrolysis 

Feed St 1 St 2 St 3 St4 Total 

Ash 0/0 4.640/0 4.410/0 (4.490/0) 3.760/0 3.83% ... 

Ash% Red .. 4.96% -- 14.70/0 .o. 17.50/0 

Sulfur 0/0 0.850/0 _. _ .. -- 0.84 % 1.20% 

Eh (NHE) ... O.78v .. O.73v O.83v --

Since the ash contents after stage 2 were higher than expected, they are given in 

parentheses, Ash rejection improved significantly when potential was applied or ferric 

ions were added. The rest potential measurements show that the slurry became more 

oxidizing as potential was increased (stage 3 without nitrogen blanket). The potential 

was further increased when ferric ions were added. It is interesting to know that the ash 

rejection became effective when the potentials were raised sufficiently. In the presence 

of nitrogen blanket, the potential did not change very much, indicating that the potential 

is determined not by the oxygen reduction. Then, most likely reactions that determined 

the potential would be the Fe2 + /Fe3 + redox couple. Note that the rest potentials 

measured are close to the eqUilibrium potential of the redox couple (E&subO = O.77v). 

I t is also important to not that the ash rejection was much improved with electrolysis. 
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4.1.6 Wyodak Anderson 

4.1.6.1 Influence of Temperature with Simple Leaching 

The feed was sieved at the size 150-200Jlm, and a 29g sample was processed in 500ml 

of the 3.2M sulfuric-hydrochloric acid mixture for 5 hours at various temperatures, while 

taking the samples regularly. It was found that ash contents did not decrease further 

after two hours. Table 28 shows the results obtained after 2 hours and 30 minutes. 

Table 28. EtTect of Temperature with SL on Ash Removal from \Vyodak-Anderson 

Temp. Feed Prod A% AO/o Red Sulf 0/0 Recov. 

25°C Ash: 1.580/0 60.50/0 0.500/0 84.7% 

45°C 4.00/0 1.380/0 65.50/0 -- --

60°C S=O.4% 1.420/0 64.50/0 -- --

These ash reductions were defmitely higher than those obtained so far, and a very 

clean coal could be obtained after a short reaction time. The best product was yielded 

at 45°C, and no significant improvement was noticed for higher temperatures. Note that 

the sulfur content was increased by 25%, which may be attributed to incomplete wash

ing after processing. Fast reaction kinetics suggests that most mineral matter was 

readily soluble. However, some of the fines removed may be due to liberation and 

deslimimg. 
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4.1.6.2 Electroleaclling of Wyodak Anderson Coal 

A 53-80J.lm size fraction was wet-screened on a 53J.lm sieve. A 37g feed was proc

essed in 750ml of the 3.2M acid mixture (15.5%-13.50/0 H2S04 -HCl) at 58°C for 7.5 

hours with I v applied potential. The feed assayed 5.260/0 ash, and the product 2.08%
; 

hence an ash reduction of 60.5%, which is equivalent to the previous tests, was achieved. 

This result also suggested that neither electrolysis, nor high temperature and nor a longer 

processing time could improve the process. As a consequence, a simple leaching at 

around 50°C for a short time should be sufficient to obtain a very clean coaL 

4.1.7 Jacob's Ranch Wyodak Coal, from North-Dakota University 

4.1.7.1 Preliminary Test with Electroleaching 

The sample was first wet-screened to obtain the 75-210Jlm size fraction, which 

assayed 8.9% ash. A 25.2g coal sample was processed in 750ml of sulfuric acid O.5M 

at 60°C for 8 hours and 15 minutes. The potential was applied after 1 hour and 20 

minutes of simple leaching. The results are given in Table 29. 

Table 29. Electroleaclting of Wet-screened Jacob's Ranch (NDlJ) 

Feed AO/o Prod AO/o AO/o Red Ash Rem Recov. Yield 

8.910/0 3.880/0 56.5% 61.50/0 88.4% 93.20/0 
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The ash reduction was significant, which is similar to the results obtained with 

Wyodak Anderson. This coal was therefore a good candidate for comparative study 

comprising EL and ferric ions addition. 

4.1.7.2 Influence of EL and Ferric Ions 

Four coal samples (29.3g) 62-21011m were treated in 750m1 of 0.1 M sulfuric acid 

solution. Tests 1, 2 and 3 were conducted at 6O°C t and test 4 at 30°C. Test 1 was con .. 

ducted without applied potential, while test 2 was conducted with I v applied potential. 

In test 3, 0.17mM of ferric ions was added and no potential was applied, while test 4 

\vas conducted with applied potential. The ferric sulfate was added after 30 minutes of 

presoaking. The results are given in Table 30. 

Table 30. Results Obtained With the Jacob's Ranch Wyodak Coal (NDU) 

Test lime Temp. Feed AO/o Prod AO/o Ash Red Recov. 

1 6hr45 600 e 8.480/0 4.45% 47.50/0 95.70/0 

2 6hr45 600 e 8.690/0 4.400/0 49.40/0 95.5% 

3 7hr50 600 e 8.820/0 3.890/0 55.9% 96.4% 

4 7hr50 300 e 8.270/0 4.650/0 43.80/0 96.4% 
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The ash removals at 60°C were higher than the one at 30°C, but the recoveries were 

similar. The best experiment was the leaching involving ferric ions addition, but it 

should be stressed that this test lasted I more hour. The little difference between SL and 

EL in absence of ferric ions did not allow to draw a definite conclusion. 

4.1.7.3 Electroleacking in the Separate Oxidation Reactor 

A ·62 + 250~m sample was treated in the stirred reaction vessel, but the ferric ions 

were regenerated in the separate cell. A 20g coal sample was stirred in 750ml of the 

3.2M H2S04-HCl mixture (15% -13.5%
) at 60°C for 5 hours and 45 minutes. The 

electrolyte was kept at the same temperature. The results of the process are listed in 

Table 31. 

Table 31. Separate Electroleaching of Wet-screened Jacob's Ranch (NDU) 

Feed Prod 0/0 Red 

Ash 7.700/0 3.060/0 60.3% 

Sulfur 0.420/0 0.580/0 --

The ash reduction was again similar to the previous ones, although much stronger 

acid was used. A longer processing time (10 hours) did not improve the product ash, 

which was contrary to the behavior of Widow Kennedy coals. This again confirmed that 

these Wyodak coals did not require a long processing time to be cleaned. 
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Some flotation tests were conducted on this coal with a purpose to compare the ef

ficiency of the chemical process with some physical methods. None of these assays gave 

good results. Consequently, this coal appeared to be a good candidate for CECC proc

ess. 

4.1.8 Jacob's Ranch Wyodak, from Kerr McGee 

4.1.8.1 Influence of SL and EL Using the Separate Oxidation Reactor 

The first test was conducted the same way as the one in previous section 4.1.7.3, 

except that temperature was set at 56°C. This test lasted 17 hours. Comparative SL and 

EL experiments were performed, and their results were reported in Table 32. 

Table 32. Effect of SL and EL on Ash RemovaJ from \Vet-screened Jacob's Ranch (K.i\fG) 

Test Feed Prod AO/o Prod SOlo Ash Red Ash Rem Recov. Yield 

SL 6.16% A 2.160/0 0.590/0 64.90/0 69.30/0 87.50/0 91.2% 

EL 0.550/0 S 2.060/0 0.610/0 66.60/0 70.30/0 88.90/0 92.70/0 

These results, as encouraging as the previous ones, did not show significant differ

ences between SL and EL. Underflows were fairly clean, assaying with 60/0 ash, implying 

that ash rejection by liberation was not significant. 
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4.1.8.2 Electroleaching Using the Elutriation Column 

The column was loaded with 13g of wet-screened coal (size 53-210J.lm) and filled 

with the same 3.2M acid mixture containing 15.50/0 H2S04 and 13.50/0 HC!. The slurry 

was fluidized at 52°C for 6.5 hours, and the electrolyte was sent to the electrolysis cell 

where a 1 volt potential was applied. The results are given in Table 33. 

Table 33. Electrolcaching of \-Vet-screened Jacob's Ranch (K:\1G) in the Elutriation Column 

Feed Prod 0/0 Red 

Ash 6.350/0 2.38% 62.50/0 

Sulfur 0.55% 0.69% .-

Since very few tailings had passed the screen after rinsing, liberation of mineral 

matter and coal size reduction must have been insignificant. Meanwhile, the ash re

moval was again significant, confirming the ability of this material to be cleaned by the 

CECCo Sulfur again increased by 250/0, but the final sulfur content was still acceptable 

in view of the environment protection rules. 

4.1.8.3 Simple Leaching Preceded by Regrinding in Acid 

The coal was first reground in acid prior to the CECCo Freshly broken ionic solids 

(like the various minerals in coal) should present highly hydrophilic and fresh polar 

surfaces, which should attract the ions and dipoles from the surroundings (Leja, 1982). 
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By wet-grinding the coal in acid, the available sites which would be candidate for ion 

adsorption from the electrolyte should be attractive to the reagent molecules, so that 

immediate reaction with mineral matter would take place. 

A sample of raw coal (minus Imm), assaying 60/0 ash, was wet-screened on a 38Jl.m 

sieve to remove the flnes. Next, about 460g of the sample were poured into the ceramic 

ball mill along with 250m! of 2M acid (8.6% .. 4.4% sulfuric-hydrochloric by volume of 

pure acid), 400ml of tap water and a load of steel balls (1 inch in diameter). Grinding 

continued for 15 minutes, and then the slurry was wet-screened again on the 38Jl.m sieve. 

Then 34g of the coal were subjected to SL in 750ml of the same acid at 58°C for 5 hours. 

The resulting ash and sulfur contents are given in Table 34. 

Table 34. Effect of Initial Regrinding in Acid on Ash Removal from Jacob's Ranch (K::\IG) 

Mill 1\1 ill Mill Test Total U'flow 

Feed Prod % Red Prod % Red < 38J.1m 

Ash 6.030/0 3.39% 43.80/0 2.570/0 57.4% 3.66% 

Sulfur 0.550/0 0.66% -- 0.73 % -- 0.95 % 

The ash reductions were similar to the previous ones, while the sulfur content was 

dramatically increased (by 730/0). This was probably due to the adsorption of sulfate 

molecules onto the polar sites. In spite of the theoretical interest of this test, this ex

periment did not yield a better result. 
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4.2 EXPERIMENTAL DESIGN for JACOB's RANCH 

PROCESSING OPTIMIZA TION 

The Jacob's Ranch coal, mined from a Wyodak seam by Kerr McGee, was at this 

point the best responding coal as far as reduction of ash was concerned (over 60%
). 

The following section describes an experimental design aimed at setting the tests neces

sary to determine the best operating conditions for mineral removal. The method fol

lowed was from Myers (1971). 

4.2.1 Experimental Design 

4.2.1.1 Introduction 

Various parameters such as temperature, percent solids in the slurry, composition 

and concentration of acid, particle size, reaction time, oxidizing agents or potential, 

stirring speed and the order of steps, influenced the release of minerals. It was therefore 

necessary to fmd which parameters were the most important, and to what extend. 

The four parameters chosen were the mass of coal per volume of slurry (Xs), the 

concentration of ferric ions added (Xl), the acid strength (Xa) and temperature (Xt). 

The particle size, stirring speed, acid composition and reaction time were kept constant. 

Furthermore, the procedure only involved simple leaching (SL), since no significant im

provemC?nt was obtained by EL. Each test was characterized by an input, involving four 

parameters (Xi) or variables, and by an output, that is the response of the system to the 
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CECCo The first outputs measured were ash reductions, and the second ones were the 

concentrations of the elements solubilized in the leachates sampled during each test. 

The results of the tests will be compared with the theoretical output predicted by the 

experimental design. 

4.2.1.2 Experimental Procedure and Operating Conditions 

Based on previous experiments, fair conditions seemed to be 50 grams of feed 

treated in 750 ml of 2M H2S04 -HCI mixture (2-1 by volume of pure acid, that is 

8.6%-4.3% by volume) at 50°C and for 4 hours. Therefore, it was decided to make the 

pulp density, Xs, vary from 20 to 240 g of coal per 750cc of solution, the acid concen

tration, Xa t from 0.2 to 4 moles, the ferric ions, Xf, between 0 and 13 mM and the 

temperature, Xt, between 22 and 70°C. The reaction lasted 4 hours. For the 53-180llm 

fraction, stirring speed was maintained at 800rpm by a glass propeller driven by a motor 

set above the cell. This stirring avoided any grinding of particles at the bottom of the 

cell. 

Each experimental variable, Xi, was allowed to vary linearly, and at each of the five 

designed values was ascribed a coded variable (-2, -1, 0, 1 and 2). Table 35 shows the 

correspondance between the coded variables and the designed experimental values. 

A total of 27 tests were necessary to realize all combinations involving the coded 

variables -I and 1 (16 tests), the combination of all variables set at 0 (1 test reproduced 

3 times), and all combinations with one variable at -2 or 2 and the three others at 0 (8 

tests). 

All the coal needed (3.5 kg) was ground, sieved, and wet-screened. Before each test, 

the feed was ashed three times and averaged. Samples were taken after 1/2 hour,lh, 2h, 

3h and 4 hours, and were fIltered. Each residue was rinsed and dried, before ash and 
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Table 35. Levels of the Experimental and Coded Variables for Jacob's Ranch Kl\IG Chemical 
Cleaning Optimization 

Coded Var-to -2 -) 0 I 2 

Variables ! 

Xs (gil) 27 100 173.5 246.7 320 

Xf (mM) 0 3.33 6.66 10 13.3 

Xa (M) 0.2 L15 2.1 3.05 4 

Xt eC) 22 34 46 58 70 

sulfur contents were determined. The filtrates were sent for elemental analysis. The bulk 

product was collected and rinsed with 7 liters of tap water, then dried for ash and sulfur 

determination, while the underflow was allowed to settle before being collected and dried 

in a petri dish. 

4.2.1.3 Results 

Product ash contents and ash reductions for every test are reported in Table 36. 

The concentrations of the dissolved elements are provided in appendix A. 

The effects of the various parameters were not immediately obvious, except for 

temperatures. The next section will discuss the determination of the best operating 

conditions computed by the ash reduction output. 
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Table 36. Operating Conditions and Responses of the Processing Optimization 

Test Coded Variables for Xs Xf Xa Xt Prod Ash % 

# Xs Xf Xa Xt (gIl) (mM) M °C Ash 0/0 Red 

01 -1 -1 -1 -1 75 3.3 1.15 34 3.710/0 46.85% 
02 1 -1 -1 -1 185 3.3 1.15 34 4.03% 41.68% 
03 -1 1 -1 -1 75 10 1.15 34 4.030/0 43.56% 
04 1 1 .. 1 -1 185 10 1.15 34 4.29% 38.890/0 
05 -1 -1 1 -1 75 3.3 3 34 4.260/0 38.88% 
06 1 .. 1 1 -1 185 3.3 3 34 3.93% 43.53% 
07 -1 1 1 ·1 75 10 3 34 4.390/0 37.820/0 
08 I I 1 -1 185 10 3 34 4.07% 42.11 % 
09 -1 ·1 -1 1 75 3.3 1.15 58 3.44% 51.41 0

/ 0 
10 1 ·1 ·1 1 185 3.3 1.15 58 3.310/0 53.310/0 
11 -1 1 -1 1 75 10 1.15 58 3.570/0 48.780/0 
12 1 1 -1 1 185 10 1.15 58 3.610/0 49.72% 
13 -1 -1 1 1 75 3.3 3 58 3.29% 50.45% 
14 1 -1 1 1 185 3.3 3 58 3.750/0 44.53% 
15 -1 1 1 1 75 10 3 58 3.310/0 53.31 % 
16 1 I 1 1 185 10 3 58 3.70% 47.37% 
17 0 0 0 0 130 6.6 2.1 46 3.640/0 46.71 % 
18 0 0 0 0 130 6.6 2.1 46 3.790/0 43.01 % 
19 0 0 0 0 130 6.6 2.1 46 3.750/0 48.06% 
20 ·2 0 0 0 20 6.6 2.1 46 3.61 % 49.65% 
21 2 0 0 0 240 6.6 2.1 46 3.52% 47.31% 
22 0 -2 0 0 130 0 2.1 46 3.790/0 44.260

/0 

23 0 2 0 0 130 13.3 2.1 46 3.560/0 48.63% 
24 0 0 -2 0 130 6.6 0.2 46 4.210/0 39.86~~ 
25 0 0 2 0 130 6.6 4 46 3.800/0 44.93% 
26 0 0 0 .. 2 130 6.6 2.1 22 4.33% 37.06% 
27 0 0 0 2 130 6.6 2.1 70 3.290/0 52.25% 

4.2.1.4 Statistical Analysis on the Ash Reductions 

Computing and analyses are fully described by Myers (1971). F or the care of 4 

variables, a response model of the second order (called fitted response surface) will be 

of the type: 
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where: 

j and m are integers which vary from I to 4, 

AR is the ash reduction output given by the test involved, 

Bo is the estimated A R, 

B, are estimated coefficients, and 

~ are the coded variables. 

U sing the above formula, 27 equations involving the coded variables and the ash 

reductions of the 27 tests had to be integrated to provide all the required estimators Bj' 

The tool that allows to compute the response function (fitted second order surface) was 

a program which inverses matrices and uses the method of least squares (Mehta, 1988). 

AR was given as a function of ~; the stationary point was set with the optimum ~ 

(called Xo) which maximized ARt that is annuled the derivatives of the function AR by 

each~. The stationary point was: 

Xs = 1.1565 

Xf = -2.321 

Xa = -1.159 

Xt = 3.9703 

and the estimated response was AR = 52.9530/0. 

Two of these coded variables being outside the studied area, representing extreme 

operating conditions, a canonical analysis had to be conducted to fit the variables to the 

response surface. The canonical form of the response was calculated: 

AR = 52.953 - 1.045 WS2 - 0.4108 Wf2 + 0.441 Wa2 + 0.7609 Wt2 

where Wi are the canonical variables. 

To maximize AR, Ws and Wf have to be nul, whereas Wa and Wt must be maxi

mum. The relationship between the Xi and the Wi was established, and the Wi were 
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scanned until they could correspond to acceptable values for the Xi (i.e. to vary between 

-2 and 2). 

The optimum canonical variables that fit acceptable Xi variables were found to be: 

Ws= Wf=O, Wa= 3 and Wt=O.3. This corresponded to Xs=O.463 (207 g of coal per 

liler of slurry), Xf= 1.419 (/1.3 mM of ferric ions), Xa=O.5371 (2.61 M of acid) and 

Xt= 1.041 (58.5° C). The ash reduction predicted from these canonical variables was 

AR = 56.990/0, which was higher than any experimental AR obtained in the 27 tests. The 

test "'T"', conducted under optimum operating conditions gave, however, only 50.36% 

ash reduction (see also appendix B providing· the elemental concentrations). 

I t was first thought that the model could not predict the correct outcome of the 

experiment, probably because the operating conditions would have interacted each other 

in an unpredictable way. It was thus necessary to check the validity of the model, by 

using other variable levels. 

For canonical variables set to Ws=Wf=O, Wa=3 and Wt=-1.93, the correspond

ing coded variables were Xs=-O.041 (170 g of coal per liter), Xf= 1.997 (13.3 mi\1 of 

ferric ions), Xa=O.8811 (2.937 M of acid) and Xt=-1.023 (33.'rC). The expected re

sponse was AR = 41.9%, and the test conducted showed an ash reduction of 

AR = 42.710/0. This fit between predicted and experimental results demonstrated the 

validity of the model at least under the conditions employed in the present work. The 

failure in predicting the optimum condition may be attributed to the interactions be

tween parameters such as temperature and acid concentration. In order to identify the 

interacting parameters, analyses of the dissolved species was conducted. 
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4.2.2 Effect of Various Operating Conditions on Dissolution 

The effect of three parameters, ferric ions addition, acid concentration, and tem

perature, which were considered to be the most important in the CECC processing of the 

Jacob's Ranch coal, were studied with regard to elemental release into acid solution. In 

each of the following tables, the variations of concentration of each element dissolved 

are expressed by a sign plus [+], nul [0] or minus [-] (or [--D, meaning that the effect of 

the variation of the parameter was to release more, as much, or less ( or much less) of the 

element, respectively. The effect of the parameters on the ash reductions between the 

two tests are also reported. 

4.2.2.1 Effect of Ferric Ion Addition 

The frrst parameter studied was the amount of ferric ions added to the slurry. 

Table 37 presents the variations of concentration of the major elements while the con

centration of the added ferric ions was varied from 3.3 to 10mM and the other parame

ters were fIXed. 

From this table, it is clear that the increase in ferric ions concentration did not affect 

the elemental release, except for magnesium which was definitely inhibited. As for the 

ash reduction, it tended to improve when [Fe3 +] was relatively low, which supported the 

observations made in the experimental design. Therefore, ferric ions did not seem to 

ha ve a significant role in the mineral matter removal from this coal. This finding is not 

surprising because the amount of ferric ions added is comparable to the amount of iron 

released in solution from the mineral matter itself, as will be seen in the following sec

tion. 
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Table 37. Effect of Ferric Ions on the Release of Major Elements from Jacob's Ranch (K:\1G) 

Tests [Fe l +] Feed [Acid] Temp. Elements Release Ash % 

(mM) (g/ .751) (M) (OC) K AI Si Mg Ca Red 

01-+03 3.3-+10 75 1.15 34 0 0 0 .. .. .. 

02-+04 3.3-+10 185 1.15 34 0 .. 0 .. 0 .. 

05-+07 3.3-+10 75 3 34 0 + 0 .. 0 .. 

06-+08 3.3-+10 185 3 34 0 0 0 .. .. .. 

09-+11 3.3-+10 75 1.15 58 0 + 0 .. + .. 

10-+12 3.3-+10 185 1.15 58 0 .. 0 .. + .. 

13-+ 15 3.3-+ 10 75 3 58 0 .. 0 .. .. + 

14-+16 3.3-+10 185 3 58 0 + 0 .. + + 

20-+21 0-+13.3 130 2.1 46 0 0 0 .. .. + 

4.2.2.2 Influence of Acid Concentration 

In this section, the tests carried out with 1.15M and 3M acid are compared to study 

the influence of acid concentration on the release of every major elements, iron included. 

Variations are shown in Table 38 where characteristic tendancies appear. 

At low temperature (34°C), the release of Mg, Fe and Al always increased with 

stronger acid, while at the same time calcium concentration decreased. K and Si were 

unaffected, if not adversely affected. At 46°C, exactly the same trends were observed. 
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Table 38. Effect of Acid Concentration on Major Element Release from Jacob's Ranch 
(KMG) 

Tests Increase Feed (Fe3 + ) Temp. Elements Release Ash 0/0 

of [Acid} (g/.75l) (mM) (OC) K AI Si Mg Ca Fe Red 

01 .... 05 1.15 .... 3 75 3.3 34 .. + .. + .. .. . 

02 .... 06 1.15 .... 3 185 3.3 34 .. + .. + . + + 

03 .... 07 1.15 .... 3 75 10 34 0 + . + .. + . 

04-+08 1.15 .... 3 185 10 34 0 + .. + -- + + 

09 .... 13 1.15 .... 3 75 3.3 58 0 + 0 - .. .. .. 

10 .... 14 1.15 .... 3 185 3.3 58 0 .. .. .... .. .. .. .. .. 

11 .... 15 1.15 .... 3 75 10 58 0 .. .. .. .... .. .. + 

12 .... 16 1.15 .... 3 185 10 58 0 . . .. .- -. .. 

24 .... 25 0.2 .... 4 130 6.6 46 0 + .. + .. + + 

At higher temperature (58°C), on the contrary, the release of every element was 

significantly reduced when acid strength increased. Figure 12 and Figure 13 on page 

94 give the results of tests 01 and OS, in which 7Sg of feed coal was used, and Figure 14 

and Figure IS compare the results of tests 02 and 06, in which 185g of coal was used. 

I t is interesting to note that calcium and magnesium concentrations were initially high, 

but decreased with time. Similar observation was made at low temperature (34°C). 

To summarize, at low temperature, an increase in acid concentration did enhance 

the release of every species but calcium, but at a higher temperature, the dissolution of 

all species was inhibited with an increase in acid strength. The critical temperature 
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seemed to be around 50-55°C. It should therefore be more efficient to use a stronger 

acid at low temperature, and a weaker acid at high temperature. Precipitation may, thus, 

explain the unexpected results obtained in the experimental design. 

4.2.2.3 Effect of Temperature 

The last parameter to be studied was temperature. In Table 39, the tests carried 

out at 34°C are compared with those at 58°C. 

On the one hand, calcium and magnesium concentrations were decreasing with in

creasing temperature, whatever the acid strength may be; but unlike Ca, Mg was better 

dissolved at 70°C than at room temperature. The inhibition of calcium dissolution at 

high temperature may be due to t!te decrease of bassanite solubility in hot solutions 

(CRC Handbook, 1981), as well as to the precipitation of calcium sulfates such as 

gypsum, or anhydrite. On the other hand, the release of iron and aluminum increased 

with high temperature, especially when the acid concentration was not more than 1 or 

2M. As for potassium and silica, they dissolved slightly better at low acid concentration 

than at high concentration (> 2M). 

It may be concluded, therefore, that Ca .. and Mg-containing minerals do not require 

high temperature to be dissolved, whereas other metals, especially those forming 

silicates, pyrite and siderite, are better dissolved at higher temperature, as long as the 

acid concentration is not too high. 
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Table 39. Effect of Temperature on Major Elements ReJease from Jacob's Ranch (Kl\IG) 

Tests Increase Feed [Fe3 +] [Acid] Elements Release Ash % 

of Temp. (g/.751) (mM) (M) K AI Si Mg Ca Fe Red 

01-+09 34-+58 75 3.3 1.15 0 + 0 + -- + + 

02-+10 34-+58 185 3.3 1.15 0 + 0 .. - + + 

03-+ 11 34-+58 75 10 1.15 + + + - -- + + 

04-+12 34-+58 185 10 1.15 0 + 0 .. .. + + 

05-+13 34-+58 7S 3.3 3 0 + 0 .. .. + + 

06-+14 34-+58 185 3.3 3 .. - 0 .. - - + 

07-+15 34-+58 75 10 3 .. + - .. .. + + 

08-+16 34-+58 185 10 3 .. + .. .. + - + 

26-+27 22-+70 130 6.6 2.1 .. + .. + .. + ++ 

4.2.2.4 Conclusions on the Study of Elemental Release 

The optimum leaching of carbonates, mainly those of magnesium and calcium, re

quired low acid concentration and low temperature. These species seemed to dissolve 

fairly quickly (in the frrst half an hour) and simultaneously. Other minerals seemed to 

require a longer time for dissolution. A higher temperature was beneficial when the acid 

concentration was low. Also, when a stronger acid was used, a lower temperature 
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leaching was sufficient. Extraneous addition of ferric ions did not appear to play any 

important role. 

This finding suggested a multistage treatment scheme, where carbonates are dis· 

solved from coal in an early stage, lasting perhaps half an hour, in a relatively weak acid 

and at room temperature, followed by a second stage at room temperature with a 

stronger acid. This second stage will help removing the remaining magnesium. In the 

final stage of the processing, a long reaction time involving higher temperatures and low 

acid concentration will be necessary to remove the remaining species. Applying poten

tials at this point may improve the removal of the less soluble minerals, such as pyrite 

and silicates. A multistage test, using optimized conditions and a procedure derived 

from the previous conclusions was then executed. 

4.2.3 lVlultistage Test Designed with the Best Operating Conditions - "BT" 

The test was carried out with lOOg of the same washed Jacob's Ranch coal 

(53-180JlIll). The H2S04-HCl acid mixture (2-1 by volume of pure acid) was used. The 

five stages were organized as follows: 

1. 1/2 hour in 750 ml of 1M acid (4.10/0-2.10/0 by vol.) at room temperature; 

2. 1/2 hour in 750 ml of 1M acid at room temperature; 

3. 1 hour and 20 min. in 750 ml of 3M acid (12.50/0-6.4°/0 by vol.) at room temperature; 

4. 1 hour and 40 min. in 750 m1 of 1 M acid at 60°C; 
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5. 2 hours and 30 min. in 750 ml of I M acid at 60°C with 1 mM ferric ions, followed 

by water screening, resoaking in 1 M sodium carbonate to extract sulfates remaining 

on coal, rinsing again, resoaking in 1 M H Cl and final rinsing. 

The results of this experiment are reported in Table 40. The concentrations of the 

released main elements are reported in appendix B, and the graph in Figure 16 presents 

their concentration stage by stage. 

Table 40. Effect of l\tlultistage Procedure on Ash Removal from \Vashed Jacob's Ranch -
Test "BT" 

Feed St 1 St 2 St 3 St 4 St 5 

Ash 7.0% 4.420/0 3.77% 3.65% 3.38% 3.33% 

Sulfur 0.580/0 -- ... . .. 0.72% 0.75% 

Ash Red 0 36.9% 46.10/0 47.9% 51. 70/0 52.4% 

The graph shows how significant were the dissolution of calcium, magnesium and 

iron carbonates in the two first stages. The next steps which lasted longer efficiently 

increased the ash removal and the elemental release. The third stage did not significantly 

improve the ash reduction, even after 80 minutes, and dissolution was poor. The fourth 

stage, involving higher temperature, was more efficient. Species like iron, calcium, alu-

minum and silica were still dissolving in the ftfth stage, but much less than in the fourth. 

This fifth stage was actually useless, since little of the mineral matter remaining after 4 

hours could be extracted, whatever the reaction time or the other conditions. Therefore, 

steps 3 and 5 should be eliminated to save energy, and stage 4 should be improved. 
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Figure 16. Elemental Concentrations in the Multistage Process of Jacob's Ranch (Kl'\1G) 
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5.0 ANALYSES and DISCUSSION 

5.1 ANALYSES on PROPITIOUS COALS 

Preceding studies revealed that some coals were better responding to the CECC than 

others. More detailed analyses on the feed, product, and leachates obtained from these 

coals were necessary to illucidate the mechanisms governing the process. This required: 

• X-ray diffraction to identify the minerals present in the feed and in the product. 

• Complete digestion of L T ash in acids to quantify the main compounds of the feed. 

• Elemental analyses of the metals dissolved in the leachate. 

• Mass balance to determine the extent of both liberation and dissolution in the whole 

mineral matter removal. 

• SEM to study morphological changes associated with demineralization. 
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5.1.1 Analyses on Wyodak Coals 

Most experiments conducted on Wyodak coals produced significant mineral matter 

removal. The sample chosen for x-ray diffraction, digestion, mass balance and SEM 

observations was the Jacob's Ranch from Kerr McGee (KMG), which was treated in the 

elutriation column. The other Jacob's Ranch delivered by North-Dakota University 

(NDU) was also used for mass balance calculations. 

5.1.1.1 X-ray Diffraction on the LT Ash 

The sample, 13g of wet-screened coal, was processed in 250ml of 3.2:\1 acid mix 

(15.5 %
- 13.5% H2S04 -HCl by weight of pure acid) with EL (1 v) for 6 hours and 30 

minutes at 52°C. Recall the Jacob's Ranch KMG sample ash content was 100/0 for the 

run-of-mine, 6.350/0 for the washed feed coal, and 2.38% for the product coal. 

LT Ash from Run-of-Mine Coal 

The spectrum (see Figure 17) shows short but distinct peaks for quartz, a stronger 

peak for kaolinite and peaks for calcite mixed with dolomite, along with some bassanite 

interacting with siderite. Bassanite could be originated from calcite transformed during 

the L T A by recombination of sulfur with calcium. But the presence of bassanite was 

not doubtful since some was also observed with the SEM on the feed coal. 

LT Ash from Wet-screened Feed Coal 

Illite and kaolinite peaks appeared to be the same as before, but the quartz peak 

was obviously reduced; this indicated that a mere washing could reduce fair amount of 
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Figure 17. X-ray Diffraction Spectrum or Jacob's Ranch Roi\'l CoaJ LT Ash: B = Bassanite; 
C = Carbonates; I = Illite; K = Kaolinite; Q = Quartz 
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the quartz held by simple adhesion on coal surface. The spectrum is shown in 

Figure 18. This finding suggests that quartz constitutes the majority of the slime coat

ing. 

L T Ash from Product Coal 

As compared with the spectrum of the wet-screened feed, the product ash shows 

that the intensity of the ratio quartz over kaolin was increased, suggesting that the latter 

is preferentially removed during the CECC process. Note also that the bassanite peak 

is much weaker and that carbonate peaks are hardly discernable. These findings suggest 

that most of the soluble sulfates and carbonates were removed, which was in accordance 

with the results of the elemental analysis of the leachate. The spectrum is sho\vn on 

Figure 19. 

5.1.1.2 Acid Digestion of L T Ash 

In order to quantify the different mineral compounds present in Jacob's Ranch 

KMG feed coal, the feed L T ash was digested according to the procedure already de

scribed (see chapter 3). The weight of L T ash was initially 15.3mg; the digestion was 

carried out in a mixture of HCI-HN03 (1: 1 in volume) to dissolve all soluble minerals, 

and then in hydrochloric acid to solubilize silicates. After digestion, the weight of the 

dried residue was Img, which may represent unburned coal. The acid containing the 

dissolved matter was 83ml in volume. Table 41 lists the elemental concentrations and 

the corresponding proportions of compounds (refer to appendix C to convert elements 

into minerals). 
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Figure 18. X-ray Diffraction Spectrum or Jacob's Ranch 'Vet-screened Feed Coal LT 
Ash: B = Bassanite; C = Carbonates; I = Illite; K = Kaolinite; Q = Quartz 
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Figure 19. X-ray Diffraction Spectrum of Jacob's Ranch Column Product Coal LT 
Ash: B = Bassanite; C = Carbonates; I = Illite; K = Kaolinite; Q = Quartz 
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Table 41. Mass Balance of Low Temperature Ash Digested in Concentrated Acid, for 'Vet
screened Jacob's Ranch (K~lG) 

Elmt Concentr. Element l\lineraJ Mineral l\fineraJ 

(mg/I) Mass (mg) Compound Mass (mg) Weight % 

K -- -- Illite -- --
AI 5.276 0.4379 Kaolinite 2.127 14.90/0 

Si 5.82 004831 Quartz 0.058 004% 

Mg 2.424 0.201 Dolomite 1.527 10.7% 

Ca 16.45 1.365 Calcite 1.290 9.00/0 

Bassanite 1.871 13.10/0 

Fe 10.46 0.868 Siderite 1.801 12.60/0 

Sum of Dissolved Compounds : 8.67 mg 

Mass of LT Ash Digested : 14.3 mg 

Percent Dissolution Reported : 60.7% 

Only 8.67mg of the mineral matter digested could be accounted for from the sol-

ution analysis. This represented only 60.7% of the total mass digested. The unac

counted 39.30/0 may be due to other minor minerals such as illite, pyrite and others. 

5.1.1.3 Terms Used in Mass Balance Calculations 

Some tests presented in this section have already been described in chapter 4, while 

some additional tests were especially designed to carry out the mass balance calculations. 
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In this section, results are given in terms of mineral matter weight and percent. Since 

some minerals are volatilized or dehydrated during the ashing procedure (750°C), ash 

weight is not exactly equivalent to mineral matter weight. Therefore, conversion from 

ash into mineral matter is necessary, and the Parr Formula (reformulated by the ASTM), 

is usually used: 

°/oMM = 1.1xo/oAsh + O.lx%Sulfur 

or °/oAsh = O.91xo/oMM - O.09lx%Sulfur 

[1] 

(2] (McClung and Geer, 1979). 

Percent sulfur was not always known in both feed and product, even though no dramatic 

difference was noticed between feed and product sulfur contents. Formula [I] was then 

used neglecting the term with sulfur: 

%MM = 1.1 %Ash 

In the case of a 5°10 ash and 1 °/0 sulfur coal, this simplification gives an error of only 

20/0, which may be acceptable. 

Mass Balance Based on Solids 

The mass balance based on solid content was calculated from the masses of ash in 

the feed, product and tail. From the masses of the feed, product and underflow and their 

respective ash contents, it was possible to calculate the mass balance of ash. The mass 

balance tables use the following terms: 

• The masses of ash in the feed, product and underflow were termed by Feed Ash, Prod 

Ash and Tail Ash, respectively. 

• The total mass of ash removed, Ash Rem, was equal to the mass of ash in the feed 

minus the mass of ash in the product. 

• The mass of ash liberated was equal to the mass of ash in the underflow. 
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• The percent mineral matter liberated, -VoMM Lib, was equal to the mass of ash lib

erated over the mass of ash in the feed. 

• The mass of ash dissolved, Ash Diss, was equal to the mass of ash removed minus 

the mass of ash liberated. 

• The percent of mineral matter dissolved, %MM Diss, was equal to the mass of ash 

dissolved over the mass of ash in the feed. 

Mass Balance Based on Leachate 

The mass balance based on leachates are reported in a 5 column table. Each table 

has been set-up as follows: the first column lists the elements analyzed; the elemental 

concentrations are reported in the second column, and the mass of each element in the 

leachate in the third column; the fourth column lists the minerals containing the major 

element; the fifth column presents the mass of the mineral as calculated by mUltiplying 

the ratio of the mineral formula weight to the molecular weight of the element to the 

mass of the major element in solution (appendix C). From the data given in the table, 

the following information can be obtained: 

• The Total Mineral Matter Dissolved, which is equal to the sum of the masses of all 

the dissolved compounds. 

• The Total Mineral Matter Removed, which can be obtained from the mass balance 

on solids. 

• The Percent Dissolved, which is the weight percent of the mineral matter present in 

the feed that dissolves. 
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• The Percent Liberated, which is equal to the complement to 1000/0 of the percent 

dissolved. 

5.1.1.4 Elemental Analysis on the Leachate/rom Jacob's Ranch LT Ash 

A small sample of feed L T ash from the wet-screened J aco b' s Ranch coal was sub

mitted to simple leaching in conditions approaching those applied for a regular CECC 

test. This test on LT ash was to determine the maximum amount of mineral matter that 

can be dissolved from the feed. Since the coal matrix was burned away, all mineral 

matter was accessible to dissolution. This would allow one to determine the major 

compounds dissolved. 

Procedure 

A 40mg sample of L T ash (from O.6g of feed coal) was mixed in a graduated cylinder 

with 6 ml of the 2.46M acid blend, a 10%-5.2% H 2S04 -HCl mixture by volume of pure 

acid. The cylinder was held in a flask fIlled with water and heated at 65°C on a hot plate. 

After 7 hours and 10 min. of treatment with intermittent shaking, the content of the tube 

was filtered; the leachate was sent for elemental analysis, while the residue was rinsed, 

dried and weighed. 

Mass Balance Based on Solids 

The residue from the product after drying weighed 11.3mg. The balance, 28.7mg, 

had thus been dissolved, which represented 71.75% of the mineral matter originally 

contained in the feed. I t is interesting to note that the very best regular tests conducted 

on Jacob's Ranch coal proved no more than 700/0 of ash removal, with the likelihood 

that some of the mineral matter was not accessible to the acid, thus to dissolution. This 
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leads to assume that, in the test with coal, the ash removal could not be ascribed to 

dissolution only, but, in some extent, to liberation. 

Mass Balance Based on Leachate Analysis 

The details of the mass balance based on elemental analysis are given in Table 42. 

This method shows that only 49.60/0 of the 40mg feed was dissolved, while the mass 

balance based on solid weight yielded 71.7%
• The differences may be accounted for by 

the mass of other minor mineral matter that dissolved but were not taken into account 

by the elemental analysis. This discrepancy shows the limitation of the theoretical mass 

balance calculations based upon the analysis of leachate. 

Table 42. Mass Balance Information Based on Elemental Analysis of Species from the 
Jacob's Ranch (K~IG), LT Ash of Wet-screened Feed 

Elmt Elemental Elemental l\<lineral ~Iineral 

Cone (mg/l) Mass (mg) Mass (mg) 

K 14.5 0.087 Illite 1.291 

AI 163.4 0.980 Kaolinite 3.886 

Si 67.75 0.407 Quartz --
Mg 129.2 0.775 Dolomite 1.278 

Ca 840.0 5.040 Calcite 4.696 

Bassanite 6.811 

Fe 145.4 0.872 Siderite 1.880 

Total Mass Dissolved : 19.842mg 

Percent Dissolved : 49.60/0 
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5.1.1.5 Mass Balance for Regular Tests Using Elemental Analysis and Balance 

on Solids 

Mass Balance Based on Leachate for Jacob's Ranch (NDU) 

Conditions: 25.2g of feed coal (75-210Jlm) assaying 8.9% ash was submitted to EL 

(Iv) in O.5M H2S04 at 60°C for 8 hours and 15 minutes with ferric ions; 22.3g of product 

coal at 3.88% ash was collected. Table 43 reports the details of the mass balance. 

Table 43. Proportion of l\lineral Matter Dissolved by EL of the \Vet-screened Jacob's Ranch 
(ND U) from the Balance on Leachate 

Elmt Elemental Elemental l\tlineral Mineral 

Cone (mg/I) Mass (mg) Mass (mg) 

K 10.5 7.87 Illite 116.9 

AI 91.0 68.25 Kaolinite 252.4 

Si 22.8 17.1 Quartz --
Mg 75.2 56.4 Dolomite 428.0 

Ca 235 176 Calcite 103.9 

Bassanite 150.7 

Fe 244 Minimal Siderite 45 

Total MM Dissolved : l097mg 

Total M\f Removed : IS21mg 

Percent Dissolved : 72.1% 

Percent Liberated : 27.9% 
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Based on mineral matter contents, and calculated from the ash contents using the 

Parr formula, the total mineral matter removed was found to be equal to 1521mg. Ac

cording to this calculation, at least 720/0 of the removed mineral matter was dissolved. 

Results are consistent with the case of L T ash leaching (71.7%
), which suggests that 

most of the mineral matter removed was due to dissolution. It is interesting to note, 

however, that the proportion of silicates dissolved in the present case is higher, which is 

difficult to explain. 

Mass Balance Based on Solids ror Jacob's Ranch (NDU) 

Conditions: 20g and 22g of feed coal (62-210Jlm) at 6.20/0 ash were subjected to SL 

and EL, respectively, in the H2S04 -HC} mixture (15.5% -13.5% by weight) at 56°C for 

17 hours; 17.5g (for SL) and 19.55g (for EL) of product assaying 2.160/0 and 2.06% ash, 

respectively, were collected, along with 1.160g and 1.383g of underflow at 6.08 % and 

5.18% ash, respectively. Results for the mass balance on solids only are given in 

Table 44. 

Table 44. Proportion of Mineral Matter Dissolved by SL and EL of the \Vet-screened Jacob's 
Ranch K:\1G from the Balance on Solids 

Test Feed Ash Prod Ash Tail Ash Ash Rem Ash Diss 0/0:\11\ I Diss 0/0~'11\1 Lib 

SL 1.385g 0.403g 0.072g 0.952g 0.783g 91. 70/0 8.3% 

EL 1. 232g 0.378g 0.071g 0.854g 0.757g 91.30/0 8.70/0 
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The proportion of mineral matter removed by dissolution was over 90% in both 

cases of SL and E.L. Such a high ratio could be due to the prolonged time of treatment 

that might be responsible for the dissolution of liberated species. 

Mass Balance for Jacob's Ranch (KMG) After 1/2 hr SL (Test 1) 

All previous tests lasted several hours. I t was of interest to calculate the mass bal-

ance and to quantify dissolution and liberation after a short processing time (half an 

hour). In this case, the dissolution of liberated minerals would be minimized and the 

data on dissolution more accurate. The test utilized was the statistical test "T" (refer to 

chapter 4, and to appendix B for the elemental analysis). 

Conditions: 138g of feed coal (53-180J..lm) at 7.0% ash was treated by SL in 2.6~ 

H2S04 -HCl mixture (10.6%-5.50/0 by volume) at 58.4°C for 1/2 hour, with addition of 

11.3mM of ferric ions (0.631 mg/I); 135g of product at 3.80% ash \vere collected along 

with 4g of underflow at 5.0% ash. Results for the mass balance on solids are given in 

Table 45, and those on leachate are given in Table 46. 

Table 45. Proportion of ~lineral l\latter Dissolved by 1/2 hour SL of 'Vet-screened Jacob's 
Ranch (K.\IG) from the Balance on Solids 

Feed Ash Prod Ash Tail Ash Ash Rem Ash Diss 0/0 :\'1:\1 Diss %:\,1:\1 Lib 

9. 722g 5.016g O.200g 4.706g 4.506g 95.80/0 4.20/0 

The mass balance based on elemental analysis indicated less dissolution. This may 

be due to the presence of various minor mineral matter, such as sphalerite, ankerite, 

halite, which have not been analyzed. Possible precipitation of calcium might have fal-

sifted the amount of calcite dissolved (only 148mg). 
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Table 46. Proportion of Mineral Matter Dissolved by 1/2 hour SL of 'Vet-screened Jacob's 
Ranch (KL\1G) from the Balance on Leachate 

Elmt Elemental Elemental Mineral l\linerai 

Cone (mgtl) Mass (mg) i\lass (mg) 

K 6.64 3.33 Illite 49.3 

AI 293.0 146.5 Kaolinite 678.3 

Si 9.86 4.93 Quartz --
Mg 318.5 159.2 Dolomite 1208.4 

Ca 763.0 381.5 Calcite 148.4 

Bassanite 215.2 

Fe 707.6 353.8 Siderite 79.3 

Totall\IM Dissolved : 2379mg 

Total l\IM Removed : 5177mg 

Percent Dissolved : 45.9% 

Percent Liberated : 54.1% 

After 4 hours of reaction, 53.30/0 of the ash was removed. Since 48.4% ash re-

duction was achieved after 1/2 hour, this meant that 90.80/0 of the mineral matter was 

removed within the nrst half an hour. 

Figure 20 shows the release of the elements as a function of time. Calcium, highly 

released within the frrst half an hour, then dramatically decreased (by almost 50%
), 

which is interpreted as precipitation. Meanwhile, aluminum, iron and magnesium did 

not increase much after the frrst hour of processing. Silica and potassium remained al-
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most stationary after the first 1/2 hour. This graph supports the above observation by 

showing that most species had solubilized after a short period of time. 

Mass Balance for Jacob's Ranch (KMG) After 1/2 hr SL at 25°C (Test B1) 

The analyses presented here refer to the first stage of the multistage experiment de

signed for the optimum chemical cleaning. It differed from the previous one in that low 

temperature was employed, and no ferric ions were added. The mass balance on leachate 

should be more accurate for less precipitation was expected. The mass balance calcu-

lations were made on the basis of both solids and leachates. 

Conditions: 100g of feed coal (53-180JlIll) at 7.0% ash was treated with SL in 1M 

H2S04 -Hel (4.1%-2.10/0 by volume) at room temperature for 1/2 hour; 92.4% of the 

feed was recovered in a product assaying 4.416% ash, along with 3.1 I g of underflow at 

5.92%. Results for the mass balance on solids are given in Table 47, and those on 

leachate in Table 48. 

Table 47. Proportion of Mineral Matter Dissolved by 1/2 hr of SL at 25°C of Jacob's Ranch 
(Kl"tG) from the Balance on Solids 

Feed Ash Prod Ash Tail Ash Ash Rem Ash Diss %Mi\t1 Diss %Ml\t Lib 

7.0g 4.08g 0.184g 2.92g 2.736g 93.70/0 6.30/0 

The correlation between both methods was better, for 87.40/0 versus 93.70/0 of the 

mineral matter was found to have dissolved. The balance, that is about 10%
, could be 

considered as liberated. 
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Figure 20. Elements Dissolved by SL of \Vashed Jacob's Ranch (K.'\1G) - Test T 
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Table 48. Proportion of Minerall\tatter Dissolved by t/2 hour SL at 2SoC of Jacob's Ranch 
(K~IG) from the BaJance on Leachate 

Elmt Elemental Elemental MineraJ i\-lineral 

Cone (mg/l) Mass (mg) Mass (mg) 

K 4.47 3.35 Illite 49.7 

AI 104.1 78.1 Kaolinite 345.6 

Si 9.87 7.40 Quartz --
Mg 201.8 151.4 Dolomite 1148.4 

Ca 779.6 584.7 Calcite 418.3 

Bassanite 606.7 

Fe 152.6 114.5 Siderite 237.4 

Total l\tM Dissolved : 2806mg 

Total l\tM Removed : 3212mg 

Percent Dissolved : 87.4% 

Percent Liberated : 12.6% 

5.1.1.6 Scanning Electron Microscopy on Jacob's Ranch 

The solids observed under the SEM were the particles from the feed and product 

of the Jacob's Ranch coal treated in the elutriation column. A 13g wet-screened coal 

sample was processed for 6 hours and 30 minutes at 52°C in 250ml of a 3.2M acid mix 

(15.50/0-13.50/0 by weight of H2S04-HCI) with EL (1 v). 
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Run-or-Mine Coal 

This coal appeared to be mostly composed of fusinite macerals, with characteristic 

tubular pores, lO-15flm in diameter, and a banded surface. The stripes seemed to be 

filled with silicates surrounded by packed carbonate grains. Numerous very small min

erals (5Jlm), identified as calcite, siderite and illite, were found adhering to the maceral 

surface (see picture 1 on Figure 21). 

Washed Feed Coal 

The surface was almost devoid of any small adhering mineral. This proved the ef

ficiency of wet-screening the coal before the CECC process. The pore structure ap

peared more clearly on picture 2 in Figure 21; the packed carbonates ( 1 flm grains) filling 

up the pores, which also contained many clay plates, could easily be seen and charac

terized in the pore openings. The electron micrograph 3 in Figure 22 shows how 

siderite, much more common than pyrite, is incrusted in fusinite. 

Washed Feed LT Ash 

The whole structure was still better revealed by the L T ash. Quartz and kaolinite 

still mixed with unburned coal formed lenses of minerals; most abundant minerals were 

calcite, dolomite and bassanite, also found in bands. Electron micrograph 4 in 

Figure 22 exhibits the tremendous network of pore filling fine minerals mixed with clay 

plates. 

Product Coal 

Picture 5 on Figure 23 is a good example of a processed particle. The bands on the 

surface ,are more or less devoid of lens-shaped materials. Picture 6 shows the openings 

of the cavities clear of the soluble species, but not clear of the clays plates. 
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Figure 21. Electron Micrographs of Jacob's Ranch Wyodak Feed Coal: Above: 1 Run-of
mine Coal - Below: 2 Pores of Wet-screened Coal Filled with Clays and 
Carbonates 
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Figure 22. Electron Micrographs of Jacob's Ranch Wet-Screened Feed Coal: Above: 3 
Siderite Inclusion - Below: 4 LT Ash Network (Fine Carbonates and Clay 
Lenses) 
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Figure 23. Electron Micrographs of Jacob's Ranch Product: Above: 5 Cleaned Fusinite -
Below: 6 Fusinite Pore Openings 
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Pictures 7 and 8 in Figure 24 show the surface of fusinite before and after the 

treatment. Picture 7 shows how clay lenses, sometimes mixed with coal, are held by tiny 

carbonates and sulfate bodies in the longitudinal pores. Picture 8 clearly shows that 

some of these lenses (about 50%
) have been removed from their initial position on the 

surface. They may have been detached by dissolution of the soluble materials which had 

been holding them, but it is also possible that they were removed by osmotic pressure 

between the maceral and the lens. Most carbonates were gone, whereas sulfates partly 

remained, which could explain that sulfur is always high after processing. 

Pictures 9 and 10 in Figure 25 show fusinite macerals before and after treatment. 

On picture 9, the longitudinal pores are amazingly filled with fine grains, identified as 

carbonates, enveloping clay plates, whereas on picture 10, they are rid of them, at least 

on the surface. Inclusions in the fusinite matrix, which appear as bright spots, are 

identified as mainly pyrite and quartz. All pyrite emerging from the maceral appear to 

be polished, probably under the action of leaching. Most of the time, a crack was 

present in the vicinity of the incrusted crystal, itself separated from the maceral walls by 

a narrow empty space; picture II in Figure 26 indicates that the inclusion, although 

surrounded by cracking, could not leave the matrix. 

Product L T Ash 

Quartz bodies were uneasy to locate in the L T ash, probably because of their small 

size, whereas typical packed plate-shaped clays were abundantly found, sometimes with 

unburned coal (see picture 12 in Figure 26). Bassanite was still present while carbonates 

had disappeared, confirming the previous statements. The small soluble minerals, so 

abundant in the initial feed L T ash, had totally disappeared. Therefore, carbonates, 

which were thought to be incompletely dissolved in the pores, had been actually leached 

out of the pores. 

ANALYSES and DISCUSSION 120 



Figure 24. Electron Micrographs of Jacob's Ranch Before and After Treatment: Above: 7 
Before Treatment - Below: 8 After Treatment 

ANALYSES and DISCUSSION 121 



Figure 25. Electron Micrographs of Jacob's Ranch Pores: Above: 9 Before Treatment -
Below: 10 Mter Treatment 
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Figure 26. Electron Micrographs of Jacob's Ranch Product: Above: 11 Pyrite Inclusion -
Below: 12 Product L T Ash 
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5.1.2 Analyses on \Vidow Kennedy Coals 

Widow Kennedy coals studied were very different from the Jacob's Ranch coals. 

First, macerals were mostly vitrinite versus fusinite for Jacob's Ranch. Also, these 

vitrinite macerals contained much more pyrite. Finally, a good mineral matter removal 

from Widow Kennedy coal required a long processing time, whereas most of minerals 

were removed from the Jacob's Ranch coal in one hour. X-ray diffraction and acid di

gestion tests were conducted on Widow Kennedy Dominion # 1 samples, and elemental 

analysis, mass balance and SEM studies were conducted on both Widow Kennedy 

Wellmore and Dominion #1 coals. 

5.1.2.1 X-ray Diffraction 

L T ash samples, obtained from the test carried out in the stirred vessel, were sub

jected to x-ray analysis: 22.7g of floated coal (53-210~m) were treated in 500ml of 3.2M 

acid mixture (H2 S04 -HCl, 15.5%-13.50/0 by weight) at 60°C for 10 hours and 40 minutes 

with 1 v applied potential (EL). The run-of-mine coal assaying 43.50/0 ash, which was 

cleaned by flotation and a feed sample assaying 3.38% was obtained. The product 

assayed 1.66% ash after the CECC process. 

L T Ash from Run-of-mine Coal 

The x-ray spectrum shown in Figure 27 demonstrates the presence of illite, 

kaolinite, quartz, anhydrite and calcite. Small amounts of dolomite (or ankerite) and 

siderite were also detected. 
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Figure 27. X-ray Diffraction Spectrum of Widow Kennedy Dominion #1 Ro~1 LT 
Ash: A = Anhydrite; C = Carbonates; I = Illite; K = Kaolinite; Q = Quartz 
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L T Ash from Floated Feed Coal 

Figure 28 shows that illite and quartz peaks were significantly reduced relative to 

kaolinite. The same tendancy was observed for Jacob's Ranch, confirming again that 

the small bodies adhering to the surface are mostly quartz crystals and illite particles. 

This was probably because quartz and illite were rarely disseminated through the coal 

matrix, and were mostly found in the bedding planes of the coal seams. Therefore, these 

minerals may be readily broken during mining and then likely to adhere to larger parti

cles of coal. Sulfate and carbonate minerals remained nearly unchanged after flotation. 

L T Ash from Product Coal 

The x-ray spectrum shows that illite, kaolinite and quartz were not much reduced. 

Anhydrite had decreased substantially and carbonates had decreased moderately 

(Figure 29). 

5.1.2.2 Acid Digestion of LT Ash 

A total of 143.1mg of L T ash was digested in hot concentrated HCL-HN03 mixture 

(please refer to the procedure in chapter 3). After digestion, the weight of the residue 

was 9.4mg, which included unburned coal, so that the digested mineral matter weight 

was 133.7mg. The acid matrix containing the dissolved elements was 83.5ml in volume. 

Table 49 lists the elemental concentrations and the masses and proportions of the min

eral matter compounds. Detailed procedures are given in appendix C. 

As much as 86.20/0 of the mass of LT ash digested could be back-calculated from 

the sum of the dissolved mineral matter compounds, thus, the mass balance seemed to 

be reasonably accurate. It is interesting to note that there was not enough calcium to 
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Figure 28. X-ray Diffraction Spectrum of \Vidow Kennedy Dominion # 1 Floated Feed LT 
Ash: A = Anhydrite; C = Carbonates; I = Illite; K = Kaolinite; Q = Quartz 
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Figure 29. X-ray Diffraction Spectrum of \Vidow Kennedy Dominion # 1 Product LT 
Ash: A = Anhydrite; C = Carbonates; I = Illite; K = Kaolinite; Q = Quartz 
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Table 49. Mass Balance of Low Temperature Ash Digested in Concentrated Acid, for 
Cleaned \Vidow Kennedy Dominion # 1 

Elmt Concentr. Element l\'linerai Mineral Mineral 

(mg/I) Mass (mg) Compound Mass (mg) Weight 0/0 

K .. -- Illite .. .-
AI 138.2 11.54 Kaolinite 56.1 41.90/0 

Si 386.9 32.31 Quartz 43.4 32.50/0 

Mg 4.24 0.35 Dolomite 2.69 2.00/0 

Ca 1.88 0.16 Calcite -- --
Bassanite -- --

Fe 73.32 6.12 Pyrite 13.14 9.8% 

Sum of Dissolved Compounds : 115.3 mg 

Mass of LT Ash Digested : 133.7 mg 

Percent Dissolution Reported : 86.2% 

be converted into calcite after the calculation of dolomite weight from calcium (please 

refer to appendix C), although x-ray analyses proved the presence of calcite and 

bassanite. Furthermore, potassium was not analyzed, which made it impossible to cal-

culate the amount of illite. Nevertheless, the predominance of silicates and the high 

proportion of pyrite (about 100/0) in the mineral matter was confirmed. 
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5.1.2.3 Elemental Analysis on the Leachate/rom Widow Kennedy LT Ash 

Like Jacob's Ranch coal, the L T ash of the feed I coal was submitted to simple 

leaching to study the dissolution of minerals in absence of coal. The procedure was 

identical, using 0.OO99g of floated Dominion #1 L T ash, equivalent to the mineral matter 

present in 0.296g of a feed coal assaying 3.380/0 ash. The L T ash was mixed with 1.5ml 

of the 2.46M acid (10% 
.. 5.2% H2S04-HCI by volume of pure acid), and then processed 

at 60°C for 7 hours and 10 minutes. The results presented in Table 50 give the mass 

of compounds dissolved. Since the product residue could not be weighed, the mass 

balance on solids could not be calculated. 

Iron was the most abundant element, which confirmed the high presence of pyrite 

in the flotation concentrate, although pyrite was not visible on the x-ray spectrum. The 

abundance of pyrite will be confirmed by the SEM study_ Calcium was also abundantly 

released. This method indicated that 33% of the total mass dissolved was due to 

silicates. 

5.1.2.4 Mass Balance/or Regular Tests Using Elemental Analysis and Balance 

on Solids 

Mass Balance for RoM Widow Kennedy Wellmore Coal 

Conditions: 25g of run-of-mine coal (210-840Jl.m) at 30.30/0 ash were subjected to the 

CECC process with Iv applied potential in 3.2M H2S04-HCl mixture (15.50/0-13.5% by 

weight) at 60°C for 8 hours; 20.90g of product assaying 21.750/0 ash were collected along 

with 3.151g of underflow that assayed 68.17% ash. Results for the mass balance on 

solids and on leachate are given in Table 51 and Table 52. 
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Table SO. l\'lass Balance Information Based on Elemental Analysis of Species from the \Vidow 
Kennedy Dominion #1, LT Ash of Cleaned Feed 

Elmt Elemental Elemental Mineral l\lineral 

Cone (mg/I) Mass (mg) Mass (mg) 

K 29.95 0.045 Illite 0.668 

AI 185.1 0.278 Kaolinite 0.898 

Si 134.5 0.202 Quartz --
Mg 42.83 0.064 Dolomite 0.486 

Ca 247.6 0.371 Calcite 0.663 

Fe 575.0 0.862 Pyrite 1.850 

Total Ml\1 Dissolved : 4.565mg 

Percent Dissolved : 46.1% 

Percent Liberated : None 

Table 51. Proportion of Mineral Matter Dissolved by EL of Run·of-mine WK \Vellmore from 
the Balance on Solids 

Feed Ash Prod Ash Tail Ash Ash Rem Ash Diss 0/0 Ml\-I Diss %MM Lib 

7.584g 4.546g 2.148g 3.038g 0.890g 29.30/0 70.7% 

In the case of using a RoM coal not initially wet· screened, a minimum of 45% and 

a maximum of 700/0 of mineral matter was found to be liberated. The discrepancy be-

tween the two methods of calculating the percent of liberation was significant, yet may 
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Table 52. Proportion of Mineral Matter Dissolved by EL of Run-of-mine 'VK \Vellmore from 
the Balance on Leachate 

Elmt Elemental Elemental Mineral Mineral 

Conc (mg/I) Mass (mg) Mass (mg) 

K 20.8 15.6 Illite 231.5 

AI 178.0 133.5 Kaolinite 491.7 

Si 32.2 24.1 Quartz --
Mg 60.8 45.6 Dolomite 346.0 

Ca 241.0 180.7 Calcite 263.5 

Fe 312.0 234.0 Pyrite 502.2 

Total MM Dissolved : I 835mg 

Total 1\'1.;\1 Removed : 3342mg 

Percent Dissolved : 54.90/0 

Percent Liberated : 45.1% 

be acceptable. These results show as expected that the removal of adhering particles 

from a run-of-mine coal could be misleadingly accounted as liberation, while most of 

them could have been removed by a mere washing. 

First Mass Balance for Widow Kennedy Wellmore, Cleaned by Heavy Medium, Reground 
and Dry-sieved 

This test was a 3-stage processing conducted on the Wellmore coal, cleaned by 

heavy-media separation (1 to 5nun). The heavy medium concentrate was reground to 
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obtain a proper size feed. After pulverization, the coal was dry-screened to obtain ap-

propriate size fractions. 

First Stage Conditions: 25g of a partly clean feed coal (62-210llm) at 8.2% ash was 

processed with Iv applied potential in 3.2M H2S04-HCI acid (15.5%-13.50/0 by weight) 

at 60°C for 6 hours and 50 minutes. 24.17g of the product assaying 6.160/0 ash were 

collected along with O.8g of underflow (29.72% ash). Results for the mass balance on 

solids and on leachate are given in Table 53 and in Table 54. 

Table 53. Proportion of ~'lineraJ Matter Dissolved by EL of Cleaned and Reground \VK 
\Vellmore from the Balance on Solids 

Feed Ash Prod Ash Tail Ash Ash Rem Ash Diss °/oMM Diss °/oMM Lib 

2.047g 1.489g O.238g O.558g O.320g 57.3% 42.7% 

Depending on the method, between 57 and 750/0 of the removal of mineral matter 

in the first stage was found to be due to dissolution, which suggested that significant 

portion of the mineral matter was removed by liberation. Elemental analysis was also 

conducted on the leachate obtained without applied potential. The concentrations were 

fairly similar, except for calcium whose concentration was 210 mg/I; compared to the 

37.7 mg/l obtained with applied potential which may be related to the reprecipitation 

problem noted for Jacob's Ranch coal. 

Second Mass Balance for Widow Kennedy Wellmore, Cleaned by Heavy Medium, Re
ground and Wet-screened 

Conditions: 122g of wet-screened feed coal (62-300Jlm) assaying 6.43% ash were 

processed with Iv applied potential in 3.2M H2S04-HCl mixture (15.5%-13.50/0 by 

weight) at 62°C for 8 hours. The product (121.3g) assayed 5.09% ash, and the tail, 
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Table 54. Proportion of Mineral Matter Dissolved by EL of Cleaned and Reground WK 
Wellmore from the Balance on Leachate 

Elmt Elemental Elemental Mineral Mineral 

Cone (mg/I) Mass (mg) Mass (mg) 

K 10.5 7.87 Illite 116.9 

AI 48.0 36.0 Kaolinite 95.7 

Si 19.6 14.7 Quartz .-
Mg 14.7 11.0 Dolomite 83.7 

Ca 37.7 28.3 Calcite 25.2 

Fe 88.0 66.0 Pyrite 141.6 

Total 1\IM Dissolved : 463.lmg 

Total M1\1 Removed : 613.8mg 

Percent Dissolved : 75.40/0 

Percent Liberated : 24.6% 

weighing O.45g, assayed 21.60/0 ash. The results of mass balance on solids are listed in 

Table 55 and those on leachate in Table 56. 

Table 55. Proportion of Mineral Matter Dissolved by EL of Cleaned, Reground and 'Vet
screened 'VK Wenmore from the Balance on Solids 

Feed Ash Prod Ash Tail Ash Ash Rem Ash Diss %MM Diss %MM Lib 

7.716g 6.174g 0.097g 1.542g 1.445g 93.70/0 6.30/0 
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Table 56. Proportion of Mineral Matter Dissolved by EL of Cleaned, Reground and \Vet
screened \VK Well more from the Balance on Leachate 

Elmt Elemental Elemental Mineral Mineral 

Cone (mg/I) Mass (mg) Mass (mg) 

K 64.6 48.5 Illite .. 
AI 95.6 71.7 Kaolinite 348.2 

Si 
_. -- Quartz --

Mg 29.9 21.7 Dolomite 164.8 

Ca 124.4 93.3 Calcite 143.4 

Fe 281.6 211.2 Pyrite 455.3 

Total MM Dissolved : 1112mg 

Total MM Removed : I 696mg 

Percent Dissolved : 65.6% 

Percent Liberated : 34.4% 

Aluminum was not found in a sufficient amount in the leachate for the conversion 

into both illite and kaolinite. I t was decided to neglect illite and to calculate only the 

mass of kaolinite. Between 65.6% and 93.7% of the mineral matter removed were as-

cribed to dissolution, versus 570/0 in the previous section dealing with the same coal. It 

should be recalled that the present sample was wet-screened before the test, which re

moved free minerals, whereas the previous sample was only dry-screened after regrind

ing. The poor perfonnance in sulfur removal (0.980/0 in the feed for 0.95% in the 

product) could be due to the short processing time. 
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Mass Balance for Wet-screened Widow Kennedy Winston #9 EJectroieaching 

Conditions: 85g of wet-screened coal (53-300J.Lm) assaying 26.4% ash were first pre

soaked in 3.2M H2S04 -HC} acid (15.5%-13.5% by weight) for 10 hours at room tem

perature. The CECC process involving EL was then conducted in the same electrolyte 

at 57°C for 10 hours. 

By washing the run-of-mine coal on the 53J.Lm sieve, 20% of the sample weight 

(rmes) was removed. The product, weighing 80.9g, was assaying 23.60/0 ash, and the tail, 

weighing 2.164g, was assaying 600/0 ash. Results of mass balance on solids are shown 

in Table 51 and results on leachate in Table 58. 

Table 57. Proportion of l\lineral Matter Dissolved by EL of \Vet-screened \VK \Vinston #9 
from the Balance on Solids 

Feed Ash Prod Ash Tail Ash Ash Rem Ash Diss %MM Diss %MM Lib 

22.45g 19.11g 1.299g 3.34g 2.041g 61.10/0 38.90/0 

The recovery amounted to 85.10/0, but the ash reduction (10.60/0) and the ash re

moval (14.9%) were too low for this coal to be considered as a candidate for CECCo 

Also, the mass balance indicated that even after long presoaking and processing, be

tween 61 % and 71 % of the mineral matter removed was dissolved. The sulfur content 

slightly decreased from 1.440/0 to 1.33%, indicating removal of some pyrite. 
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Table 58. Proportion of Mineral Matter Dissolved by EL of Wet-screened WK \Vinston #9 
from the Balance on Leachate 

Elmt Elemental Elemental Mineral Mineral 

Cone (mg/I) Mass (mg) Mass (mg) 

K 71.6 53.7 Illite 797.0 

AI 194.6 145.9 Kaolinite 168.9 

Si 29.7 22.3 Quartz .-
Mg 86.5 64.9 Dolomite 492.5 

Ca 101.7 76.3 Calcite .-
Fe 541.0 405.7 Pyrite 1,161.0 

Total Mr\f Dissolved : 2619mg 

Total Mi\1 Removed : 3674mg 

Percent Dissolved : 71.3% 

Percent Liberated : 28.7% 

Mass Balance for Floated Widow Kennedy Dominion # 1 in the Elutriated Column 

Conditions: The run-of-mine feed coal (47.70/0 ash), was floated in stages, then wet-

screened and processed in the column. Then, 30g of washed feed coal (62-210~m) 

assaying 3.45% ash were subjected to the CECC process with applied potentials in 

2.46M H2S04 -HCI acid mixture (10% -5.2% by volume) with 9.59mM of ferric ions at 

53°C for 7 hours and 10 minutes. The product, weighing 29g, assayed 2.430/0 ash, and 

the tail, weighing 0.69g, assayed 7.10/0 ash. The results of the mass balance on solids 

are shown in Table 59 and the results on leachate in Table 60. 
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Table 59. Proportion of I\tlineraJ I\tfatter Dissolved by EL in Column of Cleaned \VK 
Dominion # 1 from the BaJance on Solids 

Feed Ash Prod Ash Tail Ash Ash Rem Ash Diss %MM Diss %MM Lib 

1.035g 0.705g 0.049g 0.330g 0.281g 85.2% 14.80/0 

The mass balance calculations indicated that between 67.5% and 85% of the total 

removal of mineral matter was due to dissolution. The physically clean coal probably 

had less material available for liberation. 

Figure 30 shows the kinetics of release of the main elements during the CECC 

process that lasted 17 hours. The release of AI, Mg and Fe reached a plateau after about 

7 hours. The decrease in Ca concentration was probably due to reprecipitation. 

The amount of ferric ions added being known, the release of iron could be deter

mined by substraction of the iron added from the total of iron species in solution. After 

ten hours, the iron release reached a plateau, as if pyrite was not oxidized anymore. 

5.1.2.5 Scanning Electron Microscopy on Widow Kennedy Wellmore 

The electron micrographs shown in this section were shot on Widow Kennedy 

Wellmore feed and product samples. The coal was frrst cleaned by heavy-media, re

ground and then processed in the multistage treatment with electrolysis. The feed con

tained 8.18 % ash, the product assayed 6.160/0 ash after the frrst stage (6 hours and 50 

minutes at 60°C, 25g of coal in 750m! of 15.5%-13.50/0 H2S04 -HCI mixture. The 

product of the second stage was assaying 3.890/0 ash (after 11 hours and 30 minutes at 
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Table 60. Proportion of 1\tfineral MaUer Dissolved by EL in Column of Cleaned 'VK 
Dominion # 1 from the Balance on Leachate 

Elmt Elemental Elemental Mineral Mineral 

Cone (mg/l) Mass (mg) Mass (mg) 

K 2.73 2.73 Illite 4.5 

AI 16.3 16.3 Kaolinite 51.9 

Si 14.7 14.7 Quartz --
Mg 4.9 4.9 Dolomite 37.2 

Ca 43.5 43.5 Calcite 44.2 

Bassanite 64.1 

Fe 401.9 401.9 Pyrite 7.3 

Total MlVl Dissolved : 245.2mg 

Total Ml\l Removed : 363.0mg 

Percent Dissolved : 67.5% 

Percent Liberated : 32.5% 

60°C, using 7g of the fIrst stage product, m 600m! of the same mix diluted to 

6.20/0-2.1 0/0). 

Feed Coal 

The feed coal was composed mainly of vitrinite with a few fusinite macerals. 

Vitrinite was mostly smooth and clean, but clay flakes were often found on the maceral 

surface (middlings). Calcite was also frequently found covering coal grains. Pyrite was 
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Figure 30. Elements Dissolved by EL in the Column from Floated ,VI< Dominion # t 
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mostly found in vitrinite or among the clay flakes as framboids, or in fusinite as simple 

crystal inclusions (picture 1 in Figure 31). 

First Stage Product Coal 

The product was generally similar to the feed, but less fines were covering the 

macerals. Picture 2 in Figure 31 indicates that many pyrite crystals were missing on the 

top of the framboids. Clays remained on coal, and were identified mostly as illite. The 

proportion of middlings remained nearly unchanged, and no complete removal of the 

minerals encrusting the macerals could be observed. 

Second Stage Product Coal 

Fusinite and vitrinite macerals appeared mostly clear of mineral matter (see electron 

micrograph 3 in Figure 32). However, clay flakes remained on vitrinite, and middlings 

were not devoid of their mineral encrustations. Cracks were detected, but only on clean 

vitrinite, and did not seem to lead to minerals inclusions. Pyrite was well removed, even 

though some framboids were still encrusted in macerals or clays. Picture 4 in Figure 32 

shows a middling particle covered by a clay shell, itself holding pyrite. The numerous 

black holes observed are the sites vacated by the pyrite crystals extracted by the process. 

Chlorine was detected on the sample by the EDAX micro analyzer (especially on 

clay minerals), which may be due to the inefficient rinsing of the acid; this was confirmed 

by the bright appearance of the sample. 

5.1.2.6 Scanning Electron Microscopy on Widow Kennedy Dominion #1 

This floated coal was treated with EL in both the elutriation column and the re

action vessel. The feed treated in the column was assaying 3.450/0 ash and yielded a 
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Figure 31. Electron Micrographs of Widow Kennedy Well more: Above: I Feed Coal with 
Pyrite and Clay Inclusions - Below: 2 First Stage Product Coal with Pyrite 
Framboid 
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Figure 32. Electron Micrographs of WI{ Well more Second Stage Product: Above: 3 Clean 
Macerals - Below: 4 Middling with Clay Flake and Pyrite Prints 
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2.43% ash product (after 30g were subjected to EL for 7 hours and 10 minutes at 53°C 

in one liter of 15.5%-13.5% H 2S04 -HC} mixture). The 22.7g feed processed by EL in 

the vessel, assaying 3.38% ash, yielded a 1.66% ash product (after 10 hours at 60°C in 

500ml of the same acid mix). 

Run-or-mine Coal 

Vitrinite was the ma.jor maceral found in the run-of-mine. The unwashed grains 

were covered with many 1-10",m minerals characterized as illite and kaolinite, as shown 

in picture 5 in Figure 33. 

Floated Feed Coal 

Although most adhering minerals were removed by wet-screening followed by 

flotation, some remained on the particle surfaces. However, many clay flakes were 

found imbedded in vitrinite, especially at the edges of the grains; this is illustrated by 

picture 6 in Figure 33 showing the flake-shaped structure of kaolinite on coal. Pyrite 

framboids extruding from the coal matrix are extremely numerous, as shown in picture 

7 in Figure 34, and cracks containing pyrite are sometimes found. 

L T Ash from Floated Feed 

The major compounds visible in the L T ash were clays and pyrite. Clays were found 

as individual grains or mixed with unburned coal. Pyrite framboids are remarkably re

vealed by picture 8 in Figure 34, as regular spheres of 5 to 20",m in diameter, made of 

.aggregates of numerous 1-2J.1ffi sharp-edged cubic crystals. 
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Figure 33. Electron Micrographs of Widow Kennedy Dominion #1 Feed Coal: Above: 5 Run-of-mine - Below: 6 Kaolinite on Floated Coal (Brighter Area) 
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Figure 34. Electron Micrographs of Pyrite in WI{ Dominion #1 Floated Feed: Above: 7 
Vitrinite and Pyrite Framboids - Below: 8 Pyrite Framboids in L T Ash 
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Product Coal from the Elutriated Column 

All grains were devoid of the adhering minerals which were still noticed in the 

physically cleaned feed. However, some clays were still remaining encrusted in the sur

face (micrograph 9 in Figure 35). Cracking was observed in some places. Pyrite was 

well removed from the surface, picture lOin Figure 35 indicates that most crystals left 

their sites empty, proving liberation or total dissolution in situ. ~owever, some pyrite 

inclusions could not escape from the matrix, as observed on picture 10. The included 

crystal appears eroded, which suggests that part of the pyrite was dissolved. Finally, 

anhydrite was frequently detected on the surface. 

Product Coal from the Stirred Vessel 

The product was similar to the one treated in the column, except that pyrite seemed 

better removed, and cracking was more noticeable. Stirring and longer processing time 

may be mainly responsible for these differences which reflect the differences found in the 

ash contents of the respective products. Pictures 11 and 12 in Figure 36 show a com

plete removal of pyrite crystals from the coal surface, and their empty sites left on the 

maceral. 

L T Ash from the Stirred Vessel Product Coal 

The physical appearance of the product LT ash did not differ much from the one 

of feed L T ash. As a result, no important conclusion about the product L T ash could 

be drawn. 

Underflow from the Elutriated Column 

Free clay particles were present in the underflow from product screening, along with 

free pyrite crystals that were not totally dissolved. This clearly indicated that some lib-
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Figure 35. Electron Micrograph of WK Dominion #1 Column Product: Above: 9 Vitrinite 
and Clay Flakes - Below: 10 Pyrite Prints and Inclusion 
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Figure 36. Electron Micrographs of WK Dominion #1 Stirred Vessel Product: Above: 11 
Fissures and Pyrite Prints - Below: 12 Pyrite Prints in Vitrinite 
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eration had taken place on these mineral compounds. Sphalerite was also found as ex

tremely fine bodies. 

5.2 Interpretation of tIle Results 

All the analyses conducted so far on the feed and product, in both solid and liquid 

phases, indicated that the removal of mineral matter was achieved by both dissolution 

and liberation. However, the results were dependent on the coal tested and also the 

operating conditions applied. 

5.2.1 Suggestions for the Mechanisms of Liberation 

Wet-screening the feed coal prior to the CECC was found to be very important. 

The ash content decreased by 33% when a run-of-mine Jacob's Ranch coal was wet

screened. This accounted for 450/0 of the total removable ash removal from this coal. 

This way, the wet-screening reduced the ash by 14% from a Splashdam coal, 25% from 

a high ash Widow Kennedy coal, 25.6% from a Pittsburgh #8 coal, and 15% from a low 

ash Widow Kennedy coal. It was very clear from the mass balance calculations that the 

less the coal was washed or physically cleaned, the higher was the proportion of mineral 

matter in the underflow; most of this mineral matter liberated as such could be attributed 

not to liberation in the true sense of the word, but to simple detachment of fine particles 

from the coarse. However, the latter mechanism may also be called "liberation" in a 

much broader sense. 
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1) The first minerals to be liberated would be the ones remaining on the feed coal sur

face despite the wet-screening. SEM study did reveal that the feed surface was not per

fectly clear of these fine adhering minerals. Liberation of these bodies would certainly 

be favored by the acid treatment, the liquid heat and the mechanical stirring of the 

slurry. 

2) The most interesting explanation is the mechanism of opening of cracks in the coal 

matrix or between minerals by osmotic pressure. According to the model recently pro

posed by Paul (1988), an osmotic pressure can develop by the interaction of two double 

layers in close distance. The osmotic pressure is essentially the same as the electrical 

contribution to the disjoining pressure. This pressure may be strong enough to weaken 

the contacts between coal and mineral matter inducing liberation. Van Olphen (1977) 

noted that the osmotic pressure can be as high as several tens of atmospheric pressure. 

The osmotic pressure may also operate in "liberating'" slime particles from coal particles. 

Pyrite inclusions in product coal, when observed at a high magnification, were most 

of the time found imbedded in a maceral opened by small crevices. Also, space was often 

noticed between these inclusions and the surrounding maceral walls, which should favor 

the leaching of the mineral. However, these small detected fissures did not seem to be 

wide enough to allow mineral matter to escape or liberate from coal readily. It is pos

sible that these cracks could have been created by the osmotic pressure. 

The empty sites left by framboidal pyrite crystals on the product Widow Kennedy 

vitrinite may be an evidence of pyrite crystals liberation by the osmotic pressure. For 

Jacob's Ranch coal, the silicate plates located on the surface may have been liberated 

by the osmotic (or disjoining) pressure between the coal and the mineral. These obser-
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vations fit the osmotic pressure theory, although it is difficult to prove that this was the 

only mechanism involved. 

Predictions from the model of osmotic pressure were presented by Paul (1988). 

According to the model, the osmotic effect should be dependent on the surface porosity 

of the coal. The ideal surface would be a rough surface offering numerous sites favora

ble to double layer overlaping. In addition, the pore size should fall within the range 

allowing high pressure. Typically, pressure should vary between 1 and 30 atm for pore 

diameter of 50 to loooA, the smaller spacing inducing the higher pressure. Below loA 

or above loooA, the model is not applicable. 

Paul (1988) suggested that the coal surface is expected to become more positively 

charged by the presence of ferric ions in the electrolyte, which superficially oxidizes the 

coal surface. In the present work, the addition of ferric ions did not improve liberation 

significantly, but the zeta potential could not be measured because of the pH. It should 

be noted, however, that ferric ions were already present in the system, which have made 

it difficult to see the effect of extraneously added ferric ions. Paul's model also showed 

that an increase in electrolyte concentration should increase the osmotic effect, for an 

increase in sulfuric acid concentration from 0.1 to 1M, the pressure should increase by 

300/0. 

The osmotic pressure mechanism may actually operate on many localities on coal 

but direct evidence is difficult to obtain. Nevertheless, the clean removal of pyrite 

framboids, as shown by SEM photographs, supports the osmotically induced liberation 

theory. 

3) Relatively insoluble minerals may be cemented to the coal surface by some fine sol

uble mineral matter. The dissolution of this mineral matter will easily disjoin those 

minerals from the coal and from other minerals. This might be the case for framboidal 
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pyrite crystals, since they are often cemented by fme pyrite powder (Renton, 1982). 

However, no evidence is given for this in the present work. 

The same may be the case for silicates, which are held inside the fusinite pores by 

carbonates. However, these silicate platelets seemed to be retained inside the pores, 

probably due to their morphology. 

4) It is also possible that chemical dissolution would reduce the size of mineral grains, 

loosen it from the coal, and then liberate them. In this case, not all the mineral matter 

found in the underflow should be ascribed to the osmotic liberation mechanism. This 

may also explain why coal reduced in size is present in the tailing. 

5.2.2 Suggestions for the Mechanisms of Dissolution 

1) Mineral matter could be dissolved by the reagent directly contacting the surface, the 

pores and the crevices. Mineral matter dissolution should depend on thermodynamic, 

as well as on kinetics. 

• Kinetics should depend on the chemical nature of mineral matter and on its acces

sibility, as well as on experimental conditions. Soluble species, like calcite and 

dolomite could dissolve in half an hour, while less soluble minerals, such as pyrite 

and clays, did in 10 hours. Cracking by osmotic pressure should enhance acid dif

fusion, and hence dissolution. Other parameters that affect dissolution would in

clude temperature, oxidation potential, number of cleaning stages, etc. 
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• In terms of thermodynamics, all the minerals are more or less soluble in acid, de

pending on the acid strength. At low pH, the following reactions may take place: 

1. For carbonates, the following reaction may represent the general mechanism, 

MC03 + 2H+ -. M2+ + H20 + CO2 i 

in which M represents metal ions such as Ca, Mg and Fe. 

2. For pyrite, the following oxidation mechanisms may apply: 

FeS2 + 8H 2 0 -. Fe2 + + 2S042 '" + 16H'" + 14e 

FeS2 -. Fe2 '" + 2So + 2e 

The ferrous ions will' be oxidized to ferric ions if the potential is kept above the 

equilibre potential of the reaction. The ferric ions in tum act as a leaching me

dium for pyrite as follows: 

FeS2 + 2Fe3 '" -. 3Fe2'" + 2So 

I t has been shown that, by applying a 1 v potential on a platinum working 

electrode immersed in the coal slurry, the sulfur removal from \Vidow Kennedy 

coals was improved. 

3. For kaolinite: 

Silicates are not very soluble in aqueous solution; however, aluminosilicates 

become hydrated according to various mechanisms. Kaolinite can release hy

drated aluminum ions in different ways (Huang and Keller, 1973): AP"', 

2AI(OH)2 + f 2AI(OHh + and 2AI(OH)4 -. The stability field of kaolinite 

strongly depends on pH for pH below 6. Since the process involves very low 

pH, the most likely reaction to occur may be: 

AhShOs(OH)4 + 6H'" -. 2AP'" + 2H4Si04 + H2 0 
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4. For illite, the following mechanism may apply: 

KAhSh010(OHh + IOH + -+ K + + 3AIl + + 3H4 Si04 

2) Minerals freshly extracted from the coal matrix are necessarily undergoing leaching 

in the slurry. Liberated minerals such as clays and pyrite crystals should therefore con .. 

tribute to the dissolution of the species quantified by elemental analysis. 

3) Analyses of leachates suggested precipitation of calcium-containing minerals. It is 

possible that gypsum precipitates according to the following reaction: 

Ca2 + + 504
2 + + 4H + + 202 - -+ CaS04-2H2 0. 

The solubility limit of gypsum is 0.015M (Nebergall et a1., 1972). Precipitation of 

carbonate may also be possible: 

Ca2 + + 2HC03 - -+ CaC03 + H20 + CO2 i 

It is interesting to note that the solubility of every type of calcium sulfate decreases 

with increasing temperature. Between 30 and 100°C, the solubility of gypsum varies 

from 2.4g/1 to 2.2g/1, the anhydrite one from 2.1 gIl to 1.6g/1 and the bassanite one from 

3g/1 to almost zero (eRe Handbook, 1981). This may explain why the dissolution of 

calcium was inhibited, and why precipitation was observed at high temperature. 

4) Opening of cracks or swelling of clays due to osmotic pressure could favor the pen

etration of electrolytes (or acids) inside the coal structure, and thereby increase the 

leaching rate. Although hydration and swelling of clays probably occured, no complete 

removal was observed. Van Olphen (1977) stated that the swelling of clays was limited 

by cohesion forces, known as cross-linking forces (positive edge-negative face) and Van 

der Waals attraction forces. 
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5) Finally, it has been demonstrated that the proportion of mineral matter liberated and 

dissolved can be calculated by two methods. The mass balance calculated from solid 

weights provides more direct measurements of the liberated matter contained in the 

underflow. This method is more reliable, provided that all the slimes coating coal par

ticles are removed before processing. The mass balance calculated from the leachate is 

less reliable because only a few minerals are taken into account, and also because the 

many assumptions (refer to appendix C). Despite discrepancy between the two methods 

of mass-balancing, there was a reasonable correlation between them. 

5.2 .. 3 Statement on the Process Mechanisms 

No single general theory can explain the way mineral matter is removed from coal. 

Rather, each type of mineral seems to be subject to one or several specific mechanisms, 

depending on its chemical nature, morphology and mode of occurence. Similarly, the 

chemical nature and the morphology of the maceral is expected to affect the removal of 

its mineral matter. 
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6.0 CONCLUSIONS 

6.1 Review of the Study 

1. The CECC process aimed at cleaning coal from its mineral matter could achieve 

good ash reductions. Up to 700/0 of the mineral matter could be removed from a 

feed coal previously wet-screened under relatively mild operating conditions. The 

wet-screened Jacob's Ranch coal assaying 60/0 ash could be cleaned by the CECC 

to 20/0 ash at the 62-210~ particle size range. No physical cleaning process was 

effective in removing the mineral matter from this coal because the major constitu

ent of the coal is fusinite and most of the minerals· are encapsulated inside the tu

bular pore structure. The CECC process removes a substantial portion of this 

mineral matter under relatively mild acid conditions. 

It was found that 330/0 of the mineral matter contained in a run-of-mine sample 

could be removed by simple wet-screening. The majority of the mineral matter re

moved as such were quartz and illite. Therefore, if the CECC process is run without 

careful wet-screening, erraneous interpretation of the results may follow. 
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2. Application of an oxidizing potential through a working electrode inunersed in a 

coal slurry improved the reduction of mineral matter, especially that of pyrite. It is 

considered that ferrous ions derived from pyrite and other iron-containing mineral 

matter were oxidized to ferric ions on the working electrode, which in tum creates 

an osmotic pressure which may improve the mineral liberation. I t is likely that the 

ferric ions acted as a leaching medium for the pyrite. During this process, ferric ions 

were reduced to ferrous ions, which could then be oxidized back to ferric ions as long 

as the redox potential of the system was above the reversible potential of the 

Fe2 + /Fe3 + couple. However, extraneous addition of ferric ions to the system was 

not found to be effective in further improving the CECC process. The reason may 

be that there was already enough ferrous ions derived from the mineral matter con

tained in the coal. 

3. Higher temperature did typically enhance the removal of mineral matter. It partic

ularly enhanced the removal of less soluble species, such as silicates and pyrite. 

However, a low temperature was preferred to dissolve the carbonate species. 

4. Sulfur content was well reduced by the CECC process, especially for the coals con

taining substantial amount of pyrite. Up to 22.6% of sulfur removal was observed 

on the Widow Kennedy Dominion #1 coal. On the contrary, the sulfur rejection 

from the Jacob's Ranch and the Wyodak coals was poor because these coals contain 

bassanite, which is not readily soluble in acid, as the major sulfur-containing min

eraI. Finer grinding should improve the removal of pyrite, because it will enhance 

the exposure of the crystals to the solution. 

5. P:hysical coal cleaning processes such as froth flotation and dense medium sepa

ration may be more efficient in removing mineral matter to a relatively low ash and 
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pyritic sulfur level. The CECC process will be useful in further reducing the ash and 

sulfur level beyond the limits of the physical cleaning processes. 

6. From this study, the most important mechanism governing the CECC process was 

found to be dissolution. From 570/0 to 940/0 (depending on 'the coal feed purity and 

the treatment) of the mineral matter was removed from the Widow Kennedy coal 

by dissolution, and even a larger percentage from Jacob's Ranch coal, the balance 

being due to liberation. The proportion of dissolved mineral matter was higher than 

what was reported by Paul (1988), which may be attributed to the fact that consid

erably higher acid concentrations were used in the present work. 

Elemental analysis of the solution showed that the most soluble species were 

removed within a short period of time, i.e. from 15 to 30 minutes at room temper

ature. Up to 90% of the mineral matter removed from a Wyodak coal in 4 hours 

was removed within the first half an hour. Another test conducted on the Jacob's 

Ranch coal demonstrated that 90% of the mineral matter extracted in one hour and 

half was removed by dissolution only. Dissolution of soluble mineral matter was 

not limited to those on the coal surface; SEM studies showed that considerable 

amounts of mineral matter inside the pores of fusinite were dissolved. 

Less soluble species also responded to dissolution, but at lower rates. Pyrite 

could be eroded by leaching, and silicates were released in noticeable amounts. 

However, longer treatments were required (about 10 hours) along with higher tem

perature (60°C) to reach good results. 

Precipitation phenomenon wa.s conunonly observed with calcium, especially 

with strong acid and at high temperature. It falsified the concentration of dissolved 

elements, hence the mass balance on leachates. Calcium could precipitate into 

gypsum and increase the sulfur content of th~ product (if sulfuric acid is used). To 
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avoid lowering process efficiency due to precipitation, a multistage treatment, using 

fresh acid at each stage, was designed and thereby improved the removal of soluble 

minerals. 

7. Considerable amounts of mineral matter were also removed by liberation phenom

ena, which may involve several mechanisms. First, swelling, disjoining and cracking 

of solids due to osmotic pressure could induce liberation as well as enhance the dis

solution of less soluble mineral matter; these effects were observed with the SEM 

at the coal-pyrite interface. However, the liberation of silicates was not clearly ob

served in this study. 

With the low-rank coals studied in the present work, some clays and quartz 

were mixed with calcite and dolomite inside the pores of fusinite. SEM photographs 

show evidence that these carbonates were selectively dissolved, which may result in 

the "liberation" of the insoluble mineral matter. It has been found, however, that 

much of the quartz and the kaolinite was remaining inside the pores. 

6.2 Future Work 

More fundamental studies are necessary to illucidate the mechanisms involved. As 

in the past, experimental work shall be the best way to check the validity of theoretical 

models. 

CONCLUSIONS 160 



6.2.1 Quantification of the Process 

The various mechanisms met in dissolution and liberation of mineral matter deserve 

more attention. It is necessary to evaluate the participation of each mechanism in the 

whole process. For example, this evaluation would require examination of a single coal 

particle step by step, as it is undergoing the CECC process. At each step, SEM studies 

should be carried out to monitor the changes in morphology of both coal and mineral 

matter. Since the opening of pores and cracks by osmotic pressure will increase the 

surface area, specific surface measurements with CO2 adsorption technique would be 

useful. Although the present study showed that chemical dissolution plays an important 

role in the CECC process, the mechanism of mineral matter removal by osmotic pressure 

requires further consideration. It would be useful to carry out the CECC process with

out acid, so that one can observe only the liberation process without being obscured by 

the chemical dissolution. 

I t would be also interesting to determine how much of each mineral is undergoing 

liberation, as it was done in this study for dissolution. This way, the efficiency of the 

CECC process would be evaluated, particularly for the removal of pyrite, kaolinite, illite 

and quartz, which are not very soluble minerals. 

6.2.2 Improvement of the CECC Process 

The work on the multistage process, including stages specially designed to improve 

liberation should be encouraged. Next, the optimization of the separation process would 

also be a key of the future work; for example, a more efficient rinsing would better ex

tract chlorine and sulfates still present in products after separation from the leachate. 
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Then, the application of ultrasonic treatment to the slurry before the separation phase 

should be considered very seriously to complete initiated liberation, such as the removal 

of the silicate plates contained in fusinite pores. 

The treatment of fmer particles should be considered with attention. The removal 

of pyrite from Widow Kennedy vitrinite should increase with decreasing particle size, 

and so will the removal of other minerals. 

Then, the recovery of the overall process should be optimized by working through 

the different fractions of the coal. For example, the fraction of coal treated by flotation, 

e.g. 50-300J..lm, could be further cleaned with the CECC process; the coarse coal particles 

could be recovered by heavy media separation, reground and then subjected to the 

process. As for fines, they could be frrst physically cleaned by microbubble flotation, 

and then treated by the CECC process. 
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Appendix A. Leachate Analyses for Jacob's Ranch 

Experimental Design 

Test tt 01 1/2h lh 2h 3h 4h 

Potassium 7.5 7.5 7.2 7.8 8.2 mgfl 
Aluminum 94 105 115 129 !39 mg/l 
Silica 9.4 8. 1 9. 1 8.4 9.7 mg/l 
Magilesi l..1m 177 lq3 181 198 201 mg 11 
Calcium 993 977 903 t080 1070 Ing 11 
Ir on 322 352 374 416 434 mg/l 

Test I 02 1/2h 1M 2M 3h 4h 

Potassium 18.0 19.0 19.0 19.0 19.0 mg 11 
All..1minum 206 238 253 270 273 mg/l 
Silica 10. 1 9.9 12.9 15.0 9.4 mg/l 
Magnesiu:n 479 505 486 464 497 mgtl 
Calcium 754 1220 988 767 871 mg/l 
Iron 508 572 558 594 664 mg/l 

T2st • 03 t/2h lh 2M 3h 4h 

Potassium 7.3 7.0 7.4 7.3 7.2 mgtl 
Al u:'!li nUI'n 97 109 1"" !29 1"'0 J. mgtl 
Silica 9.6 8.3 9.3 9.0 e.s mg Il 
I-t=lgn es i urn 163 17: 166 173 179 mg II 
Cllc:llm 913 831 910 008 924 ITig (l 
Iron 606 6"''' ... - 642 6:8 ;J!4 !llg 11 
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Te-.;t # 04 1t2h 1h :h 3M 411 

Potassium 16.0 18.C 17.0 18.0 17.0 mgtl 
Aluminum 187 237 253 372 353 in 9 / 1 
Silica 11 • 1 10.9 10.6 9.2 Q.4 mg 11 
Magnesium 391 444 426 464 461 mg/l 
Calcium 1260 1030 829 854 764 mgll 
Iron 722 842 832 878 846 mgll 

Test # 05· 1/2h 1h 2h 3h 4h 

Potassium 6.5 6.7 8.8 7.3 7.6 mg/l 
Aluminum 91 107 141 150 164 mg/l 
Silica 7.0 6.3 6.2 6.4 6. t mgll 
Magnesium 177 181 197 202 217 mgll 
Calcium 508 223 295 256 425 mg/l 
Iron 300 324 356 368 402 mg/l 

Test I 06 1/2h 1h 2h 3h 4h 

Potassium 16.0 18.0 18.0 18.0 18.0 mg 11 
Aluminum 223 266 358 395 431 mg 11 
Silica 6.3 6.7 5.6 6.0 6. 1 mg/l 
Magnesium 430 501 491 493 514 mg/l 
Calcium 320 243 282 ., .. ., ... .,) .. 245 mgtl 
Iron 438 602 640 666 694 mg 11 

Test i 07 1/2h 1h 2h 3h 4h 

Potassium 7.2 5.9 7. 1 7.3 6.9 mg/1 
Aluminum 104 10Q 147 158 163 mg/l 
Silica 6.3 6.8 6.8 6.8 6.5 I11g/1 
Magnesium 180 163 194 199 l Q5 mg/l 
Calcium 402 ~33 437 307 326 m'j/l 
Iron 612 576 658 684 688 mg/l 
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1"Q-~ ._,=", ~ 08 !/:h 1h 2h 3h 4h 

Potassium 1. 22 16.0 18.0 18.!) 18.0 mg/l 
Aluminum 181 305 386 394 419 mgtl 
SilicD. 7.2 6.4 6.3 6.9 7.8 mg 11 
Magnesi!Jm 333 459 507 475 480 mg/l 
Calcium 270 239 214 218 253 mg/l 
Iron 638 872 992 962 982 mg 11 

Test tt 09 112M 1M 2h 3h 4h 

Potassium 7.4 6.5 8.35 8. 1 7.7 mg/l 
Aluminum 150 134 193 191 185 mg 11 
Silica 7.9 9.0 8.8 9.7 9.7 mg /1 
Magne~ium 186 1~1 224 210 197 mg 11 
Calcium 450 540 527 318 288 mgtl 
Iron 388 336 444 430 406 mg/l 

Test # 10 1/2h In 2h 3h 4h 

Potassium 17.2 17.4 17. 1 18.7 21.4 mgtl 
Aluminum 350 :88 407 459 529 1119 /1 
Silica 10.3 12.8 14.3 14. 4 14.3 :lIg / 1 
Ma.gnesium 412 424 422 476 366 mg/l 
Calcium 879 640 875 624 519 mg/l 
Iron 642 694 686 756 864 mg/l 

Test I 11 1/2h 1M 2M 3h 4h 

Potassiu In 7.4 9.0 7.6 8.2 10.3 :1\9/ 1 

AluminlJm 158 186 189 201 245 :11g/1 

Silica 11.9 10.2 11.4 11 • 3 11.6 mg 11 

Magnesium 133 153 144 150 185 mg/l 
Calcium 479 543 467 560 C'et~ mgtl .J -.. ,J 

Iron 652 718 682 698 834 .ng / 1 
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Test ~ 12 112M 1M 2M 3M 4h 

Potassium 14. 2 15.2 16. 4 14.8 17. 9 mg/1 
Aluminum 296 349 406 376 456 mg/1 
Silica 11. 4 13.2 10.7 12.5 11.9 mg/l 
Magnesium 354 383 442 378 464 mg/l 
Calcium 991 895 915 872 142 mg/1 
Iron 806 884 992 880 1054 l1\g/1 

Test I 13 1/2h 1M 2M 3h 4h 

Potilsslum 6.9 7.2 7.6 7.9 7.3 mg/l 
Aluminum 172 175 203 202 214 mgtl 
Silica. 8.4 9.2 7.4 10.2 7.6 mg 11 
Magnesium 121 119 131 119 131 mg/1 
Calcium 323 349 307 237 326 mg/1 
Iron 376 366 412 ~?Z 398 mgtl 

Test it 14 1/2h 1h 2h 3h 4h 

Potassium 11. 1 10.4 10. 1 10.9 11.9 ing;' 1 
Aluminum 252 257 265 294 317 mg/l 
Silica 7.2 9. 1 8.9 9.3 7.4 mgtl 
Ma.gnesium 234 215 203 229 248 11\.J / 1 
Calcium 261 277 271 245 270 mg 11 
Iron 498 459 441) 480 510 mg/l 

Tast # 15 1/2h 1h 2h 3h 4h 

Potassiul1\ 9.2 7.4 7.9 6.2 7.4 mg 11 
Aluminum 170 184 196 163 201 mg/1 
Silica 0.7 7.4 8.8 0.8 6.6 mgtl 
Magnesium 120 130 131 1(11) 1~8 mg/1 
Ca.lciuin 184 263 252 314 183 mg/1 
I r ':In 698 709 709 554 672 ng/l 
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Test tt 16 

Potassium 
Al'..lminum 
Silica 
Magnesium 
Calcium 
Iron 

Test # 17 

Potassium 
A 1 '111 in u m 
Silica 
Magnesil:1l 
Calcium 
Iron 

Test # 18 

Potassium 
AluminUt'n 
Silica 
Ma.gnesium 
Calcium 
Iron 

Test It 19 

Potassium 
Aluminum 
Silica 
Magnesium 
Calcium 
Iron 

t/2h 

10. 1 
249 

6.9 
214 
382 
628 

1/2h 

11..9 
196 

8.3 
310 
582 
674 

1/2h 

11.0 
228 

10.8 
207 
152 
594 

1/2h 

9.2 
181 

8.9 
164 
556 
468 

1M 

12.3 
319 

6.6 
252 
234 
722 

1h 

11.5 
214 

9.4 
300 
357 
654 

1M 

11.8 
278 

10.7 
221 
306 
648 

1h 

9.7 
224 

10.7 
179 
434 
520 

Zh 

12. 6 
336 

7.0 
280 
299 
772 

11.7 
237 

9.8 
300 
582 
710 

2M 

10.9 
283 

11 .0 
199 
347 
598 

2h 

3M 

13. !5 
356 

7.7 
304 
244 
826 

3h 

12.5 
269 

to.2 
317 
390 
770 

3h 

12.0 
296 

13.5 
210 
386 
614 

3h 

10.2 
266 

1 L 0 
201 
423 
582 
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4h 

14.9 
397 

8.5 
355 
217 
946 

4h 

11.7 
251 

CJ.3 
293 
487 
690 

4h 

11.6 
309 

9.4 
174 
304 
668 

4h 

mg/1 
mg/1 
mg/1 
mg 11 
mgtl 
mg/1 

mg/l 
mg ,'I 
ng/l 
mgll 
mg/1 
mg/1 

mg/1 
mg/1 
:"9 /1 
mg/l 
mg/1 
mgll 

mg/1 
mgtl 
mg/1 
:1Ig / 1 
r.\g/l 
mg/1 
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Test # 20 1/2h 1M 2h ·3M 4h 

Potassium 2.5 2.7 2.9 3 l 1 3.3 mg/1 
Aluminum 40.0 44.0 50.0 53.0 56.0 mg/l 
Silica 9.4 9. 1 10. 4 9.5 9.4 mg/1 
Magnesium 32.0 35.4 35.2 39.4 37.0 mgtl 
CalcilJm 239 461 275 294 288 mgtl 
Iron 468 568 648 692 704 mg/l 

Test it 21 1/2h 1h 2h 3h 4M 

Potassium 23.0 25.0 25.0 25.0 26.0 mg/l 
Aluminum 452 514 550 593 596 mg/l 
Silica 11.7 9.7 10.5 11.3 9.7 mg/l 
Magnesium 62f) 666 674 708 694 mg/l 
Calcium 257 329 405 373 346 mll/1 
Iron 934 942 960 1020 2050 mg/1 

Test # 22 112M 1M 2M 3M 4h 

Potassium 33.0 31.0 12.9 12.6 14.0 mg/l 
Aluminum 221 237 272 269 372 mg/l 
Silica 11.3 9.7 10.2 10.0 9.5 mg/l 
f'i!agnesiull'l 702 664 722 670 808 mg/l 
Calcium 620 589 569 632 406 mg/l 
Iren 398 412 456 474 564 mg/t 

Test * 23 112M 1h 2M 3h 41'1 

Potassium 11.3 12. 1 11.5 9.7 11.0 mgtl 
A1IJmi num ."., ....... 260 268 256 111 mg/l 
Silica 9.8 9.3 9.5 9.1 9.4 mg/l 
Magnesium 646 68a 636 626 716 mgtl 
Calcium 454 513 572 561 311 mg/1 
Iron 960 1040 1020 958 1148 :ng/1 
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Test ~ 24 1/2h ~h 2M :h 4h 

Potassium 10.9 11 • j 12. 1 10. 1 1 I). 1 mg/l 
A III ~n in u m 119 128 lS8 175 153 mg/l 
Silica 7.5 8.7 7.3 7.9 8.3 ing 11 
Magnesium 670 618 678 734 60a mg/1 
Calcium 1430 984 91)6 1090 535 mgtl 
Iron 452 4"" ...... 486 SOC 434 mg 11 

Test * 25 1/2h 1h 2h 3M 4h 

Potassium 11. 1 12.3 12. 1 12.2 13.0 mg/l 
Aluminum 197 :231 261 328 360 m~/l 
Silica 4.6 5. 1 5. 1 5.7 5.3 mg/1 
Magnesium 654 698 742 738 756 mg/l 
Calcium 149 160 137 195 207 mg/1 
Iron 568 636 644 704 721 mg/1 

Test * 26 1/2h Ih 2M 3h 4h 

Potassium 10.9 8.2 12.3 12.2 11.8 mg/l 
Aluminum 129 107 173 190 200 mg/1 
Silica 10.5 8.0 10.3 10.5 9.2 mg/1 
Magnesium 646 462 656 708 694 mg 11 
Calcium 559 537 567 392 298 mg II 
Iron 446' 342 534 546 572 mg/l 

T·:st ,. 27 1/2h 1n 2h 3h 4h 

Potassium 11.5 11.8 12.2 13.7 11.0 mgtl 
Aluminum 241 255 353 :588 342 mg/1 
Silica 9.2 1 t) • 2 10.5 12.2 10.8 mg/l 
Ma9n~silJm 678 680 63'0 740 7"" l':1g 11 
Calcium 461 426 566 399 496 mg/l 
Iron 866 912 944 980 868 '1g / 1 
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Appendix B. Leachate Analyses for Jacob's Ranch 

Optimum Tests 

Test M 1/2h Ih 2h 3h 4h 

Pota.ssium 4.0 4.2 4.4 4.2 4.4 
Aluminum 148.9 167.7 191. 2 202.3 212. 1 
Silica 7.0 7.3 7.8 7.3 7.2 
Mag n e.s i !J m 225.0 228.6 232.2 231. 6 232.3 
Calcium 365.9 353.1 364.3 360.2 357.4 
Iren 579.2 599.8 6 t 4. 1 615.9 624.5 

Test T 1/2h 1h 2M 3h 4h 

PQt,~ssi um 6.7 6.4 7.7 6.5 6.7 
Aluminum 293.0 313. 1 334.7 347.5 349.6 
Silica 9.9 7.7 8.9 8.8 9.4 
Magnesium 318.5 318.!) 326. 1 329.2 323.9 
Calcium 763. () 481.9 517.6 445.9 413.9 
Iron 707.6 727.5 741. 7 752.8 747.8 

Test BT Stage 1 Stage 2 Stage 3 stage 4 Stage 5 

Potassium 
Alt.uninum 
Sili:::a 
M~gnesium 

Salciu,lI 
Iron 

4.5 
10 q.. ! 

9.9 
201.8 
77°.6 
152.6 

1.6 
19.2 
9.3 
5.4 

131. 2 
26.3 

1.2 

9. ~ 
3.0 

56.3 
33.4 
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'2.. 1 
~:.7 
1'" .., 
.. - I- ... 

3.2 
44.6 
:1.5 

1.7 
7.2 

11.0 
1 • 5 

19,8 
50.5 

i1lg /1 
mg/l 
mg/l 
mg/1 
mg/l 
:!1g /1 

mg 1 1 
~g/l 

mg/l 
mg/l 
mg/l 
mg/l 

mg /1 
l11g 11 
mg/l 
":1g/1 
:'!lg/l 
mgll 
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Appendix C. Conversion from Dissolved Elements 

into Mineral Compounds 

The crystals present in the mineral matter being characterized by x-rays, a list of 

mineral matter compounds was established. The amount of each compound dissolved 

was evaluated using the concentration of elements dissolved in the leachate. A formula 

was derived, based on the ratio of the molecular weights of the element and its corre

sponding mineral. Assumptions regarding the repartition of the elements in the minerals 

had to be made, for only six elements were analyzed (K, AI, Si, Mg, Ca and Fe), and 

distinct minerals could share the same element. 
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Assumptions 

1. All potassium was released from illite (580.3 g/mole). 

2. All aluminum left after the balance for illite was from the dissolution of kaolinite 

(524.3g/mole). 

3. All silica left after the balance for illite and kaolinite was from the dissolution of 

quartz (60.1gjmole). 

4. All magnesium was from the dissolution of dolomite (184.4gjmole). 

5. All calcium left after the balance for dolomite was from the dissolution of 100% 

calcite (lOO.lg/mole), or of 50% calcite and 50% bassanite (145.1 g/mole) if 

bassanite was present. 

6. All iron was from pyrite (119.8g/mole), or from siderite which had very a similar 

molecular weight (115.8 g/mole), so that either one could be used for the calculation. 
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Formula 

The mass (or the concentration) of each compound can be derived from the mass 

(or the concentration) of the corresponding element(s}. 

Illite: K mg of potassium are equivalent to 14.84(K) mg of illite. 

Kaolinite: A mg of aluminum are equivalent to 4.858(A - 2.07K) mg of kaolinite. 

Quartz: Q mg of silicon are equivalent to 2.14(Q - l.041(A - 2.07K) - 2.155K] mg of 

quartz. 

Dolomite: M mg of magnesium are equivalent to 7.588(M) mg of dolomite. 

Calcite: C mg of calcium are equivalent to 

• 2.497(C - 1.649M) mg of calcite if no bassanite 

• 1.248(C - 1.649M) mg of calcite if bassanite is present. 

Bassanite: C mg of calcium are equivalent to 1.811(C - 1.649M) mg of bassanite if any. 

Pyrite: F mg of iron are equivalent to 2.146(F) mg of pyrite if dominant. 

Siderite: F mg of iron are equivalent to 2.074(F) mg of siderite if dominant. 
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