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I. INTRODUCTION

EPA New Source Performance Standards presently require removal of at

least 70% of the sulfur from all coal burned by plants where construction wa~

initiated after September 18, 1978. As old plants are replaced, sulfur will

need to be increasingly removed f,om even low sulfur coal. The law is

unlikely to change. The recent recognition of the destructiv~ impact of

"acid" rain on forests and fish thousands of miles from industrial centers

or power plants underscores the need to control 502 emissions. 502 is con­

verted to acid (H
2

S04) in the upper atmosphere. Canadians are becoming

increasingly concerned over the acidification of their northern lakes by

acid rain.

At the same time, world ~nergy shortages and cartel actions mandate that

the U.S. strive for the maximum environmentally acceptable energy self­

sufficiency. This produces strong pressures to utilize our coal resources.

We thus face the following dilemma: we need to burn increasing quantities

of coal, but it is very important that S02 emissions to the atmospilere by

this burning be kept to a minimum.

502 emissions can be reduced by removing pyrite from coal by mechanical

beneficiation or by scrubbing S02 from the flue gas. Flue gas scrubbing is

expensive, and mechanical beneficiation will work only on pyrite blebs a few

hundred microns in size. The overall objective of our work is to determine

through literature review, laboratory experiments and modeling if the fine­

grained pyrite present in many coals can be economically removed by heap leach­

ing technology. The fine-grained pyrite cannot be removed by mechanical

cleaning techniques, although vat leaching techniques have been developed

that operate at ~ lOO°C.

The potential economic incentive for an inexpensive depyritization

technology is high. Kennecott workers have published an estimate that at

least 35 billion tons of coal contain low enough organic' sulfur levels that

they could meet EPA standards of 1.2 lbs SOZ/million B.t.u. if depyritized

(Sareen et ~l., 1977). Most of this coal is in the Appalachian region; this

economically depressed area would be most benefited by the development of an

efficient and economic depyritization process. If we assume low sulfur coal

is worth $lO/ton more than high sulfur coal, a viable depyritization process

would increase the value of our nation's coal resources by $350 billion

1



The potential economic benefit
2..

and 504 free air isis thus large. The social benefit of breathing 502

equally significant but more difficult to quantify.

The heap leaching we address in this report is an alternative to the
"Meyers" (TRW Iuc.) process (If depyritizing coal by vat treatment with'

dollars, minus the cost of depyritization.

ferric sulfate at 90-l30°C. It is also an alternate to the Kennecott "LOL"

process where pyrite is leached with oxygen at IOO-130°C and 300 psi pressure.

Both Kennecott and TRW have amassed substantial literature (Hamer sma et al.,

1974, 1976, 1977; Meyers, 1977; Meyers et al., 1972; Sareen et al., 1977;

Van Nice e'; al., 1977; Tyler, 1975) to show that depyritization of coal can

have substantial beneficial impact on environmental problems attendaut to

coal combustion and can, in many cases, produce coal in compliance with new

strict environmental standards (1.2 lb 5°2/106 BTU). The main requirement is

that most of the sulfur in the coal be present as pyrite, not as organic

sulfur. TRW and Kennecott have shown that this is the case in enough instances

that a process for removing pyrite can be of great significance. TRW has also

shown that crushing and washing alone is not effective; some leaching is

necessary (see Meyers, in Tyler, 1975). The h~ap leaching process would

utilize natural air convection and leaching processes and be substantially less

expensive (in terms of dollars and energy) than the TRW or Kenr'dcott processes

which involve substantial equipment, heating of the coal to ~~-130°C, and in

the case of the TRW process, heating of a portion of the process stream to

430°C.

Recently, a model of the heap leaching of copper from low-grade industrial

waste dumps has been developed that includes the ~asic physical and chemical

processes of heap leaching, such as air convection, heat balance, temperature­

dependent mixed oxidation kinetics, and bacterial catalysis (Cathles and Apps,

1975; Cathles, 1979: Cathles and Schlitt, 1980). The copper heap leaching

model has been shown to successfully predict the leaching of test dumps

(Cathles and Apps, 1975). The model has been successfully tested against

leaching characteristics of a very large scale column (40' high, 10' diameter,

containing 170 tons of waste) designed and operated for that purpose (Cathles,

1979; Cathles et al., 1977; Murr et a1., 1977; Cathles and Murr, 1980).

In this study, the successfully tested copper heap leaching model is

modified to describe the heap leaching of pyrite from coal. The basic

2



parameters required by the model are first deduced from existing literature

or determined experimentally. The validity of the resulting model is then

tested by carrying out two different kinds of laboratory experiments: (1)

the leaching of pyrite from coal fragments immersed in ferric sulfate solution in

reaction keLtles, and (2) Lhe leaching of pyrite from coal fragments in constant

temperature columns subject to the counter-current upflow of air and periodic

downflow of flush solution. The doubly calibrated heap leaching model is

then ~sed to predict how coal heaps of realistic size will leach under actual

field condition~. These predictions form the basis for an economic evaluation

of the heap leaching coal depyritization process.

In the following pages, we show it is possible to develop a model of the

coal depyritization process that describes the leaching of fragments in a laboratory

reaction kettle, as well as the leaching of coal in a leach column. Ey

using the model, we can predict how much larger heaps of coal should leach,

and determine the optimum heap size and operating procedures. The multi-tiered

process of first predicting leaching fcom basic principles and fundamental

parameters, then testing the model against the results of kettle experiments,

~nd finally. testing it against the results of column experiments, gives con­

fidence in the model. Sensitivity analysis of model parameters allows optimum

dump design and operating procedures to be identified. It would take many,

many years to determine them through the trial and error process of heap con­

struction and operation. The economic analysis indicates that if optimally

designed and operated heaps leach as predicted, heap leaching is an economically

attractive method of depyritizing coal.

The study reported here may appear straightforward. In fact, the complex

coal leaching process resisted quantification at nearly every turn, and n~w

approaches had to be developed in several instances. These approaches should

have utility outsidE the particular hydrometallurgical problem reported here.

In what follows, we will first present the model of coal depyritization by

heap leaching, then determine the basic physical and chemical parameters from

the literature or by direct measurement, and then test the predictions of the

reSUlting model by comparing the prediction against the results of kettle and

column experiments. Finally, we use the tested model to predict the leaching

of coal heaps under realistic field conditions and assess how economically

attractive such heaps might be. Experimental and technical details will be

reported in detail in appendices. The text will be restricted to the

essentials of the model, its testing, and its implications.

3



II. A PHYSICAL AND CHEMICAL MODEL OF THE DEPYRITIZATION OF COAL BY HEAP

LEACHING

A. General Overview

Figure 1 gives an overview of the heap leaching process. Coal is piled

in a heap and water applied intermittently to the pile with a sprinkler

system. The applied solutions migrate down through the heap and flush out

iron salts produced in the intervening period by oxidation of pyrite in the

:oal. The leach or flush solutions are collected, treated to remove ~ regenerate

th~ iron added, and eventually returned to the heap in the next flush.

Within the heap, another important process operates: air convects up

through the heap and supplies the oxygen required to oxidize and leach the

pyrite in the coal. Pyrite can be solubilized and removed from the coal

only after it has been oxidized. Oxidation at useful industrial rates requires

air convection. Recognition of the importance of air convection in copper

sulfide waste dumps was the key to understanding that process (Cathles and

Apps, 1975).

Figure 2 shows the pyrite leaching process in more detail. We know from

our experience in copper sulfide waste dumps that the following processes or

steps are involved in the leach~ng process: (1) Oxygen dissolves in capillary

water, coating the coal fragments. (2) Ubiquito~s bacteria (Thiobacillus

ferrooxidans) catalyze the oxidation of Fe2+ to Fe~ , utilizing this

dissolved oxygen. (3) The Fe~ diffuses into the coal fragment and reacts

with pyrite (FeS Z) to produce solid elemental sulfur (So), dissolved sulfate

(5°4
2
-), and ferrous iron (Fe2+). The precise stoichiometry of the leaching

reaction in the coal matrix is one of· the things we must determine in this

study.

If the rate of oxidation of pyrite by Fe3+ is rapid with respect to

the rate at which Fe~ can diffuse into the coal through water-filled pores,

there will be a fairly sharp transition between the part of the coal fragment

that is leaching and the part that remains unleached. With time, this zone

of active leaching will migrate into the coal fragment, leaving behind a

"leached rim" through which the Fe3+ oxidant must migrate. This leached

rim is shown in Figure 2 by the absence of pyrite blebs. Hydrometallurgists

refer to the model where a grOWing leached rim surrounds a diminishing core

of unleached material as a "shrinking core model." A maj or breakthrough in

4
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Figure 2 Details of the leaching of finely disseminated pyrite
from a coal fragment
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characterizing the kinetics of copper sulfide leaching was the demonstration

of the applicability of the shrinking core model and the prediction, and then

discovery of leached rims around rock fragments in the dumps. This study

shows the shrinking core model is also valid for the description of the

leaching of coal fragments in a heap. Leached rims are found on coal

fragments in our experiments just as they are found on rock fragments in

copper sulfide leach experiments and in copper industry leach dumps. Actually,

we formulate our shrinking core model in such a fashion that the leach rate

is controlled by both the chemical rate of oxidation of the pyrite and the

diffusion of oxidant to the pyrite through the coal. Such a model is called

a "mixed kinetic shrinldng core model." The relative magnitudes of the kinetic

terms in this model indicate whether a leached rim is expected to form. Thus,

the observation of leached rims on coal particles indicates the relative rates

of pyrite oxidation and oxidant diffusion.

The permeability of the coal heap wi.11 depend on the size of the coal

fragments in the heap. We use the Blake-Kozeny equation as a crude measure

of this relationship. Air convects up through the heap driven by the following

buoyant forces: (1) the removal of oxygen, a heavy air component, by pyrite

and coal oxidation, (2) the addition of water vapor, a light component of air,

by the water-saturated coal fragments in the heap, and (3) by the heating of

the air by the exothermic pyrite and coal oxidation reacti.ons. The heating

of the heap can be modeled by quantifying the rate of pyrite oxidation and the

convective (water and air) and conductive losses of heat from the heap.

The elements of our model for the heap leaching of coal are thus (1) a

mixed kinetic shrinking core model (including bacterial catalysis) that

describes the rate of extraction of pyrite from the coal fragments that are

contacted by oxygenated air, (2) a heat balance model that gives the temperature

of the heap as it leaches, and (3) a momentum balance model that describes

how air convects through the heap to supply oxygen for the leaching process.

With the ~~ception of coal oxidation, these are precisely the same elements

that have been successfully used to characterize the leaching of copper

from waste dumps, and the' reader is referred to publications describing those

models for details of the brief discussion given below (Cathles and Apps,

1975; Cath1es, 1979; Cathles and Schlitt, 1980).
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B. The Mathematical Model

As discussed in Cathles and Schlitt (1980), the mixe~ ~inetic shrinking

core model describes the rate of leaching in terms of the rate of change of

the fraction of pyrite remaining unoxidized within the coal fragment, Xpy

(1)
ax
-.E.Y. =

'at

H([Oz}) is the heavy-side step function and has the value of 1.0 fo~ oxygen

concentrations in air, [Oz}, greater than zero, and is zero if the oxygen

concentration is zero. B(T) accounts for the bacterial catalysis of sulfide

leaching. Thiobaci11us ferrooxidans become sick above temperatures of 55°C or

so. t
sick

' and cease to function at some higher temperature Tkill • B(T) ~s

defined as follows:

B(T) 1.0 T < Tsick

(2) B(T)
Tkill-T

Tsick < T < TkillTkill-Tsick

B(T) 0.0 Tkill < T .

For discussion of the necessity and appropriateness of this function, see

Cathles (1979), Cathles and Murr (1980), and Cath1es and Schlitt (1980).

CD is the time required to leach the coal fragment completely if

diffusion were the sole rate-limiting process; T
C

is the same if the chemical

rate of oxidation of the pyrite were the sole limiting process. As discussed

by Cathles a.nd Apps (1975), both can be derived from more fundamental

parameters:

(3)

(4)

Ka
R

k a 1fo [ox}ox su

8



where

(5) s R
DE/k a Ifox su

In the above equations, K is the oxidant required to leach pyrite from a

unit volume of ~oal, a is the radius of the coal fragment (assumed spheri­

cal), k is the first order rate constant for the oxidation of pyrite byox
the oxidant (Fe3+-), a~u1f is the surface area of disseminated pyrite per

unit volume of coal, and DE is the effective diffusion constant for oxidant

(Fe>r ) through the coal matrix.

The skin depth, 6, is the distance into an unleached coai fragment that

the oxidant concentration. falls to 0.368, its initial value. The skin depth,

0, thus provides a direct measure of the thickness of the zone of active

leaching within the coal fragment. From (3), (4), and (5), it can be seen that

TC and Tn provide a measure of the thickness of the active leaching zone

relative to the coal fragment:

(6)

(7)

Both T
C

and Tn are given temperature dependencies:

T = To exp(E*/293.R - E*/R(273+T»

E* is the activation energy in calories per mole, and R is the gas constant.

To is the leach time at 20°C. Because equation (3) contains 6, the proper

activation energy for T
C

is half the sum of the activation energy for diffusion

and chemical reaction 1/2(E~ + E~) •

The rate of oxidation of coal is described by a different kind of equation,

the general form of which we have determined from a literature study described

in Appendix A. In this case, X is the mass fraction of coal oxidized (rather
c

than pyrite unoxidized), and:

(8)

H([OZ]) has the same meaniug as in (1). _kc is a constant characterizing the

oxidation rate of a particular coal. X starts at a value X so (8) remains
c co

finite.

9



The dimensionless terms in (8) have the form:

(9)

E* 1 1
R = exp ( R- (298 - 273 + T»)

S =~~ (1 - e-4 . 34a)2a .

Note that the reference temperature in this case is Z50 C rather than 200 c.
Equation (1) and (8) describe the kinetics of pyrite and coal oxidation.

respectively. Heat and oxygen mass balance relations may be written if the

rate of consumption of oxygen, R02, and the rate of production of heat, RA'

within th~ dump are known. Both are simply related to the oxidation rates

of pyrite and coal:

(10)

(11)

ROZ (l-cj»
a~y . axc

Pr:oal (-Qpy Gpy~ + Ic at)

RA = Pcoal (l-cj» (-Apy Gpy
.axpy axc

Clt + Ac at)

ROZ is the rate of consumption of oxygen per unit volume of heap, and RA
is the rate of production cf heat per unit volume. Pcoal is the density of

coal, ¢ the inter-coal-fragment porosity of the heap, Qpy' the grams of 02

consumed per gram of pyrite oxidized, Qc the same for coal, ~Y the
-",

calories produced per gram of pyrite oxidized, Ac the same for coai, and

Gpy is the weight fraction pyrite in the coal.

Oxygen concentration can b~ determined by following a parcel of air

along a streamline from where the air first enters the coal heap:

(12) ds
[02] = [02]Ambient - J -V R92

stream11ne

(13)

v is the Darcy velocity of the air (see Cathles and Schlitt, 1980).

Once [OZ] is known within the heap by solving (12), the energy balance

equation may be solved, and the temperature of the oxidizing coal heap a

time ~t later determined. The pertinent one-dimensional energy equation

(eg. Cath1es and Apps, 1975) is:

aT aT a2T
PTCT at = -(PwCwvw +PaCava) az + RA + K1' azz

Here PT' CT, and KT are the density, heat capacity, and thermal conductivity

of the heap as a whole, Pw' Cw' and Vw the density, heat capacity, and Darcy

velocity of water applied to the heap, and Pa' Ca , and va the same for air

traveling through the dump.

10



If air convects through the heap (i.e. it is not forced through with a

blower) the one-dimensional air flow through the heap may be described:

kave f,.p
(14) v = -- -a J-la H

H is the height of the heap, J-la is the viscosity of air (= 1.9 x 10-4 poise),

and kave the average permeability of a vertical section through the heap.

~p is the pressure drop across the heap:

(15)

(16)

~Pa is the difference in density of air inside and outside the heap. If we

assume the air inside the heap is saturated with water vapor, we can derive

expressions for the heat capacity of the air and its density to complete (13)

and (14) above (Cath1es and Schlitt, ~980):

Ca = .24 + 51~~iO exp (-5220.9/(T + 273»

'pPa = 1 _ 3.66 x 10-3 (T-20) + 2.83 x 10-2 (1 - [02 ]) +
ao

4.7093 x 105 exp(-5220.9/(T + 273».

Finally the permeability of the coal heap can be related, at least approximately

to the size of the coal fragments in the heap and the inter-fragment porosity

of the heap, ~, by the Blake-Kozeny Equation (Bird et al. 1960, pI99):

_ (2a)2 <1>3
(17) kave - 150 (1-<1» 2

The equations above represent a complete model of the heap leaching

process that can be solved so as to predict the leach history of any heap

by finite difference techniques (Cathles and Apps, 197$; Cath1es, 1979) once

the values of the various parameters in the model are known.
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c. Direct Determination of Basic Model Parameters

Parameters in the model of the previous section fall naturally into

three categories: First there are parameters that depend on the way in

which the coal is prepared or the coal heap operated. These parameters

include the average size of coal f-ragments in the heap, the inter-fragment

porosity of the heap, and the rate at which water is applied. Second are

parameters that depend on the type of coal being leached. Different coals

will have different amounts of disseminated pyrite with a different size

distribution and consequently the pyrite surface area per unit volume will

vary in various coals. Ionic diffusion will be easier in some coals than

in others; indeed the effective diffusion constant of the coal is expected

to be the single most important f&ctor in determining the rate at which

disseminated pyrite can be leached. Some coals may decrepitate as they

leach. Substantial pyrite removal may be possible in the preparation steps

for coals that contain coarse fracture filling (cleat) pyrite as well as coarse­

grained disseminated pyrite. Finally, there is a group of parameters that should

be relatively constant from one coal to another such as density, thermal

conductivity, heat capacity, the kinetic constants describing oxidation

of pyrite and coal, the activation energies of these kinetic constants, the

heat released per gram of coal or pyrite oxidized, and the oxygen required

to o~idize a gram of pyrite or coal. In this section we review the literature

to determine the last set of parameters and des~ribe measurements or

experiments we have carried out to detel-mine the second set. The first set

we treat as variables in the heap leaching model since they are subject to

direct operator or design control.
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1. Literature Determination of Constants Describing General Coal
Properties

j

The parameters that are not expected to vary greatly between coals

can usefully be extracted from the literature. This is done in Table 1.

The entries in the table are for the most part self explanatory, but some

discussion of the stoichiometry of the leach reaction and values of kox

is useful.

The oxidation of pyrite by Fe3+- can be written ill a general form that

allows the products of the reaction to be variable proportions of HS04

and So:

(18)
FeSz + (2 + 12X)Fe(III) + (8X)HZO --> (3 + l2X)Fe(II) +

(14X)a+ + (2X)HS04 + 2 (I-X) SO

If X in this equation is l.~pyrite oxidizes entirely' to HS04 ; if X = 0.0,

pyrite oxidizes entirely to Sa. The reaction is written in terms of HSOL;-­

because at low pH this species is expected to be more abundant than S04

(Barnes et al., 1966, show the pK(250 C) of HS04 is 1.97). The notation

Fe(III) and Fe(II) indicate the total concentration of ferric and ferrous

iron in solution. The various complexes of iron are ignored.

Hamersma et al. (1973) have indicated an X value of 0.6 is appropriate

for the Meyers process of coal depyritization. A literature review of other

studies (see Table 1 of Appendix ~) indicates that this value is fairly .

generalIy appropriate, although different studies show quite a spread of X

values. We adopt X = 0.6 with the caution that this will need to be verified.

Much ot the stoichiometric data in Table 1 comes from equation (18).

For example, 4 moles of Fe(III) are equivalent to one mole of 02' and the atomic

weight of pyrite is 119 grams and 02 32 grams. With this in mind, the value of

Qpy can be read from equation (18). The heat released by pyrite oxidation,

Apy , is calculated from the enthalpy of re&ction (18) as discussed in

Cathles and Apps (1975).

There has been considerable debate in the li~erature over whether rate

expressions for the oxidation of pyrite should be written in terms of free

Fe~ or the total ferric iron in solution, Fe(III). Sasmojo (1969) has

shown that complexes of ferric iron are less reactive than free Fe~ , but

Amell and Langmuir (1978) argue that surface charge means complexed ferric

species will have more intimate access to the leaching surface. Most workers

13
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have used FeCIII) as the basis for kinetic expre~sions (this is the case for

all curves shown in Figure 3). The diffusion rate of Fe(III) into coal

fragmen~s to the sites of pyrite oxidation will certainly be controlled by

the total ferric iron concentration. Thus formulation of the oxidation

kinetic model in terms of Fe(III) will be consistent with the diffusion

transport model. For this reason and also because kinetic studies

available in the literature are couched in terms of FeCIII), we will use

rate expressions involving FeCIII). Figure 3 shows the appropriate range

of kox ' under heap leaching conditions is 10-6 to 10-7. The units of kox
are em/sec; the ra~e of destruction of Fe (III) at the pyrite surface is

given by kox times the total ferric iron concentration, Fe(III).

Figure 3 shows the rate of pyrite ~xidati?~ is appr?ximate1y zero order

in FeCIII). kox decreases as Fe(III) increases so that the rate of 1eachiIlg

depends only very weakly on FeCIII). This means t~at it is not critical

that we know the ferric iron concentration in the pore solutions of the heap

or columns. The rate constant can be determined in experiments where the i=oo

concentration is known and then used for the columns and heaps. Because

of the approximate zero order dependence of the leaching, the rate of pyr~te

oxidation will be correct evp.n if the concentration of Fe (III) in the columns

and heaps is quite different.

2. Measurement of Parameters Specific to the Coals used in this Study

Early in the study, four barrels of Illinois Basin (#6 seam) and a

barrel of Wyoming coal were obtained fr.om the Peabody Coal Company and Kerr

McGee, respectively. Analysis for the forms of sulfur was made on represent­

ative samples, and the results appear in Table 2. Generally, Illinois #6 coal

contains about 2% pyritic sulfur, and the Wyoming coal about 0.13%.

The Illinois coal contains both coarse fracture-filling cleat pyrite, and

disseminated pyrite. As shown in Table 3, the disseminated pyrite retained in

the coal matrix after a float-sink preparation is fine-grained, roughly two­

thirds being less than 10 ~m in diamater. The Wyoming coal pyrite is also

fine-grained and disseminated throughout the coal. The fact that pyrite in

the Illinois and the Wyo~ing coal exists in the very small size range indicate3

it will be easy to leach but very hard to remove from the coal by conventional

washing methods.
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Fig'.lre 3. Kinetic data for the oxi.dation of pyrite by Fe3+ is to our knowl­
edge available from only two sources: Smith and Shumate (1970),
and Mathews and Robins (1972). In Smith and Shumate's work, we
calculate (using methods described in Addendum 2 to Appendix D)
that 80% of the total iron in solution is present in the ferric
state. We assume this was also true for Mathews and Robins work,
but cannot verify this because they do not report Rh. The curves
show a close to zero order dependence of pyrite oxidation en
Fe(III) concentration. A first order rate constant, k ,which
when multiplied by total ferric iron concentration wou~a give the
rate of consumption of ferric iron per unit pyrite surface area,
is plotted. on the ordinate scale. The figure shows the "first"
order rate constant appropr.iate for describing the rate of pyrite
oxidation under expected heap leaching condition shaded area is
between 10-6 and 10-7 em/sec.
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Sul,fate S% Pyrite S% Organic S% Total ~%

Illinois, Seam 116

River King Pit 3 .17 2.39 2.16 4.72

River King Pit 6 .23 2.38 1.98 4.59

Baldwin Mine .15 1.81 1. 70 3.66

Marissa Mine .12 1.81 2.04 3.97

Wyoming

Jacobs Ranch Mine 0.02 0.13 0.48 0.63

Table 2. Forms-of-sulfur analyses of the as-received, run-of­
mine coals used in this study
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Percent disseminated pyrite with radius:

111inois 1f6

Baldwin Mine 71% 81%
74% 87%

Marissa Mine 60% 67%
50% 73%

River King Pit 3 66% 75%
62% 79%

River King Pit 6 48% 69%
48% 72~~

Wyoming

Jacobs Ranch Mine 91%
77%

Table 3. Size distribution of pyrite disseminated in coals used in this
study. Size distribution was measured ~sing an automated micro­
scopic method developed at Penn State and described by Kuehn (1979).
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The as-received coal was prepared for analysis and experiments as

described in the flow charts of Figure 4a-c. The coal was hand picked to

remove clay and massive pyrite chunks, then crushed, passed through a 2.8

specific gravity, Certigrave, organic liquid float-sink separation to

remove the cleat and chunK pyrite, and then washed and split into several

size fractions. The effect of the float-sink separation on pyrite content

can be seen in Table 4. It shows the pyrite content of the Illinois #6

River King Mine Pit #3 coal was reduced from 2.39% to about 1.2%. This

provides a measure of the sulfur removal that might be achieved by

mechanical coal cleaning processes. More information on the characteristics

of the Illinois #6 River King Pit #3 coal, used in all our experiments

(except one column test that used Wyoming coal), is given in Table 5

The parameters for which we seek values in this section are listed in

Table 6. The surface area of disseminated pyrite per unit volume of coal

was directly measured by an automated Rapid Scan Microscopic technique

developed at The Pennsylvania St.ate University and described by Kuehn (1979).

The technique rapidly collects data on the total length of pyrite encountered

in the scan and the number of pyrite blebs encountered. This data allows

the surface area of pyrite per cm3 of coal to be computed as well as the

mean diaroeter of sulfide blebs in the coal. The values of a~ulf for various

coal size fractions are given in Table 4.

As commented in the caption of Table 4, the weight percent pyrite

calculated assuming a pyrite density of 5 glcc is about half the weight

percent pyrite indicated by the forms of sulfur analysis. The discrepancy

is caused by the tail on the bleb size distribution curve. For ~xample

Appendix B shows that for the +0.85mm - 2.0Omm size fraction, 10 volume

percent of the pyrite occurs in blebs greater than 36 ~m in diameter even

though the ~verage bleb size is 7.4 ~m.

The sur-face area of pyrite in the coal Nas also measured by gas ad-

sorption te~hniques (Appendix B). This approach suggests a~u1f = 235 cm-1• Much

of the disseminated pyrite in Illinois #6 coal is characteristically spongy in mor­

phology. For this reason, and also because diffusion will smooth the irregular shapes

of pyrite blebs to some extent from the point of view of leaching kinetics,

the full gas adsorption measure of a~ulf is too large. A reasonable estimate,
of pyr:i.te surface area per unit volume of coal is 30 to 100 cm-'" as shown in

Table 6.
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split for storage

As received ROB coal (180 kg) (55 gal. drum)

'\
split for e~perimentation and analysis

(32 kg) (2 5-gal. plastic buckets)
~

hand remove clay and massive pyrite material

jaw crush to 19.0mm top size using Chipmunk jaw crusher

remove <O.B5mrn fines by sieving

soak +0.85mm fraction in distilled H20 for lhr to breakdown clays

wash and agitate to remove clays in suspension

air dry in fume hood for 12hr in shallow pans

sieve size coal into five size fractions u~ing shaker sieve

..
2.80 sp. gr. Certigrave organic liquid float-sink separation

retain float fraction on filter paper

wash float fraction with acetone and dry at 600 C for 12hr in fume oven

resieve coal to remove <0.85mm fine particl~ fraction

take analytical and experimental split from each size fraction

(1 kg minimum each)

Figure 4a

Coal Sample Preparation Flow Chart
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Exp~riment sollt (1 kg)

hnrrl r",rl0'lp r:1.1crosco?ic calcit[~, Q\li3rtz, ilni rlay rarti('~es

soal', 15 mi n. i t1 ll'l lie 1. co r'"GOV c' ca rhona tt' r ilkS

:iistilbrl H20 rinl>F> till c-;'flu::nt /\gl:03 ch~ck for Cl
n,:!! il t i', p

airolry for 24hr

spl it out "x;Jerir:,t:'ntal fractions, (lOg) , nn.1 :;ton' un:l,'r nitr():~en

untL1 uS'.l<l for "xpl'rimE'nt.;:Jtion

prior to ['xpcrin<'ntal run, VaCUU1:1 impr'"gnate conI
ror 65 r'lin. in Ii; H2 S0 4 solution to <:1bplacc> air fro;:] pore 51',aces

Figure 4b

Experimental Size Fraction Split Preparation Scheme
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Analytical Split (1 kg)

~
removal of pyrite bearing fusinite macerals

;srird to -O.!lSmm size using rotatin~ plate ~rirrler

.SPLIT :fl for p~trographic pellet prl:!paration (5GO 8)

/
rapid-scan microscopy (50 g)

\
microscopic analysis

• SPLIT ii2 for chemical analys~s" (200 g)

~
~rin:l to -lOOmesh (mortar&pesde)

Split 112,\ (lOg) for Hi:;h Temperature Ash (HTA)

2eat in muffle furnace ov<:!rnif;ht OSOoC)

SPLIT it2B (5g) for forms oE sulfur ana'..ysis

SPLIT It2.C (lOg) for Low Te[Jperature Ash (LT.\)

ash at -ISOoC until constant weight establish0j

g rim to -zoo I:\esh (mortar&pestl..::)

quantitativ<:! x-ray j iffraction analysis

."
Stanlartl A.nalytlcal scheme used at The. Pennsylvania State

L'ni'l~rsity :Hneral Constitution Laboratory_

Figure 4c

Analytical Scheme for Size Fraction Splits
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For pyrite grade, Gpy ' we take the average weight percent pyritic

sulfur and convert to weight percent pyrite as shown in the caption to

Table 4. A disseminated pyrite grade of 2% is reasonable for Illinois #6

coal from the River King Pit #3. Similarly, K, the grams/Fe 3t required to

leach pyrite from one cm3 of coal can be easily calculated from equation

(18), Gpy ' and Pcoal ,as shown in Table 6.

The effective diffusion constant of the coal matrix, DE' can be

estimated from the connected porosity of the coal, the diffusion constant

for Fe~ in water (given in Table 1), and the tortuosity of the coal pores,

as indicated in equation (19) below. DE can, with great difficulty, also be

measured directly.

(19)
ep D' .

c=--
T

Eight water imbibition measurements of the connected porosity, epc'

of Illinois #6 coal were made using techniques similar to those of Dabbous

et al. (1974) as described in Appendix C. The connected porosity of the coal

is 7.2 ± 0.7%. The tortuosity of the pores, T, is difficult to measure, but

might be estimated by measuring the "formation factor" of the coal

(Worthington, 1975; Katsube, 1981). We have found from past experience that

a tortuosity of 5.0 is often appropriate (e.g. Cath1es and Apps, 1975).

Using these values and the iron diffusion constant in Table 1, equation (19)

gives DE = 7.5 x 10-8 cm2/sec. The uncertainty in this estimate comes mainly

from T and is at least 100%.

Considerable effort was invested in an attempt to measure DE directly

using a Garrels-type diffusion cell (see Garrels et a1., 1949). Wafers of

coal 1.5 to 4.5 mm thick were prepared and placed between two reservoirs:

one containing KCl solution and the other distilled water. The problem was

that the wafers showed an extreme tendency to crack. The cracks were not

always visually apparent. Out of 50 measurements made on Illinois #6

coal wafers, we are confident the data from only three reflect the effective

diffusional porosity of the coal. These three measurements give DE = 9.8 x

10-7 , 7.5 x 10-8, and 5.6 x 10-8 . The measurements agree well with the

estimation of DE from imbibition techniques cited above. Considerably\mo~e,

success was obtained in measuring DE of the Wyoming coal. The reader is
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referred to Appendix C for a complete description of the techniques applied

and the results.

3. Predicted Reaction Skin Depth, 8, and .Leach Times, TC and TD

The parameter values in Tables 1 and 6 can be used in equations (3),

(4), (5), and (7) to calculate the time required to leach pyrite from coal

fragments of different sizes at various temperatures, and to estimate the

reaction skin depth, o. The results appear in Table 7. Figure 5 shows the

predictions of the shrinking core model in general terms. If, at a particular

temperature the total leach time, TC + TD' is known, Figure 5 allows deter­

mination of the fraction pyrite oxidized and leached at intermediate times.

This figure is particularly useful in interpreting leach experiments, as

we shall see in later sections.

Two important prediction~ can~e drawn from Figure 5 and Table 7:

First, especially at higher temperatures the rate of leaching should be

diffusion controlled and leach rims should be observed on partially leached

coal fragments. This is indicated by calculated values of 6 of a millimeter

or less (Table 7). Secondly, Figure 5 and Table 7 show it should be possible

to leach a substantial fraction of the disseminated pyrite from coal

fragments in less than a year if the heap temperatures are greater than 40°C

and the coal fragments are <1/2 inch in dimension (a ~ 0.64 em).
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1.0

O.B

t
Cl
LU
:J: 0.6
'-'
<t
W
......J

Z
0 0.4-t-
(.)

<t
0::
u.

0.2 ...

0.2

'-- I...- J --J'-- I~____"

0.4 0.6 O.B 1.0

t/(rC+rO)-+

0.0

Figure 5. The integrated form of equation (1) assuming BeT) = H([OZ]) = 1.0
is useful in evaluating experimental leach results in terms of
lC and lD' When t = TC +- lD' pyritt: is entirely leached from the
coal. Appropriate values of lC + lD can be read from Table 7 for
various size coal fragments and temperatures.
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R
30

-1 R
100

-1asulf em a
sulf

em

20°C 400 e 200 e 400 e

o(]..1m) 1580 308 866 169

T (mo) 109 a 28 a 33 a 8.4 ae

lD (mo) 116
2

67 2
116 a 2 67 a 2

a a

lC + 'n
for a = 0.64 45.4 mo 32.8 mo

Table 7. Reaction skin depth and leach times at 200 e and 400 e
calculated from the parameters in Tables 1 and 6, and
equations (3), (4), and (5). kox is taken to be 10-7
em/sec, a value at the low end of its range (see Table 1).
The stoichiometric X factor is taken as 0.6. The oxidant
concentration [ox] is taken equal to 10-3 g Fe(III)/cm3 .
The leach times are given in terms of a, the radius of the
coal fragments in the heap.
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ing the kettle leaching technique.

turned out to be complicated by the

D. Model Verification and Parameter Calibration by Kettle Leaching
Experiments

The predictions of the previous section were first verified by leaching

carefully selected ane sized samples of coal in kettles in which the ferric

iron concentration of the leach solutions was accurately controlled and

atmospheric oxygen excluded. A great deal of effort was devoted to perfect-

What seemed at first a simple approach

complex chemistry o~ the coal. At first.
2-we thought the leaching of pyrite could be monitored by additions of SO~

to ferric chloride leach solutions. Acid soluble sulfate phases in the coal,

such as gypsum. anhydrite, jarosite, and melanterite (Davis, 1982; Bladh.
2-1982), contributed enough 504 that inference of pyrite leaching through

increases in solution sulfate concentration was impossible, even ignoring

the stoichiometric complication that some of the pyrite sulfur is likely to

remain in the coal as So. Finally. an Et-pH-stat technique was developed in

which both the Eh and pH of the leaching t;olutions are maintained at fixed

values by automatic titration of base and H20 Z into a ierric sulfate solution.

The pyrite oxidacion is monitored by keeping track of the amount (Jf RZ0 2
added. The technique was shown to work very well. The HZO Z reacts quickly

with the leach solution to increment the ferric iron leve=.; HZ0 2 does not

react with the coal. The technique and its justification are described in

detail in Appendix D. We consider development of this technique and demon­

stration of its validity to be one of the more important contributions of

this study.

Illinois 1f6 coal was treated. handpicked". and sized into five fractions

that contained only finely disseninated pyrite. Carbonates (which could

affect pH and require acid titration) were ren.oved by soaking the coal in

1 M RCL for 15 minutes. Ten-gram charges of the ~oal were t3en washed and

prepared for introduction to the leach kettle.

Typically. the products of pyrite oxidation wera allowed to build up

in the leach solution of the kettle for 20 to 40 hours; after this, the

solution in the kettle was replaced. The rate of consumption of Fe(III) was

determined from the rate of addition of HZO Z required to keep the Eh of the

solution constant. As discussed in appendix D, one mole of HZO Z oxidizes

two moles of ferrous to f~rric iron.
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The average rate of ferric iron consumption can be determined for each

batch, and the drop in rate for ~uccessive batches plotted versus time, as

shown in Figure 6. The trend of the points in Figure 6 is characteristic of

all the coal samples leached. Leaching begins with a rapid reaction rate

and rapidly declines to a more slowly changing but steadily decreasing rate.

tve assign the term "fast" to the portion of Figure 6 where the

rate of reaction is rapidly changing. The more gradual sloping portion of

Figure 6 is referred to as the "slow" or "tail" segment of a sample's leach­

ing history. Fast leaching is characteristic of fresh samples having no

prior leaching history.

1. The Temperature Dependence of Leaching

The temperature dependence of leaching was determined both at the start

of leaching in the "fast" part (Figure 6) of fresh (unreacted) sample splits

and as a function of time as leaching took place. The results are shown in

Figures 7 and 8. Figure 7 shows an activation energy of 20.8 ± 2.5 kcal/mole

adequately describes the temperature dependence of the first stages of leach­

ing. In the early stages of leaching, the leach rate is controlled by the

chemical kinetics of the oxidation reaction of pyrite, and the activation

energy is appropriate for the temperature dependence of k ,which we have
ox

characterized in Table 1 by E~. The activation energy in Figure 7 confirms

the 20 kcal/mole activation energy determined from the litera~ure and

listed in Table 1.

Figure 8 shows the overall activation energy decreases as leaching tak.es

place. The leach rate declines as leaching takes place as shown by the solid

line through the 40°C points. More rapid leaching results if the temperature

is increased; less rapid if the temperature is decreased. Arrows on the

figure show the activation energy indicated by the observed changes in rate.

The drop in activation energy with leaching (time) suggests, and is consistent with,

the development of a leached rim around the coal fragments. Aqueous diffusion

has an activation energy of 5 kcal/mole; the activation energy of the mixed

diffusion and chemical oxidation should be between 20 and 5 kcal/mole and

decrease as the leaching progresses and the kinetics are more dominated by

diffusion, as observed.
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COAL PARTICLE SIZE =+2.0 mm -3.2 mm

0

I- TEMPERATURE = 45°C -
FE (TOT) =0.0358 M, S(TOT):: 0.10 M.

<:> pH=1.10

STIRRING SPEED:: 200RPM
I- -FE (III) I FE (II) :: 2.5
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<:>

~ II
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Figul..·e 6 . Reaction rate plotted as a f'lnct-l.•JO of total leach time.
Experimental points are plotted at the middle of the time
block (typically 30 hrs.) required for each batch run.
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TEMPERATURE (DC)
4050

2.8 r-----------....,.------------r-----,

pH=1.10
2.4 FE ( I I I ) I FE (I I ) = 2.5 <:>

FE (TOT) =0.0358M

/S (TOT) =0.10 M <:>

2.0 STIR SPEED=850 RPM
<:)

<:)

1.6 <:>-UJ
I-
<t
0:::-
c:: 1.2
et

I <:)

<:>

0.8

= (-32.2±4.n + (20.8 ± 2.5) * X

0.4
E~ : 20.8 ± 2.5 Keel (mol

0
Q COAL PARTICLE SIZE =+ 3.2 mm - 9. 5 rom

0.0
1.56 1.58 1.60 1.62 1.64 1.66 1.68

(1/RTKELV) X 1000

Figure 7. Arrhenius plot showing the reaction rate (mg Fe(III)/hr/g coal)
as a function of temperature. The data points each represent
a separate fresh coal sample and rate determination, The solid
line represents a least squares fit of data. The correlation
coefficient equals 89%.
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Figure 8. Reaction rate is plotted as a function of time. The temperature
of the leaching was varied as leaching progressed. The arrows
compare the rate of leaching at various temperatures to the rate
that would have obtained if the temperature of the kettle had
been 40°C. The numbers in the arrows give the activation energy
suggested by the change in rate and temperature. The activation
energies decrease with time from "-'20 kcal/mole toward 5 kcal/mol~

as suggested by the shrinking core model.
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2. The Stoichiometry of Pyrite Oxidation

The stoichiometry of pyrite oxidation can be determined from the con­

sumption of ~202 and the decrease in pyrite before and after leaching and

(independently) from the increase in organic sulfur after leaching. Sulfur

analyses of four kettle charges. before and after leaching, are shown in

Table 8. Generally, about 60% of the pyritic sulfur in the charges was

leached in 200-400 hours at 40°C, a decrease of 0.76 weight percent. The

organic sulfur content, on the other hand, increased about 0.3 weight percent.

Equation (18) and the fact one mole of H
2
0Z oxidized two moles of

ferrous iron to ferric indicates (1 + 6X) moles of pyrite will be oxidized

per mole of H20Z consumed. Table 9 lists the moles of pyrite oxidized for

each sample of Table 8, the moles of HZOZ consumed in the process, and the

stoichiometric X value calculated from the above stoichiometry. The X so

calculated is 0.68 ± 0.25, which is consistent with the value of 0.6 deter­

mined in studies by other workers (Table 1).

It should be pointed out that although Meyers (1977) proposed an

effective stoichiometry of X = 0.6 for coal depyritization by ferric sulfate,

he also showed that at the 102°C temperatures of his process, ferric iron

reacts with the coal matrix. The excess ferric iron reduction was 0.3 ± 0.2

g Fe3+/g coal (Meyers, 1977, p. lIZ). We have investigated the possibility

that ferric iron could be consumed by oxidation of the organic material in the

coal matrix. Stumm and Morgan (1970, p. 536)discuss the ability of organic

substances, especially those that contain hydroxy and/or carboxyl functional

groups, to reduce aqueous ferric iron to ferrous iron. Carboxyl groups are

known to be absent in the High Volatile B bituminous coal used here (Given,

1979). We have observed more organics in ferric sulfate leach solutions than

in "blank" sulfuric acid solutions we have interacted with the coal. The

increase in olganic content of the leach solutions is not sufficient to

affect the stoichiometric X determinations, however.

The stoichiometry of pyrite oxidation in the kettles can also be

estimated from the increase in organic sulfur. In the forms of sulfur

analysis, sulfate sulfur is determined from gravimetric analyses of the

sulfur solubilized by a hydrochloric acid leach. Pyritic sulfur is determined

from nitric acid soluble iron levels in the coal sample leachate. Total

sulfur is a result of iodometric titration of SOZ(g) evolved from combustion
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of a split of the coal sample. Organic sulfur is determined by the differ­

ence between total sulfur and the sum of pyritic and sulfate sulfur.

Organic sulfur is therefore all sulfur not soluble in hydrochloric or nitric

aci~. Elemental sulfur is not soluble in either of these acids and is the

postulated cause of the organic sulfur increases.

If the increase in organic sulfur is attributed to So, the amount of

pyrite oxidized and the fact 2(1-X) moles of SO should be generated per mole

of pyrite oxidized can be used to determine X. This is done in the last

column of Table 9. The r.olumn shows a mean X value of 0.55 ± 0.24, which is

consistent with both the previous estimates.

3. Determination of k and DEox--
Figure 9 shows the leach history of Runs Band D (see Table 8) deduced

from Fe(II1.) consumption data assuming X = 0.6 ± 0.1. The curves are clearly

similar in form to those expected in Figure 5. In Run D, the iron consumption

data indicate about 68% of the pyrite is leached in 400 days (Table 8 suggests

70% leaching). Figure 5 shows 70% leaching can be achieved in 0.23 (TC -I- TD)

if the leaching is diffusion controlled. On this basis, we would estimate a

leach time (TC + 'D) of 400 hours/0.23 or 2.3 months. A similzz estimate mad2

for Run B is 360 hours/O.035 or 13.8 months. These estimates agree very

well with the predicted values for the two runs of 2.2 and 9.4 months res­

pectively (Table 10), taking a~ulf = 100 em-I.

A comparison of the predicted and observed leaching parameters that

takes account of the shape of the observed curves of Figure 9 as well as

the total pyrite leached is shown in Table 10. The observed 'C and CD

values of Table 10 were obtained by fitting the kettle data to the shrinking

core model using a non":linear least squares technique. The advantage of

this approach is that values for both TC and 'D are obtained. The values

so obtained clearly show the rate of leaching is controlled by diffusion

(TD is greater than TC)' This conclusion can be aro was verified by various

graphical curve analyses. The shape of the leaching curve clearly indicates

diffusion control.

Diffusion control requires formation of leached rims. The leached

coal fragments were examined and leached rims were indeed found. An example

is shown in Plate 1. Tne thickness of the transition zone between the

leached rim and the unleached core in Plate 1 is about 650 ~m in both

40



Cl
LU 1.00:c I I 1 I

U« 0= Run 0, a=O.13,40°Cw
8 =Run Bt a =O.32,40oC-l 0.80 ~ -

z

!I0

I 680/0-

!I-
u 0.60 - ! -« I0::

Iu- tI.LJ 0.40 '-- ! ~ ~
42 °/0 _

I-
~-

~ ~c::
>-
~ ~0.20 ,.... ~ ~ -
-.J
<!

~ 8I-
0
I- 0.00

, I I I I

0 80 160 240 320 400 480

LEACH TI ME, riGURS

Figure 9 Leaeh histories of two kettle runs
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Observed Observed
Predicted (Least Squares) Predicted (Least Squares)

Run a TC "CC Tp "CD

.9 2.8
B 0.32 8.9 to 2.7 1.0 6.9 '•• 0

1.1 5.5

.4 1.1
D 0.13 3.6 to 1.1 .3 1.1 l.8

.3 2.7

Table 10. Leach parameters at 40°C predicted from Table 7 are compared

to the curves in Figure 9 which represent best fits to the

shrinking core model using a least squares non-linear fitting

technique (APL Statistical Library, 1979). The two values for
R -1

TC are for a SULF= 30 and 100 cm .
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Plate 1 Rimming phenomena observed within coal leached in the
kettle apparatus. Three zones or stages of leaching
are evident. Circle 1 denotes a void space containing
evidence of remnant (unleached) pyrite.
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cases. The transition zone width will be about 20, so this observed width

is in excellent agreement with the predicted 0 value of 169 to 308 ~m at

40°C (Table 7).

Finally we can use the observed 0 value of 325 ~m, a TC value of 1.0 mo.,

and 'D value of 4.0 mo for the larger size fraction leached (the 0.7 rom 6

value makes utilization of the smaller size fraction data questionable) to

calculate DE and kQx from equations (3) and (6). We assume K=O.14 and

a~ulf ., 30, [Ox] = 1.4 x 10-3 • The results, extrapolated back to

20°C, are: DE = 8.7 x 10-8 and kox = 1.5 x 10-6• These values are in

excellent agreement with those inferred from the literature of 7.5 x 10-8

and 10-6 to 10-7 respectively (Table 1 and 4).

4. Summary and Conclusions.

The kettle experiments confirm the activation energies, rate constants,

and reaction stoichiometry deduced from the literature in the previous

sectio~. kox seems to be on the high end of the range we identified from

the literature. a~ulf 100 cm-1 appears preferable to 30 em-I. Leached

rims were observed as it was predic'ced they should be and the width of the

transition zone between leached and unleached coal is about the thickness

predicted. The kettle experiments provide excellent confirmation of the

shrinking core leaching model.

E. Model Verification and Paramete~ Calibration by Column Leaching
Exper.iment.

Four 356-422 day column leaching experiments were carried out to

further test the shrinking core heap leaching model. Plexiglass columns

(three inch ID) were wrapped with copper tubing and maintained at constant

temperature by passing water from a thermal bath through the tubing (see

Figure 10). The columns were charged with about 2.5 kg of coal, and the

coal was leached by passing air at a measured rate up t\rough the column.

The leach products were periodically flushed from the ~olumns with batches

of acidified water. The cumulative oxygen extracted and iron produced by

the column was monitored, as was temperature at several locations along

the column. Complete details of the operation are given in Appendix E.
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Thermocouples

Elevated pad
with holes to
drain solution

Baffle with holes
to spread solution

,.Solution
influentAir

effluent --measure O
2

';,.....::.;;,~l ......._

concentration :1}~I-+--1!-44.', /,

Insulation

Reci rculating
pump

Constant
temperature

bath

Sol ut ion eff Iue nt
Air influent

Figure 10 Schematic drawing of a constant temperature leach column.
Flush solutions are applied to the top of the column. air is
input at the base. Constant temperature is maintained by a
constant temperature bath and tubing wrapped around the
insula~ed column. Temperature is measured along the column.
Oxygen c,)ncentration is measured in the air effluent from the
top of the column.
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Data on the columns and on the results of leaching are summat"ized in

Tables 11-14. Plots of the fraction of total iron removed as a function of

cime for the four columns is given in Figure 11. Figure 11 shows that,

as expected, the leaching is faster for smaller coal fragments and higher

leaching temperature. The Wyoming coal in Column 1 leaches rapidly, as

might be expected from its very low pyrite content (see Table 11, and note

in equations (3) and (4) that 'c aud Tn contain the variable K which

increases linearly with pyrite content as shown in Table 6). The slow

startup time of Column 1 may be related to retention of iron in the

organic structure of the Wyoming coal.

It can be seen from Table 11 that a rather large discrepancy exists

between the pyrite content estimated from total iron in the RTA and the

pyrite content determined from a forms-of-sulfur analysis for pyritic

sulfur. The reason for this discrepancy is not clear, since mineralogic

analyses of the low-temperature ash" consistently only detected pyrite,

quartz and calcite, and showed no evidence for the presence of iron­

containing mineral phases other than ~yrite (FeSZ)' A possible explanation

is that the coal contains a considerable amount of organically-bound

iron.

The post-mortem analyses reported in Table 13 were obtained in the

following fashion: Following the completion of a column experiment, the

apparatus wa.s dismantled, and the packed bed of coal was removed from ~he

Plexiglass column in an aluminum coring tube so as to preserve the spatial

distribution, both lateral and vertical, of the coal particles within the

leach column. The core tube was sealed air-tight. and inlet/outlet

tubing was attached so that an inert atmosphere of nitrogen gas could be

passed through the coal within the core tube. The nitrogen served to

prevent coal oxidation and also to enhance moisture removal. The entire

core assembly was placed in a large oven and dried for approximately 40

hours at a tempe~ature of 60°C.

After drying, the core tube was divided into five v.artical sections.

each approximately 6-8 inches in length. The coal conta"ined in each section

was sampled for chemical analysis by a micro-channel sampling technique

that yielded approxi:nately 50 grams of coal from each section. The coal

remaining in the core tube was prepared for microscopic analysis. Each
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Table 14 Percent Change in Chemical Characteristics
of Cpal ~eached in the Column Apparatus

Sample Ash Pyrite Organic Total Calorific Value (BTU/lb)

LD. HTA Content Sulfur Sulfur dry basis Mmmf dmmf

Column 1

WY 2-6 -57.7 -61.5 -12.5 -24.8 +0.4 +16.7 -2.8
WY 4-6 -30.1 -84.6 - 6.3 -25.4 +0.3 +20.9 -1.3
WY 6-6 -55.8 -76.9 -10.4 -27.0 +2.3 +~O.5 -0.8

Column 2
-74.3± 11.8

2-1 -24.2 -20.0 0.0 -13.9 +4.2 + 6.0 -0.2
2-2 -36.2 -23.5 + 3.3 -12.8 +5.2 + 5.2 -1.3
2-3 -33.9 -40.0 + 4.5 -15.8 +4.7 + 4.9 -1.4
2-4 -30.0 -38.8 + 3.7 -16.3 +3.7 + 5.0 -1.7
2-5 -32.0 -42.4 + 3.7 -16.9 +4.2 + 7.4 +0.9

Column 3 -32.9± 10.4

3-1 -48.3 -47.0 + 8.3 -11.7 +5.7 + 1.4 -2.8
3-2 -43.4 + 2.4 + 7.4 - 0.3 +3.6 - 1.0 -3.9
3-3 -44.0 -35.4 + 7.4 - 9.3 +3.5 - 1.6 -4.1
3-4 -47.4 -55.3 + 9.5 -12.3 +4.0 + 0.9 -4.3
3-5 -45.0 -56.5 + 5.4 -12.8 +5.1 + 1.1 -2.8

Column 4 -38.6± 24.3

4-1 - 7.2 -74.7 + 1.2 -19.8 -1.3 + 5.2 -2.6
4-2 - 2.9 -78.5 - 1.6 -22.6 +4.8 +13.0 +4.2
4-3 - 4.6 -77 .2 - 2.1 -23.1 +5.6 +13.3 +4.8
4-4 -13.4 -81. 0 0.0 -22.8 -0.9 + 4.9 -3.0
4-5 + 8.4 -74.7 + 0.1 -21.7 -0.2 + 9.8 +0.8

-77 .2± 2.7
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50-graIu coal sample was crushed to the appropriate size range for chemical

analysis.

Changes in the chemical characteristics of the coal before and after

column leaching are most easily interpreted by using Table 14 that reports

the effects of leaching on a percent change basis. A minus sign indicates

a net decrease and a plus sign a net increase after leaching.

1. The Stoichiometry of Leaching

As in the kettle experiments, the stoichiometry of leaching can be

determined from the increase in organic sulfur and the decrease in pyritic

sulfur. Note, however that the fate of organic sulfur varies in the four

column experiments (Table 14). The Wyoming ceal loses organic sulfur,

columns 2 and 3 gain organic sulfur, and column 4 shows no change. Table

15 interprets the results for columns 2 to 4. Columns 2 and 3 indicate

a stoichiometric X value of 0.6 ± 0.2.

2. Determination of kox and DE _

'c and TD can be determined from the shape of the leach curves if we

assume the form of the iron fraction leached vs. time curves (Figure 11)

reflec~ the form of the fraction pyrite leached vs. time curves. It is

clear from Table 14 that the fraction iron leached does not accurately

reflect the fraction pyrite leached. This is shown also in Figure Ii

where pyrite leach curves (heavy dash) have been constructed such that they

pass through the total pyrite extracted points and have a similar form to

the iron leach curves. The pyrite recovery (dashed curves) lie distinctly

below the iron recovery data. The pyrite recovery curves are analyzed in

two ways: (1) by the non-linear curve fitting technique used in the kettle

experiments, and (2) by siIIIUlating tte column leach experiments using the

finite difference model described and used in the next section.

Shrinking core model curves, fit for two different values of TC by

a least squa~es iterative technique to the iron recovery data, are shown in

Figure 13. The values of TC and Tn obtained by this fit are corrected for

the difference between the iron and pyrite recovery curves by incr~asing

both by the ratio of the total leach time to the leach time at wliich the
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iron recovery would equal the ultimate pyrite recovery. This factor fOi:

columns 2, 3, and 4 is: 2.63, 2.77, and 3.00 respectively. The resulting

values of lC and LD are given in Table 16 and corr~ared to the value range

predicted by Table 7, adjusted to the proper temperatu.e. Table 16 shows

the observed and predicted values of TC are in i:e:asonable agreement.

This is not particularly meaningful l::",cause the values of +c are only very

weakly constrained by th~ ti.:U:fusion-dominated leach curves. On the other

hand the 'D valu~8 are well constrained by the observed curves, and the

observed values are about an order of magnitude bigger than expected.

The bigger-than-expected values of LD could be due to a lower-than­

expected iron concentration in the columns. The iron level is not important

for the chemical kinetics of pyrit~ oxidation, since, as noted earlier, this

reaction is approximately z~ro order in FeCIII). Fer~ic Iron concentration

will control the flux of Fe(III) into the coal fragmentE through leached

rims, however (see equation 4). Lower-than-expected « 'I gil) ferric iron

concentrations will produce proportionately higher-than-expected Tn values.

Figure 14 shows a fit of the finite difference model to the column

leaching results. Good fits between observed and predicted curves are

obtained with kax = 3.3 x 10-6 em/sec (the mid point of the literature

review range), and DE = 1.0 x 10-8 em2/sec ( a factor of 7.5. below the
R -1

preferred value). These models assume a SDLF = 30 cm .

3. Coal Oxidation

Figure 15 compares the observed drop in oxygan concentration of air

passing through the columns to that which would be predicted from the ob­

served iron in the effluent assuming the effluent iron came from pyrite

leaching, and assuming various X factors. The observed oxygen concentration

in the air exiting the columns is generally less than would be expected for

X = 0.6. This could be due to oxygen consumption by coal oxidation or due

to leaching of some of the non-pyritic iron in the column. We know sub­

stantial iron is leached from non-pyritic phases in the column because the

pyrite oxidation inferred from the fraction of total iron le3ched is greater

than the actual coal oxidation. Thus Figure 15 is of no use in estimating

coal oxidation, except to suggest it is small.
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Observed Predicted (aR 100 to 30 em-I)
sulf

Column 2 TC 2.6 to 6.9 mo 7.5 to 25 rna
35°C

a=0.64cm TO 378 mo 31.3 rna

Column 3 TC 2.8 to 8.3 mo 2.9 to 9.6 mo
50°C

a=0.64cm TO 130 mo 21.5 mo

Column 4 TC 3 to 9 mo 1..4 to 4.8 ao
50°C

a=0.32cm TO 60.8 mo 5.4 mo

Table 16. Curve fit values of TC and TD from Figure 13 are corrected to
reflect pyrite rather than iron leaching and compared to the
predicted values from Table 7 (adjusted for column temperature).
TC values are poorly constrained because leaching is strongly
diffusion controlled. Nevertheless, TC values agree reasonably
with the predicted values. Observed TD values, on the other hand,
are well constrained by the data and are about an order of
magnitude bigger than predicted. This suggests iron levels in the
column may be -0.1 g/l rather than -1.0 gil. See text for
discussion.
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Table 14 shows the calorific value of the coal actually increases as

the result of leaching if computed on a Mmmf at Dry Basis. The Dmmf

calorific value of the coal decreased slightly for most columns but increased

for column 4. The increase in dmmf C.V. of Column 4 is physically impossible;

the increase reflects the inaccuracy of the Btu determinations (Meyers,

1977. p. 111).

Literature review indicated we could expect about 2.5% coal oxidation

of 3/8" coal particles at 500 e in a year (see appendix ·A). This translates

to 3.2% oxidation of !t;" coal particles in one year at 500 C. The value of

kc used in this ~alculation was 3.5 x 10-11 sec-I. Figure 15 shows less

than 10% depletion of oxygen in the air passed through column 4 after a

year of leachin~. Table 17 shows the calculated oxygen depletion for

Column 4 after 1 year for various coal oxidation rate constants. Depletions

less than 10% require kc values less than about 1 x 10-12 sec-I. In the
_12 1

calculations that follow we use a value of 1.1 x 10 sec-. This gives a

0.17% coal oxidation for column 4, which is reasonable in light of the

negligible measured Btu degradation of the coal (see Table 14).

Table 19 gives the best-fitting parameters for modeling of the

column leach experiments.

4. The Distribucion and Significance of Leached Rims

After sampling for chemical analysis as described in the preceeding

section the entire packed bed of coal was cast with a plastic resin. 1

The core tube was coated with an aerosol releasing agent that facilitated

its removal after the resin had set. The column was then cut into one-inch

sections. Twenty of these sections from each column were polished on one

side (surface area about 25 cm2). For each polished'·block, one hundred coal

fragments were examined microscopically and the fra~ents were classified

as shown in the flow diagram of Figure 16. The distribution of totally

leached, rimmed, voided, and unleached fragments is shown by the histograms

in Figure 17. The types of leached rims are illustrated"in PI,ate 2. The second

photograph in Plate 2 illustrates the fact that the classification is not

unique for any fragment. A fragment can appear unleached, rimmed, or totally

leached depending on how it is sectioned.

1The Castolite Company, Woodstock, IL 60098
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Coal Oxidation Oxygen Depletion Fraction % coal
Constant, kc of effluent air Pyrite Leached oxidized

-1 Colu"-, 4 predicted(sec )

l.lx 10-14 4% 0.75 0.0029

l.lx 10-13 4% 0.75 0.025

1.1 x 10-12 8% 0.75 0.17

1.1 x 10-11 31% 0.75 0.96

Table 17. Predicted oxygen depletion in the§ffluent air from
Column 4 (after one year of leaching) for the best
fitting model, and different values of k •c
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Does the coal particle*

YES

ArJd\es_nt? AreidS\s<nt,

YES NO NO YES

Do the voids I I \exhibit a spatial _
preference within nnleach_d UnleaChj
the co/art~ particl_ particl_ ~~t:r;:~t~.:=:;"

YES NO",

/

random void spacing
VOIDED particle

Are voids
concentrated near
rim of particle and/or
along a fracture? (or
is pyrite concentrated
in particle core?)

YES

RIMMED particle

1. Measure thickness (width) of leached rim.
2. Measure thickness (width) of reaction zone.

,
* Particle refers to a sectioned coal fragment in the plane of the polished block

surface. For each polished block, 100 coal particles were examined.

Figure 16 Classification Flow Chart Used for Microscopic Examination
of Coal Particles Leached in the Column Apparatus.
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The principle conclusions reached from petrographic analysis of the

leached coal particles in the columns were:

(1) The columns were leached evenly along their length. Figure 17

indicates the proportion of rim types does not change along the

columns.

(2) The percentage of fragments classified as "totally leached"

increases from Column 1 to Column 2 to Column 3. This trend is

consistent with that expected on the basis of temperatnre and fragment

size.

(3) Rimming is a common phenomena. Columns 2, 3 and 4 contain 23%,

21% and 22% rimmed fragments, respectively.

(4) Leached rims are often of uniform thickness around a coal

fragmen~. There is no'evidence of diffusional anisotropy in the coal

in many fragments (see Plate 3). On the other hand, the voided pattern

may reflect inhomogeneities in DE within other coal fragments.

(5) A variant of the uniform leached rim c~curs when the pyrite is

concentrated in certain bedding layers in the coal. The bedding­

defined leached rim is still quite uniform. The nature of the pyrite

in the bedding (euhedral or framboidal) does not influence the nature

of the rim (see Plate 4a, b).

(6) The thickness of the actively leaching zone does not depend on

the morphology of the pyrite (see Plate Sa, b).

(7) The thickness of leached rims vary from 100 to 500 ~m in all

three columns (see Figure 18).

(8) The thickness of active leaching zones varies from 50 to 150 ~m

(see Figure 19).

(9) Fractures in the coal can allow leaching of fragment interiors.

(see Plate 6a, b).

Table 18 shows the observed leached rim thicknesses sugg~st kox and

a~ulf are on the high side of :-;;,eir range 1)£ values, and DE on the low end

of its range (i.e. less than 1 x 10-8 cm2/sec). The thick leaching zone

observed on the column fragments is consistent with the slow observed

leaching of the columns compared to the kettles. Pyrite oxidation is zero

order in Fe(III). The diffusive flux of Fe(III) into the coal is proportional

to the concentration of Fe(III) surrounding the coal fragments, however.

Thus equation (5) should really have a term [Ox], in the numerator and

denomenator. The denomenator product, [Ox] kox is a constant (the pyrj.te

reaction is zero order). Therefore 0 is proportional to the square root of
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Plate 3 Lozenge OL doughnut-shaped symmetric l~acherl rims formed
in: 1. homogeneous vitrinite matrix, Z. banded vitrinite
matrix. The coal was leached in Column 4.
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o

Plate ~

~'.',

Leaching morphologies ch~racteristic of pyritic
material concentrated in bands or along bedding planes
in the coal matrix. These examples show concentrations
of fine-grained pyrite aggregates (non-framboidal).
1. Coal leached in Column 3, 2. Coal leached in
Column 4.
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Reproduced from
best available copy.

Plate 4b Leaching'morphologies characteristic of pyritic material
concentrated in bands or along bedding planes in the
coal matrix. This example shows fine-grained
framboidal pyrite aggregates disseminated in coal that
was leached in Column 4.
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Plate 5a Rimmed edges of coal particles that illustrate the three
characteristic zones of leaching. Both examples 1. and
2. were leached in Column 4.
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UNREACTED ACTIVE

LEACHED RIM

LEACHED RIM

Plate 5b Rimmed edges of coal particles tbat illustrate the three
characteristic zones of leaching and non-selectiv@
leaching of different pyrite morphologies. 1. mossy
pyrite crystal aggregates, 2. fine-grained euhedral
pyrite. Both examples are from Column 4.
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Figure 18 Thickness of leached rims on coal fragments from
the three Illinois coal ~olumns
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Figure 19 Frequency histograms for width of the zone of active
chemical leaching as measured on Illinois #6 coal
particles leached in the column apparatus
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Plate 6a Coal particle containing abundant disseminated pyrite that
occurs as mossy or flowery crystal aggregates. Leaching is controlled
by the formation of a symmetric leached rim and by leaching along a
fracture in the coal matrix (see enlarged portion of photomicrograph).
This coal particle was leached in Column 4.
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Plate 6b Example of fracture-controlled leaching of pyrite
at the core of an otherwise unleached coal particle.
Coal leached in Golumn 2.
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Leached Rim Thickness, 20
T[ 0 C] .!:ox == to-7

~ox = 10-6

35 422 ]..Ill 204 ).llll

50 204 ].Jll 61 11m

Table 18. Calculated 26 values assuming DE = 1 x 10-8 cm2/sec)kOX 10-7 or

10-6 cmlsec, aR
sulf

~ 100, 0 == JDE/ .
k aR

ox sulf
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Fe(III). The value of DE determined from th~ rate of leaching of the.

columns and the thicker active leaching zone is consistent with a ferric

iron concentration in the columns 7.5 times less than in the kettle

experiments (or 0.18 g/l rather than 1.4 gIl Fe(III), see Table 8). The

lower concent;'ation of Fe(III) in the columns is reasonable since the columns

were flushed witn acidified water.that contained no iron.

The lack o[ dependence of leached rim formation on pyrite type is

important and a direct reflection of diffusion control. Under diffusion

control, it is the effective diffusional porosity of the coal and the

concentration of Fe (III) in the cu1umns that controls the rate of leaching,

not the morphology or trace element chemistry of the pyrite. Framboidal

pyrite will not leach faster than euhedral pyrite because the rate of

leaching of both is controlled by the J:i.ffusional characteristics of the

coal.

Reasons for the voided pattern are not clear. It may be that there

are two kinds of coal from a leaching point of view: In one, the shrinking

core model is entirely appropriate and leached rims develop with time. In the other,

inhomogeneities in the diffusional properties of the coal cause an erratic pattern

of leaching (voided morphology). So long as the rate of leaching in these

fragrr.ents is diffusion controlled the leach rate should decline in a fashion

similar to the shrinking core predictions. however. In this view the

voided pattern is a reflection of inhomogeneities (due to fractures or

bands of high DE in the coal) of the effective diffusion constant in the

coal matrix. The path of oxidant diffusion is difficult to recognize

but diffusion still controls the leach rate.

Figure 17 indicated that about 25% of the fragments are unleached.

If this is not an artifact of the sampling, it raises the possibility

the ultimate removal of pyrite may be less than 100% (because some of the coal

fragments will not leach).

5. Sununary and Conclusions

The column leach tests generally confirm the shrinking core leach

model developed and calibrated from literature studies, basic physical

measurements, and the kettle experiments. The kettle experiments confirmed

the appropriateness of the temperature dependence of the model (E~ = 20,000

cal/mole, and E~ = 5000 cal/mole). the measured effective diffusion constant
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(DE = 7.5 x 10-8 cm2/sec), and the Atoichiometric leach constant (X = 0.6).

The kettle experiments suggested a~ulf and kox are at the high end of

their measured and literature-suggested ranges (a~ulf = 100 cm-1,

kox = 1.5 x 10-6 cm/se~). Leached rims on coal fragments from the kettle

experiments confirmed diffusion control of the leaching process. The

column results confirm diffusion control: leach r.ims are present on a

significant fraction of the coal fragments. The column experiments weakly

confirm the appropriateness of the stoichiometric constant and temperature

dependence of leaching.

The columns leached much more slowly than expected on the basis of the

kettle experiments, however. The increased leach time is due to cD values

an order of magnitude bigger than expected. This is illustrated by the

leach behavior of Column 4 compared to kettle Run B. These t"WO experiments

employed the same size fraction coal (~ inch) and were run at similar

temperatures (500 and 400 respectively). Table 10 shows cD was predicted

to be about 6.9 months for the kettle run, and was determined by analysis of

the leach results of that run to be about 4.0 months. The temperature

adjustment from 40 and 500 e for an activation energy of 5000 calories/mole

is 1.28, so a value of 6.9/1.28 or 5.4 months was anticipated for CD of

Column 4. Table 16 shows the Observed CD ~as in fact about 61 months.

This analysis used a time-axis-shift to convert iron leaching to pyrite

leaching. Direct analysis of the pyrite leach curves using a finite difference

model of the column leaching confirmed that DE is about an order of mag-

nitude smaller than the value estimated from the connected porosity, a few

direct measurements, and the kettle experiments. The much smaller thickness

of the active leaching zones in the column experiments (50 to 150 ~m vs.

-650 ~m for the kettle experiments) suggests DE(ox] is smaller than

anticipated and kox[oxJ = canst. A simple explanation of both observations

is that the ferric iron concentration in the columns, that were flushed

twice daily with acidified water containing no iron, was a factor of 7.5

less than the 1.4 gil Fe(III) concentrations in the kettle experiments.

The lower ferric iron concentration would explain both the slower leaching

of the columns and the thicker active leaching zones in the coal fragments

from the column experiments. This inference suggests the columns could have

been leached much more rapidly had the iron-rich effluent solutions been

recirculated rather than using fresh water for each flush.
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The shrinking core model para~eters that successfully simulate the

column leaching results and that we shall use to predict the leaching of

pyrite from coal heaps are summarized in Table 19. The rate of leaching

implied by these parameters is very conservative since we take no credit for

the much faster leaching that should result from the recycling of iron-rich

effluent solutions back through the heap as would be done in any industrial

process.

F. Predicted Performance of Coal Heaps

Now that appropriate values of the model parameters have been determined,

the IM.thmatical model presented in section II-B may be used. to predict how

coal heaps will leach. These predictions are made by converting the

mathematical model to finite difference form. The heap is divided into 150

layers and the model equations solved using an implicit fi~ite difference

method as described by Cathles and Apps (19:'5) (see also Appendix F). The

heap leaching model of neces~ity contains several parameters not used tl1US

far: Ambient temperature varies in a yearly cycle. This affects t~e

temperature of the dump and the rate of pyrite leaching. The yea-;:ly

temperature cycle is taken into account in the model. The a',Terage ambi"nt

temperature is assumed to vary between nOp in tho hottest SUIDrrler month

and 200 F in the coldest winter month. This is appropriate fOl: the cOdl

areas of Pennsylvania. Application of flush water to the heap is imFortant

in controlling heap temperature. Cooling by applied flush solutions is

accounted for. The rate of air c.onvection through the he.ap is controlled

by the permeability and ten~erature of the heap. We calculace permeability

from the Blake-Kozeny equation (equation 17). This permeability La certainly

too large siace account ia not taken 0f fine~ ~n t~e coal ~eap. It may very

well be that air will have to be blown through real field heaps; the heap

permeability may not be sufficient for natural convection to provide an

adequate supply of oxygen. Fina11y,real coal heaps will tend to heat up

to temperatures above those optimum for bacteria~. conversion of Fe2+ to

Fe 3+-; the bacterial term in equation (2) must be included in the model as

work on copper leach dumps so compellingly indicates. As in the copper

leaching case we adopt values of Tsick = 55°C and Tkill = 65°C in our

modeling. Heaps were not permitted to get hotter than 90oC. The
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x

E*n

Effective diffusional porosity of
coal

Product of first order rate constant
and surface area of pyrite per unit
vo lume of coal

Stoichiometric constant

Constant characterizing the rate of
of oxidation of coal

Activation energy for pyrite oxidation

Activation ener.gy for diffusion of
oxidan~ through the coal matrix

Activation energy of coal oxidation

0.6

20,000 cal/mole

5,000 cal/mole

l2,000 cal/mole

Table 19. Parameter values used to simulate column and heap leaching.
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disseminated pyrite content of the heaps was ass~med to be 1.7 Wt %

(or 0.91% pyritic sulfur). To take into account the expected benefits of

solution recirculation (higher iron levels) we calculate heap performance

for both DE = 0.75 x 10-7 and 0.10 x 10-7 cm2/sec.

The predicted leaching of dumps of various heights operated under

various average irrigation rates are given for two different size

iractions of coal in Figure 20. Coal companies we have contacted indicate that 9

months is the longest period which coal could be inventoried, so the figures

show the predicted disseminated pyrite removal in 9 months. Heap operation

is assumed to begin in June.

Figure 20 shows the extraction of dissiminated pyrite from a heap is

strongly dependent on the height of the heap and irrigation rate. The

problem is really that of regulating temperature within the 'heap. If the

heap gets too hot, bacteria cease to regenerate Fe(III) within the heap and

the leaching rate is diminished. Temperature in heaps less than 15 ft

in height can be most effectively regulated in the optimum range. Heaps

less than 5 to 8 ft in height cool too much in winter. Coal fragment size

also exerts a very important control on leach rate. Heaps about 11 ft

in height constructed of ~ inch coal fragments will leach in an optimum

fashion, for DE = 0.1 x 10-7 cm2(sec (single pass solution flush). Heaps

8 ft in height (~" coal) will leach best for recirculated solution.

Table 20 shows the history of leachinl; of the better-performing dumps. Winter cool­

ing of the 5 ft coal heap containing 1/4" particl~s is evident. The p.xtra iron added to

the recirculated fluE,h solutions must be removed before the solution is

recirculated to the heap (see Figure 1).

Table 21 summarizes the process steps involved in depyritizing coal

by heap leaching. A power plant burning a million tons of coal per year

can reduce the sulfur content of the coal b•..trned by about 57% if heap

leaching is employed in conjunction with conventional coal cleaning. We

assume the plant uses Illinois #6 coal that contains 4.7% total sulfur.

The processes surnmarizec in Tt.'Jle 21 would reduce the sulfur content of the

coal to about 2.8%.
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1.

II.

III.

IV.

V.

VI.

Process Step

6
Mine 10 tons ofcoal with 4.7% total sulfur
and 2.4% pyritic sulfur.

Size to 1/4" and remove cleat pyrite by
mechanical means; coal now contains 0.91%
disseminated pyritic sulfur (or 1.7% pyrite).

Pile coal in 8 ft heaps. If the pile
porosity is 20%, the coal will occupy a
3.2 x 105 m2 •

Circulate water throUjh the heap. At 0.01
gal/ft2-hr (1.8 x 10- gal/m2-min), a
solution recirculation rate of 657 gpm is
required.

Remove FeS04 added by pyrite oxidation and
leaching from the heap effluent. If 92% of
the disseminated pyrite is leached, the
average FeS04 added to the flush solutions
will be 32 gil and 39,500 tons of FeS04
must be dispcsed of.

After treatment, coal that initially con­
tained 4.7% sulfur will contain 2.35% sulfur
(0.07% pyritic and 2.28% non-pyritic).

Basis

Table 4

Estimate of mechanical
benefication based on
column analyses, see
Table 11.

We assfme S° is oxidized
to 804 - and removed from
heap.

Table 21 Process Eleme"lts of Depyritization of Coal by Heap Leaching
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III. THE ECONOMICS OF DEPYRITIZATION OF COAL ~y HEAP LEACHING*

A. Introduction

In this section we estimate the cost benefit of depyritizing coal by

heap leaching assuming an 8' coal heap will leach as predicted in Table 20

and assuming the predicted benefits of recirculation of the solutions applied

at an average rate of 0.01 gal/ft2-hr are realized (ie. that DE = 0.75 x 10-7).

The reader should realize that our objectives here are very limited and many

economic questions remain unaddressed and unanswered. Our main interest is

to provide some basis for assessing whether or not further research on coal

depyritization by heap leaching is warranted. If the process looks as though

it could be economically attractiv~ then funding of further research in

this area would be desirable. It should be also pointed out that the next

stages of research will be considerably more expensive because the next

steps will almost certainly entail construction and operation of a test heap.

Our analysis is one of incremental cash flow. We assume heaps will be

constructed and operated at the electric generating facility, although the

process could be carried out at or near the mine. The incremental analysis

considers the net costs and benefits of leaching local hi.gh-sulfur coal

rather than buying non-local low-sulfur coal. The incremental analysis

considers the extra costs and benefits associated with the use of ~eached

high-sulfur as opposed to transported low-sulfur coal. We consider the

case (shown in Table 21) of a moderate size facility that consumes one

million tonS of coal per year. Twenty years is chosen for the life of the

project; there is no salvage at the end of 20 years. The inventory in the

leach heap is used to reduce the amount of high-sulfur coal purchased in the

final year.

The difference in cost between distant low-sulfur and local high-sulfur

coal (delivered to the site) is treated as a variable in the analysis. Base

c~se values of $40/ton (delivered) for low-sulfur coal and $30/ton (delivered)

for high-sulfur coal app~ar reasonable eU.S. Dept. of Energy, 1982).

*The economic analysis was carried out by Mr. William T. Barton, a Ph.D. can-
didate in the Mineral Economics Department, College of Earth and Mineral
Sciences, The Pennsylvania State University.
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Other assumptions made :b the analysis are:

(1) No inflation; the a~alysis was done in 1983$.

(2) The first major category in a cash flow is typically labeled

'Revenue'. In tl,is incremental analysis, ~he comparable category labeled

'Net Savings' is calculated as follows:

[Price(low-S) * Quantity(low-S)]

- [Price(high-S) * QURntity(high-S)]

(3) The normal 30-60 day coal inventory for utilities is neglected.

The presence of leach heap inventory should reduce (maybe eliminate) this

inventory which would reduce costs and thus increase net cash flow.

(4) Specific cost assumptions not obvious from the cash flow in

Table ·-22 are as follows:

(a) Coarse circuit cleaning costs are $1.70/ton.

(b) Salaries and overhead are assumed for 4 laborers and :J.
professionals.

(c) Although recyclil1g occurs, it is assumed that water re­
placement costs are $O.01/kgal of total water used yearly.

(d) A cost of $O.OOS/gal is assumed for water treatment.

(e) The amount of iron sulfate removed will vary depending
or. the residence time, irrigation rate, and heap charac­
teristics. A sludge removal cost of $10/ton is assumed.

(S) All capital expenditures are assumed to occur in year one.

(a) Cost of land occupied by leaching operations will be site
specific, and may equal zero if land is available with zero
opportunity cost. For the base case it is assumed that land
costs are $5000/acre.

(b) Liner construction for the leach pad is assumed to cost
$5/ft2•

(c) The cost of drilling 5-10 ~ells for environmen~al monitoring
of errant heap effluent is included.

(d) No salvage value is assumed for any capital item.

(6) All capital it~ms except for land are depreciated using the

Accelerated Cost Recovery System assuming tan year lives.

(7) Tax was calculated on the 'Net Before Taxi at a 46% corporate tax

rate.

In our analysis, all net cash flows are discounted to calculate net

present value (NPV), using a range of discount rates from 0-35% inclusive at

1% increments. Under conditions of certainty, the decision maker should
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evaluate the aet present value at the risk-free discount rate (the rate

on government securities is an acceptable proxy), and accept the investment

if,

NPV> = 0

If one is choosing between mutually exclusive investment alternatives, the

investment with the highest non-negative NPV should be accepted. In

practice, decision makers often use discount rates other than the risk­

free rate (usually higher), such as a corporate 'hurdle' rate determined

by previous investmeDt performance, a weighted average cost of capital,

or the rate that makes the NPV exactly equal to zero (internal rate of

return - IRR). Other decision criteria, sl.!ch as payback, while popular

are theoretically suspect.

Uncertainty is handled in the paper through sensitivity analysis.

B. Results

The results of the economic analysis are summarized in Figures 21-23.

Figure 21 shows the effects of the price of lo~ sulfur coal ($35, $49,

$45/ton) for a fixed $30!ton price for high-sulfur coal. Figure 22

shows the impact of capital and operating costs (up 40% or down. 15%) of

the leach process. And Figure 23 compares the best (highest cost low­

sulfur coal, least capital and lowest operating cost plant), base, and

worst cases. The analysis shows the most important factor is the price

differential between comueting coals.

The results of the economic analysis are encouraging. The leach

process is profitable for the base and best cases at interest rates of

16% aDd 33% respectively. The rough analysis indicates, t,e believe, that

heap leaching could prove an economically attractive depyritization technology.

c. Discussion

In our analysis we consider 9 months of leaching. Table ~O indicates the

leach rate drops strongly wit~ time and that much of the beJefit of leaching

can be realized in much shorter periods (particularly for smaller dumps). We

do not consider these time/benefit tradeoffs. We also lump the benefits

of heap depyritization in the analysis. Table 22 shows the operating cost

of conventional cleaning is about 43% of the total operating cost; Table 21

suggests conventional cleaning removes 62% of the pyritic sulfur while heap
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Table 22 The Base Economic Calculation

6.543

00000
1000000 1000000 1000000 1000000 1000000

30000000 3CJOOOOO 30000000 30000000 30000000

YEAR 1 2
BEHEFIT(SAVINGS FROI.' COAL PURCHASE),

LO-S OPTION
QUAllTITY TON 1000000 1000000 1000000 1000000 1000000 1000000
COST $ 40000000 40000000 40000000 40000000 40000000 40000000

LEACH HI-S OPTION
QUANTITY 1-S TON 750000
QUANTITY H- S TON 1000000
COST $ 60000000

-2E7 10000000 10000000 10000000 10000000 10000000
COAL PURCHASE),
1700000 1700000 1700000 1700000 1700000 1700000

300000 100000 100000 100000 100000 100000
6000 6000 6000 6000 6000 6000

2854.536 2854.536 2854.536 2854.536 2854 . .536 2854.536
1427268. 1427268. 1427268. 1427268. 1427268. 1427268.
399347.8 399347.8 399347.8 399347.8 399347.8 399347.8_.

SAVING $
OPERATING COST(EXC.
~ECHANICA1 CLEAN
LABOR
j.jOIlITORING
~IATER

\IATER TREATMENT
SLUDGE REMOVAL
RECLAMATION
r.uSCELLANEOUS 100000 100000 100000 100000 100000 100000

TOTAL OPER COST
OPERATWG Il,CO~IE

DEPRECIATION

3935470. 3735470. 3735470. 373;470. 3735470. 3735470.
-2.394E7 6264530. 6264530. 6264530. 6264530. 6264530.
1818149. 3181761. 2727224. 227Z~a6. 22726e6. 2272086.

1,:::T BEFORE TAX
TAX @46%
+DEPRECIATION

-2 . .57.5E7 3082769. 3537306. 3991843. 3991843. 3991843.
-1. 185E?
1818149. 3181761. 2727224. 2272686. 2272686. 2272686.

NET AFTER TAX -1.209E7 6264530. 6264530. 6264530. 6264530. 6264530.
CAPITAL EXPENDITURES,

LAND 748072.2
LInER 16293014
TREATr~EHT PLANT 2000000

IRRIGATION SYSTEM 300000
!~NDLING EQUIP 200000
CRUSHER 100000
PREP PLANT 5000000
I.IONITOR ~lELLS 30000

TOTAL CAPITAL EXP 24671086 0 ° 0 0 0

NET CASH FLO~I -3.676B7 6264.530. 6264530. 6264530. 6264530. 6264530.
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7 8

BASE CASE

9 10 11 12 13

1000000 1000000 1000000 1000000 1000000 1000000 1000000

40000000 40000000 40000000 40000000 40000000 40000000 40000000

0 0 0 0 0 a 0

1000000 1000000 1000000 1000000 1000000 1000000 1000000

30000000 30000000 30000000 30000000 30000000 30000000 30000000

-------- -------- -------- ------_ .. -------- -------- ~-------

10000000 10000000 10000000 10000000 10000000 10000000 10000000

1700000

100000

6000

2854.536

1427268.

399347.8

1700000 1700000 1700000 1700000 1700000 1700000

100000 100000 100000 100000 100000 100000

5000 6000 6000 6000 6000 6000

2854.536 2854.536 2854.536 2854.536 2854.536 2854.536

1427268. 1427268. 1427268. 14272G8. 1427268. 1427268.

399347.8 399347.8 399347.8 399347.8 399347.8 399347.8

100000 100000 100000 100000 100000 100000 100000

3735470. 3735470. 3735470. 3735470. 3735470. 3735470. 3735470.

6264530. 6~64530. 6264530. 6264530. 6264530. 6264530. 6264530.

2045418. 2045418. 2045418. 2045418.

4219112. 4219112. 4219112. 4219112. 6264530. 6264530. 6264530.

2045418. 2045418. 2045418. 2045418. o a o

6264530. 6264530; 6264530. 6264530. 6264530. 6264530. 6264530.

o o o o o o o

6264530. 6264530. 6264530. 6264530. 6264530. 6264530. 6264530.
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14 15

BASE CASE

16 L7 18 19 20

1000000 1000000 1000000 1000000 1000000 1000000 1000000

40000000 40000000 40000000 40000000 40000000 40000000 40000000

0 0 0 0 0 0 0

1000000 1000000 1000000 ]000000 1000000 1000000 250000

30000000 30000000 30000000 30000000 30000000 30000000 7500000

-------- -------- -------- -------- -------- -------- --------
10000000 10000000 10000000 10000000 10000000 10000000 32500000

1700000 1700000 1700000 1700000 1700000 1700000 425000

100000 100000 100000 100000 100000 100000 100000

6000 6000 6000 6000 6000 6000 6000

2854.536 2854.536 2854.536 2854.536 2854.536 2854.536 713.6340

1427268. 1427268. 1427268. 1427268. 1427268. 1427268. 1427268.

39934 7.8 399347.8 399347.8 39934 7.8 399347.8 399347.8 399347.8
1000000

100000 100000 100000 100000 100000 100000 100000

3735470. 3735470. 3735470. 3735470. 3735470. 3735470. 3458329.
6264530. 6264530. 6264530. 6264530. 6264530. 6264530. 29041671

6264530. 6264530. 6264530. 6264530. 6264530. 6~64530. 29041671

00000 0 0

6264530. 6264530. 6264530. 6264530. 6264530. 6264530. 29041671

o o ° a o o o

6264530. 6264530. 6264530. 6264530. 626~530. 626~5JO. 29041671
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leaching removes an additional 35%. Conventional cleaning could drop the'

sulfur coutent from 4.77% to 3.3%; heap leaching drops it to 2.4% (see

Table 21). The benefit of 2.4% vs. 3.3 or 4.7% coal is likely to depend on

factor£ specific to individual coal users. It is outside the scope of this

report and our competance to assess such individual factors. The analysis

may serve as a b~se from which others can start local evaluations.

IV. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

A theoretical model of copper dump leaching has been adopted to describe

the leaching of pyrite from coal. Model parameters were first determined

from the published literature, supplemented where necessary by direct

measurement (Table 1, Table 6 and Table 7). The predictea coal leaching was

thefi checked by a carefully designed kettle experiment in which both Eh and pH

were held ~onstant by automatic titration. The kettle experiments confirmed

the literature-determined activation energies describing the leaching

process and the leaching stoichiometry, and refined the literature estimates

of the chemical rate of pyrite oxidation (kox a~ulf was shown to lie on the

high end of the estimated range). Leached rims were observed around the

leached coal fragments as it wae predicted they should be, and the thickness

of the active leaching zone was about 650 ~m, a value close to that predicted.

The heap ~eaching model was fULt~er calibrated and tested by carrying out

four column leach experiments each of over a year duration. The columns

leached about an order of magnitude more slowly than would be expected on the

basis of direct extrapolation from the kettle experiments and theoretical

predictions, and the thickness of the actively leaching zone was much

smaller (50 to 150 ~m) than in the ke~tle experiments (650 ~m). On the other

hand leached rims were still present and the stolchiometry and the chemical

rate of pyrite oxidation were similar to that in the kettle experiments.

The explanation for the differences between the column and kettle experiments

lies in the fact the columns were flushed twice daily with acidified water

containing no iron. The average ferric iron level in the columns was

evidently about 0.1 gil Fe(III) ag opposed to about 1.0gjl Fe(III) in the kettle

experiments. Because the rate of pyrite leaching is independent of Fe(III)

concentration (i.e. the reaction is zero order in Fe(III» the lower total

ferric iron concentration does not affect the chemical rate of oxidation of
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the pyrite in the coal but does proportionately affect the rate of Fe (III)

diffusion into the coal fragments. The rate of leaching was reduced by

an order of magnitude because the concentration difference during Fe(III)

diffusion into the coal fragments was decreased tenfold. For the same reason,

the thickness of the active leaching zone was reduced by the square root of

ten. The thickness of the active leaching zone is inversely proportional to

the square root of the Fe(III) concentration of the solutions surrounding

the coal fragments. The columns would have leached much faster had the

flush solutions been recirculated (ie. had the flush solutions contained

a gram per liter rather than 0.1 gram per liter iron).

A finite difference model of th~ heap leaching procesE was then used to

predict the way in which heaps of practical size will leach and to determine

the optimum heap thickness and operating procedures. It was found that the

rate of leaching depends strongly on the height of the heap, and is most

rapid for heaps 5 to 15 feet high. The rate of leaching is most rapid for

low rates of average solution application (see Figure 20). The experiments

and theoretical developments we have carried out suggest an eight foot heap

of _~" coal fragments can be leached of 93% of its finely disseminated

pyrite in 9 months (Table 20).

An incremental cost/benefit analysis indicates that if the 8' heaps

indeed leach as predicted. the heap leaching ~epyritization process has

a positive net present value for discount rates up to 16% (base case)

and 33% (best case).

We conclude that depyritization of coal by heap leaching is both

techni.cally and economically fea8ible and that it is worth testing and

evaluatin3 the process further.

The next step is to verify that recirculation of flush solutions will

indeed enhance the leach rate of columns as predicted. Assuming this is

born out, the next step would be to construct an eight foot ~oal heap and

determine if it leaches as predicted. Perhaps the biggest uncertainty in

operating such a heap is the permeability Qf the heap. It may very well be

that fines will cause the permeability of the heap to be low enough that

natural air convection will be inadequate to oxygenate the heap. If this is

the case, air may have to be blown through the heap, or heaps may have to

be constructed of coarser coal fragments. Economic ~nalyses should guide
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the development efforts, and ultimately must become specific enough to

be capable of indicating whether heap leaching techniques should be

adopted by a particular user.
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Appendix A The Rate of Oxidation of Coal

An expression suitable for our purposes can be extracted from the

combined work of Schmidt and Elder (1940) and Sondreal and Ellman (1974).

Schmidt an1 Elder showed the low temperature « iOOOC) oxidation of coal

slowS with time porportionately to the inverse of time to the one fifth

power. Sondreal and Ellman (1974) investigated the effects of temperature,

size distribution, oxygen concentration in the air, and moisture content of

air on the rate of coal oxidation. Since we assume the air in the coal

heap is water saturated, we need not consider the effects of air moisture

content below saturation.

The fraction coal oxidation, Xc' can be expressed (Schmidt and Elder):

(A-I) k' RSP t+O. 8
c

The rate of coal oxidation is the differentiated form of this expression:

(A-2) d~~ = 0.8 k~ RSP t-0.2

Because coal oxidation can be interrupted within the heap if a portion of

the heap is oxygen starved, it is better to regulate the rate of coal ox­

idation with Xc than time. Using (A-I) to eliminate t in (t~2) we obtain:

(A-3)

~ = 0 8 (k' RSP)S/4 X-~at . C' C '
or

R, S, and P give the temperature, size and oxygen concentration dependence

of the coal oxitation and are defined by equations (9) in the text. These

dependencies are taken from Sondreal ar:.d Eillnan and refer to base conditions

of 25°C and 0.375 inch diameter (0.48 em radius) coal fragments.

The available data on the rate of coal oxidation appears quite consistent.

Schmidt and Elder quote oxidation rate constants which, when converted ~o

our base conditions of 25°C and 0.375 inch diameter coal fragments, yields

a kc value of 3.6 x 10-11 sec-1 for Pittsburgh coal and a value of 3.3 x

10-11 sec- l for Lower Kittanning coal. When applied to equation (A-I) this

indtcates an expected coal oxidation of 0.5% at 25°C after 1 year, and 2.5%

A-I



after 1 year at SOoC. The Btu degradation of the coal is, of course, thp.

same as the fraction of coal oxidized.
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APPENDIX B RDetermination of a
SULF

A. RRapid-Scan Microscopic Determination of a
SULF

Introduction

Rapid-scan microscopy (Kuehn, 1979), an automated microscopical method

for characterization of pyrite in coal, was used to determine the size dis-

tributicn of pyrite blebs, to obtain the mean pyrite particle diameter, and

to estimate the volume percent pyrite in the five coal size fractions used

for experimentation.

Sample Preparation and Instrumental Settings

Pet-,:ographic pellets were prepared by the technical staff of the Coal

Research Section at The Pennsylvania State University. The standard pellet

preparation procedure used is described by Eckley and Williams in a Technical

Note available from the Coal Research Section. Three to five scans were

performed on each pellet, using the instrumental settings and scan parameters

listed below:

Photomultiplier Spot Size in Microns: 2.

Total Number of Points Sampled: 400000.

Total Length of Scan in Millimeters: 800.

Stage Drive Speed in Microns/Second: 800.

Size of DiscoGtinuity to be Bridged in Microns: 20.

Number af Pyrite Particles Encountered: n

R
Scan Results and Derivation of a SULF from Rapid scan estimates of
Volume Percent Pyrite and Mean Pyrite PartiCle Diameter

Pyrite particle size data generated by the rapid-scan technique (data

included at end of this section) show cumulative percentages of pyrite chord

lengths skewed heavily toward small sizes. Chord is a geometrical term

B-1



defined in this context to represent the scan length between edges of a

pyrite grain. Chord size is analogous to pyrite diameter along a particular

scan traverse line. Assuming the mean parti.cle diameter taken from a log-

normalized data set represents a spherical pyrite bleb or grain. the mean

bleb diameter and pyrite volume in the sample may be combined to calculate

aRSULF' The geometrically- based derivation of a
R

SULF is given below:

It is easy to show that if d is the average pyrite bleb diameter,

~ 6
sulf = d

chord length
total scan length

d
chord length
number of sulfide blebs encountered in scan

The following table contains the pyrite diameter and volume data from

R
the rapid-seen analyses, as well as the computed values of a SuLF' The errors
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R
associated with a SULF represent the cumulative error in both the

volume and the diameter estimates.

Table B-1. Pyrite Data Obtained by Rapid Scan Microscopy

coal particle volume % mean particle calculated no. of
size fraction pyrite diameter surface area scans made

(+mm -rom) (em3 py) (cm2 3py/cm coal)
43 coal) ( x 10 cm)(cm-

+0,85 -2.00 O. 5liO. 09 7.39±0.33 41±23% 3

+2.00 -3.20 0.52:tO.05 8.12±0.36 38±14% 5

+3.20 -9.50 O. 38±O. 04 7.8:510.35 29±16% 3

+9.50 -12.5 O.26±O.O2 6.9l±O.40 23714% 3

+12.5 -19.0 0.34±0.O3 7. Ol±O. 39 29±15% 4

Errors listed represent values computed at 95% confidence interval.
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Table B-2

Rapid-Scan Microscopy Data

for

Five Size Fractions of Illinois #6

Coal (River King Pit 3) Before Leaching

(Samples physically cleaned as described in the
experimental section of this report.)
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B.
R

BET Determination of Pyrite Surface Areas aSULF

Introduction

An'attempt was made to more accurately (avoiding the spherical pyrite

particle assumption used for deriving aRSULF from rapid-scan measurements)

estimate the surface area of disseminated pyrite morphologies contained with-

in a host Illinois #6 coal matrix.

A gas adsorption technique, combined with BET calculat.>ons, was used

to obtain surface areas for specially prepared pyrite samples.*

Sample Preparation

The finely disseminated pyrite found in Illinois #6 coal has a character-

istic spongy texture and very irregular surface features. This material,

for practical purposes, is impossible to selectively remove from the host

coal matrix in a unaltered condition. Selected macroscopic occurrences (1 cm

hands) of a pyrite that resembled the finely disseminated pyrite microscop-

ically was separated from the coal uatrix, crushed with a mortar and pestle,

and sieve-sized into two fractions for surface area determination. Photo~icro-

graphs that compare the morphology of pyri~e in the prepared samples with

that found in situ in the host coal appear in Figure Although the prepared

coal pyr.ite has a larger diameter range than the disseminated pyrite, the

spongy texture and irregular surface features are the same for both sample

types.

To compare the results of pyrite surface area measurements with earlier

reports that coal pyrite has a surface area apprOXimately an order of magni-

tude greater than similarly sized museum grade material (Clark, 1966; Smith

*L. E. Eary prepared the pyrite samples, performed the gas adsorrtion
analyses, and kindly supplied the author with results of the BET S.A.
calculations.
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best available copy_

Figure B-1

B-14

Disseminated aggregates of
pyrite in Illinois #6 coal
for which an estimate of
aRSULF was desired.

Pyrite material (+125~-180~

size) isolated from macro­
scopic bands in Illinois #6
coal. Gas adsorption/BET
surface areas of this material
used to approximate aRSULF for
finely disseminated pyrite.

Museum-grade pyrite after
crushing (+l06~-125~) that
was used f~r gas adsorption
surface area comparison to
coal pyrite material.



and Shumate, 1970). Museum grade pyrite was obtained** and crushed in a

similar manner to a size range comparable to the coal pyrite. A photomicro-

graph of the museum-grade pyrite is also included in Figure B-l. Texturally,

the museum-grade pyrite differs from the coal pyrite in the homogeneity of

the crystals themselves, and in the very regular crystal faces eXhibited by

the museum-grade material.

Results

The results of the BET calculations are listed in Table B-3, along with

selected surface area values reported in the literature.

Table B-3

Pyrite Sur·face Areas as Determined by Gas Adsorption/Bet Techniques

Sample Origin Surface Area
and Size Fraction cm2jg Reference

coal pyrite 8144 This study
+125].1 -18011

coal pyrite
6043 This study

+18011 -250\1

coal pyrite 11200 ±. 200 Smith and Shumate, 1970
+106].1 -250].1

museum grade pyrite 238 This study
+125].1 -1801J

museum grade pyrite 281 This study
+106].1 -125].1

museum grade pyrite 1200 ± 100 Smith and Shumate, 1970

** M. A. McKibben supplied the pyrite sample, which originated from the Ward
Mine, Glendon, N.C. (a metamorphic mineral).
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R
Derivation of a SULF

2
R em FeS Z

a SULF (3 )
em c(Jal

G
S.A. x p x ~

P is the coal bulk density and

235 em-l

3
equals 1.6 g/cm coal. G is the wt % pyrite in the coal sample (2.1%),

py

(G /100 = 0.021 g FesZ/g coal)
py

2 R
Using 7000 em /g FeS

2
as an example S.A., we calculate an a SULF
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APPENDIX C Determination of DE

A. Measurement of coal connected porosity to water using a vacuum water
imbibition weight gain technique:

1. Use a coal wafer of thickness preferably less than 5mm.

2. Transfer the wafer to a shallow pan and co~er the wafer with
distilled deionized water.

3. Place the pan and wafer in a vacuum jar, attach the jar to a water
aspirator, and put under vacuum. At one hour intervals purge the
vacuum to force water into the coal pores.

4. Release vacuum and remove wafer, wipe off excess surface water
droplets with a Kim-wipe, ann immediately weigh the coal wafer.

5. Place the wafer back under vacuum in the solution pan and repeat
step 4 until a constant wafer weight is established.

6. Dry the wafer at 10SoC for two hours,
epoxy ring and immediately weigh the
individually.

separate the coal from the
dry coal and epoxy ring

7. The difference between wet and dry coal weights may be converted
to a percent porosity of the coal to water by the equations:

w~t weight - ring weight wet coal weight (WCW)

(WCW - dry coal weight) x lon/wcw = % porosity

8. Water weight gain was found ~o increase rapidly during the first
ten hours of imbibition. Weight became nearly constant after 20
hours. This is consistent with the water imbibition behavior of
Pittsburgh Seam coal reported by Dabhous, et al.(1974).

ReGult~ o~ this procedure are Gumrnarized below.
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Table C-l

Connected Porosity of Wyoming and Illinois Coal

Measured by Water Imbibition Techniques

TIlino}!;

Sample Thickness Dry Wet We {gilt c'R
wafer ( em) Weight ,g Weight ,g Gain,g

._----- ._._------------- -_ ... - --- ------_.-

Pit '3. Z1f1 0.177 1.6648 1 .7590 0.0942 3.7%

Pit '3.? 112 0.211 1.9925 2.0979 0.] 054 8.3

Pi t '3.2 If3 0.335 3.2504 3.3732 O.1~28 6.0

Pit '3.2fl4 0.2 tl 2.0653 2 .1 &40 0.0987 7.8

Pit 3.3,'fl 0.211 2.0767 2 .11126 0.0859 7.3

Pit '3.'31!2 0.210 2.0795 2. i 546 0.0751 6.?

Pit '3.3#3 0.33'3 3.2948 '3.4190 0.1242 6.5

Pit '3.3114 0.:315 3.2 QS4 3.4247 O. l2 93 6.9

Pit 3--11linois fl6 River King Mine 3 Mean = 7.2 ± 7%

Wyoming (Wyodak).

CP6 ff1 0.208 1. 7604 2.0205 0.2601 21.2%
CP6 flS 0.206 1.7015 1.9950 0.2935 24.6
CP6 fl6 0.208 1.7452 2.0116 0.2664 21.7
CP4 /13 0.203 1.8665 2.1165 0.2500 22.0
JR2 fl3 0.208 1.8085 2.0668 0.2583 23.1
JR2 115 0.203 1. 7818 1. 9980 0.2162 19.0
JR2 116 0.213 1.8978 2.1015 0.2037 17.1
JRJ #3 0.079 0.6085 0.7615 0.1530 35.2
JR3 114 0.216 1.9025 2.1190 0.2165 18.2
JR4 fl1 0.465 3.9684 4.5470 0.5786 22.2
';R4 fi2 0.467 4.0202 4:5650 0.5448 20.8
JR4 1f3 0.602 5.2324 5.9135 0.6811 20.2

='~[in ~ 22.l

JR - Jacobs Ranch Mine, Kerr McGee Coal Corporation
Cp - Clovis Point Mine, Kerr McGee Coal CorpGration
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B. A Technique for Measuring the Effective Diffusion Coefficient DE Using
a Garrels-Type Diffusion Cell

1. Theory and Equipment

The work of Gal:rels, Dreyer, and dowland (1949) was used as an experi-

mental basis for measuring the effective diffusion coefficient. DE was deter­

mined using a diffusion cell technique. Diffusion cell theory is reviewed by

Gordon (1945).

A diffusion cell consists of two solution reservoirs separated by a

dividing wall having an opening in which to mount a porous sample for which

a measure of DE is desired. A driving force for diffusion is generated by

filling one reservoir with a concentrated solution containing a solute with

a known diffusion constant. The second reservoir is filled level with the

first reservoir by adding a less concentrated or dilute solution containing

the same solute. The concentrated solute will begin to diffuse through the

porous sample in the direction of lesser concentration (down the concentration

gradient) into the dilute cell reservoir.

The change in concentration may be measured as time proceeds. The

relationship between the concentrations in the two cell reservoirs and time

is given by (Gordon, 1945; Sanni and Hutchison, 1968):

-In[(C'f - c" )!(C' - C" )J = (D At!L) (l!V ' + l/V " )f 0 0 E

Where C' , V' and C" V" are the initial concentration (M) of the solute
00'

and volume (cm
3

) of the solution in the concentrated and dilute reservoir,

respectively. C'f and G" f denote the final solute concentrations in the

concentrated and dilute solution reservoirs. L and A are the thickness (em)

and expcsed surface (cm2) , respectively, of the coal wafer under test; t

denotes time elapsed in the experiment (sec). Combining 'the cell concentrations
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at the beginning and at time t of a diffusion test with the cell volume and

sample size terms, an estimate of DE may be calculated.

The diffusion cell illustrated in FigureC-lwas used to measure DE for

the Illinois #6 bituminous coal samples. The cell reservoirs (v~ = v~'

225 cm3) were fabricated from 6.4 cm I.D., 0.64 cm wall Plexiglass tube. KCl

served as the diffusing solute, and the concentration changes were measured

using a conductivity cell mounted in the dilute solution reservoir. Specific

conductivity at 25°C is related to KCI concentration, using a precalibrated

linear regression relation. The precision of conductometric concentration

determinations was ±2%.

2. Sample Preparation and Exper~mental Prccedure

Wafers of the coal samples to be used for the diffusion tests were prepared

in the same manner as described for the effective water porosity determinations

(see Section III in this appendix). The exposed surface of the coal wafer (A)

was measured with a planimeter. Wafer thickness (L) was measured with a micro­

meter c~liper. An attempt was made to prepare diffusion wafers both parallel

and perpendicular to the lithologic banding in Illinois #6 bituminous and

Wyoming subbituminous coal. Freshly prepared coal wafers were then mounted in

the diffusion cell partition and tested for leakage from a solution-filled

reservoir attached to the partition sample holder. Differences in the

physical properties between the Illinois and Wyoming coal became apparent in

the leakage tests. Fractures in the Illinois coal that were not apparent macro­

scopically became readily visible, as evidenced by beads of solution appearing

on the exposed surface of the coal wafer. Leakage was most commonly observed

on samples prepared parallel to lithologic banding. The planes between lith­

type bands were particularly susceptible zones of leakage. All of the Illinois

coal samples prepared parallel to banding (10 samples total) developed leaks,
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./ Specific laB or /'
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Figure C-l Diffusion Cell (Garrels-Type) for determination of

the effective diffusion cOEfficient DE
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and th~ att~mpt to assess DE parallel to banding was abandoned. Th~ relative

homogeneity of the individual lithotype banos allow~d measur~ments of DE per­

pendicular to banding to be made without any visible or analytical evidence

of leakage. The Wyoming coal showea no evidenc~ of leakage from microcracks

and fractures. Wyoming samples were, however, very prone to form shrinkage

cracks due to drying. As a result, the coal had to be prepared and stored

under water-saturated conditions. The delicate nature of the coal wafers

required that mounting in the cell holder be performed with extreme care.

Once a prospective wafer was mounted and found free of leaks, the wafer

was vacuum impregnated with th~ more concentrated KCl solution. The three­

piece Plexiglass diffusion cell was bolted together, reservoirs filled, and

the concentration monitoring process begun. The solution within each reservoir

was stirred by air or water-driven magnetic stir motors mounted on the ends of

the diffusion cell. The temperature of the entire cell assembly was maintained

constant by suspending the cell in a water bath kept at 25.0 ± p.2 c C.

Upon completion of a diffusion run, the cell was dismantled, and again the

wafer was checked for leakage. If leakage was apparent, the data was discarded.

After a successful (leak-free) diffusion measurement, selected sample wafers were

mounted in epoxy, sectioned, polished, and examined microscopically for micro­

cracks or fractures. Maceral point count analyses for two of the successful

diffusion runs showed the Illinois coal wafers to be essentially mono-maceralic

in vitrinite. Finely-disseminated pyrite was also present in the wafer

samples. The presen~e of water-soluble mineral matter in the wafers was

checked on wafers that failed the leakage test. The wafers were placed in a

beaker of distilled water, and the conductivity of the water monitored with

time. Water-soluble salts present in the coal contributed a negligible

C-6



amount to the conductivity changes observed in the dilute cell reservoir during

actual diffusion runs.

3. Results

Fifty diffusion measurements were attempted on Illinois coal wafers

prepared perpendicular to sample banding. Data from three of these measure-

ments appears in TableC-2. This data is for both macroscopically and ~nalyti-

cally leak-free samples. The values of DE computed from the cell data are:

-7 -8 -8 29.8 x 10 • 7.5 x 10 • and 5.6 x 10 cm I sec. The reproducibilit)' of the

diffusion results was estimated as ±lO% from duplicate experimental runs.

The success rate for meGsurements on the Wyoming coal was markedly

better. Twenty diffusion wafers were prepared in total. Ten were prepared

parallel and ten perpendicular to lithologic banding. Useful diffusion data

were obtained from fourteen of the samples. The results of the measurements

of DE appear in Table • where the ljthologic orientation of the sample is

noted. The experimental data used

mean value of DE for perpendicular

-7parallel samples eyuals 4.6 x 10

to calculate DE appears in Table The

-7 2samples is 1.0 x 10 em Isec, and for

cm2/sec. ConsiJering the magnitude of the

standard deviations, the two mean values are the same. It is not valid there-

fore to assign different DE values fer diffusion perpendicular and parallel to

lithologic banding. -7 2The mean of all fourteen measurements is 2.1 x 10 cm /sec.

As a check on the measured values, DE can be calculated from the relation

D = ~~ D~ IT (D~ = 5.2 x 10-6 cm2;sec, ¢~ = 0.221 for Wyoming coal, and
E c ox ox c

-7 2assume T = 5), which gives a va1u~ for DE of 2.3 x 10 cm /sec. This is in

good agreement with measured values.
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Table C-2

KCl Concentration versus Time Data from Effective Diffusion

"
Illinois if6 coal; A = 5.07 cm~

River King Mine 3 Perpendicular Sample #24

L = wafer thickness 0.476 em; C ~= 0.111 M
o

tiGl.c,hrs. KCl COlle •• l1
. . ****Corrclation-99.6%

0.0
O.~)

1.2
4.5
5.0

20.0
4l.3
47.3 .
51.8
65.8
91.3

3.9 x 10-5
5.8 x 10-5
8.1 'C 10-5
1.7 lC 10-4
1.9 lC 10-4
5.2 x 10-4
9.3 lC 10-4
1.0 x 10-3
1.1 x 10-3

1.3 x 10-3
1.7 x 10-3

River King Mine 3 Perpendicular Sample #25

L = 0.335 em; C
.- 1.00 M

0

time.hrs. KC1 Cone •• M
****Correlation-99.5%

0.0 2.0 lC 10-5
4.0 2.4 x 10-4

15.5 5.6 x 10-4
18.0 6.2 x 10-4

23.5 7.6 x 10-4

76.5 1.6 x 10-3
88.0 1.8 x 10-3
91.0 1.9 x 10-3
96.0 2.0 x 10-3
10l.0 2.1 x 10-3
112.0 2.2 x 10-3
117.0 2.3 x 10-3
127.0 2.4 x 10-3
136.0 2.5 x 10-3
144.0 2.7 x ,0-3
149.0 2.8 x 10-3
160.0 2.9 x 10-3

River King Mine 3 Perpendicular Sample if26

1.00 ~L = 0.210 em' C .­, 0

time. hre. KCl Cone•• M
_______________________________________________________*·***Corre1ation-99.7%

0.0
4.0

15.5
18.0
23.5
76.5
88.0
91.0
96.0
101.0
llZ.O
117.0
127.0
136.0
144.0
149.0
160.0

5.2 " 10-5
3.0 It 10-4
7.3 x 10-4

8.0 " 10-:
9.4 x 10­
1.9 x 10-3
2.1 x 10-3
2.2 x 10-3
2.3 x 10-3
2.4 x 10-3

2.6 x 10-3

2.7 x 10-3

2.9 " 10-3
3.1 x 10-3
3.3 " 10-3
3.4 " 10-3
3.6 x 10-3
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Table C-2 continued

Wyoming Coal (Wyodak Seam); A ~ 5.8 2em

Sample # JR1536 L ~ 0.146 em, Co~ ~ 1.00 M

time, hrs. KCl Cone., M
****Correlation=99.9%

0.0 1.4 -5x 10_5Z.O 1.8 x: 10_47.0 2.4 x 10_
320.0 1.2 x 10_325.5 1.6 x: 10_346.5 2.9 x 10_
355.5 3.6 x 10_371. 5 4.7 x: 10_
395.0 6.2 x 10_3

103.5 6.7 x 10_3
114.5 7.3 x 10_3
128.0 8.2 x 10_3
137.0 8.9 x 10

Sample # JR1532 L - 0.146 em, C
~

~ 1.00 M
0

time, hrs. KCL Cone., M
****Corre1ation=99.9%

0.0 6.6 x 10-6

1.0 8.1 x 10-6

10.5 1.9 x 10-4

34.5 8.0 x 10-4

46.5 1.1 x 10-3

52.5 1.3 x: 10-3

61. 0 1.5 x 10-3

71. 0 -31.7 x 10_383.0 7.0 x 10_
394.5 2.3 x 10_
3106.5 2.5 x 1°_3

119.5 2.9 x 1°_3
135.0 3.4 x 1°_3
142.5 3.5 x 1°_3
150.0 3.6 x 1°_3
166.5 £:,.1 x 10

C-9



Table C-2 continued

Sample ttJR356 L = 0.348 cm, C ~ = 1.00 M
o

time, hrs. KCl CODC., M
______________________________****Correlation=97.1%

0.0
1.0
5.5

11.5
29.0
45.5
50.5
57.0
71. 0
74.0
84.0
93.5
97.5

101.0
105.5
117.5
124.5
131.5
147.0
155.0
165.0

7 0 10-6
• x 5

1 0 10-
· x -5

3.4 x 10_5
9.3 x 10_4
3.6 x 10_4
6.6 x 10_4
7.8 x 10_4
9.0 x 10_3
1.3 x 10_

3
1.4 x 10_3
1.8 x 10_3
2.2 x 10_

32.4 x 10_3
2.6 x 10_3
2.8 x 10_3
3.2 x 10_3
3.6 x 10_3
3.9 x 10_3
4.8 x 10_35.3 x 10_3
5.9 x 10

time, hrs.

San~le #JR1512 L = 0.210 cm, C ~ = 1.00 M
o

KC1 Cone., M
****Corre1ation~99.8%-------------------------------

0.0
4.0
9.0

22.0
27.5
48.5
57.5
73.5
97.0

105.5
116.5
130.0
131.0

C-10

2 3 10-5
• x 5

2 6 10-
· x 5

5.0 x 10-
42 6 10-

• x 4
3 0 10-

• x 4
7 6 10-

• x 4
9 6 10-

• x 3
1.3 x 10-
1 7 10

-3
· x 3

1 9 10-
• x -3

2.1 x 10_3
2.4 x 10_

32.5 x 10



Table C-2 continued

Sample #JR1522 L = 0.210 em, C ' = 1.00 M
o

_________t_im__e_,_h_r_s_. K_C_1_C_o_n_c_._, M****correlation=99.9%

0.0
1.0

10.5
34.5
46.5
52.5
61. 0
71.0
83.0
94.5

106.5
119.5
135.0
142.5
150.0
166.5

6 7 10-6
• x 6

o 2 10­c. x -'i
8.5 x 10_4
5.1 x 10_4
7.4 x 10_4
8.6 x 10_3
1. 0 x 10_3
1. 2 x 10 ~

1.4 x 10:3
1.6 x 10_3
1. 9 x 10_3
2.1 x 10_3
2.4 x 10_3
2.5 x 10_3
2.6x10_

32.9 x 10

time, hrs.

Sample #JR252 L = 0.211 em, C ' = 1.00 M
o

KC1 Conc., M
****Corre1ation=98.7%------------------------------

0.0
6.0

22.5
30.0
36.0
48.5
52.0
59.5
70.0
73.5
83.5
93.0
99.0

105.5
130.0
142.0
154.0
165.5

C-ll

-6
7.0 x 10_5
6.1 x 10_4
6. G x 10_,4
9.4 x 10_3
1.1 x 10_3
1.5 x 10_3
1.6 x 10_2
1.9 x 10_3
2.3 x 10_3
2.4 x 10_3
2.7 x 10_3
3.0 x 10_3
3.5 x 10_3
4.0 x 10_3
5.5 x 10_3
6.1 x 10_3
6.8 x 10_3
7.4 x 10



time, hrs.

Table C-2 continued

Sample #JR154 L = 0.88 em, C ~ = 1.00 M
o

KC1 Cone., M
****Correlation=99.9%------------------

0.0
6.0

22.5
30.0
36.0
48.5
52.0
59.5
70.0
73.5
83.5
93.0
99.0

105.5
170.0
142.0
154.0
165.5

7 ° 10-6
• x 5

2 7 10-
• x 4

2 7 10-
· x -4

4.2 x 10_4
5.5 x 10_4
8.1 x 10_4
8.7 x 10_3
1.°x 10_3
1.2 x 10_3
1.3 x 10_

31.5 x 10_
3

1.7x10_
3

1.8 x 10_
31. 9 x 10_
3

2.4 x 10_3
2.6 x 10_3
2.8 x 10_3
3.1 x 10

time, hrs.

Sample #JRAPP42 L = 0.462 em. C ~ = 0.111 M
o

KC1 Cone., M
_______________________****Corre1ation=93.6%

0.0
0.5

27.5
30.0
46.0

51.°
71.°
77 .5
85.0
93.5

llB.5
145.5

C-12

-4
3.6 x 10_4
4.0 x 10_4
8.0 x 10_4
8.2 x 10_4
9.2 x 10_4
9.5 x 10_3
1.0 x 10_3
1.1 x 10_3
1.1 x 10_3
1.1 x 10_3
1.2 x 10_3
1. 3 x 10



time, hra.

Table C-Z continued

Sample #JRAPP54 L = 0.335 em, C ' = 0.111 M
o

KC1 COlle., M
****Corre1ation;99.2%-----------------

0.0
0.5

27.5
30.0
46.0
51.0
71.0
77 .5
85.0
93.5

118.5
145.5

-43.3 x 10_4
3.8 x 10_4
4.8 x 10_4
4.9 x 10_4
5.4 x 10_4
5.6 x 10_4
6.2 x 10_4
6.4 x 10_4
6.6 x 10_4
7.°x 10_4
7.7 x 10_48.5 x 10

time, brs.

Sample flCP453 L = 0.203 em, C ' ~ 1.00 M
o

KC1 Cone., M
****Correlation=99.6%-----------------

0.0
4.5

15.5
19.0
24.0
39.5
48.0
63.5
69.0
78.0
87.0
96.0

113.0
123.0
145.0
159.0

C-13

-5
2.1 x 10_4
3.6 x 10_3
1.6xlO_3
2.0 x 10_3
2.3 x 10_33.7 x 10_3
4.3 x 10_3
5.3 x 10_

3
5.7 x 10_3
6.3 x 10_3
7.0 x 10_3
7.5 x 10_3
9.1 x 10_3
9.2 x 10_2
1.1 x 10_2
1.1 x 10



time, hrs.

Table C-2 continued

Samule #JRBPL21 L = 0.333 em, C ~ = 0.111 M
o

KCl Cone., M
__________________________________****Corre1ation=92.l%

0.0
7.5

24.5
31. 5
52.0
61.5
75.5
80.0
96.0

1 9 10-4
.1.. x 4
9 7 10-

• x 3
1 6 10-

• x 3
1 7 10-

• :x -3
2.0 x 10_

3
2.1 x 10_ 3
2.3 x 10_

3
2.4 x 10_3
2.4 x 10

time, hrs.

Sample #JRCPLII L = 0.203 em, C ~ = 0.111 M
a

KC1 Cone., M
****Corre1atiorr=97.6%-----------------------

0.0
7.5

24.5
31.5
52.0
61. 5
75.5
80.0
96.0

C-14

5 4 10-4
· x 3

1 3 10-
· x 3

1 9 10-
· x 3

2 0 10-
· x -3

2.5 x 10_3
2.7 x 10_3
3.0 X 10_3
3.2 x 10_

33.5 x 10



time, hrs.

Table C-2 continued

Sample #JRBPLII L = 0.213 em, C ~ = 0.112 M
o

KC1 Cone., M
****Corre1acion=92.6%------------------

0.0
6.0

26.0
32.0
48.0
56.0
72.0

107.0
146.0
151.5
166.5

7 7 10-5
• x 4

5 9 10-
• x 3

1 4 10-
· x 3

1 5 10-
• x 3

1 8 10-
• x 3

1 9 10-
· x -3

2.1 x 10_32.4 x 10 ~
-j

2.7 x 10_3
2.8 x 10_32.8 x 10

time, hrs.

Sample #JRBPL31 L = 0.462 cm, C ~ = 0.112 M
o

KCl Cone., M
****Corre1ation=98.7%-----------------

0.0
6.0

26.0
32.0
48.0
56.0
72.0

107.0
146.0
151.5
166.5

C-15

-5
4.7 x 10_4
3.5 x 10_4
7.6 x 10_4
8.5 x 10_3
1.1 x 10_3
1.2 x 10_3
1.3 x 10_31. 7 x 10_32.1 x 10_32.2 x 10_32.4 x 10



Table C-3

Effective Diffusion Coefficients Determined for

Wyoming Subbituminous Coal (Wyodak)

Perpendicular to Lithologic Banding

Sample I.D.

JR1536
JR1532
JR356
JR1521
JR1522
JR252
JR154
JRAPP42
JRAPP54
CP453

mean
std.dev.

2
DE(cm /sec)

1.0 x 10-7

3.9 x 10-8

1.4 x 10-7

4.0 x 15-8
3.9 x 10-8
1. 0 x 10-7
3.8 x 10-8

3.0 x 10-7
1.1 x 10-7
1.5 x 10-7

1. 0 x 10-7
.8 x 10-7

Parallel to Lithologic Banding

JRBPL21
JRCPLll
JRBPLll
JRBPL3l

7.6 x 10-7
6.3 x 10-7
1.3 x 10-7
3.1 x 10-7

mean = 4.6 x 10-7
std.dev. = 2.9 x 10-7
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4. Preparation Procedure for coal wafers used in water imbibition and
diffu~ion experiments:

1. Coat the outside of a 2 x 2 inch or larger coal block in APC0 1

epoxy resin to prevent breakage during cutting; allow the epoxy to
set.

a Dixie cup graduated in
Add to the resin three full

Stir until thoroughly mix~d.

APeo epoxy resin preparation: Using
ounces, pour 1 oz. of R-313 resin.
eye droppers (3.5ml) of hardener B.

2. Using a water cooled circular cutting saY, cut the coal block into
a roughly 1.5 inch square cube.

3. Note and record the s~mple orientation (parallel or perpendicular
to lithologic banding).

4. Round off the cube edges on a belt sander to form a cylinder one
inch in diameter, retaining the 1.5 inch height.

5. Using compressed air, remove excess dust from the surface of the
cylinder.

6. Place cylinder in Buehler2 #20-81BO Sampl-Kup Mold previously
coated with a releasing agent3 .

7. prepare epoxy resin as described above, after m~x~ng transfer from
Dixie cup to a disposable glass vial and centrifuge for -5 min.
to remove air bubbles.

8. Pour centrifuged epoxy mix into mold around coal cylinder slowly
to avoid trapping air bubbles and fill until cylinder is covered;
allow epoxy to set.

9. Remove cylinder from mold and mount on a clean dry glass slide
with adhesive.

10. Cut the coal cylinder into wafers of desired thickness on a
Buehler Isowet #11-1180 Low Speed Saw.

1Applied Plastics Co. Inc.
612 E. Franklin Ave.
El Segundo, Calif. 90245

2Buehler Lt~.
2120 Greenwood St.
Evanston, IL 60204 312-475-2500

3MS-122 Release Agent Dry Lubricant
Miller-Stephenson Chemical Co. Inc.
6348" Oakton St.
Morton Grove, lL
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Appendix D *Experimental Kettle Leaching of Coal

(Control of Eh and pH to Evaluate the Rate of Pyrite
Oxidation by Ferric Ion)

* This appendix is the manuscript of a paper submitted to the
Graduate School of The Pennsylvania State University in
partial fulfillment of the requirements for the Degree of
Master of Science in Geochemistry and Mineralogy, November
1982, by ~evin John Breen. Minor textual changes have been
made for incorporation as an appendix to the final technical
report.
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ABSTRACT

Ferric ion is an effective oxidant for chemically removing pyrite

from coal and other geologic materia,ls. The rate of reaction between

ferric ion and pyrite is important because the reaction is utilized

for coal desulfurization, solution mining, and dump or heap leaching

processes. The severity of the acid mine drainage problem resulting

from surface and underground mining of coal and sulfide ores also

depends, in part, on the rate a t which ferric io~ attacks pyrite.

An experimental technique is developed to measure the rate at

which the folloWing reaction of pyrite and ferric ion takes place:

FeSz + (2+12X) Fe3+ + (ax)HZO --) (3+12X)Fe2+ + (14X)R+ + (2X)HS04­

+ Z(l-X)So

Redox potential measurement is combined with redox-stat titration;

this involves titrating the HZOZ required to exactly offset emf

changes produced when ferric ion is reduced to ferrous ion by reacting

with pyrite. The study determines the lower Fe(II), Fe(III), and H+

concentration limits required for valid application of the redox

potential technique and a threshold level below which dissolved

organic carbon does not interfere with the HZO Z titration. The

technique has the sensitivity to detect a 2 ppm change in the

concentr~tion of ferrous ion in a bulk solution containing )2000 ppm

total iron. This sensitivity allows interpretation of stoichiometric

and kinetic data in systems where conventional solution analyses

cannot detect small changes in reactant and product concentration. In

addition, the technique permits uninterrupted, automated, data

D-iii



collection in experimental kinetic studies of extended duration. The

usefulness of this technique is illustrated in a system wnere finely

disseminated pyrite, constituting a fraction (-2 wt. %) of a host

bituminous coal matrix, is oxidized by ferric ion.
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INTRODUCTION

conventional mechanical desulfurization procedures are unable to

r~move the finely disseminated fraction of the pyritic sulfur present

in coal (G1uskoter, 1968; McCartney et a1., 1969). Recent studies by

Hamersma and his coworkers (Hamersma et al., 1977; Van Nice et al.,

1977) have demonstrated the feasibility of removing finely

disseminated pyritic sulfur from coal by chemical methods that utilize

ferric ion. Ferric ion has also been proposed for use in

desu1furization processes that use microorganisms to lower the pyritic

sulfur level of coal (Ford et a1., 1977; Detz and Barvinchak, 1979).

Ferric sulfate is a pa~ticularly desirable oxidant because it

selectively attacks the iron-sulfide minerals in coal and does not

contaminate the coal matrix (Meyers, 1977).

The reaction between finely disseminated pyrite and ferric ion Is

not only of interest in coal desulfurization. Geidel and Caruccio

(1977) suggest that the finely disseminated pyrite present in coal and

its associated strata, when oxidized by ferric ion, is also a cause of

acid min~ drainage, and Kleinmann et al. (1981) emphasize the role

that ferric ion plays in the production of acid mine drainage.

Moreover, the ferric ion is ueed as a leaching agent and oxidant

in the fields of hydrometallurgy and metals extraction (Dutrizac and

MacDonald, 1974). A hydrometallurgical application that has received

considerable attentioLl, and involves the reaction of finely

disseminated chalcopyrite and pyrite with ferric ion, is the

deliberate industrial leaching of copper from low-grade porphyry

copper waste dumps (Cathles and Apps, 1975; Murr, 1980). These
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examples illustrate the importance of the reaction between ferric ion

and pyrite disseminated throughout various geologic matrix materials.

Because of the widespread interest in pyrite oxidation by ferric

ion, extensive research on the chemistry of the reaction appears in

the literature. The following reaction summarizes the overall

stoichiometry of pyrite leaching by ferric sulfate:

FeSz + (Z+12X)Fe(III) + (8X)HZO --> (3+lZX)Fe(II) + (l4X)H+ +

(ZX)HS04- + Z(1-X)50 (D-I)

The notation used in Eq.(D-l) accounts for the production of both

elemental sulfur (S°) and bisulfate ion (HS04-)' and in effect,

combines the following two reactions:

FeSz + 2Fe(III) --) 3Fe(II) + 250 (D-la)

FeSz + 14Fe(III) + 8HZO --) 1SFe(II) + l4H+ + ZHS04- (D-lb)

Equations (D-I) ahd (D-lb) are written with HS04 as a reaction product

because the majority of leaching has been performed below pH Z.O

(pK(2SoC) = 1.97 for the reaction HS04- --) a+ + 5°42- ; Barnes et

al., 1966). SO is a metastable product of pyrite oxidation by ferric

ion. The conversion of SO to fully oxidized HS04- involves a complex

kinetic pathway. The sulfur oxyanions involved in the kinetic pathway

are not known at low pH « 4.0) because the rate of oxidative

conversion of intermeaiate sulfur species to HS04- is too rapid to

detect within current analytical time frames (Goldhaber, 1980).

Fe(III) and Fe(II) will be used in this paper to represent the total

ferric and total ferrous ion concentrations, respectively. The total
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species concentrations may include comp1exed iron species such as

ferric and ferrous bisulfate or sulfate, as well as the free ion

species. It is more correct to write the reactions in terms of the

dominant species present in solution under a specified set of leaching

conditions. To write the reactions using dominant aqueous species,

the distribution of aqueous species in solution must be known.

Calculation of the species distribution is discussed in more detail in

the experimental section of thia paper. The stoichiometric X

coefficient is reported to vary between zero (all SO product) and one
I

(all 8S04- product), depending upon the leaching conditions. The

values for X reported in the literature appear in Table D-l.

A large number of studies have addressed the problem of pyrite

oxidation by ferric ion with no enclosing matrix material present

(J!ab.D-1). The oxidation of pyrite disseminated within a host matrix

by ferric ion has received little attention outside of work related to

low-grade porphyry copper leaching (Murr, 1980). The reason is that

the study of the reaction between in situ finely disseminated pyrite

and ferric ion in the laboratory is extremely difficult, and

conven tional analytical methods 0 f measuring reaction progre ss an

pressed to the limits of their sensitivity. Concentrated (~O. 02 M)

ferric bisulfate is commonly used as a leaching medium. One would

like to detect ctanges in reactant (Fe(III» and product (Fe(II),

8804-) concentrations (5-10 ppm) that are hundreds of times less than

their concentration ~n a bulk solution (1000-2000 ppm). Finely

disseminated pyrite constitutes a small fraction (-<2.0 wt. %) of the

matrix material within which it is enclosed. Therefore, little
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pyritic material is available for reaction per unit mass of matrix,

and additions of reaction products to the solution are accordingly

minute.

The analytical problem has dictated changes in experimental

design 60 that the reaction can be studied by standard analytical

methods. Commonly, either (1) the disseminated pyrite is separated

from the host matriK, then reacted; (2) the experimental conditions

.are modified to speed the reaction rate by increasing the temperature,

pressure, and concentration of reactants, or by decreasing the ratio

of the volume of the aqueous phase to the mass of solid phase; or, (3)

the matrix material and associated sulfides are pulverized extensively

to expose sulfides to the leach solution. These procedures allow one

to measure changes in reactant and product concentrations analytically

as the oxidation of pyrite by ferric ion proceeds, but the sample

preparation and experimental conditions inhibit a direct understanding

of the mechanism by which finely disseminated pyrite is leached from

various geologic matrix materials.

Column leach studies are useful for discerning the overall

leaching characteristics of a sulfide containing matrix under

conditions of practical hydrometallurgi~al interest (Murr, 1980).

However, the hetel:ogeneity of the column charge, which must be large

for the reasons already discussed, keeps the basic factors controlling

the leaching process from being directly studied. For example, the

iron and sulfate products from the oxidation of pyrite are difficult

to discriminate from iron and sulfate ions leached from such acid

soluble phaSeS as gypsum, anhydrite. jarosite, and melanterite. These
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phases are common to complex host matrices like coal and felsic rocks

(Davis, 1982; B1adh, 1982). Also, column experiments usually contain

a range of matrix fragment sizes and the nature of pyrite in different

fragments can vary from finely disseminated to pure "chunk" pyrite.

These fragments may leach quite differently, and it is difficult to

deduce the leaching characteristics of the component pyrite

morphologies from the bulk leaching characteristics of the column

sample as a whole.

This paper reports the development of an experimental technique

with the sensitivity to measure the oxidation rate of in situ finely

disseminated pyrite directly from carefully selected samples. This

new technique permits direct experimental measurements of the leaching

kinetics of the iron sulfides disseminated in a complex natural

matrix. This paper not only introduces the technique, but it also

illustrates its applicability to a specific leaching problem. The

technique is reported in a separate short article because it may be of

general hydrometal1urgica1 interest.
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EXPERIMENTAL METHODOLOGY

Redox Potential Measurements: An Historical Perspective

Garrels and Thompson (1960) introduced redox potential (Eh)

measurements using a platinum electrode as a way to study the rate at

which dilute «0.02 M) ferric sulfate reacts with pyrite. These

researchers recognized that the reaction rate was proportional to the

total ferrous and total ferric ion concentrations. They utilized the

Nernst equation, which they wrote in a form that relates Eh to the

formal solution potential (EfO) and to the total solution

concentration of ferric and ferrous ion:

CFe(llI)1n _

CFe(tI)

(D-2)

At a constant absolute temperature, T, Eh changes reflect changes

in the ratio of CFe (lll) to eFe(ll) and changes in EOf' R, the

universal gas constant, and F, Faraday's constant, are both constants

in (D-2). The formal potential of the solution depends on the nature

of the solution (anions, cations, complexation, pH, concentration, and

temperature) and is generally determined by titration methods (Garrels

and Thompson, 1960). The uncertainty in measured values of EOf and

concern with the problem of multiple redox couples cont~ibuting to

mixed potentials at the platinum electrode surface have caused most

workers to regard Eh as only a qualitative measure of reaction

progress.
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Smith and Shumate (1970) used Eh in a kinetic study of the

o~idation of pure pyritic materials (no matrix) by ferric Ion. They

did not relate Eh directly to a reaction rate. Instead, they kept Eh

constant by titrating with a concentrated ferric ion or KMn04

solution, and they related the amount of titrant required to keep Eh

constant to tbe rate at which ferric ion reacted with pyrite. Their

study left unresolved the question of whether the platinum electrode

measured only the redox couple of interest (Fe(Il)-Fe(III)) or a

combination of potentials frcm other electroactive species such as

dissolved oxygen.

Natarajan and Iwasaki (1970) addressed the problem of measuring

redox potential in a variety of hydrometallurgical plant practices

involving, for example, the acid leaching of uranium ores and

flotation circuits. They noted that mixed potentials at the Pt

electrode were a problem in oxygenated ferric sulfate. Subsequently,

Natarajan and Iwasaki (1974a, 1974b) showed that the problem of mixed

potentials for the redox couple between ferric and ferrous ion at the

Ft electrode in oxygenated and deoxygenated solutions of 1 M H2S04 was

eliminated if the concentration of ferric and ferrous ions was each

)10-2 M. In earlier work, Natarajan and Iwasaki (1.970) had concluded

that the redox couple between ferric and ferrous ion behaves

reversibly at a Pt electrode in solutions of pH <3.0. In summary, if

pH <3.0, total ferric ion concentra.tion >10-2 M, and total ferrous ion

concentration >10-2 M, then potentials measured in iron sulfate

solutions with a Pt electrode are controlled by the Fe(III)-Fe(II)
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redox couple.

No significant work appears, however, to have been done using

constant Eh techniques since the investigations of Natarajan and

Iwasaki validated the use of the Pt electrode in iron sulfate

solutions. Moreover, the significance of their work for monitoring

chemical solution changes with Eh measurements does not ap~ear to be

generally appreciated.

Neverth~less, their work, and that of Smith and Shumate, provid~

a basis for the use of Eh measurements to study the oxidation of

pyrite disseminated within a matrix of bituminous coal by concentrated

(~O.02 M) ferric sulfate. This study uses a titration technique

similar in principle to the one described by Smith and Shumate (1970),

to measure quantitatively the rate at which ferric ion Is reduced by

pyrite disseminated in a coal matrix. The study determines the bounds

of the valid application of the technique, and it shows that organic

car.bon derived from the coal matrix does not interfere with the HZOZ

titration techniq!le.

Experimental Equipment: Design and Materials

The study required an experimental reaction system designed to

control the temperature, Eh, and pH of a leach solution within a

reaction vessel. The reaction vessel (Fig. D-I) had a double walled

Pyrex glass jacketl through which water could be circulated from a

constant temperature bathZ. The temperature of both the bath and

lCommercially available from Ace Glass Inc. P.O. Box 688 Vineland, NJ.
~Tecam Model TE-7.
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reaction vessel ~ere thus held constant to a tolerance of +o.2°C. The

advancage of using a remote bath for temperature control is that an

electric magnetic stirrer3 can be placed directly belo~ the vessel to

stir the leach solutions. Electrically po~ered stirrers permit better

control over the rate of stirring than models driven by air or water.

The stir motor rpm setting was calibrated to the actual stir bar rpm

using a strobe light (see calibration data at the end of this appendix).

An inert atmosphere could be maintained within the reaction vessel more

easily because the stir bars required no access port.

The reaction vessel was sealed airtight by placing a rubber 0-

ring between the top rim of the vessel and the reaction ve&sel cover.

The top cover had six ports designed to hold the electrodes.

thermocouple. and inlet-outlet tubing. The top view of FiR' D-~f

the vessel cover.

Inside the vessel. a support platform made of plexig1ass held a

sample bet~een two lOO-mesh nylon screens4• The screens served to

prevent the flotation of sample particles and also minimized particle

decrepitation and abrasion from direct contact with the stir bars.

Below the support platform. a 3.8-cm magnetic stir bar rested on the

vessel bottom. A second 2.3-cm magnetic stir bar rested on the upper

screen. The supporting plexiglass legs of the sample platform were

designed to promote fluid circulation ~ithin the vessel (Fournier.

1973). A distinct vortex was apparent in the leach solutions at stir

rates >400 rpm regardless of ~hether a sample was present in the

3Manufactured by Lapine Scientific Co. Chicago, IL.
4Commercially available from Spex Industries. Metuchen. ~J.
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holder.

A non-oxidizing atmosphere was maintained by passing nitrogen

into the vessel at -0.2 kg/cm2 pressure. Prior to introducing the gas

into the vessel, the gas was scrubbed of CO 2 using Ascarite and of 02

using a solution oi vanadous chloride. The gas then entered a

scrubber containing distilled water to eliminate any traces of the

vanadous chloride solution. Finally, the gas ?assed into a bubbling

tube containing distilled water. This tube was maintained at the

experimental temperature to equilibrate the temperature of the gas and

to saturate it with water before it entered the reaction vessel.

Out flowing nitrogen first passed through a water-cooled condenser and

then through a trap containing mineral oj.l to monitor gas outflow and

prevent any air from entering the reaction system.

The reaction progress was monitored with the equipment shown in

Fig.D-2. A pH-millivolt (mv) meter and a combination pH-reference (Ag-

Agel) electrode monitored the pH of the leach solution. A solenoid

controlled auto-titrator5, operating a standard burette, controlled

the pH. This titrator would dispense either an acid or a bas~, as

required, to maintain the desired solution pH.

The redox potential was monitored with a digital millivolt meter6

connected ~o the leach solution in the v~ssel by a combination

platinum-reference electrode7 . The gel-filled electrode had a slow

rate of electrolyte leakage (1 pl/day) which resulted in the addition

of only a minimal amount of saturated KCl to the leach solution. For

SFisher Scientific Titrimeter Model 26.
6 Kjethlev Instruments Model 177... .
'Chemtrix T~C. model P-189 (gel filled, Ag-AgCl reference).
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1. pH Stat Titrator

2. 'Eh Stat Titrator

3. Magnetic Stirrer

4. Reaction Vessel

5. Auto-burette (redox titrant)

6. pH Meter

7. Millivolt mul.timeter (redo~ potential)

8. Data Logger

Figure D-2 • Experimental Equipment Layout
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comparison, typical rates of electrolyte leackage for asbestos fiber

and ceramic plug junction reference cells are 1 ml/day (Langmuir,

1971). The redox potential was controlled with an automatic titrator8

set to the desired potential. The titra,;or controlled a digital auto­

burette8 which dispensed oxidant into the reaction vessel.

The voltage output from che digital auto-burette, proportional to

the amount of titrant dispensed, entered a multi-channel data logger9

programned with a pre-calibrated linear conversion to convert that

voltage input to milliliters of titrant cons~ed. Accordingly, the

milliliters (ml) of titrant consumed as a functio~ of time were

recorded on a paper tape at programmed sampling intervals, one hour

for the work reported here. Simaltat'eously, using the logger's multi-

channel capability, redox potential, temperature, and pH were recorded

at hourly intervals on the sa~e paper tape in a similar fashion. The

pH reading represented simply a check on the ability of the auto-

titrator to keep pH constant. A more desirable and quantitative

approach would incorporate an auto-burette similar to the type used

for redox titration to perform the pH maintenance. The data logger

provided uninten"upt:ed, automated data collection at one hour

intervals during runs of extended duration.

Buffers were used to caliorate the pH meter to +0.05 pH units at

25°C, and matching the buffer temperature with the vessel temperature

ensured a proper pH calibration at higher temperatures. Frequent

(twice daily) pH electrode calibration was necessary to compensate for

drift of the pH electrode unrelated to the leaching reaction. At pH

8 Manufactured by Metrohm Herisau Inc.
9Monitor Labs model 9300.
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values below 1.5, the magnitude of the electrode drift was typically

between -0.05 and -0.10 pH units during a 12-hour period.

Zobell~s solution (Langmuir, 1971) wafl used as a redox: potential

buffe.r to check the Eh electrode system for proper response at

different temperatures. The emf of Zobell~s solution measured with a

platinum electrode referenced against a saturated KCl/Ag-AgCl

electrode varied with temperature (in the range 8-8SoC) according to

Nordstrom~s equation (1977):

In (D-3) , T is in degrees Celsius and emf is measured in volts. In

the temperature range 2S-50oC, potentials measured with the

combination Eh electrode were less than the potentials calculated from

(D-j) by a constant 7alue of 0.012 V. The reproducibility of emf

readings proved to be ~ 0.001 V.

The Eh of a leach solution at a particular temperature (Eh(T» is

related to the emf mee$ured with a platinum electI:ode and a sa,:urated

KCl!Ag-AgCl reference ~ell (emfobs(T)) by the following equation

(Wood, 1976):

Eh(T) :0 emfobs(T) .- emfZob(T) + EhZob(T) (D-4)

The potentials must have consistent units (volts). EhZob(T) is the

emf (in volts) of Zobell's solution relative to the standard hydrogen

electrode, and it has a temperature dependence (8-85 0 C) given by the

following equation (Nordstrom, 1977):

EhZob (:) = 0.43028 - 2.5157xlO-3 (T-25) - 3.7979x:10-6(T-25)2. (D-S)
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Using Eq.(D-4). one can now convert measured emf values to Eh.

The Eh units in Eqs. (D-3). (D-4). and (D-S) are consistent with the

Eh units required by Eq. (D-2). Thus. thE~ Eh calculated from

thermodynamic theory. an assumption of equilibrium. and the distribution

of aqueous species in the leach solution can be compared ~o emf values

measured in the laboratory with the Pt electrode. and vice versa.

This comparison is discussed further in the next section.
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ILLUSTRATIVE LEACHING EXPERIMENTS

Selection and Preparation of the Coal Sample

The samples for the leaching experiments were carefully selected

to provide information on the leaching of pyrite finely disseminated

in a coal matrix. The coal came from the Illinois Herrin q6 coal seam

of Peabody Coal's River King #3 mine. As-received, the coal contained

macroscopic massive (x.O-lx.O em) pyrite fragments. A microscopic

examination revealed four morphologic types of pyrite disseminated

throughout the coal: (1) coarse, anhedral, 50 to 100 ~m diameter

pyrite blebs; (2) 50 pm or larger mossy or dendritic aggregates of

micron-sized pyrite particles; (3) cell infillings of pyrite in

fusinite macerals; and (4) finely disseminated pyrite grains (5-10 pm

diam.). Gluskoter (1968) has described and photographed the latter

three pyrite morphologies. All the pyrite except that with a finely

disseminated morphology can be removed by conventional mechanical coal

cleaning processes. Chemical pyrite leaching, therefore, has its

greatest potential applicability in removing finely disseminated

pyrite. Consequently, the discussion here describes the procedure

u3ed to isolate samples that contain finely disseminated pyrite.

The samples for analysis and leaching were sieve-sized into five

fractions, and the fractions were subjected to a 2.8 g/cm3 specific­

gravity liquidlO float-sink separation. The coal particles with a

bulk density <2.8 g/cm3 comprised the float material. Pyrite-rich

particles with a bulk density >2.8 g/cm3 were removed from the samples

lOCertigrav flotation medium.
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as the sink fraccion. The float fraction consisted of coal particles

that contained disseminated pyrite and was retained for experimental

study. This procedure failed to reject the pyrite occurring as

fusinite cell infillings. Discrete particles of fusinite. identified

through a binocular microscope. were removed from the leach samples

with fine forceps or tweezers. Post-preparation microscopy revealed

that some dendritic aggregates of pyrite and coarsely disseminated

pyrite remained after preparation. But. using a combination of

conventional and Rapid-Scan (Kuehn, 1979) reflected light microscopy,

their combined contribution to the total disseminated pyrite was

estimated to be less than 5 percent. Ninety-five percent of the

remaining pyrite bad ~ finely disseminated morphology. which. from a

comparison of the forms-of-sulfur analyses of the prepared and as­

received coals. comprised about 45 percent of the total pyrite in the

as-received Illinois #6 coal sample.

The float-sink separation was not designed to remove carbonate

phases associated with the cOfll. However, carbonates are undesirable

phases because they react with H+ and the net effect is to increase

the pH of the leach solution. Consequently, carbonates were removed

by soaking the coal in 1 M Hel for 15 ~inutes. at which time C02(g)

production (fizzing) ceased. The coal was then washed ~ith distilled

water until no Cl- was detected in the effluent water (i.e., the

addition of AgN03 produced no milky Agel precipitate i~dicating the

preseno:.e of Cl-). The coal was then air dried at 300 e for 24 hOllrs.

A detailed preparation flow chart for both the experimental and analytical

splits of the five size fractions appears with a summary table of the

analytical data in Appendix

One ~ize fraction (+3.2mm -9.5mm) was chosen to illustrate the

technique reported here. The elemental. proxima~e) and forms of
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sulfur analyses of this size fraction appear in TableU-2.

Ten-gram samples of coal were leached in the batch reactor.

Fresh solutions were added to the reactor at the beginning of each

batch experiment (every 24 hours) to prevent a significant build-up of

reaction products in solution. A discussion of the reproducibility of

measurements obtained on replicate lO-gram samples of the +3.2 -9.5mm

coal appears in a later section of this paper.

It should be emphasized again that samples were carefully

selected to be of one type, and that the objective was to illustrate a

technique to measure, and ultimately to understsnd, the leaching of

finely disseminated pyrite from a natural matrix. The objective was

not to characterize the leaching of a natural coal sample consisting

of a miKture of many types and sizes of coal fragments, but to measure

the leaching of one carefully selected type and size of fragment

within which finely disseminated pyrite predominated.

Composition of the Leach Solution

Stock leach solutions were prepared using reagent grade

chemicals. Ferrous sulfate (FeS04 • 7HZO) wa~ used to prepare the

leach solution because the compound has a well-defined hydration state

as compared to ferric sulfate (FeZ(S04)3 ·nH20). The ferrous sulfate

solution could then be oxidized to the ap?ropriate ferric ion

concentration. Ferrous sulfate was dissolved in distilled, deionized,

degessed water acidified to pH 1.5 with concentrated H2S04' The stock

leach solution, prepared in four-liter batche~, was standardized for
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Table D-2. Analytical Data for Prepared Illinois ff6 Coal

( +3.2mm, -9.Smm size fraction)

ELEMENTAL ANALYSIS
Carbon

63.9

(dry wt. %Basis)

Hydrogen

4.55

Nitrogen

1.34

PROXIMATE ANALYSIS (dry wt. % basis, except moisture)

moisture volatiles ash fixed carbon

3.06 39.18 11.12 49.70

FORMS OF SULFUR ANALYSIS (dry wt. % basis)

pyritic S sulfate S organic S total S

1.15 0.21

D-20
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total iron by EDTA titration. The total initial iron concentration of

the leach sol~tion was 2.08 gIl throughout this study. A lOO-ml

aliquot of stock solution was used for each experimental run. Once

the aliqubt reached a constant run temperature, the desired redox

potential and pH were attained by adding drops of concentrated H202

(30% solution) and H2S04 (18.0 M), respectively. Total solution

required for Eh adjustment of the 100-ml starting solution was

approximately 0.2 ml and adjustment of pH required 0.7 ml.

The equilibrium distribution of aqueous species in the leach

solution under the selected run conditions was computed by a

su~cessive approximation-continued fraction iterative method similar

to the WATEQF solution scheme (Plummer et al., 1976). A flow chart of

the computational algorithm and the APL computer code written to perform

the speciation calculations appears in Addendum 2. The thermodynamic

data for the calculations appear in T ~le D-3 with the appropriate refer­

ences. A summary of the solution composition and run conditions used

for the experiments discussed in this paper appears in Table D-4.

Titrant Selection

pH Titrant

A pH titrant was required to compensate for the hydrogen ion

produced in Eq. (D-l), and in effect, to maintain,pH ~onstant. NaOR was

selected as a pH titrant because only Na+ ion and water resulted as

neutralization products:
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Table D-4.
*Run Condi.tions and the Corresponding Distribution

of Aqueous Species in the Ferric-Ferrous Sulfate
Leach Sulution.

Run Conditions:

T 40°..,emperature <= ...

pH <= 1.25 Eh = 0.708 V

Ionic Strength = 0.11

Total iron, molal = 0.0358

Total sulfate, molal = 0.0754

0.00

% of total iron

21.62

5.60

4.96

58.53

4.61

3.73

0.26

0.00

0.68

0.00

0.00

0.00000

0.06812

0.03774

0.01016

0.02095

0.00165

0.00134

0.00009

0.00000

0.00024

0.00000

0.00000

RS04­

SO 2­
4

Distribution of Aqueous Species:

Species molality

Fe2+ 0.00774

Fe3+ 0.00201
o

FeS04 0.00178
+FeS0

4
Fe(S04)Z­

FeHS0
4
+

FeHSO :f+
4

FeOH+

FeOH2+
°Fe(OH)2
+

Fe (OR) 2

4+
Fe2(OS)2
R+

Total Fe(III), molal = 0.02495

Total Fe(II), molal 0.01085

Total Non-RyJroxide Fe(III). molal = 0.024702

1<
An APL computer program using WATEQ iterative tech:niques
(Plummer at al., 1976) was written to calculate the solution
species distribution, (see flow chart and computer code at the
enG of this appendix).
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NaOH + H+ --) Na+ + HZO

Eh Titrant

(D-6)

The object of introducing a redox titrant into the reaction

vessel is to maintain eh constant. The reaction between pyrite and

ferric ion produces ferrous ion as a product. The addition of ferrous

ion to solution tends to lower the measured emf and the calculated Eh.

A titrant is required that will quantitatively oxidize each mole of

ferrous ion produced back to ferric ion. The rate of ferric ion

replenishment prOVides a measure of the rate at which pyrite reacts

with ferric ion.

Hydrogen peroxide (RZOZ) served as a redox titrant because of its

well defined overall oxidation-reduction stoichiometry with the

ferric-ferrous ion couple. HZO Z reacts with ferrous ion in the

following series of elementary reactions (Burkin, 1966):

initiation:

FeZ+ + HZOZ --) Fe3+ + ·OR + OH- (D-7a)

chain propagation:

·OR + HZO --) HZOZ + ·HOZ

·HOZ + HZOZ --) 02 + HZO + ·Oli

termination:

·OH + FeZ+ --) Fe3+ + OH-

(D-7b)

(D-7c)

(D-7d)

·OH + ·HOZ --) 0z + HZO (D-7e)

Free ~adicals (·OR) are formed as HZOZ is reduced and the free

radicals, in turn, oxidize ferrous ion. This reaction mechani~m
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yields an overall stoichiometry of Z moles of ferrolw ion oxidized per

mole of HZO Z' provided H202 and 'OH react only with ferrous ion.

Schumb et al. (1955) pointed out that the Z mole ferrous ion per one

mole HZOZ stoichiometry is quantitative when ferrous ion is present in

excess of HZOZ' The concurrent decomposition of hydrogen peroxide,

the evolution of dissolved oxygen, and the oxidation of ferrous ion

will occur if HZ02 is more concentrated than ferr.ous ion. The

experimental technique presented here was designed so that ferrous ion

would be more concentrated than hydrogen peroxide. This makes

hydrogen peroxide a particularly desirable titrant because only water

and ferric ion are overall reaction products. HZOZ is also a milder

consumer of acid (H+) than such other oxidizing agento as Mn04- and

2-CrZ07 (Weast, 1978).

A redox titrant must be reasonably resistant to decomposition

caused by internal chemical interactions and external effects from the

storage environment. HZO Z is not a particularly stable compound

(Mortimer, 1971); therefore, its stability bad to be checked under

laboratory conditions (250 C) during its storage in the light resistant

auto-burette. The follOWing procedure was used to check the stability

Reagent grade KMn04 was standardized against oxalic acid (Vogel,

1961). The KMn04' in turn, was used to standardize reagent grade 3%

HZOZ (Vogel, 1961). Both standardizations were by volumetric

titration. Aliquots of the standardized HZO Z were taken f~om the

auto-burette and restandardized to check for any decomposition of the

H20Z' No decomposition was noted during the one-week periods flanned
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for the experimental runs. Frequent (weekly) restandardization is

recommended as a precaution.

In addition to the quantitative stoichiometry relationship and

the need for the Eh titrant to be stable, the titrant selected for

redox potential adjustment of acidic ferric sulfate used to leach coal

requires two other attributes: (1) rapid reaction with ferrous ion

upon introduction into the leach solution; and (2) selective reaction

with ferrous ion in the presence of dissolved organic carbon.

The rate at which Eq. (D-7a) proceeds is· a function of the amount of

ferrous ion present in solution (Benson, 1960). This kinetic rate

dependence on ferrous ion concentration bas only a minor implication

in the context of this study. The rate of reaction between H202 and

ferrous ion at pH 1.25 became sluggish at Fe(II) concentrations less

than 5 x 10-3 M. This sluggish reaction rate caused an over-titration

of the desired redox potential. No over-titration problem was

encountered if the concentration of ferrous ion required for the valid

use of the Pt electrode (10-2 M) was maintained. At concentrations

above 5 x 10-3 M Fe(II), the H202-ferrous ion reaction was found to be

complete within seconds after H202 was added to the leach solution.

The time necessary for the reaction to proceed to completion was

evidenced by a redox potential increase and stabilization in stirred

solutions.

When tbe overall stoichiometry of Eqs. (D-7a)-fD-7e) must be used

quantitati~ely, the selectivity of H202 and 'OR to f~rrous ion is

critical if organic carbon is in solution. Free radicals are known to

be reactive species and may interact with organic species in solution
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(Turney, 1965).

An experiment was designed to test the selectivity of R202 to

ferrous ion in the presence of dissolved organic carbon. The Total

Qrganic Carbon (TOC) added by coal fragments was measured for (1)

batch addition of ferric sulfate and no Eh control, (2) batch

additions with Eh control by R202' and (3) batch additions with Eh

control by permanganate titrant. Ten-gram sample splits of coal were

used in each case and each split was subjected to five batches of

leach solution. KMn04 was compared with RZOZ because KMn04 reacts

readily with organi.c carbon to produce C02(aq) (Vogel, 1961). This

reaction is used in analytical chemistry to standardize KMn04

solutions under acid conditions.

The results (with corrections for titrant volume additions)

appear in F±gu~e D-3. ~he cumulative Toe addicion to solution for the

sample subjected to no Eh control was found to be linear with time to

80 hours, as was the sample subject to Eh control by peroxide

titration. As expected, the run solutions subject to Eh control by

permanganate titration showed a reduction of TOC levels attributable

to the reaction of the dissolved organic carbon with the KMn04

titrant. The analyses were performed by Penn Environmental

Consultants of Pittsburgh on samples filtered through O.45f membrane

filters. No statistically rigorous error estimate was obtained for

the TOe analyses; however, organic carbon standards and sample

replicates submitted for analysis with the batch run solutions

indicated accuracy and precision of + 2%.
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Figure D-3 Total Organic Carbon (TOe) levels in three

separate multi-batch experiments,
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A second experiment tested f~~ther the selectivity of peroxide

for the oxidation of ferrous ion in the presence of dissolved organic

carbon. Potassium biphthalate (KHP) was chosen as a source compound

of organic carbon because it is comprised of a henzene ring and two

carboxylic acid functional groups. Both these organic compounds are

likely to be associated with organic coal material and may serve to

represent the organic carbon derived from coal leaching. Also, KHP is

recommended for use as a dissolved organic carbon standard (ASTM proc.

D2579-78).

Ten aliquots of the leach solution were titrated with HZOZ'

Prior to the titrat:l.~ns, organic carbon (3Z±Z ppm) was added to five

of the ten solution aliquots. The other five contained no organic

carbon. Each of the ten aliquots was then titrated to an Eh of 0.690

V at 250 C. The same amount (within 0.04 ml) of HZO Z was required to

titrate the samples containing organic carbon as those without organic

carbon. Two days after the HZOZ titrations, CO2 coulometric titration

was used to determine the TOC content of each of the ten samples. The

samples containing organic carbon retained their pre-titration organic

carbon content (3Z!2 ppm). These findings at 2SoC support the results

obtained from the TOC experiment performed at 40oC, and p~ovides

addiUonal evidence that the organic carbon was not oxidized to

CO2(aq) by the HZ02'

As a final check, the validity of the overall stoichiometry of 2

moles ferrous ion oxidized per mole H20Z was tested by performing

redox titrations as Walling (1975) suggested. Solutions of ferrous

sulfate that contained organic carbon (3Z±2 ppm) and others with no
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organic carbon were titrated with 1.5 and 3.0% HZO Z• A known quantity

of HZO Z was found to cause similar redox potential shifts in the

organic-containing and the organic-free solutions. By analyzing the

solutions for ferrous ion (dichromate titration) before and after RZOZ

addition, the mole ratio of ferrous ion oxidized to ferric ion per

mole of RZ02 was determined. The results of the titrations performed

on the solutions containing organic carbon agl~eci with those performed

on the organic-free soiutions and the 2:1 (ferrous:peroxide)

stoichiometry was verified to within 0.1 moles of ferrous ion oxidized

per mole of HZ0 2• A TOC threshold for the valid application of the

2:1 overall stoichiometry was determined to be 60±5 ppm TOC. Above

this level, the 2:1 overall stoichiometry broke down so that less of

the ferrous ion was oxidized to ferric ion per mole of peroxide. At a

TOC level of approximately 900 ppm, the stoichiometry of Eq. (0-7a)

effectively described the moles of ferrous ion oxidized per mole of

HZOZ• An explanation for the observed behavior is that above 6~5 ppm

TOC the free radicals began to react with organic carbon instead of

ferrous ion, thereby lessening the selectivity of peroxide for ferrous

ion.

To confirm that the H20Z reacting with ferrous ion was completely

consumed, colorimetric analyses (Eisenberg, 1943) were performed on

aliquots of leach solution extracted from the vessel within minutes

after redox potential adjustment and stabilization had occurred.

These analyses revealed no residual R20 2 above a detection limit of

10-5 M.
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Hydrogen peroxide met the four requirements for use as a redox

titrant:

(1) a quantitative stoichiometry with the ferrous-ferric ion redox

couple;

(Z) stability during burette storage (-1 week periods);

(3) a rapid reaction with ferrous ion with its addition to the

leach solution (provided CFe(II) >5x10-3 M); and

(4) a selective reaction with ferrous ion in the presence of

dissolved organic carbon (provided TOC <60+5 ppm).

The 0.448 M (1.5%) HZO Z concentration proved to be an acceptable

compromise. Too concentrated a solution (O.9M), would cause overshoot

of the desired redox: potential; too dilute a solution (O.J.M), caused

use of H202 volumes in excess of 5% of reaction vessel volume.

ApproKimately 0.05 m1 of HZ02 (0.44.8 M) was necessary to shift

the redox potential of the 100-ml leach solution by O.OOZ V. In the

well stirred leach solution, the 0.05 ml 8202 addition was diluted

effectively to 2.Z4x10-4 M. Therefore, peroxide decomposition

concurrent with ferrous ion oxidation was avoided because the

requirement that the peroxide concentration be less than the ferrous

ion concentration (0.01085 M) wa~ satisfied.

Experimental Sensitivity

Equation (D-2). combined with the stoichiomet~y from Eq. CD-Ib), for

example, may be used to estimate the sensitivity of Eh in terms of

changes in the ratio of total ferric ion to the total ferrous ion
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concentration. EveLy milligram (mg) of ferrous ion added per liter of

the leach solution (that is, every ppm of iron addition from pyrite

leaching) should decrease the emf (and Eh) by approximately one

millivolt. A two millivolt change in Eh can be detected and corrected

for by automatic titration. Thus. for the leach solution used in this

study (2.08 gIl total iron), and for concentrated iron lixiviants in

general, redox potential is more sensitive than analytical techniques

for detecting small (2 ppm) additions of iron to solution. This

sensitivity is largely achieved by the stoichiometric constraints of

the leach reaction (Eq. CD-I)). A relatively large amount «3+IZX) moles)

of ferrous ion is produced and ferric ion reduced «2+1ZX) moles) for

every mole increase in the total iron concentration of the bulk

solution. For this reason, Eh, which reflects the concentration ratio

of total ferric to ferrous ion, 1.hen defined in terms of a formal

potential, is a particularly s~nsitive measure of reaction progress.

The problem of pH electrod~ drift discussed previously made pH

measurements insensitive as a measure of redction progress. The pH­

stat titrator was able to detect and compensate for a 0.05 unit change

in pH. At pH values b£low 1.50, reaction related pH changes during a

24-hour batch run fell within the error in pH calibration. In

addition, HZ02 serves partially as a pH titrant as it adjusts the Eh

of the leach solution. Two molp-s of acid are consumed Eor every two

moles of f.errous ion Ilxidized to ferric ion by HZO Z• The dual effect.

of peroxi~e in altering the En and pH of the leach solution

c.omplicates the use of pH titrant c.l)nsumption as a lIleasure of reaction

progress.

D-32



Eh Drift Versus Eh Stat Experimental Runs

In an Eh drift experiment, the Eh of the leach solution changes

in response to reaction progress. An Eh-stat experiment uses HZ02 as

a titrant to keep the Eh constant (STATic or STATionary). Initially,

a relatively simple Eh drift experiment was used to examine the

sensitivity of redox potential measurements.

A la-gram coal sample was leached with five successive batches of

ferric sulfate, and for each batch the redox potential was allowed to

shift in response to the progress of the reaction. The results of

these runR appecr in Fig.D-4a as a plot of emf versus run time. These

data show that changes in redox potential were measured within hours

(h) of the initiation of the exp~riment. The resulting decrease in

redox potential with time was non-linear, and each ~f the five batch

runs behaved similarly. The magnitude of the decrease in redox

potential was largest for batch-l and became less for each subsequent

batch. The Eh drift experiment proved that redox potential shifts are

large enough to be useful in studying the reaction between pyrite

disseminated within a host coal matrix and ferric ion.

Figure D-4b shows the consumption of H20Z titrant as a function of

run time for five ouccessive batch leach runs with emf maintained

constant at 0.518 V. The experiment was performed on a second la-gram

coal sample. A linear relationship between perOXide consumption and

time with a positive slope was obtained. The slope of the line is

largest for the initial batches and diminishes for subsequent batches.

This trend is similar to the one observed in the Eh drift experiment
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where the emf decrease in initial runs was greater than it was in

later runs.

Interpretation of the data is simplified in the Eh-stat case

where the concentration of Fe(III) species in solution is held

approximately constant. With a constant Fe(I!!) concentration, the

rate of leaching is, for theoretical reasons, expected to depend only

on temperature and time.

The slope of the relationship between peroxide consumption and

run time (moles RZOZ/h) is related to the rate at which pyrite reacts.

Equations CD-7a) and (D-7d) indicate that one mole of HZO Z oxidazes two moles

of ferrous ion to ferric ion through the free radical reaction

mechanism. Equation (0-1) indicates that (Z+l2X) moles of ferric ion are

required to oxidize one mole of pyrite. These stoichiometric
\

relations yield the follOWing equation:

moles pyrite oxi./h =[2/(Z+l2X)] moles HZOZ consumed/h. (D-8)

To use (D-8) in complex leaching systems, ferric ion must be

reduced only by reacting with pyrite. In systems cont~ining coal,

Meyers (1977) has found that ferric ion is reduced by reacting with

coal (-100 or -ZOO mesh) at 1000 e and that the magnitude of the coal-

related ferric ion reduction becomes greater for coals of lower rank.

The Eh stat technique may be used to estimate the magnitude of this

extraneous reaction by ferric ion. Forms-of-sulfur data for the coal

sample before and after leaching may be compared with the tot~l RZ0 2

consumed to produce two esti~ates of the stoichiometric X coefficient

in Eq. (D-I).
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Reproducibility of Rate Measurements

The technique introduced in this paper measures the reaction rate

of pyrite disseminated within coal fragments having a relatively

coarse size distribution. Because of the coarse coal particle size

and the small sample (IO-grams) being tested. it is u~eful to assess

the reproducibility of the measured rate of HZOZ consumption.

Six lO-gram coal samples were tested under the same run

conditions as those listed in Table D-4. Each sample contained

approximately 25 individual fragments of coal. The H202 consumption

rate over the initial 21 hours of leaching was compared. This

comparison appears in Table D-5 where the rate data are listed along

with the summary statistics. A standard deviation of 29-percent about

the mean of six rate measurements was determined. The maximum

absolute error attributable to the ~ate measurement technique itself

is between two and four-percent. Therefore, the magnitude of the

observed standard deviation reflects variability in the nature of the

coarsely-sized coal samples being leached. It is useful to compare

the 29-percent variability in the rate of peroxide consumption between

fresh samples and the observed rate change in the leaching history of

a single sample.
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Table D-S. H
2

0
2

Consumption Rate Data from Replicate Leaching

Experiments

Run I.D. Time, h. HZOZ consumption rate

-"(moles/h) x 10 - +1 s.d.

SF18381 21 2.09 .± O.OZ

SFl8382 21 2.13 + 0.01

T40Fl 21 1.89 + 0.03

T40F2 21 2.83.± 0.02

T40:F3 21 3.632: 0 . 02

T40:F4 21 3.63 + 0.06

mean

Std. Dev.

Std. error of mean

Coefficient of variation

D-37

2.70 x 10-5

= 0.79 x 10-5

= 0.32 x 10-5

29%



Fig. D-4bshows nearly a 50-percent drop in the rate of lea~hing

after 110 hours of total 1ea~h time (i.e., batch-l ~ 2.13xlO-4 moles

H202/h and bat~h-5 = 1.08xl0-4 moles HZOZ/h). The 29-percent

variation in the initial rate of lea~hlng between fresh coal samples

is less than the de~rease in rate for a single sample after only 110

hours of leaching.
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SUMMARY

Redox potential measurement and HZO Z titration are combined in an

experimental technique to measure the rate at which the following

reaction of pyrite with ferric ion or, for example, its dominant

aqueous complex in acid sulfate media takes place:

The technique is very sensitive ( ::!:. L. ppm iron added to solution by

pyrite leaching) and can be used to study systems of realistic

hydrometallurgical complexity where the following limitations restrict

using standard analytical measures 0 f reac tion progress:

(1) the lixiviant is concentrated ()1000 ppm) in the species consumed

and produced in the reaction between pyrite and ferric ion;

(2) the pyrite is enclosed in a matrix of coarse particle' size

containing iron and sulfate impurities that leach during the

pyrite reaction; and

(3) the pyrite is of a fine grained, disseminated morphology that

constitutes a small fraction «2.0 wt .%) of the matrix.

The measurement of redox potential with a Pt electrode in

solutions of iron sulfate is valid when pH <3.0 and the concentration

of ferric and ferrous ions is each >10-2 M.

HZ02 is used as a redox titrant to maintain the ratio of total

ferric ion to total ferrous ion in the leach solution. H20 Z reacts
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rapidly and selectively with ferrous ion if the ferrous ion

concentration constraint for Pt electrode use is met and the leach

solution has an organic carbon content <60±5 ppm. Under these

conditions the reaction of H202 and ferrous ion is described. by the

overall reac tion:

The rate of consumption of redox titrant is used to follow reaction

progress, and H20 2 consumption rate may be interpreted quantitatively

in terms of the rate at which ferric ion is reduced by reacting with

pyrite.

The Eh-sta t teclmique, used in combination with standard forms­

of-sulfur analyses of the coal, provides a way to test hypotheses

concerning (1) the selectivity of ferric ion to pyrite within a

reactive matrix, and (2) stoichiometry of the ferric ion-pyrite

reaction. This technique permits a direct determination of the effect

of the matrix material on the kinetics of pyrite oxidation by ferric

ion. The technique has possible applications in other fields of

hydrometallurgy where one would undertake an analysis of the kinetics

of iron sulfide oxidation by lixiviants containing ferric ion.
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Addendum 1: rpm calibration data for magnetic stirrer

Lapine Scientific rpm, Measured
Model 384-05 rpm, Measured by Fluke Instr. rpm Used

Stir Speed Setting by Strobe Light Digital Line Counter for Experiments

0

1.0

1.5

2.0 100 100

2.5 200 200

3.0 245 ± 30 264 250

3.5 320 ± 30 370 350

4.0 380 ± 30 426 400

4.5 540 500

5.0 695 ± 30 630 650

5.5 790 ± 30 715 750

6.0 900 ± 30 840 850

6.5 985 ± 30 936 950

7.0 1115 ± 30 1074 1050

7.5 1280 ± 30 1224 1250

8.0 1410 ± 30 1380 1350
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Addendum 2 Flow chart and APL computer code for calculating the

distribution of aqueous species in acidic iron

Gulfate solutions

Itt'PllC eotal Fe.t pH,.
Soln. potlltlc1al,
ZObell !loln. poe.

Ul'daced
~i"

Stumm and Morgan

(Eq. 14, p. 138)

Eq. B-4

StulllCl and Horgan (1981)

(Eq. 42, p. 439)

Stumm and Morsan (19a1)
(Eq. 2, p. 134; Helgeson's
(1969) extended Debye­
liuc~<el equation)

succesS1ve approximaciDns--

..+
.... )Jr:::l

f(PR>L-j

llrite assoc. reaction equilibria
as fr~ctionBl functions in terms
of Fe2+, Fe3+:
for reaction(7) in Table B-3:

I~ ~ BFeOlt alt

aFe2+

mFcmt ~ mFe2+~lFe2+1 d'Feon+ V"l';i'
term in parentheses is
functional P component.

Flow Chart of APL Function DISTRIB

(successive approximation-continued fraction method)
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TffE PENNSYLVANIA STAT~ "NfV.
TffIS fUNCTION CALCULATES REDOX eqUILIBRIA AND SPECIATfON
IN THE FE-SULFATE-H20 SYSTEM ASA FUNCTION OF PH, REnOK
POTENTI4L. TOTAL ANALYTICAC IRON CONC., TOTA~ ANALYTICAL
SULfATE CONC., AND TEMPERATURE.
T8E fUNCTION IS DESIGNED AS AN AID IN INTeRPRETATION OP
eXPERJr.f!':IITAL eH AND PH IIEASIIRElfENTS IN AQUEOUS
SOLUTIONS OP fERRIC ANa fERROUS SULfATE.

~FDISTRIB(DJ~

~ FaISTRIB
APL rUMCTION•

••
•
•
••
•
•
A

•
•
• INPUT TO THE PROCRAM CONSISTS OF PIV~ LAB M8ASU'~MENTS,

• 1. TOTAL IROII CONC., MOLAR
• 2. SOLUTION PH
• 3. UEASURED SOLH. POT .• V VS SCE OR AG-AGCL REf.
• •• MEASUREr ZOBELL SOLN. POT•• V VS SCE OR AC-AGCL REf.
• 5. SOLUTION rEIfP~RATURe, 'C
R T18 FUNCTION CORRECTS POR IONIC STRENGTH R~LAT~D ACTIVITY

EFflf:CTS USING !':XTSNfJeD DBBYE-f{UCKEL THEORY WITFI THE EXTBRIIAL
PUNCTIONS ACT IACTIVIn eOEFF) AND DIA (DIBLECTRIC CONS.).
EQUI£IBRIUH CONSTANTS ARE BXT~NDEO TO HIGHER TEMPS A~SUMrNG

ENTHALPY COIISTANT (25-70 o C) USING THE VAN'T HOPP EQUATION.

·'ENTER TOTAL fe (MOLAR»,'
INIT...a
'EVTZR SOLUTION PH,REDOX POT. tv vs RBf) , ZOBELL SO£N POT. (V VS R~F),'

INIT+INIT.D
'ENTER SOLUTION TEMP. 0C"
INIT"INIT.D
18 5 .FETOT"'INIT[l]),IS 2 'PH+INIT(2),(6 3 ,VVSREP+INIT(3)l.(6 3 ,EZOB"'INITC.l1. S 1 'T"INITrSl
'tttTHIS INPUT USED 8Y FDISTRIB'

A

R SET NO. OP SIGNIFICANT DIGITS
OPF",

A

R INITIALIZE THBRMO DATA V~CTORS IIITH LOG BQUIL. CONSTS. AND 8NTHACPIES
LOGK25 ... 2 2.2 1.1 3.96 5.3B 0.6 -9.48 -2.19 -20,5 -5,57 -2.95
F/25. 5.2. 1.5 0 6 4.5 Q 13.2 10 •• 28.56 G 13.5

• SET-UP SPECIes NA~E VECTOR
ID""FE2' FE3+ H+ FlS04- S04-2 FES04 0 PES04+
ID ... rO.'FE(S0412- PEHS04+ YEHSO.+2 FEon+ FEO"+2 FEIOH)2.
ID"'10, 'P'E(0f{)2 .. FE2{OH12+.'
IDL1ST+(15.10)prD

R ASSIGN CHARGE paR EACH AQUEOUS SPECIE
CH" 2 3 1 -t -2 0 1 -1 1 2 1 2 0 1 •

A SQUARE CHARGE VECTOR POR IONIC STRENGTH CALCULATIONS
ZZ"'CH*2

• ASSIGN VALUES POR A-ZERO TERM POR EACH AQ. SPECIE
• A-ZSRO IS "DISTANC'S Of CLOSEST APPROACH OP IONS" AND r~

R USED IN DE8Y~-RUCKEL E~N IN FUNcr, ACT
AO'" 6 9 9 ... 0 5 5 7 7 5 5 0 5.4 11

A ~ST, TOTAL 504 PROM RYD. ION ACT, {H2S04 ACIDIFICATI01 ANa STOICHIO.
R CONTHIB. FROM FESO" REA CENT.

ACTe+-( 10* (-PHI)
ACTHr"-ACTH.7
SO'TOT"FETOT+(EVA~SO. ACTHTl

• TAKEN FROll NORfJSTROM. a.x. (1977), GCA ,41.1835-18.1-
• STD. POT. OP ZOBELL SOLN. VS e ELeCTRODE AS FITl

EHZ08T+0 •• 3-(0.0025*IT-25»
• COMPUTE EH FROM HEAsnRED pn~RN7rAr.s

[ 1 J
(2)
[3 )

("1
(5 )
(6J
[7]
(3J
( 3]
(10 J
( 11 J
[12 J
[13 J
[1" ]
(lSJ
( 16]
(17)
[18 ]
(19 J
[20 J
(21]
( 221
[23 J
(2"1
[25)
(26 J
127J
(2BJ
[29J
C30J
£311
C32J
(33 J
(3 .. J
051
[36 J
[37)
De J
139 J
[40J
("1 J
(42]
(1)3 J
( .... ]
(.5 ]
(1)6 J
[47J
("8 J
[49)
(SO]
( 51l
(52 J
( 53 J
[51>]
[55]
[56]
[ 571
[ 58)
(59 ]
[60]
(61]
(62 J
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[63 )
[611}
(65)
(66)
(67]
(68)
(69J
(70 J
(71l
(72J
(7J )
(711)
(75J
(76)
(77J
[78J
[79 J
(80J
(81J
[82J
(83J
( 8ll]
(85J
(86)
(87J
[86J
[69 J
[90J
(91)
[92J
[93J
(SIIJ
(95 J
(96]
[97]
[98J
(99)
[lOa J
(101)
(L02J
(103J
(101lJ
[105J
[106)
[107]
[108)
(109)
[110J
[111 J
(112 )
(113 J
( 1111)
( 115)
(116 J
(117J
[ 116)
(119)
[120)
(121)
(122 )
[123 J
( 1211)
[125 J
[126J
(127J
[126 )

F.H~(VVSREr-F.ZOB)+gHZ08T

• FORHAL SOLUTIQR POTENTIAL (VOLTS) AS FIT)
EFOR"AL+( (0. oc "111 7x (273+Tl) -0 .11226l-5 .l1te-6x «( 273+Tl *2)

" FERRIC TO FERROUS IRON RATIO
CONST+l0*«(EH-EPORMALlt(2.303 xO.001987 x(273.iS+T)f23.0 6»)
FE2TOT~PETOTt(1+CONST)

F83TOT+F8TOT-FE2TOT
CHC""15pO

• VAN'T HOPF EQN. POR K(T)
LOGK+LOGK2S+(H25f(2.303 xO.001967»x((t298)-(t(T+273»)
K+l0*LOGK
1+0

• INITIALIZE MOLALITY AND FUNCTIONAL V8~TORS
X~1500

1.'+1500
X(5)+SOIiTOT
XCl J"P82TOT
X( 2 )"P83TOT

• ITF.RATE TO SATISPr SULFATE MASS BALANCE
ONE:G+ACT T

;([ 3 J+( (10* (-PH) )fcD) l
1.'(1 J+l
P(2J+l
P(6J+K[2)xG~1)xX[S)xC[S)tG[6)
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P[8J+K(S)XC[2)x(C[5J x 21 x CX[SJ*21}tC(8)
P[S)+K(3)xC[1)xK[1)xX[3JxC(3)xX[5)xG(S]tC(S)
P[10)+K[6JxC(2)xK(lJxX[3JxG(3JxX~5JxC[S}fG(10)

P[11J+K[7]xG(1,t(X[3)XC[3JxC(11)
P(L2J+K[S)xG(2)tIX[3)xC(3JxC(12Jl
P(13)+K[9)xG(1)t«(X[3)*2)x(C[3)*21xC[13)
P[111)+K(10)xC[2)t(IX[3)*2)xlC[3)*2lxC(111)}
P[lS)+K[11)X(C[2)*2)xX(2)t(C[lS)x(X[3J*2)x(G(3J*2»

• ~OHPUTE MOLALITIES USING EQUIL. FUNCTIONS. I.' VECTOR
X[1)+PE2TOTt(P(1)·P[6j>P(9)+P[11)+P[13))
X[2)+PE3TJTt(P[2J+P[7»P[6J.P(10J+P(12).P[14J+P(lS)
X(4)+K[1)<X[31 xC(3)xC(SJxX(S]tC[1l)

X[6)+P[6)xX[1]
X[7J+P[7JxX(2J
X[ 8 J~"[ HJ x X(2)
X(9)+"[9]<X(1)
X[10J+P[lO)<X[2]
X[11J~P(11)xX[1)

X[12)+P(12)xX[Z]
X[13)+P(13)xX(1]
X( 14 ]+P( III )xX( 2 J
X[lS]+P[14JxX(2]

• A SUM FOR SULPATE MASS 8ALANC~

SOIlTST+X(II]>X(SJ>(X[1)xIP[6)+P[9J)I>IX(2)x(P[7»(2 xp(S)+P(10))
1+1+1

• SULFAT~ 8ALANCE CONV~RC~NCF. TEST
~«I (S04TOT-SOIITST)l<lE-Sl/TYO

• RF.SF.T SULFATE AND ENTER RECALC. LOOP
X[5),,"X(5)x(1-(0.Sx«(SOliTST-SO~TOT)tSOIlTST»)
+OllE

• OUTPUT SOLUTION CHARACTERISTICS
TWO: 'NO. OP ITERATIONS' '.yr

oJ+ 1 2 6 7 8 9 10 11 12 13 14
XTOT~(+!X(JJ»(2'X(lS])

ACTOT+(+/eX[JJxC[J]»+(2 x(X(lS)xC[lS))
J~ 2 7 8 10
SOLF83+( +IX[JJ)

• SET UP FRACTIONAL F~ OUTPUT
XTEMP+X
XTEMp( 3 )+0
XT8HP(II)+0
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Accessory functions for function DISTRIB:

'1EVALS04(
[OJ '1

v ACIDS04+!:VALS04 AC7'!IT
[1] II GIVEN flJPUT HYDROGEN ION ACTIVITY AND SOLN TEMP !:VALS04

. [2) II RETURNS SULFATE CONC. RESULTING FROM H2S04
E3J II ACIDIFICATION ONLY. THIS MUST BE ADDED TO
[4) II STOICHIOMETRIC CONTRIB. FROU FES04 REAG.
[5] II

[6] II A LINEAR RELATION EXISTS BETII8EN TEMP (0-50 Cl AND LOG X FOR WATER
[7] II ALSO A LINEAR RELATION BETWEEN TEI.fP AND LOG xCDISSOC) FOR HS04­
[8] II THESE I18RE FIT FROM DATA PRESENTED BY BARNES AND HELGESON. 1966.
[9] II K(DISSOC) FOR H2S04 CAr.C FROM f.G(RXN)=-6.67 KCALfUOL AI/D
[10] II K =lO*(~G;(-Rx(T.273)x2.303)l

(11] II

(12) II THE EXPRESSION FOR SULFATE CONC. AS A F(HYD. ION ACT) WAS
[13] II TAKEN FROU STUft~ AND MOROAN (1981.P. 138).
(14] II DIPROTIC ACID EQUATION USED
[15] II

[16] ~W+ 0 10 20 30 40 50
[17] LOGXW+ -14.95 -14.53 -14.16 -13.83 -13.53 -13.26
[18] FITW+LOCKWffiTKY·.* 0 1
[19] LOGKWT+(ACTHT[2Jo.* 0 ll+. xFITW
(20] TKHS04+ 0 15 18 25 35 45 50
[21] LOGKHS04+ -1.68 -1.8 -1.9 -1.97 -2.09 -2.22 -2.3
[22] FITHS04+-c.OCXHS04f!lTKHS04o .* 0 1
[23] LOGKHS04T+(ACTHT[2]o.* 0 ll+.xFITHS04
[24] KW+10*LOGKWT
[25] XYS04+10*LOGKHS04T
(26] Kl+l0*(-6.o7t(-0.001987 x (ACTHT(2]+273)x2.303ll
[27] K2+KHS04
[28] A+«2xK2l+ACTHT[1]l
[29] B1+«ACTHT[1]*3It(K1xAll
[30] B2+«ACTHT[1]*2ItAI
[31] B3+«ACTHT[l]xKWlf(XlxAll
[32] 84+«ACTHT[1]xK2)fAl
[33] 85+«X2 xXWlt(ACTHT[1]xAII
(34] B6+(KWfAI
[35) AC1DS04+Bl.B2-B3~B4-BS-B6

v

~~~;cr~ture dependent dielectric constant for water:

'1DIA[DlV
'1 Y"'D1A T

[1) Y+87.7~+«(T*2lx(0.000939Il-«(T*3)X(1.418-611+(O.4008xTll
v .

Extended Debye-Huckel equation:

'1ACT[O] V
V G+ACT T

[1] A...1824600f«((DIA Tlx(273.Tll*1.5l
[2] B<-SO.29fC «(DIA Tlx(273+Tl)*O.SI
[3] 10£{+( O. Sx( +!eXx(CH*2) l ) )"0. 5
[4] G"'10*«-AXZZxIOHt(1+AOxSxIOHl)+0.041x(IOH*2»

v

Note: Statement [35] of Function EVALS04 should read
ACIDS04~(Bl+B2+B4)-(B3+B5+B6)
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Example :.'.nput and output-

E'DISTRIB
ENTeR TOTAe FE (MOLAR»:
0:

.03S!:!
ENTER SOGUTION PU.REDOX POT.tV VS RBFi. ZOBELL SOLN POT. IV VS REP):
0:

1.25 .518 .203
EYTER SOLUTIOM TEMP. .C:
0:

\\0
.03580 1.25 .518 .203 40.0

tttTHIS INPUT USED BY FDISTRIB
,'/0. OF' ITeRATIONS= 31

SPeCIES DISTRIB-------------
MOLAL LOG(FRAC FB TOT) PCT TOTAL IRON ACTIVITY AC'I' CaEE'

F'S2" • 00174
(~OLAL)

21.617 .002.964 .383.6652
FE; 3.. .00201 -1.2517 5.601 • 000328 .16,.
l{" .06812 .2794 .000 .056234 • 825
!lSO"- .037H .0230 .000 .026634 .761;
504-2 .01016 -.5469 .000 .003355 .330
!!'iSSD'! ° .00178 "'1. 30'+5 4.961 .OO17S'+ 1, 010
F3S0li-+ .02095 .2326 58.530 .016329 .779
F~(S04)2- .0016 5 -1.3361 1;.612 .001287 .779
F::.'iS04+ .001H -1.'1278 3.731; .001076 .805
FSHS04+2 .00009 -2.5871 .259 .000038 .1;07
E'::OH' .00000 -8.7397 .000 .000000 .779
?F::.J!i+2 .00024 -~.1653 .683 .000087 .358
?/;'(OH)2° .00000 -1&.18'25 .000 .000000 1. 010
F5:(;)f{) 2' .00000 -5.1024 .001 .000000 .785
P5:2i"!Il2+4 .00000 -5.102

'
1 .001 .QOC\lOO .055

:'.1- 1.25
'~·l:~,:. Sf!: 0.1075
!GVi~ ST8ENr;TH= 0.1104
~:JCM, !.'~Orl."10LAL: 0.035198 TOTAL IliON ACTIHTY: 0.023905
,"·0TAl 110!1-{{YOf!.XOF: rE3 .. spse,MOLAL: 0.024702 £OC(FRAC TOT FE) ,-0.16111;
~0TA& ?E3~ SPE:CISS. MOLAL~ 0.024947
:r'OTIL N:2~ SPECIF:S. MOLAL: 0.010852

ANION 8ALANC8 ON SULfATE
';'l,'~L .~.;1~,.\10{'AL: 0.075365
!'~r,t(, ';.14 "'RMf EVALS04-: 0.039564
:"0:"1£ ::04 F!?~,'{ U:S04 REAC: 0.0358

Reproduced from
best available copy.
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APPENDIX E Experimental Column Leaching of Coal

A. Leach Column Design and Materials

Many variations in column design are reported in the hydrometal1urgical

literature. In general, the column apparatus is designed to provide as

inert a container as possible so that the leaching chemistry of interest may

be studied without contamination from the column or accessory hardware.

Plastics appear to be best suited for laboratory-scale column leaching

applications, both Plexiglass(R) and PVC(R) have been used successfully

(Brimhall and Wadsworth, 1973; Bruynesteyn and Vizs01y, 1981). Stainless

steel columns have been used in one large-scale leaching ~~periment

(Murr, 1980).

Solution flow within the column is a critical operating parameter and

to avoid undue wall effects the column diameter (I.D.) should be four times

the largest particle diameter in the aggregate of particles being leached

(Pott'er, 1981). Column length is used to size the experiment to handle

the desired mass of material. Four leaching columns, identical to the scale

drawing in Figure E-3 were constructed using clear acrylic plastic (Plexi­

glass) tube. The reader is referred to Figure E-l for dimensions and other

details regarding the construction materials. A photograph of the column

apparatus and accessory hardware appears in Figure E-2 • The clear.column

allowed visual checks to be made on solution flow, sample compaction, and

solution ponding in the bottom of the column. PVC end fittings (pipe clean­

outs) were attached (using PVC cement) to the top and bottom of the

E-l



3.0"1.0. plexiglass tube ('(4".",011)
(31"loog)

Thermocouple (MID) is equidistant (11")
from (TOP) and (BOT) thermocouples

o 2 3 INCHES
I L J

perforated taper to distribute
inflowing air.

Va" 1. D. glass tu be to sheath
thermocouple

Va" plexigla5s plate

:*,"+r~--perforated bottom to ('he"dia)
distribute leach solution

(~iH~€;=~-§:==c:::r-e--glass-sheathed thermocouple (BOTl

,
(~~€=:=:=:~g=::::;:::::l'<::::"

: Thermo-Electric
I Thermocou pie (l/e" 0.0.) (TOP)
I ~K18G-I600-0-6-24-1L

'1.. " NPT to Y.. II tube SWAGElOK (NYLON)

--%" copper tubing

~=:+*+~=~ holes for air outflow (%" dia)

No!'J~()~ tl...lbe,,:lt- 8010-0125----1
(Ve" 1. D. t '1t6 ';Va \I ) .--,"+--...r'

PVC cleQn~out end cap
Charlotte ~ipe a foundry
4=1:0 106

100ml
NQI~ene beaker

PVv end filii ng

1/4" 0.0. co¥:>per tubing
for tern peril ture control
(2 eoils/in'Ch for

enti ra colLimn length)

Fiberglass ~~pe iosulation
(4.5', I.D.l
(6.5' O.O.}

Joe kets enl ire Ie ngth
of column

Inverted HuJ :::tIer 2oz.--#~'::;

polyethylene ~u~nel 1/4" plexigloss plate

PVC ef"ld fitting -holes to drain leach solution (V4"dia)

PVC clean~au' end cap %"NPT to %" tube SWAGELOK (NYlON)
V.. /lNPT to ll/~ tube SWAGELOI<-..-"::ttrN'~ II

(N'fLON) % 0.0. Tygon tube

Na,?ene tube # 8010- 0125
(V8 ' 1. O. I V,~' \fQ II )

Figure E-} Design and Construction Materials of the Leaching Column

Apparatus (to scale)
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Reproduced from
best available copy.

Key:

1. PVC end fittings and caps

2. Thermocouples (TOP, MID, BOTTOM)

3. Copper tubing for temperature
control

4. Fiberglass insulation jacket

5. Rotameter for inflow air

6. Rotameter for outflow air

7. Drying tube with desiccant

8. 02 measurement flask and 02
probe

9. Oxygen meter

10. Reservoir for leach solution

Figure E-2 The Column Leaching Apparatus and Accessory Hardware
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Plexiglass tube. The screw-type inoerts (PVC end caps) for the end fittings

were modified to hold the inlet and outlet tubing and a solution distribution

and cOllection system.

The top-end cap was drilled to accept an inlet ~ube for leach solution

and an outlet tube for effluent air. Nylon Swagelok(R) compression

fittings and Nalgene(R) tubing were used throughout to maintain an air­

tight seal and also prevent corrosion. A IOO-ml Nalgene beaker was

designed and fit to the top-end cap as a leaen solution applicator. Thus,

the leach solution was sprinkled evenly at the top of the bed of particles

within the column. In a similar fashion, th~ bottom-end cap was drilled

for an inlet air tube and a drainage tube for effluent leachate. An

inverted polyethylene funnel was designed and fit to the bottom-end cap.

The funnel served to 1) support the sample charge in the column, 2)

distribute the air inflow evenly in the column, 3) prevent clogging of the

solution outflow with particulates while allowing drainage of effluent

solution, and 4) prevent leach solution from collecting in the inflow air

line.

The column apparatus was designed so that a constant temperature could

be maintained throughout the interior of the column. Copper tube was

tightly coiled around the column with a spacing of approximately two coils/

inch of column. Distilled deionized water could then be circulated from

1a constant temperature bath. The temperature of the bath was held constant

to a tolerance of ±O.2oC. Temperatures up to 6SoC were envisioned for

column experimentation and this necessitated using a submer.si~le pump

1Tecam model TE-7
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unit2 for water circulation that was thermally insulated and constructed

of a plastic material tv prevent corrosion at the high operating tempera-

tures. Fiberglass pipe insulation was used to jacket the column and preve~t

heat loss.

Temperature in the column was monitored with three glass-sheathed

type-K thermocouples. Three holes were drilled in the column and the

thermocouples were sealed in place with epoxy cement so that the end of

the probe rested in the center of the column. Temperatures at the three

thermocouple ports were monitored continuously by incorporating a multi­

3channel data logger. Twelve data channels (3 for each colluwn) we¥e thus

dedicated to monitor temperature. Compressed air from a standard labwratory

bench outlet was used as a source of air for the column experiments. The

bench outlet was modified to accept a compressed air filter4 and an air

5line regulator/pressure gage. The compressed air was metered to a pre-

determined flow rate of 0.003-0.004 std. liters/min. (or a Dacey air flow

rate of 0.0011-0.0015 cm/s) with a rotameter6 . Prior to introducing the

air in the column H.passed into a bubbling tube containing distilled water.

This tube was maintained at the experimental temperature to equilibrate

the temperature of the gas and to saturate it with water.

2Little Giant Pump Co. model NK-l #526003

3Monitor Labs model 9300

4Model M-20, Motor Guard Corp., Box 1834, San Leandro, CA 94577

5Model 282.16036, Sears Roebuck and Co.

6Model #1355CCIB1BAA with a R-2-15-AAA tube, Brooks Instrument Div., Emerson
Electric Co., Hatfield, PA 19440
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Outflowing air first passed through a drying bottle thac contained a

desiccant7 and then into a flask (250 ml Nalgene erlenmeyer) which housed

8
a polarographic probe The effluent air then passed through a rotameter

similar to the one used to meter air inflow. The second (or outflow)·

rotameter reading could be compared to the inflow rotameter reading to

check for air leaks in the column apparatus. Finally, the effluent air

passed through a trap containing mineral oil to monitor air outflow

qualitatively and prevent back diffusion of air into the 02 measurement

flask or the leaching column.

Measuring the 02 concentration in the effluent gas stream prOVided a

means of tracking the oxidation reactions taking place between the oxygen

in air and the water-saturated coal and pyrite within the column. The

polarographic probe responds electrochemically to the oxygen content in

the air sample. The current produced by reduction of oxygen at the cathode

was input to an oxygen meter8 which, in turn, produced a voltage proportional

to the oxygen concentrativn in the effluent gas stream. The oxygen analyzer

system had to be calibrated and this involved removing the probe from the

measurement flask, allowing it to eqUilibrate with air in the laboratory,

and then the meter was adjusted to read 21% °2 , Meter calibration was checked

twice each day and adjusted if necessary, Meter fluctuation due to battery

discharge was eliminated by incorporating two 120V AC to 9V DC converters.

Thus, the meter could be operated on a continuous basis. The voltage

7Drierite (Anhydrous caS0
4

)

8Edmont Oxygen Analyzer System, model '60-620, Energetics Science Div. of
Becton Dickinson and Co., Elmsford, NY 10523
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output from the oxygen meter entered a multi-channel data logger programmed

with a pre-calibrated linear conversion from voltage input to percent

oxygen.

The data logger produced a record on paper tape at programmed sampling

intervals (typically six hours) of the percent oxygen in the air leaving

the column. The oxygen probe was rotaced between each of the four leach

columns every several days.

Leach solution entered the leaching columr. by gravity flow from a

storage reservoir. The solution was applied at predetermined intervals

by simply flushing the solution in the reservoir through the par-ked bed

of coal and th~1 collecting the effluent as it drained from the base of

the column. Leach solution composition and application rate will be

discussed in the section on experimental conditions.

B. Sample Preparation and Analysis

Four column experiments were planned in this study and the coal

samples were prepared to provide information on the leaching of pyrite

finely disseminated in a coal matrix. Three of the four column experiments

were conducted using the Illinois #6 bituminous coal described in Appendix-B.

A fourth column experiment was conducted with a Wyoming subbituminous coal.

In addition to distinct physical property difference~ the greater tendency for

subbituminous coal to self-heat and oxidize pro'vided an excellent comparison

in leach behavior to the Hi-vol bituminous coal from Illinois.

The leach columns were designed to hold approximately 2.5 kilograms

of coal and sample preparation was accordingly less detailed than the procedure

for lO-gram samples that appears in Figure 4 of the text. The Wyoming coal

did not contain extraneous rock material and therefore was prepared without

special hand-picking or float-sink sep~rations. The as-received coal was

E-7



crushed to 3/4 inch top size in a chipmunk jaw crusher and the ·-20 mesh fines

removed by sieving. The +20 mesh -3/4 inch size fraction was used for

experimentation.

Two 10 kg splits of Illinois coal were taken from the as-received coal.

This material contained fragments of clay, shale, and massive pyrite. The

macroscopic fragments were r~oved by hand and the coal was crushed to

3/4 inch top size in a chipmunk jaw crusher. The crushing procedure

liberated more massive pyrite from the coal matrix which was again remo7ed

by hand. Effort was also placed upon removing the pyrite-enriched fusinite

macerals that were characterized by a distinctive bronze coloration and

charcoal-like texture. The -20 mesh fines were then removed by sieving.

One of the 10 kg splits was used for experimentation at the +20 mesh -3/4

inch size and the other was crushed to 1/4 inch top size. Crushing to 1/4

inch top size again liberated massive pyritic material tnat was removed by

hand. The -20 mesh fines that resulted from the 1/4 inch top size crushing

step were remove~ by sieving, yielding a +20 mesh -1/4 inch coal sample.

Sample preparation for analysis is identical to the analytical flowchart

that appears in Figure 4 of the text. Selected chemical and physical

properties of the coal samples used for the column leaching experiments

appear in Table E-l.
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Leaching Conditions:

1. Initial Composition of the Leach Solution and Effluent Solution Anall's~s

The composition of the leach sol,~tion was kept simple and free of iron

initially so that effluent iron concentration could be used as a measure

of the amount of pyrite solubilized. Distilled water was acidified to a

pH of 1.5 with concentrated HCI or H2S0
4

, The acid pH was needed to prevent

the hydrolysis of ferric ion and the subsequent precipitation of ferri­

hydrite (Fe(III)-hydroxide) inside the column apparatus. The leach

solutions were stored at room temperature and were added to reservoirs

mounted above the column. In this manner, a known volume of leach solution

could flow (gravity-flow) into the leach column at pre-determined flushing

intervals.

The chemical composition of the effluent leachate was monitored for

total iron by atomic absorption spectrometry. The pH of the effluent

solutions was also monitored periodically. The results of the total iron

analyses are tabulated at the end of this appendix.

2.Bacterial Innoculation

Iron-ox~dizing bacteria are known to catalyze the oxidation of pyrite

in aqueous media (Lacey and Lawson, 1970). It is therefore desirable to

have iron-oxidizing bacteria present and viable in the column experiments. No

effort was made to sterilize or treat the coal samples to kill the naturally

occurring bacteria associated with coal and coal pyrite. The two column

experiments with sulfuric acid lixiviant were innoculated with an active

culture of Thiobacillus ferrooxidans. This was accomplished by adding 10 ml

of an aqueous growth media containing the bacteria to the column before

E-IO



starting the regular percolation leaching. No tests were performed to

ascertain whether bacterial cells were present in the effluent leachate.

Therefore it is not known whether iron-oxidizing bacteria were active during

the column experiments. The columns incorporating the RCI lixiviant were

not innoculated with the iron-oxidizing bacteria.

3. Column Operating Parameters

The temperature, the solution flush rate, and air inflow rate were the

three experimental parameters subject to adjustment during column leaching.

Temperatures of 35 and SOoC were chosen for experimentation be~ause:

(1) The activity of non-thermophilic iron-oxidizing bacteria is known to be

reduced at temperatures above SOoC (Murr. 1980).

(2) The reaction rate of pyrite and the coal matrix would be at a maximum

in this temperature range (relative to temperatures below 3S0C). As a

result, experiment duration could be lessened and changes to the effluent

solution and air chemistry (reflecting the relatively rapid reaction

rate) would be more pronounced and easier to measure analytically.

The amount of le~ch solution used to flush the columns was determined by

the practical problems encountered in the manual flush procedure. Leach

solutions were applied twice each day and solution volume was determined by

the chemical composition of the effluent leachate (i.e., leach rate of the

pyrite in the column). The lower temperature column experiments showed low

levels of iron in Lhe effluent and a SOD ml/day solution volume was used to

flush out the dissolved pyritic iron. Conversely, the effluent solutions

from the SOoC column experiments were more concentrated in iron and therefore

were flushed with a greater volume of solution each day (1000 ml/day).
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To ensure the complete saturation of the coal particles, the column

apparatus was flooded wich leachate initially. The volume of solution

required to fill the column was used to estimate the interolock porosity

within the column. The interblock porosity was also computed using coal

density. The values agree well and appear in TableE-2. The columns were

filled with leachate periodically during the course of the leach experiment

to maintain the saturated conditions.

An inflow rate of 0.003 - 0.004 std. liters/min. was selected for metering

air into the base of the leaching columns. This flow rate ~ould be measured

easily and was slow enough to allow the oxygen concentration in the gas phase

to be reduced a measurable amount as it passed through the packed coal bed.

The four column experiments were operated under the conditions that

appear in Table E-2.
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D. Experimental Results

Four extended-duration column leaching experiments were conducted in this

study. Column 1 and column 2 were leached for 419 days and 427 days,

respectively. Column 3 and column 4 were both operated for 374 days. The

results of the analyses for total iron in the effluent leachate along with

the percent 02 in the effluent air stream and temperatures measured at the

three temperature ports along each column appear in Table E-3. The total

iron in the effluent leachate and the fractional 02 depletion in the

effluent air, relative to the influent air, are summarized graphically for

the columns that contained Illinois bituminous coal in Figure E~3.
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NOTES:

Day

Temperature

Table E-3

cmUMN LEACHING DATA

Days elapsed in experiment.

Total iron in effluent leachate (mg/l).
(2 sample daily average)

Type K thermocouple temperatures (oC) at the
top (TOP), middle (MID), and bottom (BOT) of
leaching column, see column schematic for exact
thermocouple placement. (4 sample daily average)

Percent oxygen in effluent air as measured with
a polarographic probe and monitor.
(4 sample daily average)

(oxygen content of inflow air = 21%)

A zero value (with or without decimal point) represents
missing data.
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Figure E-3 Effluent Iron and Oxygen Data for Column Leach Experiments

with Illinois Bituminous Coal. See Table E-2 for Experimental

Conditions.
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Figure E-3 (continued)
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Appendix F Description of the Finite Difference Computer Model of Coal
Heap Leaching

The program is listed in part 3 of this appendix. We first briefly

describe the use of the program and the kind of output it gives, then

discuss the nature of the finite difference approximation in enough detail

that the program code should be intelligible to the really determined, and

finally give a listing of the program.

1. Description of the program

The program is simply an implementation of the mathematical model given

in Section II-B of the text. To implement it, the program must be given

the parameters listed in Tables 1, 6 and 18 and such information as the

height of the heap (or column), the average rate of irrigation of the

heap, ambient temperature at the location of the heap or column, etc.

Input to the program is made through namelist statements. The program

first reads a master file to get the base values of the various parameters.

This file is called NMEXDAD. The program then reads an update file in which

the user can change the values of particular parameters to suit his

pan .i.cular situation. This is done through a file called· BLNKDAD. The

program then executes. Full description of the parameters in each of the

three NAMELIST statements together with the values usually used is given in

Tables F-1 through F-3.

The program calculates the leach history of the heap or column at time

intervals DELT long (usually 2 days). At each iteration the program lists

the maximum rate of pyrite and coal oxidation (RTMX and RCMX), the air

velocity up through the column or heap (VA in em/sec), the maximum

temperature in the heap, the fraction pyrite leached, the fraction coal

oxidized, the iron added to the effluent (in ppm), the concentration of

oxygen in the effluent air (fraction of atmospheric), and the average rate

of pyrite oxidation. Every NKOL timesteps a plot is given showing the

oxygen, rate of leaching (*) and temperature profiles through the heap.

At the end of each heap calculation a plot is given shOWing the ambient

temperature (*), the maximum heap temperature (T), the effluent oxygen

content (0), and the cumulative fraction pyrite leached (X). If a series

F-I



of heaps of different height are computed, a plot is output at the end of

the series giving the maximum heap temperature attained and the fraction

pyrite leached as a function of heap height. All output is on a stannard

printer.

Figure F-l gives a flow chart of the program.
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Table F-1 Description of parameters for computer model;

NAMELIST PAR

Parameter

N

liCT

EXD

EXK

EACTC

PHI

TAUC

TAUD

GPY

ASULFR

NB

TMXM

NHGT

HGTL

FRACT

RORO

lTPL

TSIK

TMSCL

NMBSE

XSTRT

Typical
Value

150

10-75

5000

20000

12000

0.2

.0

.0

0.027

30

o
65

5

10,15,20,30

o
o.
1

55

2

o
1.

Dimensions

ft

cal/mol

cal/mol

cal/mol

months

months

-1cm

ft

mo/inch

F-3

Definition

Number of heap layers

Heap height; ignored if NRGT ~ 0

*Diffusional activation energy, E D

*Chemical activation energy, E C

*Activation energy for coal oxid., E

Interblock po~osity of heap, ~

Disseminated pyrite chemical leach
time; if <.01, value of TAUC and TAUD
calculated internally
Disseminated pyrite diffusional leach
time

Weight fraction pyrite in coal, Gpy
Surface area of pyrite per unit volume
of coal; aRSULF

Number of layers in heap pad (if=O, ignor)

Maximum temperature at which pyrite oxid.
occurs, Tki11
Number of heaps of height HGTL(I); < 40

Heap height

Fraction water saturation of incoming air

Order of oxygen uptake, ([Oi])~ORD

(=1), Advection at l=N se~ equal to zero

Temperature at which bacteria become sick,
Tsick
Time scale for plots of leach history

?yrite fraction present initially



Table F-2 Description of parameters for computer model;

NAMELIST OPER

Parameter Typical Dimensions
Value

column/heap

Df'.finition

No. of :Lncrements when water not applied

Fraction convergence required in calc •

1Insulating boundary condition at top ofrcolumn. Top of heap set at ambient temp.

)

Darcy velocity of air; =0 compute using
RP~L and Blake-Kozeny Eqn.

Average irrigation rate

Number of timesteps in calculation

Time increment each timestep

No. of increments in cycle, irrelevant if
NRES '" 0

condition at base of

}

' Insulating boundary
column or heap

a a em/sec

2
.01 gal/ft -hr

360

.0645 months

2

0

. 001

0 0

1 1

0 0

0 1

1 0

0 TAMB

VAIR

NRES

PCTAC

WAT

NDELT

DELT

mOT

{

AO

BO

GO

NKOL

NXOUT

i.·noUT

Profiles through heap output every NKOL
timesteps

Profile layers NXOUT, 2NXOUT, 3NXOUT output

Time frequency of output on time
evolution plot

na

.£ot !.pplicable

na

NSW

WATZ

VAIRZ

NREST2

RTCT

AKT

na
3 0

0.34 cal/cm - C
-3 05.28 x 10 cal/cm-s- C

Density times the heat capacity of heap

Thermal conductivity of heap
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Table F-3 Description of parameters for computer model;

NAMELIST ANSF

Definition

Code; if N=NQ point spacing is automatic

Conductive heat leakage of column

(=l)-constant ·cemp column;~ I cales T

Amplitude of seasonal temperature var.

Plot scaling parameter

code; enables time evolution plot OULPUt

Stoichiometry of pyritzoxidation,
"X" in text, =1 all S04-' =0 all So.

Calories generated per mole 02 consumed
in pyrite oxidation

First-order pyrite oxidation rate cons.

Effective diffusion constant for FeCIII)
in coal matrix

Initial coal oxidation rate; fraction
oxidized per month

Initial fractional oxidation of coal

Radius of coal fragments

grams 02 consumed per gram coal oxidized

Calories liberated per gram coal oxidized

Month of year leaching started

Average temperature of heap surface

Amplitude of seasonal temperature
variation of heap surface

Average ambient temperature

Starting temperature of heap

Output every NCUT timesteps; if NCUT=NDELT
no NAMELIST data output

Output device number

Point spacing; Internally set if N~NQ

Variable point spacing parameter; "

"""""

-1mo

cm

-->

em/sec
2em /sec

cal/g

Dimensions

cal/mol 022900

10.22

20.1

2

3.3 x 10-8

La x 10-8

2

1.3

o
O.

1 0

11. 9

a
1

1

.6

Typical
Value

column/heap

2.87 x 10-7

1.13 x 10- 4

.315, .635

2.67

6440

6

10.22

11.9

COALS

XCOLO

RACL

OXCL

ACOAL

AMOSTR

TCAV

SDTA

AKOX

DEFF

A02PY

TCAVA

TSTR

NCUT

Parameter

IOUT

DX(250)

DXPL

DXMN

NQ

CONDK

IFIXT

SDT

ICAL

IPSC

IPLT

XS

F-5



Reproduced from
f,est available copy.

ITTERA--ION
LOOP

SIJ'~ uP COrp::R
L"ACHEO MID STORE
INFORMA~'ON FOR
EVOLUTION PLOT

l_--!--l--.-..;....-~

NEW CASE LOOP

.eVOLUTION
LOOP

UNLESS VAlillS
!PcCI~!£:J C""LCULA!E

PR~SSU~E DROP 'CROSS
OUMP A.N~ .IR FLOW

T";i\CUGn OUMP

J-__...:.:.:.:...:::.:.:..:......;L:.;;:;O 0 P

I ,

JF ~~~.'... ::o
CHANG: OPERATING

PAR~.·.1:nf.RS AS
SPECIFIED SV \'Alil21l1_

\,\,:;..T2111. NRFST2UI

IF N·~O ).u';"O.·.~ATICALLY

SPAce POI;<;T$ 'N DUMP
~tJ'::H T~":'T F!RST r'OINT IS .EFT
F!'.C~,~ ~URrACE ANO NOT MORE
TH~N :l,;a POINTS ;"RE useD.

Mlf.,;l:'~t...:'.t f-O:NT !"~CI"'G •.tifT

Figure F-l . Flow Chart for Heap Leach Program
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Z. Some Programming Details - Solution of the Energy (Heat Balance)
Equation

Let t and z be made dimensionless:

(F-1) t ;:

(F-2) z = Z/H

Then the energy (heat balance) equation, eq. 13-0: the text becone~

(F-3)
aT

at
=

aT H

dZ KT
+ 'if2 T

If point triplets are envisaged -0+ about the central point (0), (F-3)

may be approximated in finite difference form for (; ~ g):
;It It

T+-T To -T tR HZ * * * *
(F-4) - H T+ -T To -T

0 (ADW-ADG) +~ 0= /).X KT
+ toX+ o toXtot u<o u>o -0 KT -0

'Ie
u<o T+ -T /).X+ o_

0

/).X+o

Since V9- is always less than zero (solution flow is always downward), ADW

1 1 . I" T...L. - T"* ADG It' 1 . h h Ia ways mil t~p ~es ~"- , may mu ~p y e~t er t e upper or ower

term, but usually the upper term since air flow is generally upward

through the heap. The half gradient preserves causality in advection.

ADW = PJ-CfhVQ" ADG = PgCgVg •
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Rearranging terms in (F-4):

To CR HZ -ADGoH

T:!
o- j(F-S) 'A * AX Kr 1

+ -x:r .. T -0

At AX AX+o_
-0

ADGoH )
0 AX+oKr

ADW H 1 fr
ADG'H

L ADWoH AX_ o KT
~KT AX+o t:.X+ o_ + T +

t:.X+oKT
+

0 At
-ADGoH

1 1 AX+o Kr
~ .. ~

+ +0 -0
AX+o_

If we change 6X and At according to (~~6)

(F-6)

Such that

*t:.X '" AZt:.X

A '" t:.t/C6.X
it

)2

N
_ I/EAZ

1

multiplying (F-S) through by {6X*)2 A gives:
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®,

To + lRAH2 (~X*)2A

KT

= T *

o,

*

*ADW H6.X l-..

1:.2+ 0 KT

*+ To 1 +
*ADWf::,X XH

f::,Z+o KT

+

(

ADGll.X >..H )
ll.Z_o KT

-ADGAX\.H

ll.Z+o KT

+ A.

(F-7)represents one equation for each point in the heap. Since only

neighboring points (up, +, or down, -) from the central point are involved,

(F-7)is a tridiagonal matrix and may be inverted by a simple algorithm. In

(F-7), A is the upper diagonal, B the principal diagonal, and C the

*lower diagonal; D is the constant vector and Ti the unknowns.

At the end points, boundary conditions must be used to interpret (F-7)

since otherwise (F-7)

conditions (Neuman, A

written:

would involve non-existant points. General boundary

= 0; Dirichelet B = 0; mixed A ~ O. B ~ 0) may be
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D G
r

, • (Bfb
\

G~ + (T Z/2b.X Z)
TB ==

A~ + BYJ/ 2t~X2

(F-8) D A,
r-' • , \

GN + BN (TN_1/Zb.XN)
TT ==

AN + BN/2~XN

A$ can be seen, (""-0) ~ermits the boundary oaint to be expressed in terma

of points inside the NxN tridiagonal matrix, (F-7). (N is the number of

point$ in the heap). Thus

At I 1

@ = Q) 0· GY'/(AY'+B~/2~X2)

(F-9) <9 @ + 0 . (BYJ/Z~X2) / (A0+ BYJ/2~X2)=

At I = N

G) = 0 @. GN/(AN+BN/Z~XN)

(F-lO) 0 G + @. (BN/2~XN)/(AN+BN/2~XN)=

Boundary conditions at the base of the heap must also be corrected

to account for the thermal effects of water saturation of influent air.

The water vapor content of air is given by the expression:

(F-ll) [wv]g == 953 e-5220.9/T
STP

-5 3
where T is given in Kelv.ins. At 30oe, (F-ll) gives 3.37 x 10 gm wv/cm compared to

a table value of 3.13 x 10-5• At 90°C the comparison is 5.4 x 10-4 (eq. (F-ll))

vs 5. 2 x 10-4 •

The comparative enthalpy of air can be written as in (F-12), taking into

accou.nt wal:er vapor and the normal heat capacity of air, cg = .24 cal/gm.OC,

and the heat of vaporization of water + water vapor of 540 cal/gm.
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(F-12) ENTH (1) == .24 T + (540) (953)

Pg

-5220.9/ (T+273)e

The heat capacity of air, including water vapor contribution, may then

be written

(F-13)
ENTH (T ,X)

== --T--- - CG (T)

(F-l2) & ~F-13)are treated as function statementg in the program. (F-12) is

modified so a certain fraction of water vapor saturation may be requested.

ADW and ADG (in (F-4), ~F-5), and (F-6) may now be written:

ADG = DENG * CG(T) * VA

ADW RLCL * VW

Further groups of terms in (F-7) may be defined:

ADW· 6.X* . >..
. HAMULI -

KT

P • VA • H . AX* . A
(F-14) AMUL2 - ~

Kr

ax <R HZ (6.X*) 2
AMUL"3 A A-at: KT

To return to the original question of bou~~~~r conditions, water will

come in the top of the heap near ambient temperature irreg:::l.rdless of the top

surface boundary conditions, and air will come in the bottom undersaturated

in water vapor. Thus we want to null out the usual advection terms and force

the issue by putting in the advection terms explieitely:

F-ll



(F-15) - K~ and + C V H aT
PgggKTaz

[remember advec.tion terms have switched si".es of equation between eq. (F-3)

and (F-7)]. (F-15) may be c~nverted to source terms:

) )

- AMULl
TAMBS - TN

67:

~ ~
Note ')(. - Enthalpy -:::: CG (T) *T

ENTH(T1) *+ AMUL2 'T - ENTH (T~'v1B)

T
1

1

dJ
AZ

~
TAMBS is ambient surface temperature TAMB is ambient temperature

With these comments and Carnahan (1969) the progTam, with a little

effort, should be easily dec.ipherable.
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