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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 was
initiated after September 18, 1978. As old plants are replaced, sulfur will
need to be increasingly removed fvom even low sulfur cecal. The law is
unlikely to change. The recent recognition of the destructive impact of
"acid" rain on forests and fish thousands of miles from industrial centers
or power plants underscores the need to control 50, emissions. 80 is con-~
verted to acid (HZSOAJ in the upper atmosphere. Canadians are becoming
increasingly concerned over the acidification of their unorthern lakes by
acid rain.

At rhe same time, world asnergy 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 502 emissions to the atmospuere by
this burning be kept to a minimum.

502 emigsions can be reduced by removing pyrite from coal by mechanical
beneficiation or by scrubbing SO2 from the flue gas. Flue gas scruhbbing is
expensive, and mechanical heneficiation 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 technelogy. The fine-grained pyrite cannot be removed by mechanical

cleaning techmiques, although vat leaching techniques have been developed
that operate at v 100°C.

The potential economic incentive for an inexpensive depyritization
technology is high. Kennecott workers have published an estimate that at
least 35 billion toms of coal contain low enough organic’ sulfur levels that
they could meet EPA standards of 1.2 lbs Sﬂzlmillion B.f.u. if depyritized
(Sareen et al., 1977). Most of this coal is in the Appalachian regiom; 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 $10/tcon more than high sulfur coal, a viable depyritization process

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



dollars, minus the cost of depyritization. The potential economic benefit
is thus large. The social benefit of breathing SO2 and Séi-free air is
equally significant but more difficult to quantify.

The heap leaching we address in this report is an alternative to the
"Meyers" (TRW Inc.) process of depyritizing coal by vat treatment with’
fervic sulfate at 90-130°C. It is also an altermate to the Kennecott "LOL"
process where pyrite is leached with oxygen at 100-130°C and 300 psi pressure.
Both Kennecott and TRW have amassed substantial literature (Hamersma et al.,
1974, 1976, 1977; Meyers, 1877; 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 envirommental problems attendaat to

coal combustion and can, in many cases, produce coal in compliance with new
strict environmental standards (1.2 1b 502/106 BTU). The main requirement is
that most of the sulfur in the coal be present as pyrite, not as orgamic
sulfur. TRW and Kennecott have shown that this is the case in encugh 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 heap leaching process would
utilize natural air convection and leaching processes and be substantially less
expensive (in terms of dollars and emergy) than the TRW or Kemrecotti processes
which involve substantial equipment, heating of the coal to %0-130°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 basic physical and chemical
processes of heap leaching, such as air convecrion, heat balance, temperature-
dependent mixed oxidation kinetiecs, and bacterial catalysis (Cathles and Apps,
1975; Cathles, 1979: GCathles and Schlitt, 1980). The copper heap leaching
model has been shown to successfully predict the leaching of test Jdumps
(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 tong of waste) designed and operated for that purpose (Cathles,
1979; cathles et al., 1977; Murr et al., 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



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 kectles, and {(2) the leaching of pyrite from coal fragments in constant
temperature columns subject to the counter-current upflow of air and periedic
downflow of flush solution. The doubly calibrated heap leaching model is

then used to predict how coel heaps of realistic size will leach under actual
field conditions. These predictions form the basis for an economic evaluation

of the heap leaching cocal 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
reacrion kettle, as well as the leaching of coal in a leach column. By
ugsing the model, we can predict how much larger heaps of coal should leach,
and determine the optimum heap size and operating proceduress. The multi-tiered
process of first predicting leaching from basic principles and fundamental
parameters, then testing the model against the results of kettle experiments,
and 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,
nany years to determine them through the trial and error process of heap con-
struction and operation. The economic analysis indicates that if optimalliy
designed and operated heaps leach as predicted, heap leaching is an economically
actractive method of depyricizing coal.

The study reported here may appear straightforward. 1In fact, the complex
coal leaching process resisted quantification at nearly every turn, and new
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 presemt the model of coal depyritizatisn 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. TFinally, we use the tested model to predict the leaching
of coal heaps under realistic field conditions and assess how economically
atrtractive 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.



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

A. General Overview

Figure 1l gives an overview of the heap leaching process. C(oal is piled
in 2 heap and water applied intermittently to the pile with a sprinkler
system. The applied solutions migrate down through rhe heap and flush out
iron salts produced in the intervening perjod by oxidation of pyrite in the
20al. The leach or flush solutions are collected, treated to remove i0X regenerate
the Jron 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, 1973},

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 leaching process: (1) Oxygen dissolves in capillary
water, coating the coal fragments. (2) Ubiquitous bacteria (Thiobacillus
ferrooxidans) catalyze thevoxidation of Fe2+ to Fe3+', utilizing this
dissolved oxygen. (3) The Fe3+ diffuses into the coal fragment and reacts

with pyrite (Fes,) to produce solid elemental sulfur (s°), dissolved sulfate
2+

f

\SOA 7Y, and ferrous iron (Fe“ ). The precise stoichliometry of the leaching
reaction in the coal matrix is one of the things we must determine in this
study,

I1f the rate of oxidation of pyrite by Fe3+

is rapid with respect to

the rate at which Fe3+' can diffuse into the coal through water-filled pores,
there will be a fairly sharp transition between the part of the cocal 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 1s 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 major breakthrough in
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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 fragmeﬂts in 2 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 contrclled 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 shrinking 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 will 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 fcllowing
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 (5) by the heating of
the air by the exothermic pyrite and coal oxidation reactions. The heating
of the heap can be modeled by quantifying the rate of pyrite oxidation and the
convective (water and air) and conductive lasses 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 (imcluding 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) s momentum balance model that describes
how air convects through the heap to supply oxygen for the leaching process.
With the exception 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,

1973; Cathles, 1979; Cathles and Schlict, 198Q).



B. The Mathematical Model

As discussed in Cathles and Schilitt (1980), the mixed kinetic shrinking

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

.

the fraction of pyrite remaining unoxidized withim the coal fragment, XPy

_qy2/3
" a}gu -3 a0,
Eoen a3 4 s,
By Py c

H([Ozl) is the heavy-side step function and has the value of 1.0 for oxygen
concentrations in air, [02], greater than zero, and is zero if the oxygen
concentration 1s zero. B(T) accounts for the bacterial catalysis of sulfide

leaching. Thiobacillus ferrgoxidans become sick above temperatures of 55°C or

SO, Tsick’ and cease to function at some higher temperature Tkill' B(T) is

defined as follows:

B(T) = 1.0 T < Tsick
T ~T
kill
(2) B(T) = o T <T<T,.
Tkill Tsick sick kill
B(T) = 0.0 Ts11 < T -

For discussion of the necessity and appropriateness of this function, see
Cathles (1979), Cathles and Murr (1980), and Cathles and Schlitt (1980).

TD is the time required to leach the coal fragment completely if
diffusion were the sole rate-limiting process; Te is the same if the chemical
rate of oxidation of the pyrite were the sole limiting process. As discussed

by Cathles and Apps (1975), both can be derived from more fundamental

parameters:

(3) - Ka
¢ k aR &[ox]
ox sulf
2
_aKk
(4) "> ~ §loxln,



where

(3 3 = DE/koxaiulE )

In the above equations, K is the oxidant required to leach pyrite from a
unit volume of coal, a is the radius of the coal fragment (assumed spheri-
cal), kox is th§+FirstRorder rate constant for the oxidation of pyrite by
the oxidant (Fe™ ), agulf is the surface area of disseminated pyrite per
unit volume of ccal, and DE is the effective diffusion constant for oxidant
(Fe3+ ) through the cocal matrix.

The skin depth, §, is the distance intc an unleached coal fragment that
the oxidant concentratlon falls to 0.368, its initial value. The skin depth,
&, 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

e and TD provide a measure of the thickness of the active leaching zone

relative to the coal fragment:
§__¢.

6) .
Both To and TD are given temperature dependencies:

(7N T=T, exp(F%x/293.R ~ E*/R(2734+T))

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

T, is the leach time at 20°C. Because equation {3) contaias §, the proper
activation energy for To is half the sum of the activation energy for diffusion
and chemical reaction 1/2(Eé + Eﬁ).

The rate of oxidaticn of coal is described by a different kind of equation,
the general form of which we have determined from a literature study deascribed
in Appendix A. In this case, Xc is the mass fraction of coal oxidized (rather
than pyrite unoxidized), and:

oX

c — —
(3) = = kc(RSP)

5/4_~1/4
at Xc

H([0,])

H([Oz]) has the same wmeaniug as in (3). kC is a constant characterizing the
oxidation rate of a particular coal. Xc starts at a value Xco so (B8) remains

finite.



The dimensionless terms in (8) have the form:

— E* 1 1
R=exp ( —g— (Geg - a3 v 7))
- 1.09 —

(9) S = *EE_.(l - e~4.34ay
P = [OZ]I[OZISTP

Note that the reference temperature in this case is 25°C rather than 2Q°C.
Equation (1) and (8) deseribe the kinetics of pyrite and rcoal oxidationm,
respectively. Heat and oxygen mass balance relations may be written if the
rate of consumption of oxygen, Ross and the rate of production of heat, Ry,
within the dump are known. Both are simply related to the oxidation rates

of pyrite and coal:

3 oxX
(20) R02 = Peoal (1-9) (‘pr pr _?i_y + e Tt

aX X,
(11) Ra = fcoal (19 (Apy Gpy 30 + Ac 3¢

RO2 is the rate of consumption of oxygen per unit volume of heap, and Ry
is the rate of production ¢f heat per umit volume. Qgpa] is the density of
coal, ¢ the inter-coal-fragment porosity of the heap, pr,the grams of 0y
consumed per gram of pyrite oxidized, Q. the same for ceal, APY th?5
calories produced per gram of pyrite oxidized, A, the same for coal, and

G is the weight fraction pyrite in the coal.

v Oxygen concentration can be determined by following a parcel of air
along a streamline from where the air first enters the coal neap:
(12) [02] = [02)ampient = | = Bay -
streamline
v is the Darcy velocity of the air (see Cathles and Schlitt, 1980).

Once [0p] 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 At later determined. The pertinent one-dimensicnal energy equation
(eg. Cathles and Apps, 1975) 1s:

(13) prCr %% = - (PwCyYw *tPalava) %% + Ry + K %%%

Here O, Cp, and Ky are the density, heat capacity, and thermal conductivity
of the heap as a whole, py, C,, and v, the density, heat capacity, and Darcy
veloeity of water applied to the heap, and pg, Cy, and v, 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:
kaye AP
(14) Va = Ua ‘ﬁ—
H is the height of the heap, W; 1s the viscosity of air (= 1.9 x 10-4 poise),
and kyye the averape permeability of a vertical section through the heap.

AP is the pressure drop across the heap:
H
(15) AP = Iy Ap,gdz

Ap, 1s the difference in density of alr 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 complere (13)
and (14) above (Cathles and Schlitt, 1980):

314620

Co = 24 + 2555

exp (~5220.9/(T + 273)) .,

(16) Pa
P> = L - 3.66 x 1073 (1-20) + 2.83 x 1072 (1 - [oz ) +

4.7093 x 103 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, pl99):
_ (2a)? ¢3
(17 kave 150 (1-8)
The equatiomns above represent a complete model of the heap leaching
process that can be solved so as to predict thg laach history of any heap
by finite difference techmiques (Cathles and Apps, 1975; Cathles, 1979) once

thz values of the various parameters in the model are known.

11



.. 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
inciude the average size of coal fragments 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 cousequently 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 comstant of the coal is expected
to be the single most important factor in determining the rate atc which
disseminated pyrite can be leached. Some coals may decrepitate as they
leach. Subgrantial 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 ome coal to another such as density, thermal
conductivity, heat capacity, the kinetic constants describing oxidation
of pyrite and coal, the activation enerpies of these kinetic constants, the
heat released per gram of coal or pyrite oxidized, and the oxygen required
to owidize a gram of pyrite or coal. Im this section we review the literature
to determine the last set of parameters and describe mezsurements or
experiments we have carried out to determine the second set. The first set
we treat as variables in the heap leaching model since they are subject to

direct operator or design contrel.

12



1. Literature Determination of Constants Describing General Coal
Properties
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 stuvichiometry of the leach reaction and values of kox
is useful.

The oxidation of pyrite by Fe3t+

can be written iu a general form that
allows the products of the reaction to be variable proportions of HSOZ

and §°;

+

FeSy + (2 + 12X)Fe(IT11) + (8X)H40 —=> (2 + 12X)Fe(II)

(18) (L4X)H™ + (2X)HSO, + 2(1-K)s°

If X in this equation is 1.0, pyrite oxidizes entirely to HSDZ ; if X = 0.0,
pyrite oxidizes entirely to S°, The reaction is written in terms of HSOZ”
because at low pH this species iz expected to be more abundant than SOZ
(Barnes et al., 1966, show the pK(25°C) of HSO, 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 D) indicates that this wvalue is fairly
generally appropriate, although different studies show quite a gpread of X
values, We adopt X = 0.6 with the caution that this will need to be verified.

Much of the stoichiometric data in Table 1 comes from equation {18).

For example.4 moles of Fe(III) are equivalent to one mole of Cs, and the atomic
weight of pyrite is 119 grams and 0, 32 grams. With this in mind, the value of
pr can be read from equation (18). The heat released by pyrite oxidation,
Apy, 1s calculated from the enthalpy of resction (18) as discussed in

GCathles and Apps (1975).

There has been considerable debate in the literature over whether rate
expressions for the oxidation of pyrite should be written in terms of free
Fe3™ or the total ferric irom in solution, Fe(ITI). Sasmojo (19689) has
shown that complexes of ferric irom are less reactive than free Fe3+', 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 Fe(ITI) as the basis for kinetic expressions (this is the case for
all curves shown in Figure 3). The diffusion rate of Fe(IlIl) into coal
fragments 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(IIT) 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 Fe(ITI), we will use
rate expressions involving Fe(III). Figure 3 shows the appropriate range
of k ., under heap leaching conditions is 10-6 to 10-7. The units of kox
are cmfsec; the rate of destruction of Fe(IIl) at the pyrite surface is
given by k,. times the total ferric irom concentrationm, Fe(IIL).

Figure 3 shows the rate of pyrite pxidatipg is approximately zero order
in Fe(III). kyy decreases as Fe(IIl) increases so tﬂat the rate of leaching
depends only very weakly on Fe(III). This means that it is not critical
that we know the ferric iron concentration in the pore solutions of the hesp
or columns. The rate constant can be determined in experiments where the iron
concentration is knouwn and then used for the columns and heaps. Because
of the approximate zero order dependence aof the leaching, the rate of pyrite
oxidation will be correct even if the concentration of Fe(ZII) in the columns

and heaps 1s quite different.

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

Early in the study, four barrels of Illdinois Basin (#6 seam) and a
barrel of Wyocming coal were obtained from the Peabody Coal Company and Kerx
McGee, respectively. Analysis for the forms of sulfur was made on represent-
ative samples, and the results appear in Table 2. Generally, Illincis #6 coal
contains about 2% pyritic sulfur, and the Wyoming coal about 0.13Z%.

The Illinois coal contains both coarse {racture-filling cleat pyrite, and
disseminated pyrite. 4s 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 um in diamater. The Wyoming coal pyrite 1s also
fine-grained and disseminated throughout the coal. The fact that pyrite in
the Tllinois and the Wyoming coal exists in the dery small size range indicates
it will be easy to leach but very hard to remove from the coal by conventicmal

washing methods.

16
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Kinetic data for the oxidation of pyrite by Fe3+ is to our knowl-
edge available from only two sources: Smith and Shumate (1970),
and Matheys and Robins (1972), In Smith and Shumate's work, we
calculate {using methods described in Addendum 2 to Appendix D)
that 807 of the tetal iron in soclutiom is present in the ferrie
state. We assume this was also true for Mathews and Robins work,
but cannot verity this because they do not report Eh. The curves
show a cleose to zero order dependence of pyrite oxidation en
Fe{IlI) concentration. & first order rate constant, k__, which
when multiplied by total ferric iron concentration wouig 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 appropriate for describing the rate of pyrite
oxidation u%der expected heap leaching condition shaded area is
between 10~° and 10~/ cm/sec,
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Sulfate 5% Pyrite S% Organic 5% Total &%

Tllinois, Seam #6

River King Pit 3 .17 2.3¢9 2.16 4,72

River Xing Pit 6 .23 2.38 1.98 4.59

Baldwin Mine .15 1.81 1.70 3.66

Marissa Mine A2 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 ag-received, run-of-
mine coals used in this study

18



Percent disseminated pyrite with radius:

<5um - <1.0um <20pm
Illinois #6
Baldwin Mine 712 81%
747 87%
Marissa Mine 607 67%
50% 73%
River King Pit 3 667 75%
62% 79%
River King Pit 6 48% G9%
48% 72%
Wyoming
Jacobs Ranch Mine 91%
17%

Table 3. Size distribution of pyrite disseminated iam coals used in this
study. Size distribution was measured using an automated micro-
scopic method developed at Penn State aad described by Kuehn (1979),
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The as-received coal was prepared for analysis and experiments as
described in the fiow charts of Figure fa-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 sewveral
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 I1llinois #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
ﬁas directly measured by an automated Rapid Scan Microscopic technique
developed at The Peunsylvania State 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 em> of coal to be computed as well as the
mean diameter of sulfide blebs in the coal, The values of agulf for various
coal size fractions are given in Table 4.

As commented in the caption of Table 4, the weight percent pyrite
caleulated assuming a2 pyrite density of 5 g/ecc 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 example
Appendix B shows that for the +0.85mm - 2,00mm sizc fraerion, 10 volume
percent of the pyrite occcure in blebs greater than 36 um in diameter even
though the zverapge bleb size is 7.4 um.

The suxface area of pyrite in the coal was also measured by gas ad-—
sorption techniques (Appendix B). This appreach suggests agulf = 235 ewr~l. 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 pvrite blebs tc some extent from the point of view of leaching kineties,
the full gas adsorption measure of agulf is too large. A reasonable aestimate
of pyrite surface area per unit volume of coal is 30 to 100 cm™t as shown in
Tabhle 6.
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As received ROM coal (180 lg) (55 gal. drum)
Vel N\
split for staorage split for experimentation and analysis
f32 kg) {2 S5-gal. plastic buckets)
hand rewove clay and massive pyrite material
jaw crush to 19.0mm top size using Chipmunk jaw crusher
remove <0.85mm fines by sieving
soak +0.85um fraction in distilled H40 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 using shaker sieve
2.80 sp. zr. Certigrave organic liquid float-sink separation
retain fleat fraction on filter paper
wash float fraction with acetone and dry at 60°C for 12hr in fume oven

resieve coal to remove <0.85mm fine particle 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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Expariment spolit (1 kg)
remaval of pvrite hearineg fusinite macerals
harl remove macroscopic calcite, gquartz, ami rlav particles

soalt 19 min. in 1M HCY! fo recove carbonate Fines

cdistilled Hy0 rinse £ill efflusar MuG, cheek for CLT
tpAative

air dry for 24bhr
stary uder nitreren in gealed plastic or v lass containors

split out oxperimental fractions, (108) | an! store uoder nitrogen
until used for experimentation

prier to oxporimental run, vacuum impregnate coal
tar 45 min. in 1% 1,80, solution to displace air From pore speces

comacnce oxperimental Tun

Figure 4b

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

|

rzmoval of pyrite bearing fusinite macerals
grimd to ~0.85mm size using rotatiny plate gwrinder

@ CSPLIT #1 for petrographic pellet preparation (5C0 g)

4 N

rapid -scan microscopy (50 g) microscopic analysis

@®5SPLIT i#2 for chenmical analyses* (200 2)

}

arind to -I100mesh (mortaripescle)

Split #2A (10g) for Hizgh Temperature Ash (dTA)

Heat in muffle furnace overnight (750°C)
SPLIT #2B (5g) for forms of sulfur analysis

SPLIT #2C (10g) for Low Temperature Ash (LTA)
heat at 105°C for ~30 min.
ash at ~180°C until constant weipht established
srind to -200 mesh (mortarkpescice)

quantitative x-ray liffraction analysis

“Stanland analytical scheme used at The Pennsylvania State
University Hineral Constitution Laboratory.

Figure 4c

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

sulfur and cenvert to wezght percent pyrite as shown in the captiom 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 3+ required to
leach pyrite from one em3 of coal can be easily calculated from equation

(18), and p 1 > as shown in Table 6.

pr’ coa
The effective diffuslon constant of the coal matrix, Dy, can be
estimated from the connected porosity of the coal, the diffusion constant
for Fe3+ in water (given in Table 1), and the tortuosity of the coal pores,
as indicated in equation (19) below. Dg can, with great difficulty, also be

measured directly.

(13) Dg = <

Eight water imbibition measurements of the connected porosity, ¢.,
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 tortucsity 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. Cathles and Apps, 1975).

Using these values and the iron diffusion constant in Table 1, equation (19}
gives DE =7.5x 1078 cmzlsec. The uncertainty in this estimate comes mainly
from T and is at least 100%.

Considerable effort was invested in an attempt to measure Dy directly
using a Garrels-type diffusion cell (see Garrels et al.; 1948). Wafers of
coal 1.5 to 4.5 mm thick were prepared and placed between two reservoirs:
one containing KC1 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 Dp = 9.8 x
10‘7, 7.5 x 10"8, and 5.6 x 10-8. The measurements agree well with the
estimation of Dy from imbibirion techniques cited above. Considerably: more

success was obtained in mezsuring D of the Wyoming coal. The reader is

27



referred to Appendix C for a complete description of the techniques applied
and the results,

3. Predicted Reaction Skin Depth, §, and Leach Times, Te and Tp

The parameter values in Tables 1 and 6 can be used in equatians 1),

(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
reactlon skin depth, é. The results appear in Table 7. Figure 5 shows the
predictions of the shrinking core model in general terms. 1If, at a particular
temperature the total leach time, T¢ + Tp, 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 predictions can be drawn from Figure 3 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 § of a millimeter
or less (Tahle 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 tham 40°C

and the coal fragments are <1/2 inch in dimension (a = 0.64 cm).
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Figure 5. The integrated form of equation (1) assuming B(T) = H([0,]) = 1.0
is useful in evaluating experimental leach results in terms of
Tc and Tp. When t = T *+ Tp, pyrite is entirely leached from the
coal. Appropriate values of 1o + Tp can be read from Table 7 for
various size coal fragments and temperatures,
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T 30 cm 8culf = 100 cm

20°C 4Q°C 20°¢C 40°C
S{1m) 1580 308 866 169
Tc(mo) 109 a 28 a 33 a 8.4 a
7, (mo) 116 2> 67 a® 116 a® 67 a2
T, F T
for a = 0,64 45.4 mo 32.8 mo
Table 7. Reaction skin depth and leach times at 20°C and 40°C

calculated from the parameters in Tables 1 and 6, and
equations (3), (4), and (5). ko, is taken ta be 10~/
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
concentrarion [ox] is taken equal to 10-3 g Fe(ILI)/cm>.
The leach times are given in terms of a, the radius of the
cocal fragments in the heap.
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D. Model Verification and Parameter Calibration by Kettle leaching
Experiments

The pradictions of the previous section were first verified by leaching
carefully selected and 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-
ing the kettle leaching techmnique. What seemed at first a simple approach
turned out to be complicated by the complex chemistry of the coal. At first,
we thought the leaching of pyrite could be monitored by additions of sof‘
to ferric chloride leach solutions. Acid soluble sulfate phases in the coal,
such as gypsum, anhydrite, jarosite, and melanterite (Davis, 1982; Bladh,
1982), contributed encugh 5042_ 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 S°. Finally, an Ek-pH-stat technique was developed in
which both the Eh and pH of the leaching solutions are maintained at fixed
values by automatic titration of base and H202 into a rerric sulfate solutiom.
The pyrite oxidacion is monitored by keeping track cf the amount of HZOZ
added. The technique was ghown to work very well. The H,0, reacts quickly

272
with the lesach solution to increment the ferric irom level .; H.0, does not

react with the coal. The technique and its justification are geicribed in
detail in Appendix D. We couslder development of this technique and demon-
stration of its validity to be one of the moie important contributions of
this study.

Tllinois #6 coal was treated, handpicked, and sized into five fractions
that contained only finely disseminated pyrite. Carbomates (which could
arfect pH and require acid titration) were renoved by scaking the coal in
1 M HCL for 15 minutes. Ten-gram charges of the coal were then washed and
prepared for introduction to the leach kettle,

Typically, the products of pyrite oxidation were allowed to build up
in the leach solution of the kgttle for 20 to 40 hours; after this, the
solution in the ketrle was replaced. The rate of cousumption of Fe(III) was
determined from the rate of addition of H202 required to keep the Eh of the

solution constant. As discussed in appendix D, one mole of H202 oxidizes

two moles of ferrous to ferric irom.
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The average rate of ferric iron consumption can be determined for each
batch, and the drop in rate for successive 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.
We 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 histoery.

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 gplits
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 reaetion of pyrite, and the activation
energy is appropriate for the temperature dependence of kcx’ which we have
characterized in Table 1 by EE. The activation energy in Figure 7 confirms

the 20 kcal/mole activation energy determined from the literature and
lisred in Table 1. .

Figure 8 shows the overall activation energy decreases ;s leaching takes
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. Arrcws 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 consistentwith,
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 ke betwsen 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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RXN RATE

0.20

Figure 6

1 I | 1 1

CCAL PARTICLE SIZE=+2.0mm-3.2mm

L ‘ : TEMPERATURE = 45°C
FE(TOT)=0.0358M, S({T0T)=0.10M.
® pH=1.10
STIRRING SPEED = 200 RPM
FE(III)/ FE({II) =25

«————"SLOW" OR "TAIL"—

[0
«——— "FAST " "————]
(0] Q o}
‘ o 1o}
| 1 4 1 L
0 40 80 120 160 200
TIME, HRS.

Reaction rate plotted as a function 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 (°C)

50 40 30
2.8 , 5
pH=1.10
281 FE(IIIV/FE{II)=2.5 © .
FE(TOT)=0.0358M
S{TOT)=0.10M o o

20k STIR SPEED=850 RPM

1.68

— o
wi
—
<
(8.
- 1.2 .
<
i
0.8 -
Y = (-32.2+4.1)+ {20.822.5) %X
Ex=20.8+2.5 keal/mol
0.4 ~
o COAL PARTICLE SIZE =+3.2mm -9.5mm
00 | } 1 ! 1
1.56 1.58 1.60 1.62 1.64 1.66
{1
\ /RTKELV) x 1000
Figure 7 . Arrhenius plot showing the reaction rate (mg Fe(Ill)/hr/g coal)

as a function of temperature. The data points each represent
a separate fresh coal sample and rate deterpimation, The solid
line represeuts 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
energles decrease with time from 20 kcal/mole toward 5 kcal/mole
as suggested by the shrinking core model.
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2. The Stoichiometry of Pvrite Oxidation

The stoichiometry of pyrite oxidation can be determined from the con-
sumption of HZOZ 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 comntent, on the other hand, imcreased about 0.3 weight percent.

Equation (18) and the fact one mole of H202 oxidized two moles of
ferrous irom to ferric indicates (1 + 6X) moles of pyrite will be oxidized
per mole of H202 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 irom reduction was 0.3 + 0.2
g Fe3+/g coal (Meyers, 1977, p. 112). 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 irom to ferrous irom. Carboxyl groups are
known to be absgent in the High Volatile B bituminous coal used here (Given,
1979). We have observed more organics in ferric sulfate leach solutions than
in "blank" sulfurie acid solutions we have interacted with the coal. The
increase in organic content of the leach solutions is not sufficient to
affect the stoichiometric ¥ 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 iodometriec titratioun of SOz(g) evolved from comhustion
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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
acid. 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 s° 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 rolumn shows a mean X value of 0.55 %+ 0.24, which is
consistent with both the previous estimates.

3. Determination of kox and D

E
Figure 9 shows the leach history of Rums B and D (see Table 8) deduced

from Fe(I1l) copsumption data assuming X = 0.6 £ 0,1, The curves are clearly
similar in form to those expected in Fipgure 3. In Run D, the iron consumption
data indicate about 68% of the pyrite is leached in 400 days (Table 8 suggests
70%Z leaching). Figure 5 shows 70% leaching can be achieved in 0.23 (TC + TD)
if the leaching is diffusion controlled. ©On this basis, we would estimate a
leach time (TC . TD) of 400 hours/0.23 or 2.3 mouths. A similer estimate mada
for Run B is 360 hours/9.035 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}, takingkagulf = 100 em~l.

A comparison of the predicted and observed leaching parameters that
takes account of the shape of the cbserved curves of Figure 9 as well as
the total pyrite leached is shown in Table 1Q. The observed Tp and Tp
values of Table 10 were obtained by fitring the kettle data to the shrinking
core model using a non-linear least sgquares technique. The advantage of
this approach is that values for both T¢ and Tp 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 ard 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. The thickness of the transition zone between the

leached rim and the unleached core in Plate 1 is about 650 um in both
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Figure 9 lLeach histories of two kettle rums
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Run

b

0.32

Table 10.

Observed Observed
Predicted {Least Squares) Predicted (Least Squares)
TC e Th L9))
.9 2-8
8.9 to 2.7 1.0 6.9 4.0
1.1 5.5
b 1.1
3.6 to L.l .3 1.1 1.8
3 2.7

Leach paramsters at 40°¢ 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).

= 30 and 100 em™L.

R
T¢ are for a SULF
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Plate 1

Reproduced from
best available copy.

Rimming phenomena ohserved 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 28, so this observed width
is in excellent agreement with the predicted § value of 169 to 308 um at
40°C (Table 7).

Finally we can use the observed & value of 325 um, a 7Tg value of 1.0 mo.,
and Ty value of 4.0 mo for the larger size fraction leached (the 0.7 mm &
value makes untilization of the smaller size fraction data questionable) to
calculate Dy and k,, from equatioms (3) and (6). We assume K=0.14 and
aBiy1f = 30, [Ox} = 1.6 x 10-3. The results, extrapolated back to
200¢C, are: Dg = 8.7 x 108 and ko = 1.3 % 10-6, These values are in
excellent dgreement with those inferred from the literature of 7.5 x 10-8
and 1076 to 1077 respectively (Table I and 4).

4. Summary and Conclusiomns.

The kettle experiments confirm the activation energies, rate constants,
and reaction stoichiometry deduced fryom the literature in the previous
section. kg, seems to be onm the high end of the range we identified from
the literature. a%ulf = 100 cm~} appears preferable to 30 cm™!. Leached
rims were obgerved as it was predicted they should be and the width of the
transition zone between leached and unleached coal is szbout the thickness
predicted. The kettle experiments provide excellent confirmation of the

shrinking core leaching model,

E. Model Verification and Parameter Calibration by Column Leaching
Experiment.

Four 356~412 day column leaching experiments were carried out to
further test the shrinking core heap lesching model. ZFPlexiglass columns
(three inch ID) were wrapped with copper tubing and maintained st 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 through the column, -
The leach products were periodiecally flushed from the zolumns with batches
of acidified water. The cumulative oxygen extracted and iron preoduced by
the column was monitored, as was temperature at several locations along

the column. Complere details of the operation are given in Appendix E.
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Data on the columns and on the results of leaching are summarized in
Tables 11-14. Plots of the fraction of total iron removed a2s a function of
crime for the four columns is given in Figure ll. Figure 1l shows that,
as expected, the leaching is faster for smaller coal fragments and higher
leaching temperature. The Wyoming c¢oal in Column 1 leaches rapidly, as
might be expected from its very low pyrite conteut (see Table 11, and note
in equatioms (3) and (4) that T aud T, 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 irom in the
organic structure of the Wyoming coal.

It can be seen from Table L1 that a rather large discrepancy exists
between the pyrite content estimated from total iron in the HTA and the
pyrite countent determined from a forms-of-sulfur amalysis 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 pyrice (FeSg). 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 was dismantled, and the packed bed of coal was removed from the
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 alsc to enhance moisture removal. The entire
core assembly was placed in a large oven and dried for approximately 40
hours at a temperature of 60°C.

After drying, the core tube was divided into five vertical sections,
each approximately 6-8 inches in length. The coal contained in each section
was sampled for chemical analysis by a micro-channel sampling technique
that vielded approximately 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 Leached in the Column Apparatus

Calorific Value (BTU/1lb)

Sample. Asgh Pyrite Organlic  Total
I1.D. 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 -B4.6 - 6.3 -25.4 +0.13 +20.9 <1.3
WY 6-6 ~55.8 -76.9 =10.4 =27.0 +2.3 +20.5 -0.8
~74.34% 11.8
Column 2 =
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 -l.4
24 -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 & -38.6+ 24.3
41 - 7.2 =74.7 + 1.2 -19.8 -1.3 + 5.2 -2.6
42 - 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
b-4 -13.4 -8l.¢ 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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coal (from HTA analysis) to estimate fractiomal irom removal.
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50-gramw 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 ba
determined from the increase in organic sulfur and the decrease in pyritic
sulfur. Note, however thar 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 indicare

a stoichiometric X wvalue of 0.6 * 0.2.

2. _Determination of ksy and Dp

Tc and Tp 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)
reflect 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 1%
where pvrite 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 nen-linear curve fitting technique used in the kettle
experiments, and (2) by simulating the 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 squarves iterative technique to the iron recovery data, are shown in
Figure 13. The values of Tp and Tp obtained by this fit are corrected for
the difference between the iron and pyrite recovery curves by increasing

both by the ratio of the total leach time to the leach time at which the
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Fre , FRACTION TOTAL IRON LEACHED

1.05

0.90

0.75

0.60

0.45

0.30

0.15

1 1

Figure 12

160 240 320 400 480'
TIME, DAYS |

Iron extraction histories from the column experiments compared
with analvtical estimates of pyrite extraction (cata poiants with
error brackets). Dashed lines are pyrite leach histories
estimated by assuming a pyrite removal curve similar in form to
the iron removal curve.
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1.08 T T T T —

COLUMN 2 DATA

090 - .

0.75 | -

0.60 | T = 30 days .

Ty, = 4450+ 180 days

0.45

Te = 90 doys
0.30 ¢ y

T, = 4296 + 184 days

Fre, FRACTION TOTAL IRON LEACHED

0.15 -
0.0 1 1 ! 1 I
0 80 160 240 320 400 480
TIME, DAYS
Figure 13 Estimates of T, and Tp and the corresponding leach

history curves obtained by non~linear data “itting
of fractional iron data to the integrated form of
equation (1).
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iron recovery would equal the ultimate pyrite recovery. This factor for
columns 2, 3, and 4 is: 2.63, 2.77, and 2.00 respectively. The resulting
values of T¢ and Tp are given In Table 16 and compared to the value range
predicted by Table 7, adjusted to the proper temperarur=z. Table 16 shows
the observed and predicted values of Ty are iz reasonable agreement.

This is not particularly meaningful L:¢cause the values of fc are only very

weakly constrained by the diifusilon-dominated leach curves. On the other

hand the Tp vainzs are well constrained by the observed curves, and the
observed values are about an order of magnitude bigger than expected.

The bigger-than—expected valuesg of 1p could be due to a lower-than-
expected irom concentration in the columns. The ironm level is not important
for the chemical kinetics of pyrite oxidation, since, as noted earlier, this
reaction is approximately zero order in Fe(IIL). TFervic Iron comcentration
will contrel the flux of Fe(ILL) into the coal fragments through leached
rims, however (see equation 4), Lower-than-expected €<'l g/1) ferric iron
concentrations will produce preportionately higher-than—expected Ty 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 kox = 3.3 x 10-6 em/sec (the mid point of the literature
review range), and Dp = 1.0 x 10-8 emzfsec { a factor of 7.5 below the

1

preferred value). These models assume aRSULF = 30 em .

3. Coal Oxidation

Figure 15 compares the abserved 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 ¥ factors, The observed oxygen concentration
in the air exiting the columns is generzlly 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 irom leached is greater
than the actual coal oxidation. Thus Figure 15 is of no use in estimating

coal exidation, except to suggest it is small.
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Column 2
35°¢C
a=0.b4cm

Column 3
50°¢C
a=0.64cm

Column 4
50°C
a=0.32cm

Table 16.

Observed Predicted (ak = 160 to 30 cm 1)

sulf
¢ = 2.6 to 6.9 mo 7.5 to 25 mo
T = 378 mo 31.3 mo
¢ = 2.8 to 8.3 mo 2.9 to 9.6 mo
Tp = 130 mo 21.5 mo
T = 3 to 9 mo 1.4 to 4.8 wo
p = 60.8 mo 5.4 mo

Curve fit values of 1 and tp 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, Tp values agree reasonably
with the predicted values. Observed tp 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
columnn may be "0.1 g/l rather than ~1.0 g/l. See text for
discussion.
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FRACTION PYRITE LEACHED

1.05

] i i T |
() Ky=33x10°
D, = 1x10°
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@) Koy = 3.3x107
D, = 1x107°
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0.60 -
0.45 -
0.30 |
0.15 -
COLUMN 2
0.0 i 1 1 { 4
80 160 240 320 400 480
TIME, DAYS
Figure 14 Finite d{fference madels of the column leaching data agree

well with the cbserved resultsiif k’ox = 3.3 x 10"'6 and

- -8
DE 1.0 x 107°,
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FRACTION PYRITE LEACHED

1.05

0.90

0.75
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0.0
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Dg = 1x107°
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De = 1x 107
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i L L L i
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TIME, DAYS

Figure 14 (countinued)
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FRACTION PYRITE LEACHED
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Figure 14 {continued)
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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 of Dry Basis. The Dmmf
calorific value of the coal decreased slightly for most columns but increased
for column &. The increase in dmmf C.V. of Column &4 is physically impossible;
the increase reflects the inaccuracy of the Btu determinations (Meyers,
1977. p. 1l11).

Literature review indicated we could expect about 2,5% coal oxidation
of 3/8" coal particles at 50°C in a year (see appendix ‘4). This translates
to 3.2% oxidation of %" coal particles in one year at 50°C. The value of
ko used in this zaleulation was 3.5 x 10-11 gec-l, Figure 15 shows less
than 10% depletion of oxygen in the air passed through column 4 after a
yvear of leaching. Table 17 shows the calculated oxygen depletion for
Column 4 after 1 year for various coal oxidation rate constants. Depletions
less than 10% require ke values less than about 1 x 10712 gec~!. 1n the
calculations that follow we use a value of 1.1 x 10-l gec™l. This gives a
0.17% coal oxidation for column &, which is reasonable in light of the
negligible measured Btu degradation of the ccal (see Table 14).

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

column leach experiments.

4, The Distribuction 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.l
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 cmz). For each polished-block, one hundred coal
fragments were examined microscopically and the fraguents were classified

as shown in the flow dlagram of Filgure 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 illuatrated:in Plate 2. The second
photograph in Plate 2 illustrates the fact that the classification is not

unique for any fragment, A fragment cam appear unieached, rimmed, or totally
leached depending on how it is sectioned.

lThe Castolite Company, Woodstock, IL 60098

65



Coal Oxidation
Constant, kc

{sec

)

1.1 x
1.1 x
1.1 x

1.1 x

Table

10—14

10—13

10—12

10—11

7.

Oxygen Depletion Fraction % coal
of effluent air Pyrite Leached oxidized
Colur 4 predicted
4% 0.75 0.002¢9
4% 0.75 0.025
8% 0.75 0.17
31% 0.75 0,96

Predicted oxygen depletion in the gffluent air from

Column 4 (after one year of leaching) for the best
fitting model, and different values of kc.



Does the coal particle* contain disseminated pyrite?

YES

Ari/:jjii\i:jsent?
YES No

Do the voids
exhibit a spatial .}

Arz voids present?

preference within {unleached
the coal particle? |particle

unleached
particle

YES NO, )

random void spacing
VOILDED 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.

YES

All pyrite removed
“"totally leached"

* Particle refers to a sectioned coal fragment in the piane of the polished block
surface. For each polished bloek, 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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Figure 17a Frequency histograms of morphologic leaching types
observed on polished coal samples taken frow various
levels within the coal column.
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The principle counclusions reached from petrographic analysis of the
leached coal particles in the columns were:

(1Y The columns were leached evenly along thair 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 | to Column 2 to Colummn 3. This trend is

consistent with that expected on the basis of temperature and fragment
size.

(3) Rimming is a common phenomena. Columns 2, 3 and 4 coutain 237,

21% and 227 rimmed fragments, respectively.

{4) Leached rims are ofiten of uniform thickness around a coal

fragment. There is no-evidence of diffusional anis¢tropy in the coal

in many fragments {see Plate 3). On the other hand, tﬂe voided pattern
may reflect inhomogeneities in Dy within other coal fragments.

(5) A variant of the uniform leached rim crcurs 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 (ewhedral or frambeidal) does not influence the nature

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

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

the morphology of the pyrite (see Plate 5a, b).

(7) The thickness ¢f leached rims vary from 100 to 500 um in all

three columns (see Figure 18). '

{8) The thickness of active leaching zones varies from 50 to 150 um

{see Figure 19).

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

(see Plate 6a, b). '

Table 18 shows the observed leached rim thicknesses suggest kK . and
agulf are on the high side of ti.eir range of values, and Dg on the low end
of its range (i.e. less tham 1 x 10-8 cm?/sec). The thick leaching zone
observed on the column fragments is consistent with the slow obsexrved
leaching of the columns compared to the kettles. Pyrite oxidation is zero
order in Fe(II1). The diffusive flux of Fe(III) into the cozl is proportional
to the concentration of Fe(ILIl) surrounding the coal fragments, however.
Thus equation (5) should really have a term [Ox], in the numerator and
denomenator. The denomenator product, [0x] k,,  is a constant (the pyrite

reaction is zero order). Therefore § is proportional to the square root of
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Reproduced trem - S
best available copy. i

Plate 3 Lozenge or doughnut-shaped.symetric leaached rims formed
in: 1, homogeneous vitrinite marrix, 2. banded vitrinite
matrix. The coal was leached in Column 4.
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Plate 4a

Leaching morphologies characteriscic of pyritic
material concentrated in bands or along bedding planes
in the cecal 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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Plate 4b

Reproduced from
best available copy.

Leaching'morphologies characteristie 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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UNREACTED " LEACHED RIM

Plate 5a

i
125 )L

Rimmed edges of coal particles that illustrate the three
characreristic zones of leaching. Both examples 1. and
2. were leached in Column 4.
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UNREACTED ACTIVE LEACHD RIM

Plate 3b

UNREACTED

ACTIVE LEACHED RIM
Rimmed edges of coal particles that illustrate the three
characteristic zones of leaching and non-selective
leaching of different pyrite worphologies. 1. mossy
pyrite erystal aggregates, 2, fine-grained euhedral
pyricte. Both examples are from Column 4,
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COLUMN 2., 136 LEACHED RIMS

201 X

- 1T 10
15 ; \
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Figure 18 Thickness of leached rims on coal fragments from
the three Illinois coal columns
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Figure 19 TFrequency histograms for width of the zone of active

cherical leaching as measured on L1linois #6 coal
particles leached in the column apparatus
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Reproduced from
best available copy.

Plate 6a Coal particle containing abundant disseminated pyrite that
occurs as massy 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,
oal leached in Column 2, .
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Leached Rim Thickness, 28

T[qc] on = 10—7 _"_SOJ: = 10_6
35 422 m 204 um
50 204 wm 61 um

Table 18. Calculated 26 values assuming Dg = 1 x 10-8 cmzlsec}kox = 1077 or

10-6 cm/sec, aR = 100, & = jDg/ .
sulf koxaR

sulf
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Fe(IIl). The value of DE determined from tha rate of leaching of the

columns and the thicker active leaching zonme 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 g/1 Fe(III), see Table B). The
lower concentration of Fe(ITI) in the columns jis reasonable since the columns
were flushed with acidified water .that contained no iron.

The lack of 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(fIT) in the coulumns 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 Jiffusional 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. TInthe 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
fragrents is diffusion controlled the leach rate should decline in a fashion
similar to the shrinking ccore predictions, however. In this view the
voided pattern is a reflection of inhomogeneities (due to fractures or
bands of high Dg in the coal) of the effective diffusion comstant 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 1007 (because some of the coal

fragments will not leach).

5. Sumnpary and Comclusions

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 counfirmed
the appropriateness of the temperature dependence of the model (Eg = 20,000

cal/mole, and ES = 5000 cal/mole), the measured effective diffusion constant
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(DE =7.5 x 1078 cm?/sec), and the stoichiometric leach constant (X = 0.6).
The kettle experiments suggested agulf and kgx are at the high end of

their measured and literature-suggested ranges (aiulf = 100 cm"l,

kox = 1.5 x 107% cm/saz). Leached rims on coal fragments from the kettle
experiments confirmed diffusion control of the leaching process. The
column results confirm diffusion control: 1leach rims 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 columus leached much more slowly than expected ou the basis of the
kettle experiments, however. The increased leach time is due to Tp values
an order of magnitude bigger than expected. This is illustrated by the
leach behavior of Column 4 compared to kettle Run B. These two experiments
employed the same size fraction cocal (% inch) and were rum at similar
temperatures (50° and 40° respectively). Table 10 shows Tp was predicted
to be about 6.9 months for the kettle run, and was determined by analysis of
the leach results of that rum to be about 4.0 months. The temperature
adjustment from 40 and 50°C for an activation energy of 5000 calories/mole
is 1.28, 50 a value of 6.9/1.28 or 5.4 months was anticipated for Tp of
Column 4. Table 16 shows the observed Tp was 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 leaéhing confirmed that Dg is about an order of mag-
nitude smaller than the value estimated from the comnected porosity, a few
direct measurements, and the kettle experiments. The much smualler thickness
of the active leaching zones in the column experiments (50 to 150 um vs.
~650 um for the kettle experiments) suggests Dglox] is smaller than
anticipated and kgylox] = const. A simple explanation of both observations
is that the ferric iron concentration in the columns, that were f£lushed
twice daily with acidified water containing no iron, was a factor of 7.5
less than the 1.4 g/l Fe(IlI) concentrations in the kettle experiments.

The lower ferric 1rom 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 splutions been

recirculated rather than using fresh water for each flush.
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The shrinking core model parameters 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 recyecling 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 mathmatical model presented in section I1-B may be used to predict how
¢coal heaps will leach. These predictions are made bty converting the
mathematicalmodel to finite difference form. The heap is divided into 150
layers and the model equations solved using an implicit finite difference
method as described by Cathles and Apps (1973) (see also Appendix F). The
heap leaching model of necessity contains several parameters not used thus
far: Ambient temperature varies in a yearly cycle. This affects tke
temperature of the dump and the rate of pyrite leaching. The yeaily
temperature cycle is taken intec account in the model. The average ambiant
temperature is assumed to vary between 72°F im thc hottest summer month
and 20°F in the coldest winter month. This ie appropriate for the ceal
areas of Pennsylvania. Application of flush water to the neap is important
in controlling heap temperature. Cooling by applied f£lush solutions is
accounted for. The rate of air convection through the heap is controlled
by the permeability and temperature of the heap. We calculate permeability
from the Blake-Kozeny equation (equation 17). This permeability io certainly
too iafge since account ig not taken of [ines In the coal aeap. 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. Finally,real coal heaps will tend toc heat up
to temperatures above thoge optimum for bacterial. convergion of Fe?* to
Fe3+ ; the bacterial term in equation (2) must be included in the model as
work on copper leach dumps so compellingly indicates. Az in the coppetr
lezaching case we adopt values of Tgyop = 55°C and Tgi11 = 65°C in our

modeling. Heaps were not permitted to get hotter than 90°C. The
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Table 19.

Effective diffusional porosity of
coal

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

Stoichiometric constant

Constant characterizing the rate of
of oxidation of coal

Activation energy for pyrite oxidation

Activation ensrgy for diffusion of
oxidant through the coal matrix

Activation energy of coal oxidation

86

1 x 1078 cm?/sec

1074 sec™l

0.6

10712 gl

20,000 cal/mole

5,000 cal/moule

12,000 cal/mole

Parameter values used to simulate column and heap leaching.



disseminated pyrite content of the heaps was assumed to be 1,7 Wt %

(or 0.91% pyritic sulfur), To take into account the expected benefits of
solution recirculation (higher irom levels) we calculate heap performance
for both Dy = 0.75 x 1077 and 0.10 x 1077 cm?/sec.

The predicted leaching of dumps of wvariocus heights operated under
various average irrigation rates are given for two different size
Yractions of coal ip ¥igure 20. Coal companies we have contacted indicate that 9
months is the lomgest period which coal could be iluventoried, 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 remperature within the neap. 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 coutrol on leach rate. Heaps about 11 ft
in nheight constructed of Y% inch coal fragments will leach in an optimum
fashion, for Dy = 0.1 x 10~7 cn?/sec (éingle pass solution flush), Heaps
8 ft in height (%" coal) will leach best for recirculated solution.

Table 20 shows the history of leaching of the better-performing dumps. Winter cool-
ing of the 5 ft coal heap containing 1/4" particles is evident. The axtra iron added to
the recirculated flush solutions must be removed Eefore the solution is
recirculated to the heap (see Figure 1).

Table 21 summarizes the process steps lovolved in depyritizing coal
by heap leaching. A power plant burning a million toms of coal per year
can reduce the sulfur content of the c¢oal burned by about 57% if heap
leaching is employed in conjunction with conventional coal cleaning., We
assume the plant uses Tllinois #6 coal that contains 4.7% total sulfur.

The processes summarized in Tshle 21 would reduce the sulfur content of the

coal to about 2,8%.
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FRACTION DISSEMINATED PYRITE —>

1.0 —

IN 9 MO.
o
T

LEACHED

o
™o
|

0.0

0.6 —

649, 70°
760 "RECIRCULATED"
\ De= 0.75x 107 cm?/sec
88°
6o B4%C "SINGLE PASS"

Dg = 0.10 x 107 em® /zec
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e fA™ " e e e

—

4" COAL
—0— O.O1gul/f12-hr irrigation rate
--x~-- (.02 gal /#t®~hr irrigation rate

| | l | l |

Figure 20a

10 20 30 40 50 60
HEAP HEIGHT (ft) —=

Fraction ceal pyrite leached in 9 months as a functiom of heap height,
irrigation rate, and irom levels in the flush solution (simulated
through Dg). Recirculated solutions are assumed to have Fe(II1)
loadings of about 1 g/1. Maximum temperature attained by the

heaps in the 9 months of leaching are shown along the curves.
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] l 1 l l |
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Figure 20b  Same as 20a but for 1/2-inch rather than 1/4~-inch coal
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Process Step

Basis

II.

I1I.

Iv.

VI.

Table 21

Mine 106 tons ofcoal with 4.7% total sulfur
and 2.4% pyritrie sulfur,

Size to 1/4" and remove cleat pyrite by
mechanical means; coal now ceontains 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 10° o2,

Circulate water through the heap. At 0.0l
gal/ft2-nr (1.8 x 10~7 gal/m®-min), a
solution recirculation rate of 657 gpm is
required.

Remove FeS0, added by pyrite oxidation and
leaching from the heap effluent. If 927 of
the dissewminated pyrite is leached, the
average FeS504 added to the flush sclutions
will be 32 g/1 and 39,500 tons of FeSO4
must be dispecsed of.,

Afrer treatment, coal that initially con-
tained 4.7% sulfur will contain 2.357 sulfur
(0.07% pyritic and 2,28% non-pyritic).
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Table 4

Estimate of mechanical
benefication based on
column analyses, see
Table 11.

We as%fme So is oxidized
to S04 and removed from

heap.

Process Elemeats of Depyritization of Coal by Heap Leaching



III. THE ECONOMICS OF DEPYRITIZATION QF COAL kY HEAP LEACHING*

A. TIntroduction

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
ar an average rate of 0.01 gal/ft?-hr are realized (ie. that Dp = 0.75 x 107y,
The reader should realize that our objectives here are very limited and many
economic questions remain unaddressed and unanswered. OQur main interest is
to provide some basis for azssessing whether or not further research on coal
depyritization by heap leaching 15 warranted. If the process looks as though
it could be economically attractive then funding of further research in
this area would be desirable. It should be slso 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.

Qur 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 mear the mine. The Incremental analysis
considers the net costs and benefits of leaching local high=-sulfur coal
rather than buying non-local low-sulfur coal. The incremental analysis
considers the extra costs and bhenefits associated with the use of leached
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-suliur coal purchased in the
final year.

The difference in cost between distant low=-sulfur and leocal high-sulfur
coal (delivered to the site) is treated as a2 variable in the analy;is. Base
case values of 340/ton (delivered) for low-sulfur coal and $30/ton (delivered)

for high-sulfur coal app=ar reasonable (.5, Dept. of Energy, 1982).

* 0
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 in the analysis are:

{1) No inflation; the aralysis was done in 198335.

{(2) The first majocr category in a cash flow is typically labeled
'Revenue'. In this incremental analysis, the comparable category labeled

‘Net Savings' is calculated as follows:

[Price(low-8) * Quantity{low-S)}]
- [Price(high~S) * Quantity(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 2
professionals.

(c) Although reecycliug oeccurs, it is assumed that water re-
placement costs are $0.01/kgal of total water used yearly.

(d) A cost of $0.005/gal is assumed for water treatment.

(e) The amgunt 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.

(5) A1l capital expenditures are assumed to occur in year one.

(a) Cost of land occupied by leaching vperations will be site
specific, and may equal zero if land is available with zerc
opportunity cost. For the base case it is assumed that land
costs are $5000/acre.

(b} Liner coustruction for the leach pad is assumed to cost
§5/£t2.

(¢) The cost of drilling 5-10 wells for environmental monitoring
of errant heap effluent is imncluded.

(d) No salvage value is assumed for any capital item.
(8) All capital items except for land are depreciated using the
Accelerated Cost Recovery System assuming tzn year lives.
{7) Tax was calculated on the 'Net Before Tax' at a 467 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 net present value at the risk-free discount rate (the rate
on government securities is an acceptable proxy), and accept the investment
if,

NeV> = 0
If one is choosing between mutually exclusive investment alternatives, the
investment with the highest non-negative NPV should he accepted. In
practice, decision makers often use discount rares other than the risk-
free rate (usually higher), such as a corporate ‘hurdle' rate determined
by previous investment performance, a weighted average cost of capitel,
or the rate that makes the NPV exactly equal to zero (internal rate of
return ~ IRR). Other decision criteria, such 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 low sulfur coal (535, $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.l135%) 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 comneting 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% apd 33% respectively, The rough analysis indicates, we believe, that

heap leaching could prove an economically attractive depyritization techmnology.

C. biscussion

In our analysis we consider 9 months of leaching. Table ?C indicates the
leach rate drops strongly witkh time and that much of the benefit of leaching
can be realized in much shorter periods (particularly for smalier 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

YEAR

1 2

BENEFIT({SAVINGS FRQU COAL FURCHASE}+

LO-S OPTION
QUANTITY TON
COST 3

LEACE HI-S OPTION
QUANTITY LS TON
QUAHTITY H-S TON
coST 3

SAVING 8
DPERATING COST(EXC.
WMECHANICAL CLEAN

LABOR
MONITORING
WATER

VATER TREATHENT
SLUDGE REMOVAL
RECLAMATION
MISCELLANEOUS

TOTAL OPER CQST
OPERATING INCOME
DEPRECIATION

WET BEFORE TAX
TAX @Lés
+DEPRECTATION

NET APTER TAX

1000000
40000000

1000000
40000020

D
1000000
30000000

750000
1000000
60000000

1000000
Lo000000

Q
1000000
3Ca00000

The Base Economic Caleulation

1000000
Looo0000

1000060 1000000
4La0o0o00 40000000

[4]
1000000
30000000

0 b
1000000 1000006
30000000 30000000

-2E7 10000000
CDAL PURCHASE):
1700000 1700000Q

300000 100000
6000 6000
2854.536 2854.536
1429268, 1427268,
399347.8 399347.8

100000 100000

10000000

1700000
100000
5000
285k, 538
1427248,
399347.8

100000

10000000 10000000 1000C000
1700000
100000
6000
2850,536
1427268,
399347.8

1700000 17350000
100000 100000
4000 6000
2854,.536 2854.536
1427268, 1427268,
399347.8 399347.8
100000

100000 100009

3925470,
-2.39LE7
18181ko,

3735470,
6264530,
3181761,

3735470,
6264530,
2727224,

3735470,
5264530,
2272586,

3735470, 3735470,
8264530, 6264530,
2272656, 2272586,

-2.575E7
-1,185E7
1818149,

3082769,

3181761,

3532306,

2727224,

3991843, 3991843, 3991843,

2272686, 2272685, 2272686,

L Em M M mie M — et m e mmm e ——

-1.209E7 6254530,

CAPITAL EXPENDITURES:

LAND

LINER

TREATMENT PLANT
IRRIGATION SYSTEM
HANDLING EQUIP
CRUSHER

PREP PLANT
HMONITOR WELLS

NET CASH FLOV

748072.2
16293014
2000000
300000
200000
100000
5000000
30000

6264530,

6264530, 6264530, 6264530,

~3.676E7 6264530, 42643530, 6264530, £265530, 6264530,
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1000000
Loooonoo

0
1000000
30000000

BASE CALZ

1000000 1000000
403000000 HO0ODO0O

0 0
1000000 1000000
30000000 30000000

10 11

1000000
Lpono00o0

1000000
Locooone

0 0
1000000 1000000
30000000 3GQCQA000

12

1000000
40000000

0
1000000
30000000

13

1000000
#0000000

0
1006000
30000000

10000000

1700000
100000
6000
2854, 536
1427268,
399347.8

100000

10000000 10000000
1700000 1700000
100000 100000
5000 £000
2854, 536 2854.536
1427268, 1427268,
399347.8 393347.8

100000 100000

10000000 10000000
1700000
100000
6000
2854.536
1427268,
399347.8

1700000
100000
6000
2854, 536
1427268,
399347.8

100000 100000

10000000

1700000
100000
6000
2854.536
1427268,
399347.8

100000

10000000

1700000
100000
6000
2854, 536
1427268,
399347.8

100000

. o m - v g vt o e 4 B S e G e e e e R W S N e

3725470,
6264530,
2045118,

3735470, 3735470,
4264530, 62688530,
20435418, 2045418,

3735470, 3735470,
8264530, 6264530,
2045418,

3735470,
6264530,

3735470,
&2584530.,

219112,

2045418,

k219112, Lz19112.

2043418, 2043418,

4219112, 62464530,

20k 18. 0

&264530.

6264530, £264530.

6264530, 6264530,

6264530.

6264530,

4264530, 6264530, 6264530, 6264530, 6264530, 6264530, £284530.
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BASE CASE
1k 15 16 17
10000Ga 1000000 1Q000C0 1000000
40000000 40000000 40000000 40000000
a 0 0 |

1000000 100Q0QC0 1000000 1000000
330Q0000Q 30000000 30000000 30000000

i8

1000000
4000aa00

0
1000000
30000000

19

1000000
40000000

Q
1000000
30000000

20

1000000
Loonoooo

o}
250060
7500000

10000000 10000000 10000000 10000000

1700000 1700000 1700000 1700000
100000 100000 100000 100000
6000 6000 £000 6000
2854.536 2854,536 2854,536 2854.336
1427268, 1427268, 1427288, 1427268,
399347.8 399347.8 399347.8 3993L47.8

100000 100000 100000 1Qa0o00

10000000

1700000
100000
5000
2854, 536
1427268,
399347.8

100000

10000000

1700000
100000
6000
235k, 536
1427268,
399347.8

100000

32500000

425000
100000
60090
713.6340
1427264,
399347.8
1000000
100000

v me A mam o T rm ey i wm e — v e im i im e o ey = oy o e

3735870, 3735470. 3735470. 3735470,
625h530, 6264530, 6264530, 6284530,

3735470.
6264530,

3735470.
6264530,

3458329.
29041671

6264530, 6264530, 6264530, 6264530,

6264530,

6264530,

29041671

6264530, 6264530, 6264530, 626L530. 6260530, 6264530, 20041671
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leaching removes an additional 35%. Conventional cleaning could drop the
sulfur content from 4.77% to 3.3%; heap leaching drops it to 2.4% (see
Table 21). The benefit of 2.4% wvs. 3.3 or 4.7% coal is likely to depend on
factore specific to individual coal users. It is outside the scope of this
report and our competance to assess such individual facters. The analysis

may serve as a base 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 necassary by direcr
measurement (Table 1, Table 6 and Table 7). The predicted coal leaching was
thern checked by a carefully designed kettle experiment in which both Eh and pH
were held constant by automatic titratiom. 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 agulf was shown to lie on the
high end of the estimated range). Leached rims were ohserved around the
leached coal fragments as it was predicted they should be, and the thickness
of thke active leaching zone was about 650 um, a value close to that prédicted.

The heap leaching model was further calibrated and tested by carrying cut
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 um) than in the kettle experiments (650 um}. On the other
hand leached rims were still present and the stoichiometry and the chemical
rate of pyrite oxidation were similar to that in the kettle experiments.
The explanation for the differences between the cclumn and kettle experiments
lies in the fact the columns were flushed twice daily with acidified water
containing no iron. The average ferric irom level in rhe columns was
evidently about 0.1 g/l Fe(III) as opposed to azbout 1.0 g/l 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 im Fe{III)) the lower total

ferric iron concentration does not affect the chemical rate of oxidaticn of
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the pyrite in the ceal 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 proportiomal 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 tham 0.1 gram per liter irom).

A finite difference model of the heap leaching process 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 fcot 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 ag predieted, the heap leaching cvepyritization process has
a positive net preseat value for disecount rates up to 16% (base case)
and 33% (best case).

We conclude that depyritization of coal by heap leaching is both
technically and economically feasible and that it is worth testing and
evaluatiny the process further.

The pext step is to wverify that recireulation of flush solutions will
indzed ephance the leach rate of columns as predicted. Assuming this is
born out, the next step would be to construct an eight foot coal heap and
determine if it leaches as predicted. Perhaps the biggest uncertainty in
operating such a heap is the permeability of the heap. Tt 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 analyses should guide
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the development efforts, and ultimately must become specific enough to
be capable of indicating whether heap leaching technjques should be

adopted by a parricular user,
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Appendix A  The Rate of Oxidation of Ceal

An expression suitable for our purposes can be extracted from the
combined work of Schmidt and Elder (1940) and Sondreal and Ellman (1974).
Schmidt and Elder showed the low temperature (< i00°C) oxidation of coal
slows with time porportionately to the inverse of time to the one fifth
power. Sondreal and Ellman (1974) investigated the =ffects 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, X, ean be expressed (Schmidt and Elder):

- +0.8
(A-1) Xc = k! Rsp t+0

The rate of coal oxidation is the differentiated form of this sxpression:

8Xe _ ' R3F ~0.2
(A-2) 3t 0.8 kg RSP t=Y.
Because coal oxidation can be interrupted within the heap if a partion of
the heap is oxygen starved, it is better to regulate the rate of coal ox-

idation with X, than time. Using (A-1) to eliminate t in (A-2) we obtain:

He = 6.5 (k) BH/4 1, or
(A-3)

OXe _ o= 5/4 L

—3% = k., (ESP) Xz .

R, §, and P give the tcmperature, size and oxygen concentration dependence
of the coal oxitation and are defined by equations (9) in the text. These
dependencies are taken from Sondreal ard Ellwan and refer to base conditions
of 259C and 0.375 inch diameter (0.48 cm 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 to
our base conditions of 25°C and 0.375 inch diameter coal fragments, yvields
a k. value of 3.6 x 1071l gec-l for Pittsburgh coal and a value of 3.3 x
10~1! gec-! for Lower Kittanning coal. When applied to equation (A-1) this

indicates an expected coal oxidation of (0.5% at 25°C after 1 year, and 2.5%

A-1




after 1 year at 50°C. The Btu degradation of the coal i3, of course, the

same as the fraction of coal oxidized.
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APPENDIX B Determination of 2aypp

A. Rapid-Scan Microscopic Determination of a§ULF

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 cn each pellet, using the instrumental settings and scan parameters

listed below:

Photomultiplier Spot Size in Microms: 2.
Total Number of Points Sampled: 400000.
Total Length of Scan in Millimeters: 800.
Stage Drive Speed in Microns/Second: 800.
Size of Discontinuity to be Bridged in Microns: 20.

Number of Pyrite Particles Encountered: n

- R
Scan Results and Derivation of & 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) shew 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 gcan length between edges of a
pyrite grain. <Chord size is analogous to pyrite diameter along a particular
scan traverse line. Assuming the mean particle 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

R

R
2 sunee The geometrically- based derivation of a is given below:

sSuULY

It is easy to show that if d is the average pyrite bleb diameter,

aR - 6 chord length
sulf d total scan length

chord length

d = number of sulfide blebs encountered in scan

The following table contains the pyrite diameter and volume data from

R
the rapid-scen analyses, as well as the computed values of a The errors

SULF’
B-2



associated with aRSULF 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 7% mean particle caleculated no, of
size fraction pyrite diameter surface area scang made
{(4+mm -mm) (cm3 py) (cm2 py/cm3c0al)

_— 4

(cm'3 coal) (= 10" cm)
+0.85 -2,00 Q,.51£0.09 7.39:0.33 41£23% 3
+2.00 -3.20 0.52+0.05 8.12+0.36 18+ 147% 5
+3.20 -9.50 0.38£0.04 7.83:0.35 29t16% 3
+9.50 -12.5 0.26%0.02 6.91+0.40 237147 3
+12.5 =19.0 0.34£0.03 7.0110,39 29£15% 4

Errors listed represent values computed at 95% confidence Interval.



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. BET Determination of Pyrite Surface Areas aEULF
Introduction
An attempt was made to more accurately (avoiding the spherical pyrite

. - - R .
particle assumption ugsed for deriving a from rapid-scan measurements)

SULF
estimate the surface area of disseminated pyrite morphologies contained with-
in a host Illinois #6 coal matrix.

4 gas adsorpticon technique, combined with BET calculations, 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
bands) of a pyrite that resembled the finely disseminated pyrite microscop-
ically was separated from the coal watrix, crushed with a mortar and pestle,
and sleve-gized into two fractions for surface area determimation. Photomicro-
graphs that compare the morphology of pyrite in the prepared samples with
that found in situ in the host coal appear in Figure . Although the prepared
coal pyrite has a larger diameter ramge 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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and Shumate, 1970). Museum grade pyrite was obtained** and crushed in a
similar manner to a size range comparable tc the coal pyrite. A photomicro-
graph of the museum-grade pyrite is alsc included in Figure B-1. Texturally,
the museum-grade pyrite differs from the coal pyrite in the homogeneity of
the crystals themgselves, 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.

- Tahle B-3

Pyrite Surface Areas as Determined by Gas Adsorption/Bet Techniques

Sample Origin Surface Area

and Size Fractionm cm?/g Reference
coal pyrite 8144 This study
+125u -180p
coal pyrite 6043 This study
+180u -250u
coal pyrite . ,
+1060 =250u 11200 z 200 Smith and Shumate, 1970
museum grade pyrite .
41251 ~180u 238 This study
mugseum grade pyrite X
+106u ~L251 281 This study
nuseun grade pyrile 1200 £ 100 Smith and Shumate, 1970

#% M, A, McKibben supplied the pyrite sample, which originacted from the Ward
Mine, Glendon, N.C. (& metamorphic mineral).

B-15 -



Derivation of aR

SULF
2
R cm FeS2 G
& ouLp (—-——-—-3 ) = S.A. X P X —By'loo
cm coal

£ is the coal bulk density and

equals 1.6 g/cm3 coal. G v is the wt % pyrite io the coal sample (2.1%).

(pr/lOO = 0.021 g FeSzlg coal)

Using 7000 cmZ/g 1«"9.52 as an example S.A., we calculate an aR = 235 cm—l.

SULr
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A,

APPENDIX ¢ Determination of DE

Measurement of coal comnected porosity tc water using a vacuum water
imbibition weight gain technique:

1. Use a coal wafer of thickness preferably less than Sum.

2. Transfer the wafer te a shallow pan and cover the wafer with
distilled delonized 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
vacuuw to force water into the coal pores.

4, Release vacuum and remove waifer, wipe off excess surface water
droplets with a Kim~wipe, and 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 105°C for two hours, separate the coal from the
epoxy ring and immediately weigh the dry coal and epoxy ring
individually.

7. The difference between wet and dry coal weights wmay be converted
to a percent porosity of the coal to water by the eguations:

wet weight — ring weight = wet coal weight (WCW)

(WCW - dry coal weight) x 100/WCW = % porosity
8. VWater weight gain was found to increase rapidly during the first
ten hours of imbibitien. Weight became nearly constant after 20

hours. This is consistent with the water iImbibition behavior of
Pittsburgh Seam coal reported by Dabbous, et al.(1974).

Regultg ol this procedure are gsummarized below.



Table C-1

Connected Porosity of Wyoming and Illiacis Coal

Measured by Water Imbibition Techniques

Illineis

Sample Thickness Dry Wet We ight LAY
wafer (cm) Weizht,g Weight ,g Gain,g

Pit 3.24 G.177 1.6648 1.7590 0.0942 5.7%
Pit 3.24#2 0.211 1.9925 2.0979 0.1054 8.3
Pit 3.2#3 0.335 3.2504 31.3732 0.1228 6.0
Pit 3.2#4 0.211 2.0653 2.1640 0.0987 7.8
Pit 3.34A 0.211 2.0767 2.1R26 0.0859 7.3
Pit 3.3#2 0.210 2.0795 2.1546 0.0751 6.2
Pit 3.343 0.333 3.2948 3.4190 0.1242 6.5
Pit 3.3#4 0.335 3.2954 3.4247 0.1293 6.9
Pit 3--Illinois #6 River King Mine 3 Mean = 7.2 + 73

Wyoming (Wyodak)

CP6 #1 0.208 1.7604 2.0205 0.2601 21.2%
CP6 5 0.206 1.7015 1.9950 0.2935 24.6
CP6 {8 0.208 1.7452 2.0116 0.2664 21.7
CP4 #3 0.203 1.8665 2.1165 0.2500 22.0
JR2 #3 0.208 1.8085 2.0668 0.2583 23.1
JR2 #5 0.203 1.7818 1.9980 0.2162 19.0
JR2 #6 Q.213 1,8978 2.1015 0.2037 17.1
JR3 #3 0.079 0.6085 0.7815 0.1530 35.2
JR3 #4 0.216 1.9025 2.1190 0.2165 18.2
JR& {#1 0.465 3.9684 64,5470 D.5786 22.2
JR& B2 0.467 4.0202 4.5650 0.5448 20.8
Jr4 #3 0.602 5.2324 5.9135 0.6811 20.2

masn = 22.1

JR - Jacobs Ranch Mine, Kerr McGee Coal Corporation
CP - Clovis Point Mine, Kerr MeGee Coal Corpcration



B. A Technique for Measuring the Effective Diffusion Coefficient DE Using
a Garrels-Type Diffusion Cell

1, Theory and Equipment

The work of Garrels, Dreyer, and Howland (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 diffusiorn cel; 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 sclution 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 saolution containing
the same soluta. The concentrated sclute 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 (Gordom, 1945; Sanni and Hutchison, 1968):
' te t _ ot = ' 1
-Inf(c', - € f)/(c o ~ CU' M = (DRAt/L) @IV + 1/

Where C'o, V' and C"O , V'' are the initial comcentration (M) of the solute
and volume (cm3) of the solution in the concentrated and dilute reservoir,
respectively. C'f and C"f denote the final solute concentrations in the
concentrated and dilute solution reservoirs. L and A are the thickness (cm)

2 .
and expcsed surface (em”), 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 D may be calculated.

E
The diffusion cell illustrated in Figure C-1was used to measure DE for
the Tllinois #6 bituminous coal samples. The cell reservoirs (v7 = v7~° =
225 cms) were fabricated from 6.4 cm 1.D., 0.64 cm wall Plexiglass tube, KC1
sexrved 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 KCl concentration, using a precalibrated
linear regression relation. The precision of ¢onductometric concentration
determinations was 2%,
2. Sample Preparation and Experimental Procesdure
Wafers of the coal samples to be used for the diffusien tests were preparead
in the same manner as described for the effective water porosity dererminatioms
(see Section III in this appendix). The exposed surface of the coal wafer (A)
wvas measured with a planimeter. Wafer thickness (L) was measured with a micro-
meter caliper. An attempt was made to prepare diffusion wafers both parallel
and perpendicular to the lithologic banding in T1linois #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 Tllinois coal that were ncot apparent macro-
scopically became readily visible, as evidenced by beads of solution appearing
on the exposed surface of the coal wafer. Leakage was wmost commonly observed
ou samples prepared parallel to litholegic banding. The planes between lith-
type bauds were particularly susceptible zones of leakape. All of the Illinois

coal samples prepared parallel to banding (50 samples total) developed leaks,
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and the attempt to acsess DE parallel to banding was abandoned. The relative
homogeneiry of the individual lithotype bands allowed measurements of DE per—
pendicular to banding to be made without any visible or analytical evidence
of leakage. The Wyoming coal showed no evidence of leakage from microcracks
and fracrures. Wyoming samples were, however, very prome to form shrinkage
cracks due to drying. As a result, the coal had to be prepared and stored
under water-saturated conditicns. 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 the 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 magnsetic 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 * 0.2°C.

Upon completion of a diffusion rumn, the cell was dismantled, and again the
wafer was checked for leakage. 1If 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 analysas for two of the successful
diffusion runs showed the Illinois coal wafers to be essentially monc-maceralic
in vitrinite. Finely-disseminated pyrite was also present in the wafer
samples. The presence 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
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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 Table C-2. This data is for both macroscopically and analyti-
cally leak-free samples. The values of DE computed from the cell data are:
9.8 x 10’7, 7.5 x 10’8, and 5.6 x 10°° cu?/sec. The reproducibility of the
diffusion results was estimated as 1+10%7 from duplicate experimentzl runs.
The success rate for mesasurements 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 lithologic orientation of the sample is

noted. The experimental data used to calculare D, appears in Table . The

7

E

mean value of D_ for perpendicular samples is 1.0 x 10 cmzlsec, and for

E
parallel samples eyuals 4.6 x 10—7 cmz/sec. Considering 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. The mean of all fourteen measurements is 2.1 x l()'-7 cmz/sec.

As a check on the measured values, DE can be calculated from the relation
DE = ¢’c D’Ox/T (D'ox = 5.2 x 10_6 cmzfsec, ¢'c = (0.221 for Wyoming coal, and

assume T = 5), which gives a value for DE of 2.3 x 10"7 cmZ/sec. This is in

good agreement with measured values.
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Table -2

KC1 Concentration versus Time Data Ffrom Effective Diffusion
Coefficient Mezsurcments at 25°C
Lllinois #6 coal; A = 5.07 cm?
River King Mine 3 Perpendicular Sample #24

-

L = wafer thickness = 0.476 cm; C0 = 0.111 M

tise,hrs. KC1 Conc., M
***&Correlation=99.6%
0.0 3.9 x 1077
0.5 5.8 x 1073
1.2 8.1 ¢ 1079
6.5 1.7 ¢ 107%
6.0 1.9 x Lo~%
20.0 5.2 x 107%
41.3 9.3 x 1074
47.3 - 1.0 x 1073
51.8 .1 % 1073
65.8 1.3 x 1073
91.3 1.7 x 1073

River King Mine 3 Perpendicular Sample #25

L = 0,335 em; Co’ = 1.00 M

time hrs. Kcl Cone.,M
rAwkCorrelatlon=99.5%

0.0 2.0 x 1070

4.0 2.4 x 1074
15.5 5.6 x 1073
18.0 6.2 x 1074
3.5 7.6 x 1074
76,5 1.6 x 1073
88.0 1.8 x 1073
9.0 1.9 x 1073
96.0 2.0 x 1073
10t.0 2.1 x 1073
112.0 2.2 x 1073
117.0 2.3 x 1073
127.0 2.4 % 1073
136.0 1.5 x 1073
144.0 1.7 x 1073
14%.0 2.8 x 1072
160.0 2.9 x 1073

River King Mine 3 Perpendicular Sample #26

L= 0.210 cm3 C_~ = 1.00 ¥ .
time, hre. KCl Cones ,M
*RkxCorrelation=99.7%
0.0 5.2 x 1070
4.0 3.0 x 1074
15.5 7.3 % 1074
18.0 8.0 x 107
23.5 9,4 x 1074
76.5 1.8 x 1073
38.0 2.1 x 1073
91.0 2.2 x 1073
96.0 2.3 % 1072
101.0 2.4 x 1073
112.0 2.6 x 1073
117.0 2.7 x 1073
127.0 2.9 x 1072
136.0 3.1 % 1073
144,0 3.3 x 1073
149.0 3.4 x 1073
160.0 3.6 x 1077



Table C~2 continued

Wyoming Coal (Wyodak Seam); A = 5.8 cm2

Sample # JR1336 L = 0.l46 cm, CO' =1.00M

time, hrs. KCl Conc., M
*k*kCorrelation=99.9%
0.0 1.4 x 1077
2.0 1.5 x lO_4
7.0 2.4 x 10_3
20.0 1.2 x 10_3
25.5 1.6 x 10_3
46.5 2.9 x 1073
55.5% 3.6 x lO_3
71.5 4.7 x 103
95.0 6.2 x 10_,
103.5 6.7 x 10
114.5 7.3 % 10_3
128.0 8.2 x 10_3
137.0 8.9 x 10

Sample # JRIS32 1 - 0.146 cm, c,” = 1.00 M

time, hrs. KCL Cone., M
*wkkCorrelation=99.9%

0.0 6.6 x 10:2
1.0 8.1x 10_)
10.5 1.9 x 10 ,
34.5 8.0 x 10_,
46.5 1.1 x 10_3
32.5 1.3 x 10_4
61.0 1.5 = 10 3
71.0 1.7 x 1073
83.0 7.0 x 10_3
94.5 2.3 x 10_3
106.5 2.5 x 10_3
118.5 2.9 x 10_5
135.0 3.4 x 10 3
142.5 3.5 % 10_3
130.0 3.6 x 10_,
166.5 &1 x 10
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Table C-2 continued

1.00 M

-
Q

0.348 cm, C
KCL Come., M

L=

Sample #JR356

hrs.

time,

*kk*Correlation=97.1%
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SO MOVOOMNT @O T DD OO0

. . .
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X
X

005505500005505555000

015195071443715741755
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o

¢ 7 =1.00M
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Sample #JR1512 L = 0.210 cm,

time, hrs.

*k%*Corralation=99.8%

G S A O T
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0000555505500

01&92787375609
2245790 nnl..
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Table C-~2 continued

C " =1.00M
o

Sample #JR1522 L = 0.210 cm,

KC1 Cone., M****Correlation=99.9%

hrs.

tine,

MM KK KK KN
NN AT OO NGO TN 0o
RS TS G P P VI VNP

0055550005550505

0104621134695206
HAF VO~ om0
o=

C - =1.00M

Q
KC1 Conc., M

Sample #JR252 L = 0.211 cm,

hrs.

time,

****Correlation=98.7%
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NWO GO ol &l & a7 ~F 180 \8 ~

005005050550

0
0620632903339
NN TN NN~ O
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154.0
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Table C-2 continued

Sample #JR154 L = 0.88 cm, Co’ = 1.00 M

time, hrs.

KCl Conc., M

#***%Correlation=99.9%

0.0 7.0 x 10‘2
6.0 2.7 x 10_,
22.5 2.7 x 10,
30.0 4.2 x 107,
36.0 5.5 x 10_,
548.5 8.1 x 107,
52.0 8.7 x 10,
59.5 1.0 x 103
70.0 1.2 x 103
73.5 1.3 x 10_3
83.5 1.5 x 10 3
93.0 1.7 x 1073
99.0 1.8 x 10_3
105.5 1.9 x 1077
170.0 2.4 x 107
142.0 2.6 x 103
154.0 2.8 x 10,
165.5 3.1 x 10
Sample #JRAPP42 L = 0.462 cm, Co’ = 0,111 ¥
time, hrs. KC1 Conc., M
*k%k%Correlation=93.6%
0.0 3.6 x 1022
0.5 4.0 x 10,
27.5 8.0 x 10_,
30.0 8.2 x 107,
46.0 9.2 x 10_,
51.0 9.5 x 10_,
71.0 1.0 x 103
77.5 1.1x 1073
85.0 1.1 x 107§
93.5 1.1 x 1073
118.5 1.2 x 10_3
145.5 1.3 x 10
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Table C-2 continued

-

Sample #JRAPP54 L = 0.335 cm, C0 = 0.111 M

time, hrs. XCl Conec., M
**%%Correlation=99.27%
0.0 3.3 x 10:2
0.5 3.8 x lO_4
27.5 4.8 » 10_4
30.0 4.9 x 10_&
46.0 5.4 10_4
51.0 5.6 x 10_4
71.0 6.2 x lO__A
77.5 6.4 x lU_4
85.0 6.6 x 10_4
93.5 7.0 x 10~4
118.5 7.7 x 10_4
145.3 8.5 x 10

-

Sample #CP453 1 = 0.203 cm, Co = 1.00 M

time, hrs. KC1 Conc., M
krk*Correlation=99.6%
0.0 2.1 % 107;
4.5 3.6 x 10_3
15.5 1.6 x lO_3
19.0 2.0 x 10_3
24.0 2.3 x 10_3
39,5 3.7 x 10_3
48.0 4.3 x lO_3
63.5 5.3 x 10_3
69.0 5.7 x 10_3
78.0 6.3 x 10_3
87.0 7.0 x 10_3
96.0 7.5 % 10_3
113.0 9.1 x 10_3
123.0 9,2 x 10_2
145.0 1.1 x 10_2
159.0 1.1 x 10



Table C-2 continued

Samnle #JRBPL21 L = 0.333 cm, co’ =0.111 M

time, hrs. KC1 Conc., M
*&x*x*Correlation=92.1%
0.0 1.9 x 10'2
7.5 9.7 x 10_,
24.5 1.6 x 103
31.5 1.7 x 103
52.0 2.0 x 10_3
61.5 2.1 x 103
75.5 2.3 x 103
80.0 2.4 x 107,
96.0 2.4 x 10

Sample #JRCPLI1 L = 0.203 cm, co' = 0,111 M

time, hrs. KCl Conc., M
*e**Correlation=97.6%

Wiwwh NN Wb,
bhmoNwoowe
MMM MM %K K
}_\
=
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Table C-2 continued

Sample #JRBPL1I L = 0.213 cm, CO‘ = 0,112 M

time, hrs. KCl Conc., M
*%**Correlation=92.6%
0.0 7.7 x 1073
6.0 5.9 x 10_,
26.0 1.4 x 1073
32.0 1.5 x 10_3
48.0 1.8 x 10_3
56.0 1.9 x 103
72.0 2.1 % 105
107.0 2.4 x 10_;
146.0 2.7 x 10_;
151.5 2.8 x 10_3
166.5 2.8 x 10

Sample #JRBPL31l L = (.462 cm, Co' = 0,112 M

time, hrs. KC1 Cone., M
*¥*%k*kCorrelation=98.7%
0.0 4.7 x 107
6.0 3.5 x .'LO_A
26.0 7.6 % 10_,
32.0 8.5 x 10_3
48.0 1.1 x 10_3
56.0 1.2 x 10_3
72.0 1.3 x 10__3
107.0 1.7 x 1075
146.0 2.1 x 10_3
151.5 2.2 % 10__3
166.5 2.4 x 10
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Table C-3

Effective Diffusion Coefficients Determined for

Wyoming Subbituminous Coal (Wyodsk)

Perpendicular to Lithologic Banding

Sample I.D. DE(cmzlsec)
JR1536 1.0 x 1077
JR1532 3.9 x 1078
JR356 1.4 x 10~/
JR1521 4.0 x 1578
JR1522 3.9 x 1078
JR252 1.0 x 107
JR154 3.8 x 1078
JRAPP42 3.0 x 10~/
JRAPPS4 1.1 x 10~7
CP453 1.5 x 10~/
mean = 1.0 x 107

std.dev. = .8 x 1077

Parallel to Lithologic Banding

JRBPLZ1 7.6 x 1077
JRCPL11 6.3 x 10™7
JRBPL1L 1.3 x 107
JRBPL31 3.1 x 107
mean = 4.6 % 10‘7

std.dev. = 2.9 x 10~/
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4. Preparation Procedure for coal wafers used in water imbibition and
diffurion experimencs:

1. <Coat the outside of a 2 =x 2 inch or larger coal block in APCOt
epoxy resin to prevent breakage during cutting; allow the epoxy to
set.,

APCO epoxy resin preparation: Using a Dixie cup graduated in
ounces, pour 1 oz. of R-313 resin. Add to the resin three full
eye droppers (3.5ml) of hardener B. 35tir until thoroughly mixed.

2., Using a water cooled circular cutting saw, cut the coal block into
a roughly 1.5 inch square cube.

3. Note and record tha sample orientation {parallel or perpendicular
to lithologic banding}.

4. Round off the cube edges on a belt sander to form a ecylinder ane
inch in dlameter, retaining the 1.5 inch height.

5. Using compressed alr, remove excess dust from the surface of the
cylinder.

6. Place cylinder in Buehler? _#20-8180 Sampl-Kup Mold previously
coated with a releasing agent-.

7. Prepare epoxy resin as described above, after mixing 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 arcund coal ecylinder slowly
to avoid trapping air bubbles and f£ill until cylinder is covered;
allow epoxy to set.

9. Remove cylinder Efrom mold and mount on &2 clean dry glass slide
with adhesive.

10. Cut tne ¢oal cylinder into wafers of desired thickness on a
Buehley Isomet #11-1180 Law Speed Saw.

1Applied Plastics Co. Inc. 3MS-l?_Z Release Agent Dry Lubricant
§12 E. Franklin Ave. Miller-Stephenson Chemical Co. Inc.
El Segundo, Calif. 90245 6348 Qakton St.

Morton Grove, [L
ZBuehler Ltd.
2120 Greenwood St. -
Evanston, IL 60204 312-475-2500
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*
Appendix D : Experimental XKettle Leaching of Coal

(Control of Eh and pH to Evaluate the Rate of Pyrite
Oxidation by Ferric Yom}

% This appendix is the manuscript of a paper submitred 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 Revin John Breen. Minor textuwal changes have been
made for Incorporation as an appendix to the final technical
report.
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ABSTRACT

Ferric ion is au effeciive oxldant for chemically removing pyrite
from coal and other geologic materials. The rate of reaction bhetween
ferric 1on and pyrite 1s important because the reaction 1s utilized
for coal desulfurization, solution mining, and dump or heap leaching
processes. The severity of the acid mine dralnage problem resulting
from surface and underground mining of coal and sulfilde ores also
depends, in part, on the rate at which ferric ion attacks pyrite.

An experimental techmique is developed to measure the rate at

which the following reaction of pyrite and ferric lom takes place:

Fes, + (2+12x)Fe3t + (8K)H,0 —> (+i2m)FeRt + (L4x)ET + (2x)HSO,”

+ 2(1~X)5° .

Redox potential measurement is combined with redox-stat titration;
this involves titrating the Hy0; required to exactly offset emf
changes producad when ferric ion Is reduced to ferrous lfon by reacting
with pyrite. The study determines the lower Fe(II), Fe(III), and ut
concentration limits required for valid application of the redox
potential technique and a threshold level below which dissolved
organiec carbon does not interfere with the Hy0y titration. The
tachnlique has the sensitivity to detect a 2 ppm change in the
concentration 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 swmall changes Iin reactant and product concentration. In

addition, the techlmique permits uninterrupted, automated, data
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collection in experimental kinetlec studies of extended duratlion, The
usefulness of this tecimique is illustrated in a system where finely
digseninated pyrite, coustituting a fraction (72 wt. %) of a host

bituminous coal matrix, is oxidized by ferric ion.
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INTRODUCTION

Conventional mechanical desulfurization procedures are unable to
remove the finely disseminated fraction of the pyritic sulfur present
in coal (Gluskoter, 1968; MeCartney et al., 1969). Recent studles by
Hamersma and his coworkers (Hamersma et al., 1977; Van Nice et al.,
1877) have demonstrated the feasibility of removing finely
disseminated pyritic sulfur from coal by chemical methods that utilize
ferric fon. Ferric {ion has also been proposed for use in
desulfurization processes that use microorganisms to lower the pyritic
sulfur level of coal (Ford et al., 1977; Detz and Barvinchak, 1979}.
Ferric sulfate is a particularly desirable oxidant because it
gelectively attacks the iron—sulfide minerals in coal and does not
contaminate the coal watrix (Meyers, 1977).

The reaction between finely disseminated pyrite and ferric iomn is
not only of interest in coal desulfurization. Geidel and Carucclo
(1977) suggest that the finely disseminated pyrite present in coal and
its associated strata, when oxidized by ferric fon, is also a cause of
acid mina drainage, and Xleinmann et al. (1981) emphasize the role
that ferric fon plays im the production of acid mine drainage.

Moreover, the ferric fon is used as a leachlng agent and oxidant
in the fields of hydrometallurgy and metals extraction (Dutrizac and
MacDonald, 1974). A hydrometallurgical application that has received

cousiderable attenticou, and invalves the teaction of finely
disseminated chalcopyrite and pyrite with ferric lom, 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 1llustrate the importance of the reactlion between ferrie lon
and pyrite disseminated throughout various geologic matrix materials.

Because of the widespread interest {n pyrite oxidation by ferric
ion, extensive resaarch on the chemistry of the reaction appears in
the literature. The following reaction summarizes the overall

stoichiometry of pyrite leaching by ferric sulfate:

FeSy + (2+12X)Fe(IIT) + (BX)H,0 -=> (3+12X)Fe(II) + (L4X)E' +

(2X)H50,” + 2(1-X)s° . (D-1)

The notation used in Eq.(D-1l) accounts for the production of hoth

elemental sulfur (S°) and bisulfate ion (HSOa_), and in effect,

combines the following two reactilons:
FeS, + 2Fe(III) —-> 3Fe(II) + 25° (D-1a)

Fed, + 14Fe(III) + 8H,0 --> L5Fe(II) + 148" + 2m50,~ .  (D-1b)

Equations (D-1) zhd (D-1b) are wriltten with HSO4 as a reaction product

because the majority of leaching has been performed below pH 2.0
(pK(259C) = 1.97 for the reaction HSO4- -=> gt + 5042— ; Barmes et
al., 1966). S° is a metastable product of pyrite oxidation by ferric
ion. The conversion of S° to fully oxidized HSOQ_ involves a complex
kinetic pathway. The sulfur oxyanlous inveolved in the kinetic pathway
are not known at low pH (< 4.0) hecause the rate of oxidative
coauversion of intermediate sulfur speciles to HSOA- is too rapid to
detect within curreat agalytical time frames (Goldhader, 1980),
Fe(IIl) and Fe(lIl) will be used in this paper to represent the total

ferric and total ferrous ion concentrations, respectively. The total
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specles concentrations may include complexed iron species such as
ferric and ferrous bisulfate or sulfate, as well as the free ion
species. Tt is more correct to write the reactions in terms of the
dominant species present in solution under a specified set of ieaching
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 detall in
the experimental section of this paper. The stoichiometric X
coefficient is reported to vary between zero {all S° product) amnd one
(all HSOA_ product), depending upon the leaching conditicns. The
values for X reported in the literature appear in Table D-1.

A large number of studies have addressed the problem of pyrite
oxidation by ferriec ion with no enclosing matrix material present
(?abh.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 i1s extremely difficult, and
conventional analytical methods of measuring reaction progress arc
pressed to the limits of their sensitivity. Concentrated (20.02 M)
ferric bisulfate is coumonly used as a leaching medium. One would
like to detect clanges {n reactant (Fe(IIT)) and product (Fe(il),
HSOa_) concentrations (5-10 ppm) that are hundreds of times less than
thelr councentration in a bulk solution (1000-2000 ppm). Finely
disseminated pyrite constitutes a small fraction (7<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 aceordingly
minute.

The analytical problem has dictated changes in experimental
desizgn so that the reactioa can he studied by standard analytical
methods. Commonly, either (1) the disseminated pyrite is separated
from the host matrix, then reacted; (2) the experimental conditions
~are modiffed to speed the reaction rate by increasing the temperature,
prassure, and concentration of reactants, or by decreasing the ratio
of the volume of the aqueous phage to the mass of solid phase; or, (3)
the matrix material and associated sulfides are pulverized extenslvely
to expose sulfides to the leach solution. These procedures allow one
to aneasure changes In reactant and product councentrations analytically
as the oxldation of pyrite by ferrlc fon proceeds, but the sample
preparation and experimental conditlons Inhibit a direct underastanding
of the mechanisam by which flnely disseminated pyrite 1s leached from
various geologic matrix materials. 4

Column leach studies are useful for discerrning the overall
leaching characteristics of a sulfide containing matrixz under
conditions of practical hydrometallurgical lauterest (Murr, 1980).
However, the heterogeneity of the column charge, which must be large
for the reasoms already dlscussed, keeps the basie factors controlling
the leaching process from being directly studied. TFor examplie, the
iron and sulfzte products from the oxidatlon of pyrite are difficult
to discriminate from iron and sulfate {ons leached from such acid

soluble phases as gypsum, anhydrite, jarosite, and melanterite. Thesge
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phases are common to complex host matrices like coal and felsic rocks
{Davis, 1982; Bladh, 1982). Also, coluun 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 techmique
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 1t also
illustrares its applicabiliey to a specifie leaching problem. The
technique is reported in a separate short article because it may be of

general hydrometallurgical {interest.



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 lon concentrations. They utilized the
Nernst equation, which they wrote In a form that relates Eh to the
formal solution potential (Eg°) and to the total solution
concentration of ferric and ferrous ion:

RT C
Bh = B + — In Fe(IIL)

¥ Cpe(11)

. {D-2)

At a constant absolute tewmperature, T, Eh changes reflect changes
in the ratio of Cp (yy7y to Cpgryyy and changes in E°. R, the
universal gas constant, and F, Faraday’s coastant, are both constants
in (D-2). The formal potential of the solution depends on the nature
aof the solution (aniouns, cations, complexation, pH, concentration, and
temperature) and is generally determined by titration methods {Garrels
and Thompson, 1960). The uncertainty in measured values of E% and
concern with the problem of multiple redox couples contributing to
mixed potentials at the platinum electrode surface have caused most

workers to regard Eh as ounly a qualitative measure of reaction

progress.



Smith and Shumate (1970) used Fh in a kinetic study of the
oxldation of pure pyritic materials (nc matrix) by ferric ion. They
did not relate Eh directly to a reaction rate. Imstead, they kept Eh
constant by titrating with a concentrated ferric ion or ¥MnO,
solution, and they related the amount of titrant required to keep Eh
constant to the rate at which ferric ilon reacted with pyrite. Thelr
study left unresolved the question of whether the plarinum elactrode
measured only the redox couple of 1nterest (Fe(I1)-Fe(III)) or a
combination of potentiazls frcm other slectroactive specles such as
dissolved oxygen.

Natarajan and Iwasakl {1970) addressed the problem of measuring
redox patential in a varlety of hydrometallurgical plant practices
involving, for example, the acld leaching of uranium ores and
flotation cirguits. They noted that mixed potentlals at the Pt
electrode were a problem in oxygenated ferrlec sulfate. Subseguently,
Natarajan and Twasaki (1974a, 1974b) showed that the problem of mixed
potentials for the redox couple between ferric and ferrous ion at the
Pt electrode in oxygenated and deoxygenated solutions of 1 M H,80, was
eliminated if the conceatration of ferric and ferrous lons was each
31072 M. 1In earlier work, Nataraijan and Twasaki (1970) had concluded
that the redox couple between ferric and ferrcus ion bhehaves
reversibly at a Pt electrode in solutions of pH <3.0. In summary, if
pH <3.0, total ferric ionm concentration >1072 M, and total ferrous ian
concentration >l0"2 M, then potentials measured In iron sulfate

solutions with a Pt electrode are controlled by the Fe(III)-Fe(II)



redox couple.

No significant work appears, however, to have been done using
constant €h 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 apnear to be
genarally appreclated.

Nevertheless, their work, and that of Smith and Shumate, provide
a basis for the use of Fh measurements to study the oxidation of
pyrite disseminated within a matrix of bituminous coal by concentrated
(20.02 M) ferric sulfate. This study uses a titration technique
sinflar in principle to the one described by Smith and Shumate {1970),
to measure quantitatively the rate at which ferric lon 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
carbon derived from the coal matrix does not interfere with the H;0,

titration technique.

Experimental Egquipment: Deslgn 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-1) had a double walled
Pyrex glass jacket:1 through which water could be circulated from a

coonstant temperature bath?. The temperature of both the bath and

1Commercially avallable from Ace Glass Inc. P.0. Box 688 Vineland, NJ,
2
“Tecam Model TE-7.
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reaction vessel were thus held constant to a tolerance of ip.2°C. The
advantage of uslng a remote bath for temperature control is that an

electric magnetic stirrers

cag be placed directly below the vessel to
stir the leach solutions. Electricaliy powered stirrers permit better
control over the rate of stirring than models driven by alr 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 alrtight by placing a rubber O-
ring between the top'rim of the vessel and the reaction vesseal cover.
The top cover had six ports désigned ta hold the electrodes,
thermocouple, and inlet-outlet tubing. The top view of Fig. D-1.
the vessel cover.

Inside the vessel, a support platform made of plexiglass held a
sample between two 100-mesh unylou screensA. The screeus served to
prevent the flotation of sample particles and also minlmized particle
decrepiration and abrasion from direct contact with the stir bars.
Below the support platform, a 3.8-cnm magnetic stir bar rested on the
vassel bottom. A second 2.3-cm magnetic stir bar rested on the upper
scraen. The supporting plexiglass legs of the sample platform were
deslgned to promote fluid circulation within the vessel (Fournier,
1973). A distinct vortex was apparent In the leach solutions at stir

rates »>400 rpm regardless of whether a sample was present im the

3Manufactured by Lapine Scientific Co. Chicago, IL.
Commercially available from Spex Industries, Metuchen, NJ.
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holder.

A non-oxidizirng 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 €0, using Ascarite and of 0y
using a solution of vanadous chloride. The pas then entered a
scrubber cantalning distilled water to eliminate any traces of the
vanadous chlorlide solution. Finally, the gas passed into a bubbling
tube coantalniag distilled water. This tube was maintalned at the
experimental teﬁperature to equilibrate the temperature of the gas and
to saturate it with water before it entered the reactlon vessel.
Outflowing nitrogen first passed through a water-cooled condenser and
then through a trap containing mineral oil to monitor gas outflow and
prevent any alr from entering the reactlon system.

The rezction progress was monitored with the equipment shown in
Fig.D-2. A pH-millivolt (wv) meter and a combination pH-reference (Ag—
AgCl) electrode monitarad the pH of the leach solution. A solenoid
controlled auto-titrators, operating a standard burette, controlled
the pH. This titrator would dispeunse either an acid or a base, as
required, to maintain the desired solution pH.

The redox potentlal was monitored with a digital millivolt seter?
connected vo the leach solution in the vessel by a combination
platinum-reference electrodeT. The gel-filled electrode had a slow
rate of electrolyte leakage (1 pl/day) which resulted in the addition

of only a2 minimal amount of saturated ¥Cl to the leach solutioun. For

SF{sher Scientific Titrimeter Model 26.
? Kiethley Instruments Medel 177.
‘Chemtrix T-rc. model P-189 (gel filied, Ag—-ApCl reference).
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Reproduced from
best availlable copy.

1. pH Stat Titrator

2. th Szat Titracor

3. Magnetic Stirrer

4. Reaction Vessel

5. Auro-burecte (redox titrant)

6. pH Meter

7. Millivolt multimeter (redox potential)

8. Data Logger

Figure D-2 . Experimental Equipment Layout



comparison, typical ratas of electrolvte leackage for asbestos fiber
and ceramic plug junction reference cells are 1 ml/day (Langmulr,
1971). The redox potentlal was controlled with an automatic titratot8
set to the degired potential. The titraior controlled a digital auto-
burette® which dispensed oxidant into the reaction vessel.

The voltage output from the digital auto-burette, proportional to
the amount of titrant dispensed, entered a multi-channel data 1ogger9
programmed with a pre—calibrated linear conversiocn to couvert that
voltage input to milliliters of titrant consuued. Accordingly, the
millilitefs (ml) of titrant consumed as a function of time were
recorded on a paper tape at programmed sampling intervals, one heur
for the work reported here. Simultarecusly, uging the lagger”s mulei-
channel capability, redox potential, temperature, and pH were recorded
at hourly lutervals on the same paper tape in a siwilar fashion. The
pH reading represented simply a check on the ahility of the auto-
titrator to keep pH constant. A more desirable and quantitative
approach would incorporate an auto-burstte similar tc the type used
for redox titration to perform the pH maintenance. The data lopgger
provided uninterrupied, automated data collection at one hour
intervals during runs of extended duratlon.

Buffers were used to callorate the pH meter to +0.05 pH units'at
25°C, and natching the buffer temperature with the vessel temperature
ensured a proper pH calibration at higher temperatures. Frequent
{twice dally) pH electrode calibratlion was necessary to compensate for

drift oF the pH electrode unrelated to the leaching reaction. At pH

8 Manufactured by Metrcohm Herisau Ine.
IMonitor Lahs 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 {Langmulr, 1971) was used as a redox.potential
buffer 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 KC1l/Ag—AgCl
electrode varied with temperature (in the range 8-85%C) according to

Nordstrom”s equatlon (1977):
emf, 1 (T) = 0.23145 - 1.522x1073(T-25) - 2.245x107%(T-25)2. (0-3)

In (D-3), T {s in degrees Celsius and cmf is measured in volrts. Tn
the temperature range 25-50°C, potentials measured with the
combination Eh elactrode ware less than the potentials calculated from
(0-3) by a constant value of 0.012 V. The reproducibllity of emf
readings proved to be + 0.001 V.

The Eh of a leach solution at a particular tewperature (Eh{f)) is
related to the emf meesured with a platinum electrode and a sasuratad

KC1/Ag-AgCl raference rell (emf, . (T)) by the following equaticn

(Wood, 1976):

ER(T) = emfypg(T) ~ emfyop (T) + Ehgoy(T) - (D-4)

The potentials must have consistent units (volts). Ehg,,(T) is the
enf (1o volts) of Zobell”s solution relative to the standard hydrogen
electrode, and it has a temperature dapendence (8-85°C) given by the

following equation (Nordstrom, 1977j:

Ehp,,(T) = 0.43028 - 2.5157x107>(T-25) - 3.7979x107°(1-25)%. (v-5)

D-15



Using Eq.(D-4), one can now convert measured emf values to Eh.

The Eh units in Eqs. (D-3), (D-4), and (D-5) are consistent with the

Eh units required by Eq.(D-2). Thus, the Eh calculated from
thermodynamlic theory, an assumption of equilibrium, and the distribution
of aqueous species in the leach solution can be compared Lo 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 Illinols Herrin #6 coal seam
of Peabody Coal”s River King #3 mine. As-received, the coal contained
macrascopic massive (x.0-1x.0 em) pyrite fragments. A microscopic
examination revealed four morphologlc types of pyrite disseminated
throughout the coal: (1) coarse, anhedral, 5C to 1Q0 po dlameter
pyrite blebs; (2) 50 pm or larger mossy or dendritie aggregates of
micron-sized pyrite partiecles; (3) cell infillings of pyrite in
fusinite macerals; and (4) finely dissemlnated pyrite gralms (5-10 po
diam.). Gluskoter (1968) has described and photographed the latter
three pyrite morphalogies. All the pyrite except that with a fimely
disseminated morphology can be removed by conventional mechanical coal
cleaning processes. Chemical pyrite leachlng, therefore, has lts
greatest potential applicability in removing finely disseminated
pyrite. Consequently, the discussiloen here deseribes the procedure
usad te 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 specifin
gravity 1iquid10 float—-sink separation. The coal particles with a
bulk densicy <2.8 g/cm3 comprised the float material. Pyrlte-rich

particles with a bulk deansity >2.3 g/cm3 were removed from the samples

lOCertigraV f{iotation wediua.
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as the sink fraccion. The float fractlon 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 remalned 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
estimared to be less than 3 percent. Ninety—five percent of the
remaining pyrite had 2 finely disseminated morphology, which, from a
comparison of the forms—of—-sulfur analyses af the prepared and as-
received coals, comprised about 45 percent of the tatal pyrite in the
as-received Illinois #6 coal sample.

The float-sink separation was not designed to remove carbonate
phases associated with the coal. Hewever, 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 HCl for 15 minutes, at which time CO,(g)
production (fizzing) ceased., The coal was then washed with distilled
water until no C1~ was detected in the effluent water (i.e., the
addition of AgNO; produced no milky AgCl preeipitate indicating the
presence of C17). The coal was then air dried at 30°C for 24 hours.
A détailed preparation flow chart for‘both ﬁhe experimental and analytical
splits of the five size fractions appears with a summary table of the
analytical data in Appendix .

One size fraction (+3.2mm -9.5mm) was chosen to illustrate the

technique reported here. Thc elemental, proximaze, and forms of
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sulfur analyses of this size fraction appear in TableD~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 sclution. A discussion of the reproducibility of
measurements obtained on replicate 10-gram samples of the +3.2 -9.5mm
coal appears iIn a later sectlon of this paper.

It should be emphasized again that samples were carefully
selected to be of one type, and that the objective was to 1llustrate a
technique to measure, and ultimately to understand, 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 mixture of many types and sizes of coal fragments, but to measure
the leaching of one carefully selected type and slze of fragment

within which finely disseminated pyrite predominated.

Compesition of the Leach Solution

Stock leach solutlons were prepared using reagent grade
chemicals. Ferrous sulfate (Fe304 * 7H20) was used to prepare the
leach gsolution because the compound has a well-defined hydration state
as compared ta ferric sulfate (Fe2(504)3 'nHzo). The ferrous sulfate
solution could then be oxidized to the appropriate ferric ifon
conceatration. Ferrous sulfate was dissolved in distilled, deionized,
degzssed water acidified to pH 1.5 with concentrated H,30,;. The stock

leach solution, prepared in four-liter batcheg, was standardized for

D-19



Table D~-2. Analytical Data for Prepared Illinois #6 Coal

( +3.2mm, -9.5mm size fraction)

ELEMENTAL ANALYSIS (dry wt. % Basis)
Carbon Hydrogen Nitrogen
63.9 4,535 1.34

PROXIMATE ANALYSIS (dry wt. % basis, except molsture)
moisture volatiles ash fixed carbon
3.06 39.18 11.12 49.70

FORMS OF SULFUR ANALYSIS (dry wr. % basis)

pyricie S sulfate § organic § total S
1.15 .21 2.19 3.55
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total iron by EDTA titration. The total initial irom concentration of
the leach solrtion was 2.08 g/l throughout this study. A 100-ml
aliquot of stock solution was used for each experimental run. Once
the aliquot reached a constant run temperature, the desired redox
potential and pH were attained by adding drops of concentrated Ho0y
(30% solution) and HyS504 (18.0 M), respectively. Total solution
required for Eh adjustment of the 100~ml starting solution was
approximately 0.2 ml and ad]Justment of pH required 0.7 wl.

The equilibrium distribution of aqueous specles In the leach
solution under the selected run conditions was computed by a
successive approximation-continued fractlon lterative 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 ble 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 requlred to compensate for the hydrogen ion
produced in Eq. (D-1), and in effect, to maintein.pH constant. NaOH was
selected as a pH tiltrant because only Na* lon and water resulted as

neutralization products:

D-21



*0,08-¢Z 103 °IRU0I = bay aoule ‘g = o8 Adiwgiuo

*uba 33op 3,ueA J03 {(7/6T) °‘T1® 32 oyzsoydrg jo viep woay c.uaou

—u.uﬂn—@ ﬁ-wnﬁ_v 1ioae _J—:.w ——qu.ﬁn
(LesT) pueTIoTH, (0B61) "1= 22 (Teq,
(9L6T) TI3338K PUE UITUS:(9£6T) Iowsay puw saeg jus €6°2- STELHT + +MA=chum = ofnc + gl
(9/6T) TT931eK bue yiyust(9/6T) IduUSVY puw sapg %G 19°6- (oo HT + Ma=ovzm = o%uz + +mum
(9£6T) TI233el PUT YITuS!(9£6T) Iwsay pue saevg 0 9°0Z- 9578 +=~ + cw (oyna = o’z + +Num
. . -~ 0¢
(926T) TI233vd pur yafus!(9/61) 1PWSIK pue sovg o ) S 61°'2- 207701 += + +N=c=,.~ =01 4 +m.,£
(LL61) *1® 32 Supvmax} S 8y 76— AL LU+ ood = o°H + +2%4
. . . . . K .Y
(££67) °TE 32 ojzsardeg ol 9°0 00 42 osag = _"osi + +mum
(6951) -T= 39 ueuluy St BE'S 209°7 %("0s)2a = |N<cmm + e
(Posoa
. P . - Pocas = 7,
(9¢6T) Ti®3IBK PuUB YITuUS A+numvm g6°¢ L9 posed = _Jfos + cad
| . . 7 b/
P,359 (7g61) BUSIGFH s 01°7 . 0o 4 osiad = osH + o4
. (Josemyo v "
N M . D, ?,
(9.6T) TT°3aEH puw yjyug A+Nmuvo (1724 acw T o 083 = -z 0s + 2 3
(8961) " 29 osuy v
uemSeyM woly chm__uwwqﬁq: pautquoa A..w.umvc \ \
(9461) "YB 33 I™j1eg 67 LL1- = A|womku< A+avm 16°1 qo7's _osy = _, 08 + o
p(1)Eg0T TOW/TESY  graisiq Wy ( ) uol3esof
gaousisyel pue sIjon ifed voy pIvaeyd 103 umu So7 ' u=< 30133A 31eTidoadde
b4 T9ONH-249a2q o pue Uokideay

(@anssaad feiol mae T pue J,G7)
SUCTIBTNOTER) uofieivads 103

®leQ OtweudpowlIdy] pur SUOTIOBRAY wuntaqrrnbg €-d PT4BL

9
(s)

)
©)

(€3]

(D

D-22



*

Table D-4. Run Conditions and the Corresponding Distribution
of Aqueous Species in the Ferric-Ferrous Sulfate
Leach Solutiom.

Run Conditions:

Temperature = 40°¢

pH = 1.25 Eh =0.708 V
Ionic Strength = 0,11

Total iron, molal = (0.0358
Total sulfate, molal = 0.0754

Distribution of Aqueous Species:

Species molality % of total ircn
rett 0.00774 21.62
Feot 0.00201 5.60
Fe804: 0.00178 4.96
FeSO, 0.02095 58.53
Fe(S0,)," 0.00165 4.61
FeH504:+ 0.00134 3.73
FeHSO, * 0.00009 0.26
FeOH™ 0.00000 0.00
reou’ 0.00024 0.68
Fe(0H),° 0.00000 0.00
Fe(OH)2+ 0.00000 0.00
Fe, (0M) oY 0.00000 0.00
H 0.06812

HSO4 0.03774

so, %~ 0.01016

Total Fe(ITI), molal = 0,02495
Total Fe(II), molal = 0.01085

Total Non—Hwiroxide Fe(IIL). molal = .0247072

An APL computer program using WATEQ iterative tech:niques
(Plummer at al., 1976) was writtem to calculate the solution
species distribution, (see flow chart and computer cade at the
end of this appendix). ’
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Nao + 8t —> wat + uy0 . (D-6)

Eh Titrant

The object of introducing a redox titrant into the reaction
vessel 1is to malntain Eh constant. The reactlon between pyrite and
ferric lou 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 quantitatlvely oxidize each mole of
ferrous lon produced back to ferrie ion. The rate of ferric ion
replenishment provides a measure of the rate at which pyrite reacts
with ferric ion.

Hydrogen peroxide (H,0,) served as a redox titrant because of its
well defined overall oxidation-reduction stoichiometry with the
ferric-ferrous ion couple. H202 reacts with ferrous lon in the
following series of elementary reactions (Burkin, 1966):
initiation:

Fe2t + Hy0, --> Feo* + *OH + OH™ (D~7a)

chain propagation:

“QH + Hy0 —=> HoOp + 'HOy (D-7b)
'HOZ + HzOz - 02 + H20 + *0OH (D—?C:’
termination:

“0H + Fe2t ——> re3t + on~ (D-7d)

*OH + 'H02 -2 02 + HzO (D-7e)
Free cadicals ("OH) are formed as HZOZ is reduced and the free

radicals, in turn, oxidize ferrous ion. This reaction mechanism
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yields an coverall stoichiometry of 2 moles of ferrous ion oxidized per
mole of Hy0,, provided Hy0y and °OH react only with ferrous iom.
Schumb et gl. (1955) pointed out that the 2 mole ferrous ion per ome
mole Ho0y stolchiometry is quantitative when ferrous iom is present in
excess of Hy0p. The concurrent decomposition of hydrogen peroxide,
the evoluticn of dissolved oxygen, and the oxidation of ferrous 1lon
will oceur if Hy0p 1s more concentrated than ferrous ion. The
experimental technique presented here was designed so that ferrous lon
would be more councentrated than hydrogen peroxlide. This makes
hydrogen peroxide a particularly desirable titrant because only water
and ferrie ion are overall reaction products. Hy0; is also a milder
consuner of acid (H+) than such other oxidizlng agents as Mn0,” and
Cr2072_ (Weast, 1978).

A redox titrant must be reasomably resistant to decomposition
caused by internal chemical interactlons and external effects from the
storage environment. Hy0, is not a particularly stable compound
{(Mortimer, 1971); therefore, its stability nhad to be checked under
laberatory conditions (25°C) during its storage in the light resistant
auto~burette. The following procedure was used to check the stability
of the Hq04.

Reagent grade KMnO, was standardized against oxalic acid (Vogel,
1961). The KMnO,, in turn, was used to standardize reagent grade 3%
H,0, (Vogel, 1961). Both standardizatloas were by volumerrie
titration. Aliquots of the standardized 1,0, were taken from the
auto~burette and restandardized to check for any decowmposition of the

Hy05. No decomposition was noted durlug the one-week periods planned
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for the experimental runs. Frequent (weekly) restandardization is
recommended as a precaution.

In addition to the quantitative stolchiometry 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
requlres two other attributez: (1) rapld reection with ferrous ifomn
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 sclution {Benscon, 1960), This kinetic rate
dependence on ferrous ion concentration has only a minor implication
in the context of this study. The rate of reaction between Ho04 and
ferrous ion at pH L.25 became sluggish at Fe(Il) concentrations less
than 5 x 107> M, This slugglsh reacticen rate caused an over—titration
of the desired redox potential. WNo over-titration problem was
encountered 1if the concentration of ferrous ion required for the valid
use of the Pt electrode (10—2 M) was malntalned. At concentratioﬁs
above 5 x 1073 M Fe{Il), the H,0,-ferrous lon reaction was found ko be
complete within seconds after Hy0y was added to the leach solution.
The time necessary for the reaetion to proceed ta completion was
evidenced by a redox potential inerease and stabllization in stirred
solutions.

When the overall stoichiometry of Eqs. (D-7a)-{P-7e) must be used
quantitatively, the selectivity of Hy0y and "OH to ferrous fon is
gritical 1€ organic carbon is in solutdion. Free radicals are known to

be reactive species and may interact with organilc specles in soluticn
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(Turney, 1965).

An experiment was designed to test Lhe selectivity of Hs0p to
ferrous ion in the presence of dissolved orgaulc carbon. The Total
DOrganic Carbon (TOC) added by coal fragments was measured for (1)
bateh addition of ferrie sulfate and no Eh comntrol, (2) batch
additions with Eh comtrol by Hq0p, and (3) batch additions with Fh
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 soluticu. RMnO, was compared with Hp0y because KMnO, reacts
readily with organic carbon to produce C0y(aq) (Vogel, 1961). This
reaction is used in analytical chemistry to standardize ¥MnOy
solutions under acid conditions.

The results (with corrections for titrant volume additioas)
appear in Figure D-3. The cumulative TOC addition 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 contrel by peroxlde
titration. As expected, the run solutions subject to Eh control by
permanganate titration showed a reduction of TOC levels artributable
to the reaction of the dissolved organic carbon with the KMnOy,
titrant. The analyses were performed by Penn Environmental
Consultants of Pittsburgh on samples filtered through 0.45P membrane
filters. No statistically rigorous error estimate was obtained for
the TOC analyses; however, organic carbon standards and sample
teplicates submitted for amalysis with the batch rum soclutions

indicated accuracy aund pracision of + 2Z,
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A second experiment tested further the selectivity of peroxide
for the oxidatlon 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 assoclated with organic coal material and may serve to
represant the organic carbon derived from coal leaching. Also, KHP is
reconmended for use as a dissolved organlc carbon standard (ASTM proc.
D2575-78).

Ten aliquots of the leach solution were titrated with Hg0s.

Prior to the titraticns, organic carbon (32+2 ppm) was added to five
of the ten solution aliquots. The other five contained no arganic
carbon, FEach of the ten aliquots was then titrated to an Eh of 0.690
V at 25°C. The same amount (within 0.04 ml) of 3202 was required to
titrate the samples containing organic carbon as these without organic
carbon. Two days after the Hy0y titrations, COp coulcmetric 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 (32+2 ppm). These findings at 25°C support the results
obtained from the TOC expariment performed at 40°C, and provides
additional evidence that the organic carbenm was not oxldized to
COz(aq) by the Hy04.

As a final check, the validity of the overall stoichiometry of 2
moles ferrous ion oxidized per mole Hy0o was tested by performing
redox titrations as Walling (1975) suggested. Solutions of fervous

sulfate that contained organic carbon (32+2 ppm) and others with no
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organic carbon were titrated with 1.5 and 3.0% H30,. A known quantity
of Hy0y was found to cause similar redox potential shifts in the
organic-containing and the organic-free solutions. By analyzing the
solutions for ferrous lon (dichromate titratiou) before and after Hy0,
addition, the mole ratio of ferrous lon oxidized to ferric ion per
mole of 150, was determined. The results of the titratioms performed
on the sclutions containing organic carbon agieced with those performed
on the organlc-free soiutions_and the 2:1 (ferrousiperoxide)
stoichiometry was verified to within 0.1 moles of ferrous ion oxidized
per mole of 3202. A TOC threshold for the wvalid application of the
2:1 overall stolchiometry was determined te be 60+45 ppm TOC. Above
this level, Ehe 2:1 overall steolchiometry broke down so that less of
the ferrous ilon was oxidized to ferric ion per mole of peroxide. At a
TOC level of approximately 900 ppm, the stoichiometry of Eq. (D-7a)
effectively described the moles of ferrous lon oxidized per mole of
Hp05. An explanation for the observed behavior is that ahove 60+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 Hy0, reacting with ferrcus 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 stabillzation had occurred.

These analyses revealed no resldual Hy0, above a detection limit of

1077 M.
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Hydrogen peroxide met the four requirements for use as a redeox
titrant:

(1) a quantitative stoichiometry with the ferraus—-ferric ion redox
couple;

{2) stability during burette storage {(~1 week periods);

(3) a rapid reaction with ferrous ion with 1ts addition to the
leach solutiom (provided CFe(II) >5x1073 4); and

(4) a selective reactlon with ferrous ion in the presence of

dissolved organic carbon (provided TOC <6045 ppm).

The 0.448 M (1.5%) Hy0, concentration proved to be an acceptable
compromise. Too concentrated a solution (0.9M), would cause overshoot
of the desired redox potential; too dilute a solution (0.IM), caused
use of Hq0y volumes in excess of 5% of reactlion vessel volume.

Approximately 0.05 ml of Hy05 (0.448 M) was necessary to shift
the redox potential of the 100-ml leach solution by 0.002 V. In the
well stirred leach solution, the 0.05 ml Hy0y additiom was diluted
effectively to 2.24x107% M, Therefore, peroxide decomposition
concurrent with ferrous ion oxidation was avoidad because the
raquirement that the peroxide concentration be less than the ferrous

ion concentration (0.01085 M) was satisfied.

Experimental Sensitivity

Equation {(D-2), combined with the stoichiocmetry from Eq. (D-1b), for
example, may be used to estlmate 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. Every 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 Iin Eh can be detected and corrected
for by automatic titration. Thus, for the leack sojution used in this
study (2.08 g/l total iromn), and for concentrated iron lixiviants in
general, redox potential 1s more sensitive than analytical techniques
for detecting small {2 ppm) additions of iron to solutilon. This
senslitivity 1s largely achieved by the stoichiometric constraints of
the leach reaction (Eq.(D-1)). A relatively large amount ((3+12X) moles)
of ferrous fon 13 produced and ferric ion reduced ((2412X) moles) for
every mole Increase in the total 1rou concentration of the bulk
solution. For this reascn, Eh, which reflects the conceatration ratio
of total ferric to ferrous ion, when defined in terms of a formal
potential, is a particuvlarly sensitive measure of reaction progress.
The prablem af pH electrode drift discussed previously made nHl
measuremants lasensitive as a measure of redction progress. The pH-
stat titrator was able to detsct and compapsate for a 0.05 unit change
in pH. At pH values below 1.50, reactlion related pH changes during a
24-hour batch run fell within the error in pH calibration. In
addition, Hy0, serves partially as a pH titrant as it adjusts the Eh
of the lesach solution. Two moles of acid are consumed for every two
moles of ferrous lom oxldized to ferric ion by Hy0y. The dual effect
of peroxide in altering the Eh and pH of the leach solution
complicates the use ¢f pH titrant consumption as a measure of reaction

progress.
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Eh Drift Versus Eh Stat Experimental Runs

In an Eh drift experiment, the Eh of the leach solutlon changes
in regponse to reaction progress. An Eh-stat experiment uses Hy0, as
a titrant to keep the Eh constant (STATic or STATionary). Initially,
a relatively simple Eh drift experiment was used to examine the
sensitivicty of redox potential measurements.

A 10-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 runs appesr 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 experiment. The resulting decrease in
redox potential with time was non-linear, and each of the five batch
runs behaved gimilarly. The magunltude of the decrease in redox
potential was largest for bateh—l and became less for each subsequent
batch. The Eh arift experiment proved that redox potential shifts are
large enough to be useful in studylng the reaction between pyrite
disseminated within a host coal matrix and ferric ion.

Figure D-4b shows the consumption of HZOZ titrant 2s a function of
tun time for five suceessive batch leach runs with emf maintained
conatant at 0.518 V. The experiment was performed oa a second 10-gram
coal sample. A linear relationship between peroxide consumption and
time with a pogitive 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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vwhere the emf decrease in initial runs was greater than it was in
later rums.

Interpretation of the data 1s simplified in the Th-stat case
where the concentration of Fe(III) species in solution is held
approximately constant. With a constant Fe{III) 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 Hzczlh) i{s related to the rate at which pyrite reacts.
Equations (D-7a) and (D-7d) indicate that one mole of H202 oxidizes twe moles
of ferzous loun to ferric ion through the free radical reaction
mechanism. FEquation (D=1) indicates that (2+12X) moles of ferric lon are
raquired to oxidize one mole of pyrite. These stoichiometrie

\

relations yleld the following equatilon:
moles pyrite oxi./h =[2/(2+12X)] woles H,0, consumed/h. (D-g)

To use (D~8) in complex ieaching aystems, ferric ion must be
reduced only by reacting with pyrite. In systemns containfng coal,
Meyers {1977) has found that ferric ion 1s reduced by reacting with
coal (-100 or -200 mesh) at 100°C aﬁd that the magnitude of the coal-
related ferric lon reduction becomes greater for coals of lower rank.
The Eh stat technique may be used to estimate the magnitude of this
extraneous reactlon by ferriec ion. Forms—af-gulfur data for the coal
sample before and after leachlng may be compared with the total Hy0,
consuned o produce two estimates of the stoichiometric ¥ coefficient

in Eq. (D-1).



Reproducibility of Rate Measurements

The tachnique introduced in this paper measures the reactlon rate
of pyrire disgseminated within ¢o0al fragments having a relatively
coarse size distribution. Because of the coarse coal particle size
and the small gample (10-grams) beilng tested, it is usmeful to assess
the reproducibility of the measured rate of Hy0p consumption.

5ix 10-gram coal samples were tested under the same run
conditions as those listed in Table D-4. Each sample contdined
approximately 25 individual fragments of coal. The Hy0p consumption
rate over the fultial 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 detarmined. The maximum
absolute error attributable to the rate measurement technique itself
is between two and four-percent. Therefore, the magnitude of the
observed standard deviation reflects varlability in the nature of the
coarsely-zized coal samples belng leached. It 1Is useful to compare
the 29-percent variablility in the rate of peroxide consumption between
fresh samples and the observ¥ed rate change in the leaching history of

a single sample.
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Table D=5 , H?'()2 Consumprion Rate Data from Replicate Leaching

Experiments
Run I.D. Time, h, Hy09 consumprion rate
{(mecles/h) x 10_5 +1 s.d.
SF18381 21 2,09 + 0,02
SF18382 21 2.13 + 0.01
T40FL 21 1.89 + 0.03
T40F2 21 2.83 + 0,02
T40F3 21 3.63 +0.02
T40F4 21 3.63 + 0.06

mean = 2,70 x 107

Std, Dev, = 0.79 x 10~

Std. erroxr of mean = 0.32 % 1.0"5
Coefficient of variation = 29%
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Fig. D-4bshows nearly a 50-percent drop im the rate of leaching
after 110 hours of total leach time (i.e., batch-1 = 2.13%10~% moles
Hy09/h and batch-3 = 1.08x107% moles H;09/h). The 29-percent
varfation in the Initi{al rate of leaching between fresh coal samples

1s less than the decrease in rate for a single sample after only 110

hours of leaching.
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SUMMARY

Redox potential measurement and H,0, titration are combined in an
experimental techmique 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:

Fes, + léFeSO4+ + 8H,0 = lSFeSO4° + HSO,” + 15H

4

The technique is very sensitive ( + < ppm irom 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 of reactlon progress:

{1) the lixiviant is concentrated {(>1000 ppm) in the species consumed

and produced in the reaction between pyrite aand ferric ion;

(2} the pyrite i{s euclosed 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 1s valid when pH <3.0 and the concentration
of ferric and ferrous ioms is each 1072 M.

H,0, is used as a redox titrant to malutain the ratio of total

ferric ion to total ferrous ion in the leach solutiom. H202 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 aa organlc carbon content <60+5 ppm. Under these

conditions the reaction of Hy09 aud ferrous lon is described by the

overall reaction:
Hy0, + 2Fe?f + 20" —=> 21t + 200 .

The rate of consumption of redox titrant is used to follow reactién
progress, and H,0p consumption rate may be interpreted quantitatively
in terms of the rate at which ferric ion is reduced by reacting with
pyrite.

The Eh-stat teclmique, used in combinatién with standard forms—
of-sulfur analyses of the coal, pravides a way to test hypotheses
concerning (1) the selectivity of ferric ion to pyrite within a
reactive matriz, and (2) stoichlomerry of the ferric lon-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 techmique has possible applications 1in other flelds of
hydrometallurgy where one would undertake an analysis of the kinetics

of irom sulfide oxidation by lixiviants containing ferric iomn.
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Addendum 1: rpm calibration data for magnetic stirrer

Lapine Scientific rpm, Measured
Model 384-05 Ipm, Measured by Fluke Iustr. rpm Used
Stir Speed Setting by Strobe Light Digital Line Counter for Experiments
) _ — —
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 agueous species in acidic irom

culfate solutions

Inpuc cocal Fe, pH,
Seln, pogencial,
Tobell scln, pot.

. !
Stunm and Morgan (1981) o) evarsos ———p EVALSG
. —
(Eq. 14, p. 138) coal ae O
al

v

Cale, &,
from 1npyt
Eq, B-4 pocencials.

nd tlorgan 991 estabplish Jernac relaglon
Stum 2 g (1981) in um.g_i formal pot. &

Eq. 42 439 totar Fe~  and Fed* conc.
(2a » Pe 43 ) Inig, fred lon conc.as tet

“first approximation

Stunm and Horgan (1981) ks 4 Cg,T T
(Eg. 2, p. 134; ielpgeson's Compute act. > ”
(1969) exronded Debges soafflcienca act o
Huckel equacion) uvd::_e: Call Aot ‘* ¢ = kosatane
[ mute Write assoc., reactlem equilibria
successive approximationg—e |M¥0dLly fres equilibria as fractional functiens in terms
804" econe. n tem&\:i * of F 24 =
icerate uaing frra Fe~' Faqw © e=", rev s
lasc species for reaction{?) in Table B~3:
4 ¢ + gt
a 3
wss rotal S0 K, = FeOll” 3
contrib from ar, +
apecies for €

az#s balance

Y Preon’ * “’FJ*‘@J re2+! S "'H"Yls

tern in paventheses is
functional P compopent.

Qutput golucion
Speeiation.

wmelaliey, acrivity,

log frae, melalicy

Scap

Flow Chart of APL Function DISTRIB

(successive approximation~continued fraction method)
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SFDISTRIBIOMY
v FDISTRIB

[t1 & APL FUNCTION DISTAIS NEVIN J BREEW u/2B/81
{21 = L. M. CATHLES A8D L. B. EARY
{31 a DEPT. OF GECCHEMISTAY
[4} » THE FENNSYLVANIA STATE UNIV.
£S5 s THIS PUNCTION CALCULATES REDOX EQUILIBRIA AND SPECIATION
[61 o IN THE FE-SULPATE-AR20 SYSPEM A4S A FUNCTION OF PH, REQDK
[71 r POTENTIAL, TOTAL ANALYTICAL IRON CONC., TOTAL AFWALYTICAL
[8) = SULFATE CONC.,. AND TEMPERATURE.
[9) = THE FPYNCTION IS DESIGNED AS AN AID IN INTERPRETATION OF
{10]) » EXPERIMENTAL £H AND PH MEASYREMENTS IN AQUEOUS
511% 4 SOLUPIONS 0P PERRIC AND FERROUS SULFATE.
121 =
T131 & INPYT TO THE PROGRAM CONSISTS OF FIVE LAR MEASUIEHENTS:
(141 a 1. TOTAL TRON CONC., MOLAR
f15) » 2. SQLUTIGN PH
18] a 3. MEASURED SOLN., BPOT., V VY8 80F OR AC-ACCL REF.
{17} = Y. MEASURET ZOBELL SOLN. POT.. V V3 SCE OR AG-ACCL REF.
{13) = 5. SOLUTTON TEMPERATURE, of
[13) a THE FUNCTION CORRECTS FOR IONIC STRENGTH RELATED ACTIVITY
[20] a EFPFPECTS USING EXTENDED BERYB-RUCKEL THEORY WITH THE EXTERNAL
(21] n FUNCTIONS ACT (ACTIVITY COEFFY AWD DIA (DTELECTRIC £ONS.).
122] n EQUILIBRIUM CONSTANTS ARE EXTEZNDED T0 HIGHER TEMPS ASSUMING
Eza% n ENTRALPY CONSTANT (25-1000) USINC THE VAN'T HOFPP EQUATION.
247 o

a

(263 1ENTER TOPAL PE LMOLAR)):®

(271 INIT-0

[28] 'EHTZR SOLUTION PR.REDOX POT..V V& RBP). BOBELL SOLN POT. (V VS REZF):'

[29] INIT+INIT.D

[30] 'ENTER SOLUTION TEMP. (3!

[31] INIT«INIT,O

[32] (8 5 ¥FETOTINITU13},(5 2 $EH+EINITI21),(6 3 YVVSREP+IRITLI)) 16 3 ¥EZOB«TNIT(41), 5 1 ¥P+INITTS5)
[33] ‘t¥47HIS INPUT YSED BY PDISTRIG'

{in]l n

[357 n SET ¥O. OF STCNIPICANT DIRITS

{361 Qpews

{37} a

{381 n INITVACIZE THERMO DATA VECTORS WITR LOGC EQUIL. CONSTS. AND ENTHALPIES
[39] LOGK25+ 2 2.2 1.1 3.96 5.38 0,6 ~9,48 72.19 "20.56 "5.67 T2.95

[40] #25+« §.,24 1.6 0 & 4.6 Q 13.2 10.4 28.55 0 13.5

Full » SET-UP SPECIES NAME VECTOR

[u2) IDe'FEZ+ PE3+ A+ BSOL - 504=-2 FESGLe FESCY+ ‘
(%3] IDeID,'PE(SQU)2- FPEHSO4+ PERSO%+2 FEOA> PEOH+2 FE(DH)2s
{ua] Ip+«ID,'FELORIZ+ FE2{OR)2+447

(48] IDLIST+(15,10)pID

[46) n ASSICN CHARGE POR EACH AQUEOUS SEECIE

471 CH+ 2 31 7L "2 01 "Lt 2172061L8

48] » SQUARE CHARGE VECTOR FOR IONIC STRENGTR CALCULATIONS

491 2Za~cH*2

(501 n ASSIGN VALUES FOR A-ZERO TERM FOR BACH AQ. SPECIE

{51] n A-ZERO IS ''DISTANCE OP CLOSEST APPROACH OF IONS'' AND T2
{5821 = USED IN DEBYE-#UCKEL EGR IN PUNCT. ACT

{53 A0+ B 9 98B D S577 550 5.4 11

(54] a EST. TOTAL Sdu PROM Hyb. IoON ACT. (H250% ACIBIFICATION AMD STOICHIO.
LSS a CONTHRIB. PROM FESOY REAGERT.

[58] ACTH+{10+[-PE))

[81]1 ACTHT+ACTH,?

[58] SOWTOr«FETOT+(EVALROW ACTHT)

(593 » TAKEN FROM NWORPSTROM, D.K. (3977), GCA,41,1835-1841.

[60] a SPD. POT. OF ZOBELL SO0LN. VS H ELECTRODE AS #(T)

[61] FHIOBT+0.43~(0.0028x(2-25})

(62) a COMPIUTE BB PRON HEASHURED PATRNTTIALS

D-50



rg3}
51']
[85)
166}
[&7]
[68]
[63)
(701
(711
(721
(73]
L7u]
175]
[76]
1771
[78]
{79]
rao}
(a1l
rezl
{83}
[84)
1851
186)
[s7]
[88]
[es}
[s0]
fa1l
[92]
{93}
{9u]
{9s])
{963
fg71
foa)
[99]
[1001
[1a1}
{102]
103}
{104}
fies}
{108}
1107}
[108]
[109]
[1103
[111]
{1121
{113]
{1iu]
1181
{1181
f117)
11183
[119}
ri20]
[121]
[122]
[123]
(1241
(125}
[126]
{1271
[128)

EH+{VVSREP-EZOB) +EHZOBT
n FORMAL SOLUTINN BOTENTIALIVOLTS) AS P(7)
EFNARMAL+«{ 10,0014 Tx (2737} )-0.11226)-5. 31187 6% ((273+F}%2)}
# FERRIC T0 FPERROUS IRON RATIO
CONST+L0* ((EN~EFORMAL)4(2.303x0. 001987%(273.15+T1¢23.06)}
FEATOT=PEPOT( 1+CONST)
FEITOT«FPETOT-FE2T0T
CHG+1500
/R VAN'T ROFP EQN. POR K(T)
LOGK+LOGK25+(R26%{2,303%0,001987))x{(12908)~-(2(P+273))}
K+10%LOGK
I+0
8 INITIAGLISZE MOLALITY AND FUNCTIORAL VECTORS
X+15p0
P«15n0
X[5l+~s04TOT
X[1])+pE2TOT
¥(21)--FE3TOT
n ITERATE TO SATISPY SULFATE MASS BALANCE
ONE:G«ACT T
031001020 - G T}
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PLE)«KL2]%GT1ixX[51=C(514C16]
PL7)«r[4]x@[2])xX(5]xC05146071
PLBTI+R[SIxGL2)n({Cls)v2)x(X(5142))¢60 8]
PLOT+R[3AI¥COLInKIL InX03TxGL3]xX05IxGL5T4603]
PL101-RCEIxCC2 xR0t InK{ 3%l 3 xX{ 5% 57560 10)
PLILI+KET IG5+ (X200 3Tn0011))
PL123+K08 el 2]+(xl3 =03 Ine(12])
PLA3YROO =Gl Y ({XTY* ) (@32 %Gl 13T}
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R COMPUTE MOLALITIES USING EQUIL. FUNCTIONS, P YECTOR
XU1)+PE2TOT+ (EL1]1+2061+P[9)+2[11]+P[13])
X[2)+FE3TIT+(PL21+P(7]+2[8)+P(10]+20121+P[167+P(151)
FLuder(1 )X 31=0031xG051xX[ 514804 ]
¥[61+p[6]xx(1]
X(71+P(71xx02]
k(8l-P{yIxx{2]
x(91+PL9)xx{1]
X{10J«PL10]xX[ 2]
¥l113«PL11I0X112
xL12)epl22])xx[2]
XLL31¢PL13)xx[1]
X1y JeP141xX[2]
XLLslepl141=x[2]
A A SUM FOR SULPATE MASS BALANCE
SOLPSTHXCU Y+ L5+ (01 (PP 1+ (XM 23x(P{ 7« (2PL8))+PL10] D)
I~I+t
A SULFATE BRALANCE CONVERGENCE TEST
({1 (S04TOT~-SOUTST)II<LE™8) /THO
R RESET SULFATE AND ENTER RECALC. LOOP
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+~ONE
s QUTPUT SGLUTION CHARACTERISTICS
IWO:'#0. OF ITERAPIONS= S 74

Je 1 2678 310 11 12 13 14
XPOTe(+/XLF 1)+ 2xX(151)
ACTOTH(+ /(XCIIxGLTIY 1+ {22 (X 181=C0151))
Je 2 78 10
SOLFEI+(+/X0e 1)
n SET UP FRACTIONAL FE OUTPUT
ATEMP+X
XTEME[3)+0
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Accessorv funcrions for function DISTRIB:

(1]
-[2]
£3]
[41
[51
(81
[7]
[e]
[21
{1a]
£11]
[12]
[13]
(ST
[1s]
f18]
[173
(i8]
[1g1
120]
[21]
£22]
£231
[24]
[25]
£28)
271
[283
£2e]
[30]
£31]
[32]
[33]
[36]
£as)

—

[1]

YEVALSO4( .
oy
V ACTDSOU~EVALSOY ACTHT
GIVEN INPUT HYDROGEN ION ACTIVITY AND SOLN TEMP EVALSO4
RETURNS SULFATE CONC. RESULTING FROM H2SDW%
ACIDIFICATION ONLY. THIS MUST BE ADDED TQ
STOICHIOMETRIC CONTRIB. FROM FESOW REAG.

A LINEAR RELATION EXISTS BETWEEN TEMP (0-50 C) AND LOG X FOR WAIER
ALSC A LINEAR RELATION BETWEEN TEMP AND LOG K(DISSOC) FOR HSO4
THESE WERE FIT PROM DATA PRESENTED BY BARNES AND HELGESON, 1956,
K(DISSOC) POR H2504% CALC FROM AG{RXN)=-6.67 KCAL/MOL AND

K = 10«( a0 {-An{T+273)%2.303))

THE EXPRESSION FOR SULFATE CONC. AS A F(HYD. ION ACT) WAS
TAKEN FROM STIMM AND MORGAN (1981,P. 138),
DIPROTIC ACID EQUATION USED

" > B3I DB RDDDDBDLDDIDD

TKW+ O 10 20 30 40 50

LOGKW+ T14.95 T14.53 T14.16 T13.83 T13.53 T13.76
PITWeLOCKWETK Y=, 0 1

LOGKW Il ACTHI(2]e > 0 1)+ %PITW

TKHSON+= 0 15 1B 25 35 45 50

LOCKASOs+ 1,68 ~1.8 1.9 T1.97 T2.09 T2.22 T2.3
PITHSOU+LOCKHSOUWBTRHSOYe o % 0 1
LOCKHSOLT+{ACTHT[2]o.* 0 1}e.xPITHSO4
XWelO*LOCKRT

KHSOU+10* LOGKHSONT
K1el0w(=6,374(~0,00198T*{ACTHT(2]+273}%2, 303))
X2+XHS04

Ae( (2%K2)+2CTHTI1])

Ble( (ACTHT(L]x3 )+ (K1x4))

B2+ (ACTHT(13%2)24)

BA+{{ACTHT{1J=KW) H{K1xA))

Bu+((ACTHT{1]=xK2)3A !}

BSe{ (22K} {ACTHT(1]=4))

Bo+(KW34) .

ACIDSO4+B1+52-53454 -B5 -B6

v

;ereture dependent dielectrie comstant for water:

epr4(O1v

VYeDIA T

Y7, T4+ {T42)x(0. 000939)1‘ ({(T*3)%(1, 41576 )+ (0. 4008xT))
v

Extended Debye-Huckel equation:

v4crialy

¥ GeACT T

A+182u4B00#(({DIA T)=(273+T))*1.5)

Be50,29:{ [(DF4 T)x(273+7))%0.5)
JOH+(Q. 5%+ /X (CH#2))))*0. 6
Gel0w((~A*ZZxTOH:{ 1+AO%BxTOK) )+D ., 041 JOH*2))
v

-

Note: Statement [35] of Function EVALSO4 should read

ACIDSQ4+(B1+B2+B4 )~ (B3+B5+R4)
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Example fnput and cutput-—

ACT COEF

.383
<164
825
.78k
«330
1,010
773
27139
.B0E
407
L7789
.358
1.010
«7858
055

FBISTRIB
FNTER TOTAL FE (MOLAR)):
s
L0358
ENTER SOLUTION PH.REDOX POT.IV VS REFi. ZOBELL SOQLN POT. (V VS REF):
1.25 .518 .203
ENTER SOLUTION TEMP. «f:
f1:
40
.23580 1.25 .518 ,203 0.0
*EEPHIS TNPUT USED 8Y FDISTRIE
40, OF ITERATIONS= 31
SPECIRS DISTRIB-=oawwuucromwa
MOLAL LOG{FRAC FE TOT) PCT TOTAL IRON  ACTIVITY
(MOLAL)
F22+ .0077% T.6652 21.617 002364
FE3+ 00201 T1.2517 £.601 . 000328
L& .06812 L2794 000 .056234%
FS50u .D3T7H . 0230 .000 L Q28834
S04-2 .01018 “.5469 . 000 .003355
FESO4 e ,00178 T1.304% B,981 L.00179Y%
FIT08+ +02095 T.2326 £8,530 .016329
FZ{304)2- .001BS ~1.3361 4,612 .001287
FIRSOU+ 00134 T1.4278 3.734 .001078
FLHASOU+2 , 00009 ~2.5387% . 259 .000038
FLUH L 00060 T8.7397 000 .000000
FRIE+2 . 00024 T2.1653 .683 . 000087
FE(DH)2e .00000 T18,182¢% 000 .000000
FE(OH) 2+ .00000 “5.1024 001 .000000
FE2{2i )2+ 00000 Th.102% 001 L000000
1.25
4= 0.7075
TY.T STRENRTH= 0.110K
POPAL TROML,MOBAL:  0.035798  TPOTAL IRON ACGTIVITY: 0.023%05
SUTAL HON-AYDRXDE FE3« SPEC MOLAL: 0.024702 LOG{PRAC TOT PE): 0.1i611%
"OTAL PE3+ SPECIES, MOLAL: 0.028947
POTAL PE2« SFECIES, MOLAL: 0.010852

oy

DAL S04 FROM O FESQ4 REAG:

S0% \ MOFAL :

ANTON BALANCE ON SULFATE

0.07
2RI EVALSOU:

est available

Reproduced from

copYy.

53858
0.039564
0.0358
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APPENDIX E  Experimental Column Leaching of Coal

4, Leach Column Design and Materials

Many variétionsin column design are reported in the hydrometallurgical
literature. 1o 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 appéar to be best suited for laboratory-scale column leaching

(R) and PVC(R)

applications, both Plexiglass have been used successfully
(Brimhall and Wadsworth, 1973; Bruynesteyn and Vizsoly, 1981). Stainless
steel columns have been used in one large-scale leaching experiment
(Murr, 1980).

Salution flow within the column is 2 critical operating parameter and
to avoild undue wall effects the column diameter (I.D.) should be four times
the largest particle diameter in the aggregatre of particles being leached
(Potter, 1981). Column length is used to size the experiment to handle
the desired mass of marerial. Four leaching columns, identical to the scale
drawing in Fipure E~1 were constructed using clear acrylic plastic (Plexi-
glass) tube. The reader is referred to Figure E-1 for dimensions and other
details regarding the comstruction materials. A photograpk of the column
apparatus and accessory hardware appears in Figure E-2 . The clear.column
allowed visual checks to be made on solution flow, sawmple compaction, and

solution ponding in the bottom of the column. PVC end fitrings (pipe clean-

outs) were attached {using PVC cement) to the top and bottom of the
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PVG erd fitling : -1
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entire coltamd length )
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4.5, 10.)
(6.5" 00.}
Jackets enf irt length
of column

Thermo-Electric |
Thermocouple (& 0.0.) (TOP)
#K18G-1800-0-6-24-1L

3.0"1.0. plexiglass tube ("a" wail)
{31"long)

Thermacouple (MID) is equidistant {{1")
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| —

perforated taper 10 distribute
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PVYC emd fitting— |
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Figure E~1 Design and Comstruetion
Apparatus (to scale)
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Materials of the Leaching Column



Reproduced from
best available copy.
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Key:
1, PVC end fittings and caps
2. Thermocouples (TOP, MID, BOTTOM)

3. Copper tubing for temperature
control

4. TFiberglags insulation jacket

5. Rotameter for inflow air

il

9.

Rotameter for outflow air
Drying tube with desiccant

02 measurement flask and O

probe 2

Oxygen meter

'lO. Reservoir for leach sclution

Figure E-2Z The Column Leaching Apparatus and Accessory Hardware
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Plexiglass tube. The screw-type inserts (PVC end caps) for the end fittings
were modified to held the inlet and ocutlet tubing and a sclution distribution

and collection svstem.

The top-end cap was drilled to accept an inlet tube for leach solution
and an cutlet tube for effluent air. ¥ylon Swagelok(R) compression
Eittings and Nalgene(R) tubing were used throughout to maintain an air-

tight seal and also prevent corrosion. A 10C-nl Nalgene beaker was

designed and fit to the top-end cap as a leach solution applicator. Thus,
the leach solution was sprinkled evenly at the top of the bed of particles
within the column. In a similar fashion, the bottom-~end cap was drilled
for an inlet air tube and a drainage tube for effluent leachare. Amn
inverted polyethylene funnel was designed and fit to the bottom-end cap.
The funnel served to 1) support the samﬁle charge in the column, 2)
distribute the air inflow evenly in the column, 3) prevent clogging of the
solution outflow with particulates while allowirg drainage of effluent
solution, and 4) prevent leach sclution from collecting in the inflow air
line.

The column apparatus was designeq s0 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 celumn., Distilied deionized water could then be circulared from
a constant temperature 't:>at:.h.l The temperature of the bath was held constant
to a tolerance of *0.2°C. Temperatures up to 857C were envisioned for

column experimentation and this necessitated using a submeysisle pump

1Tecam model TE-7

E-4



unit2 for water circulation that was thermally insulated and constructed

of a plastic material to prevent corrosicn at the high operating tempera—
tures. Tiberglass pipe insulation was used to jacket the column and prevent
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 coutinuously by incorporating a multi-
channel data logger? Twelve data chamnels (3 for each column) weire thus
dedicated to monitor temperature. Compreéssed air from a standardé laboratory
bench outlet was used as a source of air for the column experiments. The
bench outlet was modified to accept a compressed air filter4 ard an air
line regulator/pressure gages. The compressed air was metered to a pre-
determined flow rate of 0.003-0,004 std. liters/mim. (or a Darcy air flow
rate of 0.0011-0.0015 cm/s) with a rotameter®. prior to introducing the
2ir in the column jt.passed into a bubbling tube contzining distilled water.
This tube was maintained at the experimental temperature to egquilibrate

the temperature of the gas and to saturate it with water.

2Little Giant Pump Co. model NK-1 #526003

3Monitor Labs model 9300

aModel M-20, Motor Guard Corp., Box 1834, San Leandro, CA 94577

5Model 282.16036, Sears Roebuck and Co.

6Model #1355CC1BIBAA with a B-2-15~AAA tube, Brooks Imstrument Div., Emerson
Electric Co., Hatfield, PA 19440
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Qutflowing air first passed through a drying hottle that contained a
desiccant7 and then into a flask (250 ml Nalgene erlenmeyer) which housed
a pelarographic probeg. The effluent air then passed through a rotameter
similar to the one used to meter air inflow. The second (or ocutflow)
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 O2 measurement
flask or the leaching column.

Measuring the O, concentration in the effluent gas stream provided a
means cof 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
wag input to an oxXygen meterd which, in turn, produced a voltage proportional
to the oxygen concentration 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 laboratery,
and then the meter was adjusted to read 21% 02. 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 CaSO4)

8Edmcnt Oxygen Analyzer System, model "60-620, Energetics Science Div. of
Becton Dickinson and Co., Elmsford, MY 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 rotated between each of the four leach
columns every several days.

Leach solution entered the leaching columc by gravity flow from a
storage reservoir. The solution was applied at predetermined intervals
by simply flushing the solutionm in the reservoir through the parcked bed
of coal and then ccllecting the effluent as it drained from the base of
the column. Leach solution composition and application rate will be
discussed in tﬁe section on experimental conditionms.

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 Tllinois #6 bituminous coal described in Appendix-B.
A fourth ceolumn experiment was conducted with a Wyoming subbituminous coal.
In addition to distinct physical property differences, the greatex tendencﬁ f;;
subbituminous coal to self-heat and oxidize provided an excellent comparison
in leach behavior to the Hi-vol bituminous coal from ILllinois.

The leach columns were designed to hold approximately 2.5 kilograms
of coal and sample preparation was accordingly less detailed than the procedure
for 10-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 separations. The as-received coal was
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crushed to 3/4 inch top size in a chipmunk jaw crusher énd 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 removed by hand and the co&l was crushed to
3/4 inch top size in a chipmunk jaw erusher. The crushing procedure
liberated more massive pyrite from the coal matrix which was again removed
by hand. Effort was also placed upon removing the pyrite-enriched fusinite
macerals that were characterized by a distinctive bronze coleoration and
charcoal-like texture., The -20 mesh fines were then removed by sieving.
One of the 10 kg =splits was vsed for experimentation at the +20 mesh -3/4
inch size and the other was erushed to 1/4 ipneh rop size, Crushing to 1/4
inch top size again liberated messive pyritic material tnat was removed by
hand. The -20 mesh fines that resulted from the 1/4 inch top size crushing
step were removed by sieving, yielding a +20 mesh -1/4 inch coal sample.
Sample preparation for analysis is identical to the amalytical flowchart
that appears in Figure 4 of the text. Selected chemical and physical
properties of the ccal samples used for the column leaching experiments

appear in Table E-1.
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Leaching Conditions:

1.Initial Composition of the Leach Solution and Effluent Selution Amnalysis
The composition of the leach solation was kept simple and free of iron
initially so that effluent iren concentration could be used as a2 measure
of the amount of pyrite solubilized. Distilled water was acidified to a
pH of 1.5 with concentrated HC1l or stoa. The acid pH was needed to prevent
the hydrolysis of ferric ion and the subsequent preecipitation of ferri;
hydrite (Fe(III)-hydroxide) inside the column apparatus. The leach
solutions were stored at room temperature and were added to reserveirs
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 compogition of the effluent leachate was momnitored for
total iron by atomic absorption spectrometry. The pH of the effluent
solutions was also monltored periodically. The results of the total iron

analyses are tabulated at the end of this appendix.

3

Bacterial Innoculation

Iron-opxidizing bacteria are known to catalyze the oxidation of pyrite
in aqueous media (Lacey and Lawson, 1970). It is therefore desirable to
have irpn—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 aecid 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 colummn before
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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 irom-oxidizing bacteria were active during

the column experiments. The columns incorporating the HC1l lixiviant were

not innoculated with the iron-oxidizing bacteria.

. Column Operating Parameters
The temperature, the solution flush rate, and air inflow rate were the

three experimental parameters subject to adjustment during columnn leaching.

Temperatures of 35 and 50°C were chosen for experimentation because:

(1) The activity of non-thermophilic ircn=-oxidizing bacteria is known to be
reduced at temperatures above 350°C (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 35°C). 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 apalytically.

The amount of leach 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 af the
pyvrite in the column). The lower temperature column experiments showed low
levels of iron in the effluent and a 500 ml/day solution volume was used to
flush out the dissolved byritic iron, Conversely, the effluent solutions
from the 50°C 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 £ill the column was used to estimate the interdplock porosity
within the column. The interblock porosity was also computed using ceal
density. The values agree well and appear in Table E~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 -could 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 cozal bed.

The four column experiments were operated under the conditions that

appear in Table E-2.
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Experimental Results

Four extended-duration column leaching experiments were conducted in this
study., Column 1l 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 irom in the effluent leachate along with
the percent 09 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 09 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
Fe,

TOT

Tempcrature

4 O2 eff.

Table E-3

COLUMN 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 weasured with
a polarographic probs and moaitor.
(4 sample daily average)

(oxygen content of inflow air = 21%)

-— A zero value (with or without decimal point) represeats
missing data.
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Figure E-3 Effluent Iron and Oxygen Dataz for Column Leach Experiments

with Tllineis Bituminous Coal. See Table E-2 for Experimental

Conditions.
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Appendix F  Descriptdion 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 ocutput 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 implément 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 paranmeters.
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
paryicular 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 plet 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 effluenr oxygen

content {0), and the cumulative fraction pyrite leached (X). 1If a series

F-1



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 standard
printer,

Figure F-1 gives a flow chart of the program.



Table F-1

Description of parameters for computer model;

NAMELIST FPAR

Parameter Typical Dimensions Definition
Value
N 150 - Number of heap layers »
HCT 10-75 ft Heap height; ignored if NHGT # 0
*
EXD 5000 cal/mol Diffusional activation energy, E
*
EXK 20000 cal/mol Chemical activation energy, E
EACTC 12000 cal/mol Activation energv for coal oxid., E
PHI 0.2 — Interblock pexosity of heap, #
TAUC .Q months Disseminated-pyrite chemical leach
time; if <.01, wvalue of TAUC and TAUD
calculated internally
TAUD .0 months Disseminated pyrite diffusional leach
time
GPY 0.027 - Weight fraction pyrite in coal, pr
ASULFR 30 c:m-l Surface area of pyrite per unit volume
of coal; a“guLF
NB 0 - Number of layers in heap pad (if=0, ignor)
TMEM 65 °c Maximum temperature at which pyrite oxid.
occurs, Tkill .
NHGT 5 - Number of heaps of height HGTL(I); < 40
HGTL 10,15,20,30 ft Heap height
FRACT 0 - Fraction water saturation of incoming air
RCRD 0. - Order of oxygen uptake, ([C)j])B'ORD
ITPL 1 - (=1}, Advection at I=N ser equal to zero
TSIK 55 % Temperature at which bacteria become sick,
Tsick
TMSCL 2 mo/inch Time scale for plots of leach history
NMBSE -
XSTRT 1. —— Pyrite fraction present initially



Table F-2 Description of parameters for computer model;

NAMELIST QPER

Parameter Typicel Dimensions Definition
Value
. column/heap
VAIR Q 0 cm/sec Darcy velocity of air; =0 compute using
RACL and Blake~Kozeny Eqn.
VWAT .01 gal/ftz-hr Average irrigation rate
NDELT 360 - Number of timesteps Im calculation
DELT . 0645 months Time increment each timestep
WTOT 2 - No. of increments im cycle, irrelevant if
NRES = 0
NRES o -— No. of increments when water not applied
PCTAC .001 Fraction convergence required in cale.
A0 o 0 "y Imsalating boundary condition at base of
20 1 1 column or heap
GO 0 0
(AN 0] 1 Insulating boundary conditionm at top of
! BN 1 0 ~}column. Top of heap set at ambient temp.
.1GN C TaMB J
NKOL - - Profiles through heap output every NKOL
timesteps
NXOUT — - Profile layers NXOUT, 2NXQUT, 3NXOUT output
WTOUT - - Time frequency of output on time
evolution plot
NSW not applicable
VWAT2 na
-VAIRZ na
NRESI2 na :
RICT 0.34 cal/cm3-°C Density times the heat capacity of heap
AKT 5.28 x lO_Bcallcm-s-OC Thermal conductivity of heap



Table F-3

Description of parameters for computer model;

NAMELIST ANSF

Parameter Typical Dimensions Definition
Value
column/heap

COALS 2.87 x 10"7 mo-l Initial coal oxidation rate; fraction
oxidized per month

XCcoLo 1.13 x 10-'4 - Initial fractional oxidation of coal

 RaCL .315, .635 cm Radius of coal fragments

OXCL 2.67 - grams 0, consumed per gram coal oxidized

ACOAL 6440 call/g Calories liberated per gram coal oxidized

AMOSTR 6 - Month of year leaching started

TCAV 10.22 °c Average temperature of heap surfacé

SDTA 11.9 °c Amplitude of seasonal temperature
variation of heap surface

TCAVA 10.22 % Average ambient temperature

TSTR 20.1 % Starting temperature of heap

NCUT 2 - Output every NCUT timesteps; if NCUT=NDELT
no NAMELIST data output

IOUT Output device number

DX(250) Point spacing; Internally set if N=NQ

DXPL 2 Variable point spacing parameter; "

DXMN 1.3 " " " " "

NQ 0 Code; if N=NQ point spacing is automatic

CONDK 0. -— Conductive heat leakage of column

IFIXT 1 0 (=1)~constant cemp column;# 1 cales T

SDT 11.9 Amplitude of seasonal temperature var.

ICAL 0

IPSC 1 Plot scaling parameter

IPLT 1 eode; enables time evolution plot oucput

XS .6 Etoichiometry of pyritﬁ_oxidaticn,
X" in text, =1 all 50, , =0 all s°.

AQZPY 2900 cal/mol 0, Calories generated per mole 02 consumed
in pyrite nxidation

AKOX 3.3 x 10-'8 en/sec First—order pyrite oxidation rate cons.

DEFF 1.0 x 10—8 cmz/sec Effective diffusion comstant for Fe(III)

in coal matrix
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Some Programming Details - Solution of the Energy (Heat Balance)
Equation

Let t and z be made dimensionless:

K.

(F-1) T = t et
pplrh
(F-2) z = L/H
Then the energy (heat balance) equation, eq. 13 of the text becomes
PA
®,H
aT 3T H A =2
(B-3) — = (ppCV, - p,C V) — = +~p¢— +V T
¥ MTLTL Tgteret a7 X LSy

If point triplets are envisaged -0F about the central point (0), (F~3)

may be approximated In finite difference form for (V:’O):

V<0
. * T & . .
ey TTg To -1, " CCI TR JR S O
—= = (ADW-ADG) | T . | =— + . 9 .
g ax K X ZX AX
At V<o USo ~o* T T . +0 )
u<o T, -To CAX
AX, ’

Since Vg is always less than zerc (solution flow is always downward), ADW
%
always multiplies 237EFJKL~, ADG may multiply either the upper or lower

tarm, but usually thec upper term since air flow is generally upward

through the heap. The half gradient preserves causality in advection.

ADW = pgCpVq, ADG = DgCng.
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Rearranging terms in (F-4):

2 [ | -ADG-H
(F-5) —+ el T, X1y - r ——
At p -c +0 -
o /
-
. ADW H 1 - ® 1
+0 KT 34-0 4 [+°- o AL
1 1
+
. AX+° AX_O
—
A +o-

If we change AX and At according to (F=6)

*
AX = AZAX
- -— R
(F-6) A = AT/ (aX )2
Such that
x N
AX = 1/IpAZ ,
1

multiplying (F-5) through by (AX*)2 A gives:




® @ i

e . *
’ -ADG  AX AH
* w* 3 2
T, + RH: (x)% = T AT, kg .
° ’T. AT,
x - a
Kr
0
(a e -
0
7 *
* A ADW  HAX A
+ T+ - _— - ==
*
-7 ADG HAX 2 AT, BZ,,. AT, Kp
8T, Kp
- ; N
ADGAX AH U
= ~ — ----——--~--—.A _.___- _
. To* L« ADWAXTAH 82 Ky . o : .
AT, K . Y
o T -ADGAX AH +o
. A2, Koy

" (F-7)represents one equation for each point in the beap. Simce only

neighboring points (up, T, or down, ~) from the central point are involved,
(F-7)is a tridiagonal matrix and may be inverted by a simple algorithm. 1In
(F-7), A 1is the upper diégonal, B the prinecipal diagonal, and C the
lewer diagonal; D is the constant vector and Ti* the unknowus.

At the end points, boundary conditions must be used to interpret (F-7)
since otherwise (F-7) would involve non-existant points. General boundary
conditions (Neuman, A = O; Dirichelet B = 0; mixed A £ 0. B # 0) may be

written:



D “«
“ep + BY (T,/28X,)

B AP + BP/2AX,
(¥-8) D A
M r—~ ]
GN + BN (TN~1/ZAXN)
TT =
AN + BN/ZAXN

As cau be seen, (F-&) nermits the beoundary pvoint to be expressed in terms
of points inside the NxN tridiagonal matrix, (F-7). (N is the unumber of

points in the heap). Thus

At I =1
) @ - @ . @ - G@/ (A@+BY/24X,)
(F-9 (:) - (:) + (:) . (BQ/ZAX?)/(A¢+B¢/2AXZ)
At I =N -
@ - @ - @ * GN/ (AN+BN/2AXy)
(F-10) (:) - <:) . (:) . (BN/ZAXN}/(AN+BN/2AXN) .

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:

_ g - -5220,9/T
(F-11) [w1f . 953 e /

-5 3
where T is given in Kelwins. At 30°%¢, (F-11) gives 3.37 x 10 = gm wv/cm™ compared to

a table value of 3.13 x 10™%. At 90°C the comparison is 5.4 x 10~% (eq. (F-11))
vs 5.2 x 1074, _

The comparative enthalpy of air canm be written as in (F-12), taking into
account water vapor and the normal heat capacity of air, cg = .24 cal/gm.°C,

and the heat of vaporization of water -+ water vapor of 540 cal/gm.

F-10



-5220.9/ (T+273)
(F-12)  ENTH(T) = .24 7 + {340)(333) ¢

Pg

The heat capacity of air, including water vapor contributionm, may then

be written

_ ENTH (T,X) _
(F-13) Cg = T = C6 (T

(F-12) & (F-13) are treated as function statements in the program. (F-12) is
modified so a certain fraction of water vapor saturation may be requested.

ADW and ADG (in (F-4), ¥¥-5), and (¥~6)) may now be written:

ADG = DENG * CG(T) * vA
ADW =  RLCL * vW

Further groups of terms in (F-7) may be defined:

AMUL1 = ADW * AX* - } ' H

p. o+ VA H - AX* A

Kp

Hi
P

(F-14) AMUL2

2
R, H

3T K

(ax*) 2,

2

<

Ef
I52
Tt

T

To return to the original question of boun’ary conditions, water will
come in the top of the heap near ambient temperature irregardless 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 explicitely:
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H sT H 3T
(F-15) = =— p,C,V, == and + p C V -— ==
KT I A 37 g‘g g KT'BZ

[remember advection terms have switched si‘es of equation between eq. (F-3)

and (¥-7)]. (F-13) may be converted to source terms:

Ty, T X, -
caxnal ooV, 2t ) LBl eV, 225 )
T AT X T AT ax

TAMBS - T
Note X = Enthalpy = CG (T)*T

N
AT
4 ENTH(T ) X
e + AMUL2 ————— *T; - ENTH (TAMB)
T

- AMUL1

1
& i o
TAMBS is ambient surface temperature TAMB is ambient temperature

With these comments and Carnahan (1969) the program, with a little

effort, should be easily decipherable.
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3. Heap Leach Program Listing
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