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ABSTRACT
THE SULFIDE TO SULFATE REACTION

by E. E. Smith and K. S. Shumate

A detailed study of the mechanisms and kinetics of the chemical
reactions responsible for acid mine drainage has been made.

The mineralogical features of the solid phase reactant (pyrite)
that determine its reactivity were described. The rate-limiting reac-
tions and variables affecting the rate of these reactions were identi-
fied.

It was found that two basic oxidation modes are important: oxygen-
ation, in which oxygen is the immediate oxidizing agent; and ferric ion
(or microbiologically catalyzed) oxidation, in which ferric ions are
the oxidants. From a knowledge of the dissolved oxygen, ferric/ferrous
ratio, and total iron ion content at the reaction gite, the reaction
regime can be determined.

Kinetic equations were derived for both reaction modes. From these
basic relationships the oxidation rate in real pyritic systems can be
accurately predicted when conditions at the reaction site are known.

For a given pyrite surface, oxygenation rate is, for all practical
purposes, dependent only on the oxygen concentration in the aqueous
phase surrounding the reactive site on the pyrite surface, Ferric ion
oxidation rate is determined by the ferric/ferrous ratio and free ferric
ion concentration in solution, and is not affected by dissolved oxygen.

In a real system, the ferric/ferrous ratio is determined by a
"relative" microbial activity; i.e., the number of bacteria per exposed
pyrite surface. Bacterial activity is limited by pH and oxygen concen-
tration as well ag nutrient levels.

This report was submitted in fulfillment of Research Grant No.
14010 FPS between the Federal Water Pollution Control Administration
and The Ohio State University Research Foundation.

Key Words: Mine Drainage/Coal Mine Drainage/Sulfides/Iron Sulfides/
Pyrite/Ferrobacillus/Pollution Abatement/Industrial Wastes/
Reaction Kinetics
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Section 1

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The following major conclusions may be drawn from information
obtained during the course of this project:

1.

The principal mineralogical form of naturally occurring
iron disulfide materials in Eastern coal mining areas is
pyrite.

The major factor influencing reactivity of various types
of pyritic material is surface area (texture), not trace
elements or included minerals.

The rate-determining reaction in "natural" systems, in
the absence of mass transport limitations, is an electron
transfer between the oxidizing agent (oxygen or ferric
ion) absorbed on the surface of pyrite, and the pyrite
itself.

There are two modes of pyrite oxidation as determined by
the immediate oxidizing agent; i.e., oxygen or ferric
ions. Fach oxidation mode is independent of the other,
For a given pyrite surface, oxygenation rate is, for all
practical purposes, dependent only on the oxygen concen-
tration in the aqueous phase surrounding the reactive

site on the pyrite surface and independent of other solute
concentration. Ferric ion oxidation is primarily deter-
mined by the ferric/ferrous ratio and free ferric ion con-
centration, and is not affected by dissolved oxygen.

Kinetics for the oxygenation of pyrite have been experi-
mentally determined as a function of (a) temperature,

(b) oxygen concentration, (¢) pH, (d) water partial pres-
sure, (e) surface area (or texture), and (f) concentra-
tion of iron, sulfate, and other ioms.

Kinetics of pyrite oxidation by ferric ions have been
determined as a function of (a) ferric/ferrous ratio,

(b) total iron concentration, and (c) free ferric ion
and hydrogen ion concentration (qualitatively). A mech-
anism has been proposed, based on the competitive adsorp-
tion of ferric and ferrous ions, which correlates experi-
mental rate data.



T. Ferric ion oxidation of pyrite is the chemical analogy
of microbial-enhanced pyrite oxidation.

8. Significant microbial catalysis will occur only if the
water-to-pyrite ratio is sufficiently high to provide
for the required population of organisms.

9. Those factors which determine the reaction regime, either
chemical or microbiological, have been described.

10. Pyrite oxidation rates can now be accurately predicted

in terms of known and measureable variables. Basic rela-
tionships are now available for calculating the oxidation
rate under natural conditions, regardless of oxygen con-
centration, pH, bacteria, and other envirommental condi-
tions. Major variables have been identified, and measure-
ments necessary to permit calculation of oxidation rates
described.

Recommendations

With the information now available, kinetics of pyrite oxidation
in well-defined laboratory systems are reasonably well known. Applica-
tion of these basic data are hampered by lack of knowledge of the physi-~
cal, chemical, and biological conditions at the reactive site in real
pyritic systems. Continuation and extension of basic field or "pilot"
scale studies in which the kinetics of formation, desorption, and dis-
persal of oxidation products in a natural enviromment are being examined,
is recommended.

Several aspects of the work described in this report require further
investigation. The reactive specie in ferric ion oxidation has not been
positively identified. Considering the reliability of stability con-
stants and experimental data, free ferric ions or one of the ferric
hydroxide complexes may be the reactive specie; neither can be elimin-
ated from consideration on the basgis of available data.

Additional information on the effect of pH and oxygen concentration
on microbial activity is needed. The water-to-pyrite ratio at which
microbial catalysis becomes a significant factor in pyrite oxidation
should be better defined. These data are needed in order to designate
more precisely the regime (oxygenation or ferric ion oxidation) that is
determined by envirommental conditions.



Section 2
INTRODUCTION

Effective methods for alleviating acid mine drainage can best be
found and developed if an understanding of the kinetics and reactions
responsible for acid mine drainage is avallable. Therefore the objec~
tive of this study was to determine the basic rate-limiting mechanism(s)
and kinetics of pyrite oxidation.

The significance of this simple statement of objective can be
illustrated by assuming that the objective was achleved. If this were
so, all the variables that influence the rate of oxidation would be
known, logical approaches to inhibiting the reaction could be deduced,
and evaluation of oxidation rates for different pyritic systems could
be precisely calculated in terms of the envirommental conditions which
exist at the reaction site.

It must be noted that a complete evaluation of a pyritic system
(i.e., strip mine, gob pile, drift mine, etc.) also requires a descrip-
tion of the enviromment and kinetics of the dispersal of oxidation pro-
ducts. This expresses the relationship between this project and the
"pilot scale” or basic field studies of the type now being conducted at
The Ohio State University in which the envirommental conditions at the
reaction sites are being examined. Neither project can be effective
without the other. The necessity of more basic information to help
plan experiments and evaluate field data has become more evident as
analysis of pyritic systems becomes more sophisticated. For example,
the ferric/ferrous ratio and its relation to the kinetics of microbial-
catalyzed systems is an essential bit of basic information for inter-
vrreting data from a natural system.

The experimental work performed under this project was limited to
laboratory-scale operations. Physical rate-limiting parameters (other
than reactive surface area) were eliminated or controlled. Experimental
conditions were varied to develop kinetics of pyrite oxidation, not
necessarily to duplicate "natural"” enviromments. Although not specifi-
cally related to any one real system, the data obtained from this pro-
Ject provide the necessary input data for analysis of real systems.

Chronologically, mineralogical investigations were performed con-
currently with a preliminary kinetic study to identify the reactants as
well as the physical, chemical, and biological parameters influencing
rate of pyrite oxidation. Chemical (or direct oxidation by oxygen,
hereafter termed "oxygenation'") as opposed to microbiological (oxidation
by ferric ions) reactions, were examined initially. As the kinetics of
the oxygenation reactions were established, microbial-enhanced reactions
were compared to the chemical reactions from both a mechanistic and
kinetic reference.



Since we believe that systems having ferric ions as the oxidizing
medium are chemically analogous to microbiologically controlled systems,
the kinetics of ferric ion systems were studied in detail.

The following report is separated into sections arranged in the
same order as emphasis developed in the course of the project. This
is not to imply that these works are unrelated, but is presented in
this manner in order to most clearly discuss the results and signifi-
cance of these areas of research.

To assist in following the subsequent discussions, it may be help-
ful to keep in mind the purpose behind each major phase of the project.

Phase One (Mineralogy) was undertaken to describe the materials
and their properties that influence the oxidation of pyrite.

Phase Two (Oxygenation) was an attempt to define the chemical
kinetics of pyrite oxygenation; first, to determine the nature of the
rate-limiting reaction, and second, to quantitatively evaluate the
physical and chemical parameters that influence the oxidation reaction.

The third phase (Microbiological, Ferric Ion Oxidation) was a
study of the kinetics of microbial-enhanced reactions, the development
of an analogous chemical system, and a comparison of the rate-limiting
reactions for chemical and microbiological systems.



MINERALOGY

This phase of the study applied mineralogical concepts and tech~
niques to the study of iron sulfide oxidation.

Iron sulfide exists in coal formations in two structural states --
pyrite and marcasite. Various authorities differ on which is the most
common of the two types. Inasmuch as the oxidation rate is strongly
dependent upon the structural state of the sulfide, the determination
of the abundances of the two modifications was undertaken first. Repre-
sentative sulfide samples were collected from coal beds of various ages
in eastern and southeastern Ohio. Of the 30 samples collected and
examined by x-ray diffraction, all but two were determined to contain
pyrite as the major constituent. In the majority of the samples, mar-
casite was either not present, or was present in amounts less than five
per cent. The details of this study are described by Birle.2

It has been shown that marcasite has a considerably higher oxida-
tion rate than pyrite, and the high rate of oxidation of sulfides in
coals has been commonly attributed to marcasite. Textural studies on
pyrite samples indicate that this mineral may in some cases show
extremely high reactivity as a result of textural features (such as
grain size, distribution of impurities, grain shape, etc). Hence the
oxidation rates obtained by various investigators show considerable
differences, because of both textural and structural variations of the
iron sulfides.

A survey of mineralogical literature reveals that the various crys-
tal faces of pyrite have different oxidation resistances, the octahe-
dron(III) being most susceptible to attack. A study was initiated to
determine, quantitatively, the rates for different crystal faces.

Although most crystal faces consist of plane surfaces, it is gen-
erally necessary to polish these for detailed examination. A mechanical
polish would, in almost every case, change the orientation of the sur-
face; in order to avoid this, the metallurgical technique of electro-
polishing was used. The technique has been previously used only on
metals, and this constituted the first such approach on sulfides. A
proper choice of solutions compositions and concentrations with the pro-
per electrical potential was established. It is possible to control
the conditions under which pyrite can be made to polish or etch by vary-
ing the electrical potential. Inasmuch as this technique, if properly
developed, may have considerable significance to ore microscopy, a
report on this application was published by The American Mineralogist
(see Ehlers and Birle, List of Publications, page 113).

Examination of polished and etched pyrite from Pennsylvanian-age
coal beds by means of the electron microscopy has revealed the presence
of fossil bacteria. Although there have been several reported instances
of fossil bacteria, none has been discovered with such remarkably good



preservation. These bacteria, which lived approximately 200-million
years ago in the coal swamps were instrumental in precipitating iron
hydroxide (which was later converted to pyrite by HoS). A strong simi-
larity can be seen between these and present-day swamp bacteria. A
study of these bacteria types yields considerable information as to the
precise conditions of formation of these ancient coal~forming environ-
ments. The interpretation of the various bacteria typed was aided con-

siderably by Dr. James Schopf, of the Coal Petrography Branch of the
U. S. Geological Survey.

A third aspect involved a study of the hydrated sulfates associated
with exposed coal surfaces on, and adjacent to, coal mining areas.
White, yellow, and greenish crusty or fibrous materials quite commonly
are present on pyrite-containing material. These materials were col-
lected at several localities and subjected to x-ray diffraction analysis.
The most abundant mineral found was melanterite FeSO.-TH,0. Halotrichite,
FeS0, A1,(804)5°22H20, which had been found previously in several Ohio
localities was also obtained. Another compound was identified as
FeSO4'hH20~by diffraction and polarizing microscopy. This material,
although known as an artifically formed material, has never been ob-
tained from a natural geological enviromment. Study of this material
uwnder laboratory conditions revealed that it was sensitive to changes
in humidity.

Chemically pure samples were examined by x-ray diffraction at
various fixed humidities. Tt was determined that above approximately
75% humidity this material exists as melanterite, FeS0,:7H,0. Below
this level, and to at least 35% humidity, the sample loses some of its
combined water and exists as FeSO,-U4H,0. This transition appears to
take place within about 30 minutes, although there is some variation as
a function of grain size. This transition has been studied in some
detail. This failure of previous investigators to observe the tetrahy-
drate form can probably be ascribed to the fact that most sample collect-
ing is done during the summer months under conditions of relatively high
humidity.

It is also known that the mineral szmolnokite, FeSO,-H,0, exists
in nature. Attempts were made, without success, to synthesize this
phase and determine its stability field at low humidities.

This aspect of the study is extremely interesting mineralogically,
since the effect of humidity on such transitions has not been examined
in any detail for most hydrated phases. The detailed results of this
study can be found in a paper by Ehlers and Stiles.”



Classification of Pyritic Materials
Naturally occurring pyrite found associated in coals and partings
in coal beds were classified according to nature and sequence of deposi-
tion. The following classification has been proposed by David Stiles:
A, Primary Pyrite
1. Sulfur Ball
2. Disseminated Pyrite
3. Primary Replacement Pyrite
B. Secondary Pyrite

1. Secondary Replacement Pyrite
2. Fracture-filling Pyrite

Characteristics of each class may be described as shown below.

A. Primary Pyrite

Primary pyrite was deposited contemporaneously with the peat that
was converted into coal. Some of this pyrite could have been formed by
bacterial metabolism as is shown by the bacterial remains within the
"sulfur-ball." Part of the primary pyrite was deposited by replacement
of plant fragments. It is certain that the replacement took place
early in the coalification cycle because the fragments are only slightly
distorted. Had the replacement occurred after coalification, the plant
fragments would have been greatly flattened. Evidence of pyrite deposi-
tion and replacement was observed.

1. Sulfur Ball

Sulfur ball is found as flattened circular masses ranging ‘in
size from 1 inch to 30 inches in diameter. The longer dimensions are
always parallel to the bedding plane of the coal seam. It is found as
lenses varying from 1/2 inch to 2 inches thick and 1 foot to 10 feet
long and wide. These lenses had previously been thought to be different
from the sulfur ball but their gain size and texture are very similar
so they are grouped under the classification of sulfur ball. Pyrite
comprises 90 to 98% of the sulfur ball, coal is the remaining percent-
age. ©Small amounts of quartz, clays, and clays, and calcite are also
found in the sulfur ball masses.



The pyrite in the sulfur ball masses is found as small grains
ranging in size from 2 to 5 pum in diameter. Usually, these small grains
agglomerate into spheres 10 um to 30 pm in diameter. Individual grains
are subhedral to anhedral with only a few good crystals for outlines
apparent. These masses are a brassy-gray color. The grayish tint of
the pyrite is caused by minute inclusions of coal, since pyrite is

normally a bright brassy yellow.

It appears that these masses were formed at the same time the
peat was being deposited. Bacteria nearly perfectly preserved are
found within the "sulfur ball" masses. Had the masses been formed by
replacement after compaction of the peat had started, the bacteria
would have been distorted. Since the bacteria are only slightly dis-
torted, it is thought that the pyrite containing the bacteria was depos-
ited along with peat formation very early in the coal-forming process.
For this reason sulfur ball has been placed in the catagory of primary
pyrite.

2. Disseminated Pyrite

This type of pyrite is found mainly in the lower-grade coals
at the bottom and top of the beds and also in shaley layers. Dissgemi-
nated pyrite is seldom visible to the unaided eye because of the low
percentage present and very small grain size. When seen, it is a
brassy-gray color quite similar to the "sulfur-ball.” As in "sulfur
ball,” the grayish cast of the pyrite is caused by minute coal inclu-
sions.

The individual pyrite grains are 1 to 5 um in diameter and
these are quite frequently agglomerated into masses 5 to 25 um in diam-
eter. The coal inclusions are found along the grain boundaries of the
pyrite. A few crystal faces are evident on some of the grains but none
are apparent on most of the grains. These primary grains have fairly
regular and smooth boundaries forming an equidimensional to slightly
elongated body.

3. Primary Replacement Pyrite

This type is found replacing plant parts and is very frequently
found associated with "sulfur ball." Some larger plant fragments, as
tree trunks and branches, are found completely replaced by pyrite and
completely isolated from other pyrite. Smaller pyrite-replaced plant
parts (such as leaves, stems, and seeds) are frequently found in masses.
These masses vary in size from 1/2 to 10 pounds and occur in no special
shape. DPyrite comprises 25 to 50 per cent of the mass with coal as the
remaining percentage.

The color of this pyrite is a bright brassy-yellow because
little coal is found within the actual pyrite mass. The large percent-
age of coal in these masses is found between the actual pyrite-replaced



plant fragments. ZPyrite grains of this type vary in size from 50 um to
1 mm. The shape of the grains depends somewhat upon the size of the
material replaced; for example, plant cells that have been replaced con-
tain pyrite grains the shape of the cell. But large plant fragments
that are replaced by many pyrite grains contain some rather well-shaped
crystals.

B. Secondary Pyrite

Secondary pyrite was deposited after the coalification cycle was
complete. A variety of secondary pyrite (i.e., fracture-filling pyrite)
is found in fractures that could only be formed after the coal had been
created, Peat and the intermediate products in the conversion to coal
are all quite plastic and would give, rather than fracture, as coal does.
Secondary pyrite is characterized by larger grain sigze than primary
pyrite. Some fractures are found in primary pyrite that have been
filled with the larger~grained secondary pyrite.

1. Secondary Replacement Pyrite

This type of replacement is commonly found replacing "sulfur
balls" and associated with plant replacement. On '"sulfur balls" the
very small primary crystals are replaced with crystals up to 1 mm in
diameter. Frequently, small "sulfur balls" are nearly completely
replaced but the larger ones are replaced only near the surface. Frac-
tures in the sulfur balls are filled with this same type of pyrite.

Plant fragments replaced by primary pyrite are found that have
undergone secondary pyrite replacement. They are seldom recognized since
the secondary replacement tends to destroy the original identity.

Secondary replacement pyrite appears much brighter and more
brassy~-yellow than the primary pyrite varieties because of the larger
grain size and lower percentage of included coal particles. These
crystals are 0.25 to 2 mm in diameter and usually have fairly good
crystal shape.

2. Fracture~Filling Pyrite

As the name implies, this type of pyrite is found filling
fractures in coal. Fracture-filling pyrite occurs randomly through a
coal seam with the exception of the very top and bottom. This is true
probably because the shale layers tend to keep the coal from fracturing
and also they are quite impermeable to solutions. Quite frequently this
type is found surrounding larger sulfur balls and pyrite lenses. As
the coal is compressed, fractures are formed around the incompressible
sulfur ball or pyrite lense. The fractures then are filled with pyrite
and as the pyrite growth continues, the fractures are lengthened and
branching fractures are formed. When a polished section is made of coal
containing fracture-filling pyrite, it resembles a dineric pattern.



The pyrite grains in the form of flakes approximately 0.1 to
0.3 m thick and 0.7 to 15 mm in diameter, are anhedral, bright brassy-
yellow, seem not to incorporate any coal, and are of secondary origin.
The larger surfaces of the flakes are fairly smooth, since they form
against the coal fracture surfaces.

Surface Area and Pore Size Distribution of Pyrite

In order to determine significant differences between museum grade
pyrite and the sulfur ball material, measurements of the surface area
and pore volume distribution of both materials were made. Surface area
was determined using the B.E.T. method. The pore volume distribution
was obtained using nitrogen desorption and the method of calculation
presented in Orr and Dallavalle.'® The specific surface of museum-
grade pyrite in the size range from 60 to 150 mesh was found to be
0.12 + 0.01 m®/g, and that of the sulfur ball material in the same size
range to be 1.12 = 0.02 mz/g. The corresponding oxidation rates were
5 and 130 pg/hr/g pyrite.

The pore volume distributions of the two materials are presented
in Fig. 1, as the change in pore volume per unit change in pore radius
in cc/A versus the pore radius in A. The curves show a much larger
total pore volume for the sulfur ball material, and a fairly flat dis-
tribution of pore volumes, except near the lower limit of detection at
about 25 A radius.

The greater surface area and pore volume of the sulfur ball material
as predicted from its structure definitely will account to some extent
for its greater reactivity, since the rate-controlling step involves a
solid surface.

Preparation of "Sulfur Ball" Samples

A1l coal and shale samples were crushed to pass a l/h-inch screen.
They were then separated in a mixture of carbon tetrachloride-bromoform
(or tetrabromoethane) having a specific gravity of 2.00. The portion
which sank to the bottom was removed, dried, and crushed to pass a
60-mesh screen. All particles smaller than 150 mesh were saved. The
60- to 150-mesh portion was placed in a bath of pure bromoform and
allowed to stand overnight. The float portion was discarded and the
sink dried at 100°C The enriched pyrite was separated into closer-
gized fractions for subsequent experimental work, and stored in tightly-
stoppered bottles purged with nitrogen. Immediately prior to use, the
samples were washed with warm 2% hydrochloric acid, then washed with
distilled water, dried under vacuum, and weighed in the form it was
charged to the reactor.

Characteristics of the several different pyrite samples used are
given in Appendix V.

10
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Identification of Intermediate Products

With the equipment and facilities available, no mineralogical
species, other than "final" products, were observed on the surface of
pyrite. X-ray and electron diffraction studies failed to reveal any
unexpected intermediates. It should be noted that no detailed micro-~
probe analyses were made, nor was low-energy electron diffraction equip-
ment available for use on this project.

It therefore appears that the rate-controlling step is an electron
transfer reaction on the surface of pyrite itself (or through an absorbed
ionic specie) since no other solid phase is present in identifiable
quantities.



Section 4
OXYGENATION

The first oxygenation (i.e., oxygen as the immediate oxidizing
agent) studies were designed to rationalize the conflicting reports on
the effect of oxygen concentration and the role of water in the kinetics
of pyrite oxidation. The influence of different anions and cations, as
well as concentration of reaction products in the liquid phase, was
then determined in order to establish a firm base for quantitative
kinetic studies.

The kinetics of pyrite oxidation were evaluated in two types of
enviromment: (1) liquid phase, in which the weight of agueous solution
in contact with the pyrite was 20 to 1000 times greater than the weight
of pyrite; and (2) vapor phase, in which the pyrite was suspended in a
gas phase of controlled humidity and oxygen concentration.

Experimental Equipment

In addition to standard Warburg equipment and techniques, equipment
shown in Figs. 2, 3, and 4 were used. The apparatuses shown in Figs. 2
and 3 are similar in concept; i.e., recirculating tne vapor phase
(Fig. 2) and the liquid phase (Fig. 3) through a bed of pyrite. In each
case, oxidation of pyrite was monitored by measuring the quantity of
make-up oxygen required to maintaln a constant pressure in the vapor
space.

This type of equipment was used for several reasons: (1) to estab-
lish influence of diffusional resistances and desorption of reaction
products on reaction rates, (2) to allow the control of concentration
of various components in the recirculating fluid, and (3) to permit
periodic sampling of streams to follow build-up of reaction products.

Figure L4 is a modified differential Warburg unit used to determine
oxldation rates over comparatively wide pressure ranges. It consists
of two ildentical flasks on either arm of a manometer. The same quantity
of water was added to each flask; then pyrite was placed in the right-
hand flask. A small amount of manometer fluid was added to the top of
the mercury. To fill the system with vapor, the mercury column was
lowered so that the water level was at the right-hand stopcock, the
system was evacuated, and then the vapor was admitted through the vacuum
line. The left stopcock was then closed and the mercury leveling bottle
raised or lowered, depending on the pressure in the system, so that the
water level rose half-way in the manometer. The entire assembly was
agitated during liquid phase runs.

The pyrite sample used for these preliminary runs was a "sulfur ball"

material collected from the Middle Kittanning No. 6 coal seam in Vinton
County, Ohio. Several stages of float-and-sink separation were used to
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obtain an 85% FeS, material. This was then carefully screened and the
70- to 100-mesh fraction used as the sample was designated "Sulfur Ball
No. 1.7

Results of Preliminary Runs

Data on liquid phase oxidation using equipment shown in Fig. 3
showed that flow rates from three or four ml/hr to 30 1/hr of fluid
through the bed had no effect on rate of oxidation. Also, the rate
remained constant for the duration of the runs (one to two weeks).

Two runs were made with a column of "Amberlite” IRA~120 in series
with the reactor to remove all iron from the circulating fluid. With
"zero" iron in solution, the rate remained the same.

The relation between the increase of iron in solution and oxygen
absorbed was frequently checked and found to be approximately 3.5 moles
oxygen consumed per mole of soluble iron produced. The relative ferrous-
ferric ion concentration was found to vary between 85% and 95% ferrous
for runs listed in Table 1.

A series of liquid phase runs was made in which oxygen concentra-
tion in the vapor space and temperature were varied. The results of
these runs, together with those obtained with the ion-exchange resin in
the system, are listed in Table I.

A similar study was made using the vapor phase apparatus. As in
the liquid phase runs, flow rates had no effect on the rate of oxygen
absorption, which remained constant throughout the run periods of from
several days to two weeks. Temperature and humidity of the recycled
vapor were varied; the results are shown in Table II.

Since the other oxidation units were not capable of operating over
wide pressure ranges, the equipment shown in Fig. 4 was constructed.
Runs were made at different oxygen pressures and vapor compositions to
study the effect of dissolved oxygen and nitrogen concentrations on
oxidation rate. These data are shown in Table IIT.

All rate data in Tables I and III were recalculated to the same
reference; i.e., 100 ugOg/hr/g of pyrite at 25°C and oxygen pressure of
760 mmHg. This was necessary in order to obtain consistent results
from one column packing or washing to the next. The principal problem
was the tendency of the sulfur ball particles to break down during
agitation., For one continuous series of runs, the change from run to
run was small. But after washing or repacking, a reference run was
necessary to obtain comparative rates.

15



Table TI.

Iiquid Phase Runs

Vapor

Temp. Oxidation
Conc. o
¢ *
(% 02) ( g Rate
100 20 58
100 25 100
100 30 138
100 35 215
10 25 23
26 25 L7
54 25 79
9 25 85
100 25 100
100 25 102%%
100 35 210%%

*Rate = pg 0,/g pyrite/hr

**With "Amberlite"

Table TIT.

Vapor Phase Runs

Partial Pressure Relative . .
?fgg' H-0 Saturation OXlﬁzgéin
(mmHg) (%)
25 22.8 96 85
17.8 ™ 50
12.6 53 25
7.6 32 16
35 40.5 96 168
31.2 7 90
21.5 51 57
13.1 31 33
L5 69 96 400
53.2 5 152
33 46 70
22.3 31 48

*Rate = pg 02/g pyrite/hr
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Table IIT. Variable Pressure Runs at 25°C

O, Pressure N, Pressure Liquid Op Oxidation
(cm Hg) (cm Hg) Concentration Rate*
(ppm)

76 0 3. L 100
183 0 95 165
170 0 88 162
170 0 88 156
143 0 h 4L

91 0 b7 110

48 0 25 68

38 0 19.5 62

28 0 1.5 52

21.5 0 11.2 39.5

20 0 10.4 37

1k 0 7.3 3k

15 0 7.8 32

10 0 5.2 25

34 128 17.5 L7

15 100 7.8 30.5

1k 67 7.3 30

15.5 59 8.0 26.5

10 70 5.2 24 .5

7.1 27 3.7 19

*Rate = ue 02/g pyrite/hr
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Discussion of Preliminary Runs

Based on the observations that (1) flow rates of the recirculated
fluid had no effect on oxygen absorption rates, (2) rates were constant
throughout the test period, and (3) removal of iron from solution did
not affect rates, it seems evident that reaction rates in the
recirculating-type equipment, for the reaction periods used, are not
influenced by diffusional resistances nor desorption of oxidation pro-
ducts. This conclusion is supported by the value of 14 kcal/gamol for
the activation energy determined from an Arrhenius plot of data pre-
sented in Table I. This value for activation energy is typical of a
reaction-controlled, rather than a physically controlled, rate-limiting
step.

Role of Water

In studying the role of water, Kim'l conducted a series of
vapor phase oxidations using the equipment shown in FPig. 2. Over the
limited temperature range studied, he observed that the rate varied
linearly with absolute humidity (or partial pressure) of water in the
vapor phase, apparently indicating that the rate of oxidation was first-
order with regpect to water and suggesting that water is a reactant.

When this study was extended to cover a wider temperature
range, a distinct temperature dependence was observed, as shown in
Fig. 5. It was also noted that in the temperature range covered by
Kim both the oxidation rate and partial pressure of water vapor (over
a saturated salt solution) doubled with a 10°C temperature rise. In
other words, the influence on rate observed by Kim may be interpreted
as a change caused by temperature at a constant relative humidity. The
runs plotted in Fig. 5 are replotted as Rate vs. % Relative Saturation
in Fig. 6. DNote that at a given value of relative saturation, the rate
nearly doubles with each 10°C increase in temperature, the same as
observed in liquid phase oxidation. When curves in Fig. 6 are compared
to the adsorption isotherms for water on sulfur ball and museum grade
pyrite (see Figs. 35 and 36) the shapes of the curves are very similar,
strongly suggesting that the rate is dependent on the quantity of water
adsorbed or, in other words, the number of reactive sites which are
covered by water. Note that even the so-called vapor phase oxidation
really occurs in a liquid phase formed by adsorption of water condensed
from the vapor phase.

When the isotherms of Fig. 6 are extrapolated to 100% Relative
Saturation and the rates thus obtained plotted, together with those
from the liquid phase runs (Fig. 7), the similarity of temperature
effect in both vapor and liquid phase oxidations is apparent.

While it is not possible to describe the role of water in all

phases of the reaction, for the rate-limiting reaction water is-involved
as a reaction medium rather than a reactant. If water were one of the
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reactants in the rate~limiting step, the rate of reaction would level
off as the partial pressure of water approached saturation pressure
(i.e., since water is no longer the limiting reactant). Instead, the
rate of increase is greater as water concentration nears saturation,
as seen in Fig. 7.

Even in vapor phase oxidation, rates remain constant over
long periods of time. This can be explained by products "salting-out”
of a condensed liquid phase as the content of dissolved reaction pro-
ducts reaches saturation. This process was qualitatively observed by
Birle® from photomicrographs showing the build-up of salts around the
edges of pores or etch marks which contained water.

The basic function of water at least for the rate-limiting*
reaction, is to provide a means by which the oxidation products are
desorbed (dissolved) for the pyrite surface. Normal oxidation, which
may occur in the dry state on clean surfaces, can be stopped by build-
up of products on the "reactive sites" of pyrite. Data for oxygen
adsorption on dry pyrite can be interpreted in this manner (see Fig. 37
and Table XIII).

Oxygen Concentration

Possible kinetic mechanisms by which oxygen enters the rate-
limiting reaction are suggested by the data presented in Table III.

These data show a quantitative relation between oxidation
rate and oxygen concentration, and indicate that the concentration of
inert gas (nitrogen) affects oxidation rate.

Using procedures and modifications suggested by Hougen and
Watson,'© rate equations for different assumed mechanisms can be derived.
For the type of reaction under study, simplifications can be made., It
has been shown that neither desorption of products nor diffusional
resistances influence the rate of reaction under the laboratory condi-
tions used in this study. Therefore, the experimental rates can be
considered "initial rates" and derivations simplified by eliminating
consideration of both product composition and concentration.

Data at low pressures (shown in Fig. 8) may be correlated by
assuming the following mechanism:

(1) oxygen is adsorbed on "reactive site" of pyrite;

(2) oxygen is dissociated, forming an activated complex;
> >

(3) the activated complex decomposes to form an oxidation
product; and

(4) the oxidation product is desorbed, forming another reactive
site.
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If decomposition of the activated complex is the rate-limiting
step, the adsorption and desorption step would be in equilibrium.
The following rate equation can be derived:

r = kCp/(1 + Y KpCp + K1Cp)2 (1)
or

rt = k'Ca/(1 + KpCp + K1C1) (2)
where

r = reaction rate for "dual site” adsorption,
r' = reaction rate for "single site" adsorption,

Cp = concentration of dissolved oxygen,

Ct = concentration of dissolved inert gas,
Ko = adsorption equilibrium constant for oxygen, and
K1 = adsorption equilibrium constant for inert gas.

Plotting the data of Table III together with the derived
equations (Fig. 8) indicates that the adsorption mechanism is consist-
ent with experimental data. However, it must be emphasized that this
does not prove the validity of the mechanism. It merely indicates
that the proposed mechanism is possible according to this set of experi-
mental data. The single~site adsorption mechanism, although showing
greater deviation, can not be eliminated on the basis of these data.

Oxidation rates in both vapor and liquid phase runs do not
appear to be limited by oxidation products. Rates are constant for
long periods of time, Visible build-up of oxidation products in vapor-
phase oxidations do not influence rate. The desorption of oxidation
products by adsorbed water is a continuous and effective mechanism for
renewing "reactive site" on the pyrite surface.

The presence of dissolved nitrogen reduces the rate of oxida-
tion slightly as shown in Table ITI. The rate data are not so consist-
ent that a reliable value for Ky can be calculated.

Since the adsorption of oxygen occurs in an aqueous medium
and since the presence of nitrogen reduces oxidation rate, it is likely
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that physical rather than chemical adsorption on "reactive sites” is
involved. It is unusual for chemisorption to occur from highly polar
solvents. Also, if oxygen were chemisorbed, nitrogen would have no
effect on rate. At the same time it may not seem likely that nitrogen
could compete with oxygen in an aqueous solution for physical adsorption
on a relatively nonadsorptive material like pyrite. However, adsorption
isotherms for nitrogen on sulfur ball pyrite (see Fig. 34) show a rela-
tively strong adsorption, compared to adsorption on museum grade pyrite.

It was recognized that a more critical study was needed of
the effect of nitrogen on the reaction since the manner in which nitro-
gen and oxygen are adsorbed is of fundamental importance to inhibition
and mechanism studies. Therefore a high-pressure liguid-phase oxida-
tion investigation was made to quantitatively evaluate the effect of
nitrogen partial pressure on oxidation rate.

High Pressure Oxygenation

Equipment similar in concept to that shown in Fig. 4 was redesigned
to operate at 25 atm. Instead of a leveling bottle to control the mano-
meter liquid level, a displacement piston was used to position the mano-
meter fluid.

The experiment was divided into two phases. During the first phase,
oxidation rates as a function of oxygen dissolved in the liquid were
determined. The second phase consisted of studying the effect of an
inert gas (nitrogen) on the oxidation rate of pyrite.

All experimental runs were carried out at 25°C. The oxidation
rates were recorded as ugoz/g/hr consumed, where gram refers to one
gram of pyritic material. The runs are numbered in the sequence in
which they were performed.

First, the agitation rate which would eliminate the diffusional
resistance was determined. No direct measurement was taken of the
degree of agitation, but it was set at a rate such that an increase in
agitation did not change the oxidation rate. The agitation rate, which
was determined at the highest oxidation rate, was then held constant
throughout the remainder of the experimental runs.

Table IV lists the experimental runs and the resulting oxidation
rates expressed in pg0, consumed/hr/g pyrite. One should notice the
two columns of oxidation rates; i.e., Oxidation Rate and Recalculated
Oxidation Rate. BSince the base rate runs indicated that the oxidation
rate changed slowly over a period of weeks, because of a loss of pyrite
and attrition of pyrite particles, the series of runs (Runs #3 - #17
and #21 - #27) involving pur