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EXECUTIVE SUMMARY

This report describes the work performed under U.S. Department of Energy Program Contract No.
DE-FG26-98FT40114, monitored by the National Energy Technology Laboratory (NETL), Pittsburgh,
PA. The project was conducted at the Department of Mining Engineering and the Center for Applied
Energy Research of University of Kentucky.  The program was for 12 months which began September
30, 1998.

The main objective of this project is to develop an innovative technique for integrated disposal of
pyrite and gypsum wastes.  To achieve this goal, pyrite (FeS2) was first concentrated from tailings
discharged from coal-cleaning operations by means of physical separation processes such as gravity
separation and flotation.  This is followed by three thermochemical reactions:

.2 SFeSFeS += (1)

FeS C CaO Fe CaS COo+ + = + + . (2)
(3)

Pyrite and gypsum were converted into marketable products such as lime, elemental sulfur and direct
reduced iron (DRI).  These reactions were investigated using thermogravimetric analysis (TGA) and the
tube furnace.

The results of the study are summarized as follows:
1. Pyrite can be effectively concentrated using Falcon Concentrator, froth flotation, or heavy

medium separation.  The Falcon Concentrator produced a pyrite concentrate of 71% grade at
90% recovery.  A 90% grade product was obtained at 50% recovery with froth flotation using
xanthate as pyrite collector and Areo 633 as depressant.  using heavy media separation was
used, 90% pure pyrite was obtained at 80% recovery.

2. TGA data has shown that pyrite decomposition to pyrrhotite (Reaction 1) can be completed in
about 5 minutes at 700oC.  The reaction rate increased with increasing temperature and reactant
purity and decreasing particle size.  The activation energy was between 118.0 and128.8 kJ/mol.
Similar results were obtained with the tube furnace at slightly higher temperature.

3. Direct reduced iron (DRI) can be produced from pyrrhotite in the presence of CaO under
reducing conditions (Reaction 2).  The optimal temperature for this reaction is 1000oC.  The
optimum stoichiometric ratio of the reactants is FeS:C:CaO = 1:2:2 which ensures the complete
conversion of FeS to DRI.  The activation energy calculated for the TGA was 263.0 kJ/mol.
Nitrogen gas atmosphere was found to be helpful in enhancing the completion of the reaction in
a tube furnace.

4. The Muller Kuhne reaction (Reaction 3) required a temperature above 1100oC  for a
reasonable reaction rate.  A stoichiometric excess of lime and carbon in initial mixtures
enhanced the rate of the iron production and increased the degree of reaction completion. The
Muller-Kuhne process was effective in converting gypsum to lime that can be recycled to FGD
processes.  The excess of CaSO4 significantly enhanced the kinetics and degree of completion
of the Muller Kuhne reaction.  Higher reaction rate was achieved with smaller reactant particle
size.

5. Magnetic separation can be used to separate DRI and calcium sulfide, producing a magnetic
product that recovers 97.5% iron and only 13.3% calcium and 11.3% sulfur.

).(443 24 reactionKuhneMullerSOCaOCaSOCaS −+=+
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INTRODUCTION

The 1990 Clean Air Act Amendments (CAAA) require coal-burning utilities reduce sulfur dioxide
(SO2) emissions to 1.2 lb per million Btu by the year 2000.  Pre-combustion coal cleaning and post-
combustion flue gas desulfurization (FGD) processes using lime or limestone are the primary means used
to achieve the compliance.  Coal cleaning produces cleaner and higher-calorie coal products for utilities
by reducing pyritic sulfur and other ash forming minerals.  FGD processes prevent sulfur dioxide formed
during coal combustion from releasing to air and forming acid rain.

Coal cleaning and FGD processes produce millions of tons of gypsum and pyrite wastes annually in
the coal-related energy industry. The American Coal Ash Association [1] reported that about 20 million
tons of FGD by-product gypsum (CaSO4) was produced in 1991.  U.S. Environmental Protection
Agency [2] predicts that about 50 million tons of FGD by-products will be produced by the year 2000
from burning high sulfur coal for generation of electricity using Clean Coal Technology (CCT).  FGD
processes also consume millions of tons of limestone and lime.  General Accounting Office [3] estimated
that 40% lime or 70% limestone produced in the U.S. is used for FGD processes.  Calcination of
limestone releases tremendous amounts of carbon dioxide into atmosphere as a greenhouse gas, which
is believed to cause global warming.  The binding treaty signed by the U.S. government on the 1997
International Conference on Global Climate Change in Kyoto, Japan requires a drastic reduction in
carbon dioxide emissions in the U.S.

Pyrite (FeS2) is ubiquitous in the earth’s crust and exists in significant quantities in many coal and
mineral (zinc, lead, copper, uranium, gold, silver, etc.) deposits.  The Commonwealth of Kentucky
produces about 40 million tons of high sulfur coal that contains about 7% pyrite. About half of pyrite in
the coal or 2.8 million tons is discarded into tailing ponds.  Other five major high sulfur coal producing
states, i.e., Illinois, Indiana, Ohio, Pennsylvania, and Virginia, generate similar amounts of pyrite wastes
[4].  It is estimated that about 10 million tons of pyrite is discarded every year from high sulfur coal
production in these six states.  Mining and processing of other minerals also produce huge amounts of
pyrite wastes.

Gypsum and pyrite wastes are currently landfilled although efforts have been made to use FGD by-
products in road construction, acid soil neutralization, material production, etc. [5].  Pyrite contains
heavy metals such as arsenic, cobalt, copper, lead, nickel, and zinc [6].  When pyrite waste is exposed
to air and ground water or rain in impoundments, it readily oxidizes, forming large amounts of acid and
releasing soluble toxic substances that pollute land and water sources.  The coal mining industry alone
spends about half billion dollars a year to neutralize acids produced from pyrite oxidation [7].  It is
estimated that pyrite-containing wastes pollute over 12,000 miles of river and streams and 180,000
acres of lakes and reservoirs in the U.S. [8].  Similarly, impoundment of gypsum wastes imposes the
risk of continuous leaching of environmentally undesirable constituents into the groundwater and
streams.  Landfilling of pyrite and gypsum wastes also occupies thousands of acres of land.  The
average size of a U.S. landfill encompasses 173 acres and has a potential capacity of six to seven million
tons [9].  This suggests that landfilling of 50 million tons of FGD by-products alone will consume more
than 1236 acres of land per year.  An environmentally sustainable approach to disposing of pyrite and
gypsum wastes is critical for continued existence and growth of coal-based energy industries.
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In this study, an integrated waste disposal process was developed to eliminate millions of tons of
gypsum and pyrite wastes by thermochemically converting them to marketable products such as lime,
direct reduced iron (DRI), elemental sulfur, and concentrated sulfur dioxide.

OBJECTIVES

The objective of this research program is to develop a novel integrated process to eliminate millions
of tons of gypsum and pyrite wastes generated annually by the U.S. energy industries and reduce the
emission of millions of tons of greenhouse gas carbon dioxide.  This was accomplished by converting
gypsum and pyrite wastes to marketable products such as lime, direct reduced iron (DRI), and sulfur
products and obviating the need to calcine millions of tons of limestone for use in utility scrubbers.
Specific objectives included:

1. Develop a novel, integrated process for utilizing two major wastes generated by mining and energy
industries to produce lime for recycling and other marketable products.

2. Study individual chemical reactions involved in pyrite decomposition, DRI production, and Muller-
Kuhne process for lime regeneration to determine optimum process variables such as temperature,
time, and reactant composition.

3. Investigate techniques for effective concentration of pyrite from tailing waste and methods for
effective separation of DRI from calcium sulfide.

BACKGROUND

High-sulfur coals are often pre-cleaned using physical separation techniques such as dense medium
separation and flotation prior to combustion to remove pyrite and other ash forming minerals, producing
millions of tons of tailings that contain a significant quantity of pyrite.  When this waste is dumped into a
tailing pond, pyrite oxidation takes place via the following electrochemical reactions in the presence of
air and water [10-11]:

nFeS n OH FeS n Fe OH n en2 33 2 2 2 3 2+ − = + − + −− −( ) ( ) ( ) ( ) . (4)

FeS H O Fe SO H e2 2
3

4
28 2 16 15+ = + + ++ − + − . (5)

The electrons released from anodic reactions (4) and (5) are often consumed by cathodic oxygen
reduction reaction (6) [12]:

O H O e OH2 22 4 4+ + =− − . (6)

 Reaction (4) represents the initial oxidation of pyrite and reaction (5) the aggressive oxidation in the
later stage.  Reaction (5) produces large amounts of acid which in turn leaches out hazardous metals
associated with pyrite such as arsenic, cobalt, copper, lead, mercury, nickel, and zinc, polluting land and
water resources [6].  This creates a liability for the coal and mineral mining companies.  Apparently,
disposal of pyrite wastes by impoundment is not an environmentally sustainable approach.

Flue gas desulfurization (FGD) of coal-burning power plants using lime or limestone can be
represented by the reaction [13]:
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., 2422
1

23422
1

2 COCaSOOSOCaCOorCaSOOSOCaO +=++=++ (7)

Although efforts have been made to use FGD by-product gypsum (CaSO4) in road construction, acid
soil neutralization, material production, etc. [5], FGD by-products are often impounded on land.
Millions of tons of FGD by-products produced from coal-burning power plants occupy thousands of
acres of land and are a major source of environmental contamination [9].

The investigated process utilized both pyrite and gypsum wastes to regenerate lime for FGD
processes and simultaneously produce some salable products, including direct reduced iron (DRI) and
sulfur products (concentrated SO2 and elemental sulfur).  If fifty (50) million tons of gypsum and thirteen
(13) million tons of pyrite wastes produced annually by the year 2000 [2] are treated using this
approach, land and water pollution problems caused by these wastes will be eliminated.  Moreover,
twenty one (21) million tons of lime, seven (7) million tons of DRI, thirty one (31) million tons of
concentrated sulfur dioxide, and four (4) million tons of elemental sulfur will be produced.  The process
obviates the need to calcine thirty seven (37) million tons of limestone needed for FGD process by the
year 2000 [2].  As a result, a net reduction of eleven (11) million tons of greenhouse gas (carbon
dioxide) will be achieved.  This integrated approach of waste utilization will help mining companies and
utilities reduce waste disposal costs by billions of dollars and operate in an environmentally sustainable
system.

The process primarily consisted of four steps:

1. Pyrite (FeS2) is concentrated from tailings discharged from coal-cleaning operations.  This can
be achieved by physical separation processes such as gravity separation and flotation [14].
These processes are based on the difference in specific gravity of pyrite and other tailing
components, surface hydrophobicity, surface charge, and interactions with the chemical reagents
added [15-16].  The most effective gravity concentrator for pyrite separation from coal may be
the Falcon Concentrator [17-18], which has been extensively tested for coal cleaning.

2. Pyrite is thermally decomposed to pyrrhotite (FeS) and elemental sulfur:

FeS FeS S2 = + . (8)

This reaction requires a non-oxidizing atmosphere and a temperature of 650-700oC for
favorable kinetics [19].  The labile sulfur vapor from the decomposition of pyrite will be
removed by condensation.  The composition of pyrrhotite produced depends on the reaction
temperature, retention time, and particle size of pyrite.

The process of thermal decomposition of pyrite has been studied by several investigators
[19-21].  It is known that pyrite is readily decomposed above 650oC under non-oxidizing
conditions.  Mehta and O’Kane [20] reported a S/Fe ratio in the pyrrhotite equal to 1.15.
Their results show that about 42% of sulfur can be removed by thermal decomposition, which is
confirmed in our preliminary studies.

3. Pyrrhotite is reacted with lime in a reducing environment at 900-1000oC to form calcium sulfide
and direct reduced iron (DRI) [22]:

FeS C CaO Fe CaS COo+ + = + + . (9)
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Steps 2 and 3 can be accomplished as a two-stage fluidized-bed process with reaction (8)
as the first stage and reaction (9) as the second stage.  The hot off-gas, rich in CO from the
second stage would provide the enthalpy for the first stage of reactions.

Production of iron and CaS from pyrite by reduction with lime was piloted by Phelps
Dodge to precipitate copper from dump-leach solutions containing copper sulfate [23].  It was
found that under neutral or slightly reducing conditions and at about 850o C, pyrite with 2 mole
ratios of lime produced a CaS precipitant and inert iron oxide according to the reaction:

6 12 11 22 3 4 4FeS CaO CaS Fe O CaSO+ = + + . (10)

Under highly reducing conditions using charcoal or coal and at a temperature of about 950o

C, the prefered precipitant comprising metallic iron and CaS was produced as shown in the
reaction:

FeS CaO C CaS Fe COo
2 2 2 2 2+ + = + + . (11)

Use of lime for enhancing the direct reduction of metal sulfides to form the metal and
calcium sulfide has been extensively studied using hydrogen as the reductant [24-28].  The
generalized overall reaction is written as:

MS H CaO M CaS H O+ + = + +2 2 . (12)

where M represents metal.  Results showed that mineral sulfides of copper, nickel, cobalt, and
iron respond with comparable kinetics in the temperature range of 700 to 900o C.

The mechanical separation of the iron product produced in reaction (9) is necessary for the
process to proceed.  Magnetic separation was applied successfully to separate sponge iron and
iron-nickel alloy from calcium sulfide following reductions of a pentlandite concentrate with
hydrogen in the presence of lime [26,29,30].  However, no work has been reported on the
separation of iron from calcium sulfide produced by pyrrhotite reduction by coal in the presence
of calcium oxide.

4. Calcium sulfide is employed as a reductant to react with gypsum wastes to produce lime and
sulfur dioxide at temperatures of about 900oC:

CaS CaSO CaO SO Muller Kuhnereaction+ = + −3 4 44 2 . ( ) (13)

The Muller Kuhne reaction of calcium sulfate with sulfide is primarily involved in the
industrial production of cement clinker by the addition of fly ash and sand to react with the CaO
[31].  The individual reactions in this process are:

CaSO C CaS CO4 22 2+ = + . (14)

CaS CaSO CaO SO+ = +3 4 44 2 . (15)

8 22 2 7 3 5 2 2 5CaO Al Si O Ca SiO Ca Al O+ = +( ). (16)

where (2Ca3SiO5+Ca2Al2O5) represents simplified clinker composition.

Production of lime and elemental sulfur as end-products from gypsum was commercialized
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by Elcor using a variation of the Muller-Kuhne chemistry conducted in a vertical kiln using
natural gas as reductant [32].  The reactions can be summarized as follows:

2 2 24 2 2 2 2CaSO H CO CaO SO H O CO+ + = + + + . (17)

CaSO H CO CaS H O CO4 2 2 22 2 2 2+ + = + + . (18)

CaS H O CO H S CaCO+ + = +2 2 2 3 . (19)

2 22 2 3 2H S SO S H O+ = + . (20)

Reactions (17) and (18) took place in the kiln and reaction (19) in aqueous solution.

Wheelock and Boylan [33] used another variation of the Muller-Kuhne chemistry in
fluidized bed reactors using both anhydrite and natural gypsum.  The net reaction can be
represented by reaction (17).  A conversion of 96% of the calcium sulfate to lime and sulfur
dioxide was achieved at a reaction temperature of about 1200oC.

The overall thermochemical reaction of the proposed process obtained by combining
reactions (8), (9), and (13) can be represented by:

.43

3

22

22
1

42

COSSOCaOFe

OCCaSOFeS
o ++++=

+++
(22)

Reaction (22) indicates that one mole of FeS2 (120 g) will react with three moles of CaSO4

(408 g) to convert pyrite and gypsum wastes to one mole of Fe (56 g), three moles of CaO
(168 g), four moles of SO2 (256g), and one mole of elemental sulfur (32g).  The most significant
product from reaction (22) is CaO that will be fed back to the FGD process.   The overall
process discussed above is schematically shown in Figure 1.

A very important feature of reaction (22) is that it produces only one mole of greenhouse
gas CO2 for every three moles of CaO.  In contrast production of CaO by calcination of
limestone will generate one mole of CO2 for every mole of CaO as shown in reaction (23):

CaCO CaO CO3 2= + . (23)

This shows that regeneration of CaO from gypsum and pyrite wastes can reduce two thirds of
carbon dioxide emission compared to the conventional limestone calcination process.  The
environmental benefits of the new process are tremendous.  It not only eliminates millions of tons
of solid wastes, but also reduces millions of tons of greenhouse gas.  The production of twenty-
one million tons of lime needed for the FGD process by the year 2000 [2] from fifty million tons
of gypsum waste using the proposed process, rather than calcining thirty seven million tons of
limestone, would cut greenhouse gas emission by eleven million tons.

The individual reaction processes described above have extensive experimental and some
commercial background; however, the integrated concept has no precedent.  A systematic investigation
of all reactions involved in the process was conducted to establish the technical feasibility of the
proposed process.
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Pyrite Concentration

Thermal Decomposition
(650-700o C)

Reduction with Lime
(900-1000o C)

Physical Separation of
CaS/Fe

Muller-Kuhne Reaction
(1000-1200o C)

FeS2

FeS

CaS/Fe

Direct Reduced Iron

CaS

Coal

Elemental Sulfur Product

Lime Recycle

Alternative Sulfur
Products (SO2)

Pyrite Waste FGD Waste

Figure 1.  Schematic illustration of proposed pyrite/FGD gypsum waste disposal process.
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EXPERIMENTAL

Material

Chemical grade CaSO4, carbon black, CaO and CaS were purchased from Fisher Scientific.
Specimen-grade pyrite and pyrrhotite from Zacatecas, Mexico, were obtained from Ward's Natural
Science Est., Inc.  The mineral pyrite and pyrrhotite contain >99.5% FeS2 and FeS, respectively.

Samples of pyrite waste and FGD gypsum waste were obtained from the pyrite rejection machine
and flue gas scrubber, respectively, of an LG&E midwestern power plant.   The gypsum sample was in
the form of slurry which contained 15.29% solids, 223.6 mg/g Ca2+, 1.22 mg/g Mg2+, 356.38 mg/g
SO4

2-.  The slurry pH was 5.83.  The water was decanted after solids settled and the sample was dried
at room temperature.  The pyrite sample that contained about 54% pyrite was crushed and screened to
different size fractions prior to its use.

Instrumentation and experimental procedures

TGA tests: A Dupont 2000 Thermogravimetric Analyzer was used for the theoretical study of
reaction kinetics.  For each TGA test, about 40 mg of sample was used.  The reaction completion was
reported automatically by the percent weight remained in the sample pan monitored by a computer.
Nitrogen gas was purged during the entire reaction duration to prevent oxidation of the reactants and
products.  The disadvantage of this procedure was that the temperature can only be adjusted after the
sample was introduced to the reaction chamber.  Hence, the actual starting temperature of the sample
chamber was the room temperature rather than the desired decomposition temperature.  As a result,
some degree of reaction had already occurred by the time the reaction chamber reached the desired
decomposition temperature even though the temperature increase was pre-set at the highest rate.  To
truly reflect the weight loss occurred at the desired temperature, the temperature of the reaction
chamber was also monitored as a function of time.  The weight loss before reaching the desired reaction
temperature was subtracted from the initial weight of the sample, and the percentage weight loss was re-
calculated using the weight at which the temperature reached the desired value as the initial total weight.

Tube Furnace: A Lindburg Tube Furnace from General Signal Inc. was used for the larger scale
reaction kinetics study.  For each test, about 20 grams of reactant was placed in a ceramic boat which
was 16 mm in width, 80 mm in length and 12 mm in height.  The furnace was pre-heated to the desired
temperature before the boat was introduced to the reaction zone.  After the pre-determined reaction
time, the boat was pushed to the cooling zone for >20 minutes before taking out of the furnace to
prevent the oxidation of the reactants and products that may occurr during cooling in air.  Nitrogen gas
was purged through the tube during the reaction duration. The product was weighed and analyzed after
each test.
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RESULTS AND DISCUSSION

Concentration of Pyrite

Three different processes were employed to concentrate pyrite from the pyrite waste sample.
They included the Falcon Concentrator, froth flotation, and heavy medium separation.

The Falcon Concentrator

Figure 2 shows the processing flowsheet used for the centrifugal concentration of pyrite using an
SB4 Falcon Concentrator.  It consisted of the rougher, three scavengers, and the cleaner.  Bowl speed
of 3000 rpm and water pressure of 3 psi were used for the rougher and scavengers.  The concentrate of
the rougher was subjected to further cleaning using 1200 rpm bowl speed and 3 psi water pressure.
The particle size of the pyrite sample was –60+325 mesh.  The solid content of the original feed was
33% by weight.

Figure 3 shows the results of pyrite recovery as a function of grade obtained using the multiple
stages of Falcon Concentrator concentration shown in Figure 1.  A concentrate grade of 65% can be
achieved at ~95% recovery.  Increase in the grade to ~71% reduced the recovery to ~40%
.

Figure 2. Pyrite concentration flowsheet using Falcon Concentrator.

Pyrite
1000 g
33% solid

Roughing

3000 rpm
3 psi

Light Light
(T2)

Heavy
(C4)

Light

Heavy
(C3)

Light

Heavy
(C2)

Light
(T1)

Heavy
(C1)

Cleaning

1200 rpm
3 psi

Scavenging

3000 rpm
3 psi

Scavenging

3000 rpm
3 psi

Scavenging

3000 rpm
3 psi
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Figure 3. Grade-recovery curve for pyrite concentration using Falcon Concentrator

Figure 4 shows the effect of decreasing the bowl speed on pyrite concentration performance in
a single stage, i.e., rougher.  When 30 Hz bowl speed was used, the grade of pyrite was 71% at 91%
recovery after one stage of cleaning.  Further decrease in bowl speed to 20 Hz was detrimental to the
separation performance.

30 Hz
3 psi

Pyrite
400 g
33% solid

Light
(T1)

Heavy
(C1)

Pyrite%   Wt% Recovery%

  16          29    8.54

  70           71    91.46

 54.34Head Sample

20 Hz
3 psi

Pyrite
400 g
33% solid

Light
(T1)

Heavy
(C1)

Pyrite%   Wt% Recovery%

  35.4        34    22.4

  63.2        66    77.6

 53.75Head Sample
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Figure 4. Effect of bowl speed on the separation performance.

Dense Medium Separation

Since pyrite has a specific gravity of about 5.8, significantly greater than that of gangue components
such as coal, carbonates, silicates, dense medium separation may offer an effective technique for
separation of pyrite from gangue minerals.  Figure 5 shows the effect of specific gravity of the dense
medium on the recovery and grade of pyrite.  A mixture of bromoform and acetone at different ratios
was used as the dense medium.  The particle size of the sample was –100 mesh.  As can be seen from
the figure, a product with 90% pyrite can be obtained at ~80% recovery using a 4.25 specific gravity
medium.
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Figure 5. Effect of the specific gravity of the medium on the recovery and assay of the pyrite

Froth Flotation

The concentration of pyrite may also be achieved by froth flotation using xanthate as pyrite
collector and Aero 633 (starch) as depressant.  Figure 6 shows the effect of xanthate and Aero 633
dosage on the pyrite grade.  It can be seen that using 500 g/ton of xanthate and 150 g/ton of Aero
633, a pyrite product with 90% purity can be obtained.  Higher dosages of xanthate and Aero 633
produced higher pyrite grade.
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Figure 6. Effect of xanthate and Aero 633 dosages on the pyrite grade using flotation.

Thermochemical Study using TGA

The effect of temperature, sample purity and reactant ratio on the kinetics of individual
thermochemical reactions was investigated using TGA.  All the results reported in this section were
obtained using –100 mesh pyrite samples.

Pyrite Decomposition ( .2 SFeSFeS += )

Figure 7 shows the effect of temperature on the decomposition of pure pyrite using TGA.  As can
be seen, the reaction reached 95% completion in less than 2 minutes at 700oC while the time for 95%
completion tripled to 6 minutes at 650oC.  When the temperature was further decreased to 600oC the
reaction reached about 92% completion after 30 minutes.

When 90% or 70% grade pyrite concentrate samples were used as the reactant the reaction rate
was slower compared to pure pyrite mineral, as shown in Figures 8 and 9, respectively.  It can also be
seen from the figures that when 90% or 70% grade pyrite was used as reactant, the maximum
completion was 97% and 92%, respectively.  This may be because the impurities covering the pyrite
surface prevented the complete decomposition of pyrite.
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Figure 7. Effect of temperature on decomposition rate of pure pyrite using TGA.
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Figure 9. Effect of temperature on decomposition rate of 70% pyrite using TGA.

The effect of pyrite purity on the activation energy for pyrite decomposition is shown in Figure 10.
As can be seen from this figure, when pure pyrite was used, the activation energy was determined to be
118.0 KJ/mol.  Decrease in pyrite purity to 90% and 70% increased the activation energy slightly to
126.1 kJ/mol and 128.8 kJ/mol, respectively.

10.0 10.5 11.0 11.5 12.0
1.0

1.5

2.0

2.5

3.0

3.5

4.0

TGA, reaction 1

 70% pyrite, 128.8 KJ/mol
 90% pyrite, 126.1 KJ/mol
 pure pyrite, 118.0 KJ/mol

ln
 K

, %
 c

om
pl

et
io

n 
pe

r m
in

ut
e

104 /T, K- 1

Figure 10. Activation energy for reaction 1 using pyrite sample with different purity.
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Chemical analysis performed to characterize the product formed during the reaction showed that the
product had a Fe/S ratio of ~1.03, indicating that the product was most likely to be pyrrhotite
(FeS).

Pyrrhotite Reduction to Iron( .COCaSFeCaOCFeS o ++=++ )

Figure 11 shows the effect of temperature on the reaction kinetics of pyrrhotite reduction in the
presence of CaO using pyrrhotite derived from pure pyrite. As the temperature increased, the reaction
rate increased significantly.  At 1100oC, the reaction reached 95% completion in ~17 minutes.
Decreasing the reaction temperature decreased the reaction rate.  At 950oC, the maximum reaction
completion was <70% even after 140 minutes.  The activation energy of the reaction was determined to
be 263.0 KJ/mol (Figure 12).
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Figure 11. Effect of temperature on the kinetics of Reaction 2 using pyrrhotite derived from pure
pyrite conducted using TGA.  The reactant ratio is FeS:CaO:C = 1:1.1:1.1
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Figure 12. Activation Energy of pyrrhotite reduction calculated from Figure 11.

Figure 13 shows the X-ray diffraction (XRD) pattern of the reaction product obtained after 65
minutes of reaction at 1000oC.  The pattern consists of strong intensity peaks corresponding to
calcium sulfide (C) and α-iron (D) and weak peaks of unreacted pyrrhotite (E), suggesting most
reactants were converted to the products shown in reaction (2) and unreacted pyrrhotite is only in a
small quantity.

Figure 13. XRD (Cu Kα1 radiation, λ=0.15406 nm) pattern of reaction products.

Although the reaction rate was much faster at 1100oC, the DRI produced at this temperature was
molten, making it difficult to separate the DRI from the product mixture.  Hence, 1000oC was used for
pyrrhotite reduction in the following tests.

Figure 14 shows the effect of the stoichiometric ratio of the reactants on the rate of Reaction 2 using
pyrrhotite derived from pure pyrite.  The particle size of the mixture was –325 mesh.  Reaction
temperature was 1000oC.  When the reactant ratio for FeS:CaO:C was 1:1:1, the maximum reaction
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completion of 85% was achieved.  Increasing the FeS:CaO:C ratio to 1:2:2 increased the maximum
reaction completion to >97% which was achieved in 35 minutes at 1000oC. Thus, it appears that excess
of CaO and the reductant carbon was helpful in increasing the kinetics of the reaction and achieving
maximum reaction completion.

Figures 15 and 16 show the effect of the stoichiometric ratio of the reactants on the rate of Reaction
2 using pyrrhotite derived from 90% pyrite and 70% pyrite, respectively.  Since chemical analysis
showed that the grade of the pyrrhotite derived from 90% pyrite and 70% pyrite was 88% and 70%,
respectively, the stoichiometric ratio shown in Figures 15 and 16 was adjusted for the reactant impurity.
Similar to Figure 14, the optimal reactant ratio was FeS:CaO:C = 1:2:2 in both cases, which gave 95%
completion in 35 minutes.
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Figure 14. Effect of initial composition on the reaction rate for Reaction 2 at 1000oC.
The stoichiometric ratio of FeS:CaO:C is 1-(1:1:1); 2-(1.1: 1.1: 1.1); 3-(1:1.1:2); 4-
(1:1.5:1.5); 5-(1:2:1.1); 6 (1:2:2)
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Figure 15. Effect of initial composition on the rate of reaction (88% FeS) (TGA)
The stoichiometric ratio of FeS:CaO:C is 1-(1:1:1); 2-(1.1: 1.1: 1.1); 3-(1:1.1:2); 4-
(1:1.5:1.5); 5-(1:2:1.1); 6 (1:2:2)
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Figure 16. Effect of initial composition on the reaction rate of (%70 FeS/CaO) (TGA)
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The stoichiometric ratio of FeS:CaO:C is 1-(1:1:1); 2-(1.1: 1.1: 1.1); 3-(1:1.1:2);
4-(1:1.5:1.5); 5-(1:2:1.1); 6-(1:2:2)

Muller Kuhne Reaction ( )443 24 SOCaOCaSOCaS +=+

The effect of temperature on the kinetics of Muller Kuhne reaction using pure reactants is shown in
Figure 17.  The reactant ratio is CaS:CaSO4 = 1:3.  The results showed strong dependence of the
reaction rate on temperature.  At 1000oC the reaction reached 68% completion in more than two hours,
while at 1150o C 95% completion was reached in 30 minutes.  The activation energy was determined to
be approximately 214.3 kJ/mol (Figure 18).

When impure gypsum waste sample was used for the reation (Figure 19), the reaction reached 60%
completion after two hours.  The maximum reaction completion of 92% was achieved at 1150oC in 30
minutes.  The activation energy was calculated to be 228.1 kJ/mol (Figure 20).

Figures 21 and 22 show the effect of the reactant ratio CaS:CaSO4 on the reaction rate at 1100oC
using pure reactants and impure reactants, respectively.  In both cases, excess amount of CaSO4 was
found to increase the reaction rate as well as the maximum reaction completion.  The reactant ratio of
CaS:CaSO4=1:6 resulted in 98% reaction completion with pure reactants and 95% reaction completion
with impure reactants at 25 minute reaction time.
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Figure 17. Effect of temperature on the rate of reaction of 3rd stage.  CaS:CaSO4 = 1:3
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Figure 18. Activation Energy of Reaction 3 using pure reactants.
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Figure 19. Effect of temperature on the rate of reaction of Reaction 3.  CaS: CaSO4 = 1: 3
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Figure 20. Activation Energy of Reaction 3 using impure reactants.
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Figure 21. Effect of stoichiometric ratio CaS:CaSO4 on the rate of Reaction 3 using pure
reactants.
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Figure 22. Effect of stoichiometric ratio CaS:CaSO4 on the rate of Reaction 3 using impure
reactants.

Thermochemical Study Using Tube Furnace

Based on the results and condition obtained using TGA, thermochemical reactions were performed
in tube furnace to investigate the effect of temperature, particle size and reactant ratio on reaction
kinetics.  For each test, ~20 grams sample of reactant(s) was used.

Pyrite Decomposition ( .2 SFeSFeS += )

Figures 23 to 25 show the effect of temperature on the decomposition of pure mineral pyrite, 90%
and 70% concentrated pyrite in the tube furnace, respectively. As can be seen from these figures, the
temperature required to reach the same reaction completion was higher with the tube furnace than with
TGA.  For example, at 700oC the reaction reached 95% completion in 3 minutes with TGA but only
85% in one hour with the tube furnace.  The maximum reaction rate was reached at a temperature of
850oC for all the three pyrite samples.  This may be because that large amount of sample was used in
tube furnace reaction (20 grams as compared to 40 mg with TGA) and pyrrhotite formed masked the
unreacted pyrite surface, preventing the further decomposition of the remaining pyrite.  The activation
energy was 91.7-96.4 kJ/mol (Figure 26).
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Figure 23. Effect of temperature on the kinetics of Reaction 1 using pure pyrite in tube furnace
(with 0.5 l/min N2 gas).

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0
0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

9 0

100

90%  Pyrite
Tube Furnace.

 600 oC

 650 oC

 700 oC

 750 
o
C

 800 
o
C

 850 
o
C

R
ea

ct
io

n 
C

om
pl

et
io

n,
 %

Time, min

Figure 24. Effect of Temperature on reaction rate for Reaction 1 using 90% pyrite in tube
furnace.  (0.5 l/min N2 gas)
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Figure 25. Effect of Temperature on reaction rate of Reaction 1 using 70% pyrite in tube
furnace.  (0.5 l/min N2 gas)
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Figure 26. Activation Energy of Reaction 1 conducted using tube furnace.

Figures 27 to 29 show the effect of reactant particle size on the kinetics of Reaction 1 using pure, 90%,
and 70% pyrite, respectively, as reactant in the tube furnace.  In all cases, decreasing the particle size
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increased the reaction rate and maximum completion.  This is because the finer the particle size, the
larger the surface area, and hence the faster the reaction rate.
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Figure 27. Effect of particle size on the rate of pyrite decomposition in tube furnace. (800oC,
0.5 l/min N2)
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Figure 28. Effect of particle size on the rate of 90% pyrite decomposition in tube furnace.
(800oC, 0.5 l/min N2)
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Figure 29. Effect of particle size on the rate of 70% pyrite decomposition in tube furnace.
(800oC, 0.5 l/min N2)

For tube furnace reaction, the nitrogen flow rate had some effects on the degree of decomposition
of pyrite to pyrrhotite, as shown in Figure 30.  The nitrogen gas flow rate was maintained at 0.5 l/min in
all the tests discussed below.
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Figure 30. Effect of nitrogen gas flow rate on the rate of pyrite decomposition. (30 min, 800oC)

Pyrrhotite Reduction to Iron( .COCaSFeCaOCFeS o ++=++ )

Figure 31 shows the effect of temperature on the reaction kinetics of Reaction 2 in the tube furnace.
The reactant ratio was FeS:CaO:C = 1:1.5:1.5.  Similar to the TGA tests, the reaction rate increased
with increasing temperature.  The reaction reached 95% completion in 30 minutes at 1100oC.  The
activation energy (Figure 32) calculated from the data in Figure 31, is lower than that determined from
the TGA data.
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Figure 31. Effect of temperature on rate of Reaction 2 in tube furnace.
(FeS: CaO: C = 1: 1.5: 1.5, N2 gas flow = 0.5 l/min)
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Figure 32. Activation Energy of Reaction 2 in tube furnace using pyrrhotite derived from pure
pyrite. (FeS: CaO: C = 1: 1.5: 1.5, N2 gas flow = 0.5 l/min)

The effect of the stoichiometric ratio of the reactants on the kinetics of Reaction 2 using tube
furnace is shown in Figure 33.  The pyrrhotite was produced from pure pyrite and reaction
temperature was 1000oC.  Similar to the TGA tests, excess CaO and reductant carbon
increased the reaction rate and maximum reaction completion.  The reactant ratio of
FeS:CaO:C = 1:2:2 provided >92% reaction completion in less than an hour at 1000oC.
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Figure 33. Effect of stoichiometric ratio of reactants FeS:CaO:C on the rate of Reaction 2 in
tube furnace.  (temperature = 1000oC, N2 gas flow rate = 0.5 l/min)
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Muller Kuhne Reaction ( )443 24 SOCaOCaSOCaS +=+

Figure 34 shows the effect of temperature on the kinetics of Reaction 3 in the tube furnace using
pure reactants at the stoichiometric ratio of CaS:CaSO = 1:3.  Similar to the TGA tests, the reaction
rate increased with increasing reaction temperature. The reaction reached >90% completion in <70
minutes at 1150oC.  The activation energy for Reaction 3 in the tube furnace was calculated to be 100.3
kJ/mol, as shown in Figure 35.  Figures 36 and 37 show similar results obtained with impure reactants.

The effects of reactant ratio on the kinetics and reaction completion for Reaction 3 in tube furnace at
1100oC using pure and impure reactants are shown in Figures 38 and 39, respectively. Increasing the
CaS:CaSO4 ratio slightly decreased the reaction rate and reaction completion for this reaction.  In the
case of pure reactants, decreasing the reactant ratio CaS:CaSO4 from 1:3 to 1:6 led to a slight increase
in reaction completion from ~90% to 95% in 75 minutes at 1150oC. With the impure reactants the
reaction completion increased from 82% to 90% when the CaS:CaSO4 ratio decreased from 1:3 to 1:6.
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Figure 34. Effect of temperature on the reaction rate of Reaction 3 in tube furnace.  (CaS:
CaSO4 = 1:3, pure reactants)
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Figure 35. Activation Energy of Reaction 3 in tube furnace using pure reactants.
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Figure 36. Effect of temperature on the reaction rate of Reaction 3 in tube furnace. (CaS:
CaSO4 = 1:3, impure reactants)
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Figure 37. Activation Energy of Reaction 3 in tube furnace using impure reactants.
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Figure 38. Effect of stoichiometric ratio CaS:CaSO4 on the reaction rate of Reaction 3 in tube
furnace. (temperature = 1100oC, pure reactants)
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Figure 39. Effect of stoichiometric ratio CaS:CaSO4 on the reaction rate of Reaction 3 in tube
furnace. (temperature = 1100oC, impure reactants)

Separation of DRI from the Reaction 2 Product Mixture

To effectively separate DRI from the mixture of the Reaction 2 products, experiments were
conducted to study the effect of five parameters on the separation performance using Davis Tube
magnetic separator.  These parameters include current density, feed rate, solid content, tube stroke
speed, and the temperature of Reaction 2.  The purity of the DRI was measured by the total sulfur
content in the processed DRI.  The pyrrhotite used in Reaction 2 was derived from pure pyrite.

Figure 40 shows the effect of the current density on the purity of the DRI at different reactant ratio.
As can be seen in the figure, the sulfur content in DRI was about 6% at 0.2 A current density.  Increase
in the current density increased the impurity level of the DRI.  The excess lime and carbon in Reaction 2
was helpful in improving the DRI grade by magnetic separation.
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Figure 40. Effect of magnetic intensity on sulfur content in DRI product at different reactant ratio
FeS:CaO:C at 1000oC.  (feed rate = 100 ml/min, speed = 100 stroke/min, solid
content = 10%)

Figures 41-44 show the effect of feed rate, solid content, and stroke speed on the grade of DRI
using magnetic separation, respectively.  The optimal conditions for the separation are current density =
0.2 A, speed = 100 stroke/min, solid content = 10%, feed rate = 100 ml/min, Reaction 2
temperature=1000oC, and reactant ratio FeS:CaO:C = 1:2:2.
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Figure 41. Effect of feed rate on sulfur content in DRI product at 1000oC.  (current intensity = 0.2 A,
speed = 100 stroke/min, solid content = 10%)
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Figure 42. Effect of solid percentage on sulfur content in DRI product at 1000oC.  (current density =
0.2 A, speed = 100 stroke/min, feed rate = 100 ml/min)
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Figure 43. Effect of magnetic separator speed on sulfur content in DRI product at 1000oC.  (feed rate =
100 ml/min, current intensity = 0.2 A, solid content = 10%)
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Figure 44. Effect of temperature on sulfur content in DRI product. (current density = 0.2 A, speed =
100 stroke/min, solid content = 10%, feed rate = 100 ml/min)
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CONCLUSIONS

Base on the results shown above, the following conclusions are made:

• The TGA and tube furnace study demonstrated that pyrite and gypsum wastes can be converted
into iron, lime, and sulfur products using a thermochemical process.  The overall reaction can be
represented by:

• The overall reaction was accomplished in three consecutive steps that included pyrite decomposition
to pyrrhotite, reduction of pyrrhotite to iron, and the Muller Kuhne reaction.  Higher temperature
increased the rate of all the thermochemical reactions involved.

• Pyrite can be effectively concentrated using the Falcon Concentrator, froth flotation, or dense
medium separation.  The Falcon Concentrator may be the most economical process.

• Thermochemical studies conducted in tube furnace show that the reaction kinetics for each
thermochemical reaction was more dependent on temperature than on particle size and reactant
ratio.

• Optimal reaction temperature for three individual reactions using tube furnace are 850, 1000 and
1150oC, respectively and the optimal reaction time 20, 30, 50 minutes, respectively.

• A stoichiometric excess of lime and carbon in initial mixtures enhanced the rate of iron production
and increased the degree of reaction completion.

• The Muller-Kuhne process was effective in converting gypsum to lime that can be recycled to FGD
processes.  The excess of CaSO4 significantly enhanced the kinetics and degree of completion of
the Muller Kuhne reaction.

• Finer particle size resulted in faster reaction kinetics in tube furnace reactions.

• DRI can be effectively separated from calcium sulfide using magnetic separation.  The sulfur content
of DRI was reduced to less than 6% in a single stage of magnetic separation.  Use of multiple stages
of magnetic separation can further lower the sulfur content in the DRI product.
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