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B. OBJECTIVES 
1. O v e d  Objective: 

effective coating on pyrite surfaces for inhibiting pyrite oxidation. 

2. Broad Objectives: 
a. To evaluate the mechanisms by which a stable silica coating can be produced on the 

surface of pyrite/pyritic coal waste using reagent grade sodium silicate. 
b. To evaluate alternative oxidants (Na-hypochlorite or Ca-hypochlorite vs. hydrogen 

peroxide) and pH buffers (acetate vs. bicarbonate) for the most cost effective silica coating 
process. 

c. To evaluate the most effective method (based on results from "objective a and b") in 
establishing silica coatings employing fly ash as silica source. 

d. To evaluate durability of coating produced a) by sodium metasilicate, and b) by fly ash; 
compare coating performance results with results obtained from control treatments and 
traditional limestone treatments. 

To develop methodologies by which sodium metasilicate or fly ash ma 

3. Milesfones: 
First six-month: Characterize pyrite surface reactions for understanding pyrite coating 

establishment. Start a preliminary outdoor leaching-column experiment using 10 kg mine pyritic 
spoil treated with silicates to evaluate potential application of coatings on a large scale. 

Second six-month: Characterize silicate-iron reactions in solution and on pyrite surface 
for understanding pyrite silica-coating formation. 

Third six-monrh: Evaluate pyrite surface deposition of silicate having Na-silicate or fly 
ash as source. 

Fourth six-month: Evaluate silicate coating durability in small laboratory and large 
outdoor columns. 
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C. ACCOMPLXSHMENTS 

1. Pyrife Sufl'e Reactivity 
Laboratory data have shown that nonmicrobial pyrite oxidation increases with increasing 

C032- concentration (Hood, 1991). The mechanism of this phenomenon is not well understood 
and direct molecular evidence is lacking. Currently, using FT-IR spectroscopy, we are trying to 
elucidate the surface phenomena involved in enhancing pyrite oxidation through carbonate and 
to employ the understanding of these phenomena in producing effective pyrite silicate coatings. 

We are proposing two hypotheses for explaining enhancement of pyrite oxidation by 
carbonate. In the first hypothesis we are postulating formation of a carboxylic group on the 
surface of pyrite. This carboxylic group acts as an Fez+ ligand which increases the basicity of 
Fe2+ and leads to rapid pyrite oxidation (Luther et al., 1992). The reactions are as follows: 

Fe - SA - SB: + C02 -> Fe - SA - SB: COO- 

Fe - SA - SB: COO- + Fe2+ --> Fe - SA - SB: COOFei 

0 2  
Fe - SA - SB: COOFe+ -> Fe - SA - SB: COOFe2+ 

This last species is highly unstable and decarboxylates spontaneously, therefore: 

Fe - SA - SB: Fe3+ -> Fe - SA - SB: Fe2+ 
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and formation of a free radical is produced leading to continuous loss of electrons until 
thiosulfate is produced as shown below 

- 
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0 I -  
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Fe - SA - SB: (Fe3+)5 + 3 H20 -> Fe - SA - SB - O I + 6 H+ + 5 Fe2+ [ 5 ]  
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persuZj5iu bridge - 
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In the above reactions, the bracketed surface undergoes five continuous redox reactions to 
produce thiosulfate. Thiosulfate is rapidly oxidized by Fe3+ to SO4 yielding eight more H+ ions 
(details are given by Evangelou, 1995a). 

the surface of pyrite as follows: 
In the second hypothesis we are postulating formation of a ferrous-carbonate complex on 

Fe - SA - SB: + Fe2+ --> Fe - SA - SB: Fe2+ 
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H20 
Fe - SA - SB: Fe2+ ?-> Fe - SA - Sg: Fe(OH);! 

and 

Fe - SA - SB: Fe(0- + CO2 --> Fe - SA - SB: FeCO3 + H20 

or 

Fe - SA - SB: F e ( O m  + C02 --> Fe - SA - SB: FeHCO3+ + OH- 

[71 

181 

[91 

Formation of ferrous-bicarbonate complex on the surface of pyrite also increases the basicity of 
Fe2+ leading to its rapid oxidation (Luther et al., 1992). 

Fe - SA - SB: FeHC03+ + 1/402 + H+ ----> 

Fe - SA - SB: Fe(OW2+ + CO2 + 1/2 H20 

Reaction [ 101 spontaneously forms a persulfido bridge by decarboxylation and pyrite oxidation 
initiates as shown below 

0 

Fe - SA - SB: Fe3+ -> Fe - SA - SB: Fe2+ 
u 

pee radical 

From here on, pyrite oxidation continues as in the first hypothesis. 
To evaluate the above two hypotheses, using FT-IR spectroscopy we examined two 

compounds, sodium acetate and potassium bicarbonate. Acetate served as a model for the first 
hypothesis and bicarbonate served as a model for the second hypothesis. 

In the case of CH3COOH/CH3COO-, there were three major vibrational bands present: 
1415, 1551, and 1710 cm-1 representing C-0, carboxylate (COO-), and carbonyl (GO)  
vibrations, respectively (Fig. 1). As expected, the highest intensity of the C-0 (1415 cm-l) and 
carboxylate (1551 cm-1) vibrational bands was exhibited by CH3COO- species while the 
highest intensity for the carbonyl (1710 cm-1) band was exhibited by the CH3COOH species. 
In the case of KHCO3&CO3 there were only two major vibrational bands present: a 1630 cm- 
1 band and a broad 1362-1442 cm-1 band. These bands represented the carboxylate (COO-) 
and C-0 vibrations, respectively (Fig. 2). The fact that in the case of KHCO3 the C-0 
vibration split into two bands and in the case of K2CO3 the C-0 band split into three bands 
signified that C03 coordinated in unidentate and bidentate fashions, respectively (Nakamoto, 
1986). 

The spectra of pyrite exposed to atmospheric air are presented in Fig. 3. The strong 
infrared absorption band near 425 cm-1 was representative of disulfide ( s -S )  (Bellarny, 1975) 
while that around 604 cm-l was representative of S04*- associated with Fe2+ (Miller and 
Wilkins, 1952). The broadness of the of 604 cm-l band suggested differences in amounts and 
types of sulfoxy anions (e.g. SOj2- , S2032- and Sn062- ) produced under mild oxidizing 
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conditions (Moses et al., 1987). Splitting of the absorption bands at around 1089 cm-1 
suggested the presence of SOq2- that may be bonded to Fe3+ in a bidentate fashion (Nakamoto, 
1986; Donato et al., 1993). The absorption bands between 3402 to 3529 cm-1 most likely 
represented "free" water adsorbed onto the surface of pyrite, supported by the intensity decrease 
of these bands as the oxidized pyrite was heated to 250 O C  (Fig. 3). 

The oxidized pyrite also exhibited a symmetric carbonate adsorption band at 1429 cm-1 . 
The presence of an absorption band at 1621 cm-1 was attributed to H 2 0  vibrations while the 
band at 1653 cm-l was most likely representative of carboxylate vibrations. Support for these 
conclusions came from the fact that when the oxidized mineral pyrite was heated to 100, 178, 
and 250 OC under a nitrogen gas atmosphere the absorption band at 1653 cm-l decreased in 
intensity while the 1621 cm-1 band and the 1429 cm-1 band remained intact (Fig. 4). This 
suggested that the 1653 cm-1 absorption band was most likely due to carboxylate (COO-). 
When the pyrite sample was heated, adsorbed water decreased and, therefore, increased surface 
acidity that lead to carboxylate protonation (Mortland, 1968; Mortland and Raman, 1968; Harter 
and Ahlrichs, 1967); consequently, the 1653 cm-1 band was eliminated. The continuing 
presence of the 1621 cm-1 band may have been due to the rapid rehydration of the pyrite 
surface prior to scanning or due to strongly adsorbed water. Furthermore, after washing the 
oxidized pyrite sample with HCI, its spectrum did not exhibit the 1429 cm-l band, suggesting 
that the pyrite/surface COX (COX = C032- or carboxylic species) was removed by the acid. 
Additionally, the absence of the 1621 cm-l band, indicating the loss /absence of water, could be 
due to production of elemental sulfur (Lowson, 1982), a hydrophobic substance. Nonsplitting of 
the C-0 vibrational band in the oxidized pyrite (Figs. 3 and 4) indicated that pyrite surface 
Fe(lI)-CO3 complexes were most likely weak electrostatic complexes. 

Comparing the spectra of the two compounds (potassium carbonate and sodium acetate) 
with the spectra of oxidized pyrite (Fig. 3 and 4), more similarities appeared between the 
KHCO3/K2CO3 spectra (Fig. 2) and the pyrite spectra (Figs. 3 and 4) than between the acetate 
(Fig. 1) and pyrite spectra. Note, the oxidized pyrite and KHCO3K2CO3 produced C-0 and 
carboxylate (COO-) absorption bands. In addition, both of these bands occured at 
approximately the same wavenumber. This lead us to conclude that the mechanism of pyrite 
oxidation by CO2/CO32- was more likely through the mechanism described in hypothesis B. 
We are postulating that this Fe(II)-CO3 complex enhances electron transfer, leading to 
formation of Fe(1II)-oxide on the surface of pyrite. This Fe(III)-oxide is believed to allow 
deposition of silicate ions, inducing pyrite microencapsulation (coating). 

2. Micro Column Leaching Experiments 
Kinetics of pyrite oxidation were studied employing a bed-reactor, which was primarily a 

chromatographic leaching column, similar to that described by Bashour and Carlson (1984), and 
Evangelou (1995b). For each test run, about 50 mg of the separated pyrite was mixed with 
approximately 500 mg quartz sand with diameter of c 0.1 mm. The mixed sample (sand plus 
pyrite) was loaded into the chromatographic column forming a porous disk (bed-reactor) with an 
inside diameter of 10 mm and a thickness of 4 mm. The loaded column was then rinsed by 
pumping 50 mL of 2 M HCl, then 25 mL of 2 M HF, and 20 mL of distilled water to remove any 
surface oxidation products prior to initiating leaching. The leaching solutions were passed 
through the coIumn at a constant flow rate of 0.43 mL min-1 employing a peristaltic pump. 
Aliquots of the effluent solution were coIiected,at 30 min intervals using a fraction collector. 
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Fig. 1. FT-IR diffuse reflectance spectra of: (A) Acetate (CH3COO-); (B) 
compound made from 1:l ratio of CH3COO- and acetic acid (CH3COOH); 
(c) m3c00H. 
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Fig. 2. FT-IR diffuse reflectance spectra of: (A) Potassium bicarbonate 
(KHCO3); (B) compound made from 1:l ratio of KHCO3 and potassium 
carbonate (K2CO3); (C) K2CO3. 
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Fig. 3. FT-IR diffuse reflectance spectra of pyrite after the following treatments: 
(A) oxidation; (€3) heating at at 250 O C ;  Q washing with 4M HCI. 
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Fig. 4. FT-IR diffuse reflectance spectra of pyrite after the following treatments: 
(A) oxidation; (B) heating at 100 O C  ; (C) heating at 178 OC ; (D) heating at 
250 OC; (E) washing with 4 M HCI. 
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The solution for establishing the iron oxide/silica coating on the pyrite surface was 
composed of H202 as oxidant, silicate as coating, sodium acetate (NaOAc) as pH buffer, and 
NaCl as background electrolyte. Five different solution sets were used for the entire study. 
The first solution set was used to test the effect of NaOAc and silicate on pyrite oxidation. 
The solution compositions of this set were: A) 0.145 M H202, 0.01 M NaC1, 0.01 M NaOAc 
and 0.0018 M Si (in the form of sodium metasilicate) adjusted to pH 6.0; B) 0.145 M H202 
and 0.1 M NaCl without NaOAc but adjusted to pH 6.0. The second solution set was 
composed of 0.145 M H202, 0.1 M NaCI, 0.0018 M Si and 0.01 M NaOAc adjusted to pH 
2.0, pH 3.0, pH 4.0 and pH 6.0. This solution set was used to examine the effect of solution 
pH on pyrite oxidation and on establishing an iron-oxide/silica coating. The third solution set 
was aimed to evaluate the effect of EDTA on pyrite oxidation. This set involved four 
leaching solutions containing 0.145 M H202, 0.1 M NaCI, 0.0018 M Si and 0.01 M NaOAc 
adjusted to pH 3.0 or pH 4.0 in the presence and absence of 0.015 M EDTA. It was expected 
that Fe3+ produced during pyrite oxidation by H202 was either completely complexed in the 
presence of EDTA or precipitated as Fe(OH>3 in the absence of EDTA when pH was higher 
than 3.5. A fourth solution set was designed to test the influence of silicate on pyrite 
oxidation at low pH. It consisted of 0.145 M H202, 0.1 M NaCl adjusted to pH 2.0 in the 
presence and absence of 0.001 M Si. Afi’h solution set was made of 0.035 M H202, 0.01 M 
NaOAc, and 0.001 M Si; and 0.035 A4 H202, and 0.01 M NaCI. This set was designed to test 
the influence of H202 concentration and Si on pyrite oxidation. 

In order to test the effectiveness of the iron-oxide/silica coating in preventing pyrite 
oxidation, four pyrite sample loaded columns were first (up to 900 min) leached at room 
temperature with a coating solution containing 0.145 M H202, 0.0018 M Si, 0.1 M NaC1, and 
0.01 M NaOAc adjusted to pH 6.0. Each one of the pyrite coated sampIes was treated as 
follows: Column A and B were leached with water and 0.145 M H202, respectively; column 
C and D were first leached with 50 mL of 4 M hydrochloric acid (HC1) and 50 mL of 4 M 
hydrofluoric acid (HF), respectively, followed by leaching with 0.145 M H202. 

It was determined that silicate significantly suppressed the potential of H202 to oxidize 
pyrite. During leaching with H202, pyrite was oxidized rapidly, and approximately 65% of 
the pyrite in the column was oxidized by the end of 1000 min of leaching. However, during 
leaching with the coating solution, pyrite oxidation was greatly suppressed and only 
approximately 10% of the pyrite was oxidized by the end of 1000 min of leaching (Fig. 5). 
This large difference on pyrite oxidation between coating solution and control was clearly due 
to NaOAc, a pH buffer, and silicate, a pyrite coating material. In addition, the pH of the 
leachate produced by the control solution was below 2, whereas pH of the leachate produced 
by the coating solution remained in the range of 6.0 to 7.0 throughout the experiment (Fig. 6). 

Our study also revealed that the best pH for silica coating formation was 6 (pH values 
above 6 were not tested). It was found that Fe3+ released during pyrite oxidation with H202 
at pH 4 or above precipitated as Fe(OH)3 and served as foundation for silica-coating 
development, whereas during pyrite oxidation at pH below 4 almost all of the iron released 
remained in solution. In terms of EDTA effects on pyrite oxidation, our study showed that, at 
pH 4, the presence of EDTA promoted pyrite oxidation, perhaps because EDTA complexes 
with Fe3+ keeping the pyrite exposed to H202 attack. In the absence of EDTA, pH 4 was 
adequate to induce formation of ferric-hydroxide coating on the surface of pyrite, thus 
protecting it from H202 attack. 
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Fig. 5. Kinetics of pyrite oxidation (first order plot) leached with the following 
two solutions: A) coating-soIution composed of 0.145 M H203 0.01 1U NaAC, 
0.1 M NaCl and 0.0018M Si adjusted to pH 6.0; B) control solution composed 
of 0.145 M H2@ and 0.01 M NaCl adjusted to pH 6.0. 
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Fig. 6. Leachate pH versus time when the pyrite was leached with the two 
solutions (A and B as described in Fig. 5). 
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The result of the pyrite iron-oxide/silica coating stability study showed (Fig. 7) that 
oxidation of coated pyrite was not apparent when leached with oxygenated water alone (Curve 
A), and a small increase in oxidation was observed when leached with 0.145 M H202 solution 
(curve B). After removal of the silica coating by either HCl or €€F (Fig. 7, curve C and D) pyrite 
oxidation by 0.145 M H202 was greatly enhanced. Pyrite oxidation by H202 approached 
maximum when the coated pyrite was treated with HF, a silica decomposer (Fig. 7, curve D). 
This strongly suggested that silica coating on the pyrite surface was most likely produced and 
that this coating offered substantial protection to pyrite from H202 attack because silica was not 
soIubIe in acid. Curve E in Fig. 7 represents oxidation kinetics of unc ted pyrite by 0.145 M 
H202 solution. The difference between curves B and E represented th “%p otential of the silica 
coating in protecting pyrite from H202 attack. A reason for curve D not being identical to curve 
E was perhaps the inability of HF to remove all Si from the coated pyrite. 

The above data suggested that during leaching with coating solution the pyrite surface was 
oxidized by H202, and Fe3+ was hydrolyzed to form Fe(OH)3 precipitate on the surface of 
pyrite. Silicate ions, present in the coating solution, reacted with surface-OH groups to form a 
silica precipitate on the Fe(OH)3 surfaces, followed by further deposition of silicate ions on the 
silica precipitate. The reactions between iron-surface-OH and silicate (Si(OW4) and its 
subsequent condensation were catalyzed by hydroxyl and the presence of dissolved salts. 
Therefore, we came to the conclusion that the pyrite coating might diminish pyrite oxidation via 
two mechanisms: 1) eliminate Fe3+ from the system; 2) coating may act as a physical barrier to 
H202 and Fe3+, inhibiting their diffusion to the pyrite surface. 
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Fig. 7. Pyrite loaded columns were first (up to 900 min) leached with 0.145 M 
H202 and 0.0018 M Si adjusted to pH 6.0 with 0.01 M NaOAC at 23%. Each of 
the pyrite coated samples was subsequently treated as follows: Column A was 
leached with water; column B was leached with 0.145 M H202; column C was 
first leached with 50 mL 4 M HCI and then leached with 0.145 M H202; column 
D was first leached with 50 mL 4 M  HF and then leached with 0.145 M H202. 
Curve E represents oxidation kinetics of the uncoated pyrite by 0.145 M H202 
solution. 
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3. Large Column Leaching Experiments 
The purpose of this study was to scale-up the coating process from a 50-mg pyrite sample 

to 10 kg pyritic waste in a column that was allowed to weather under natural conditions. The 
leaching column system was made from PVC tubing with a height of 45 cm and inside diameter 
of 15 crn equipped with a leachate collection system (Fig. 8). The treatments that we used in 
this experiment were: (a) control treatment which employed mine tailings only, (b) limestone 
treatment which employed mine tailings mixed with enough limestone (100%) to neutralize all 
pyrite oxidation products assuming complete pyrite oxidation, and (c) silica coating treatment 
which employed mine tailings treated with silica coating solution. The column set was placed in 
the field on March 17, 1995 and the leachate samples were collected and analyzed monthly. We 
wanted to start the large column study as early as possible so that we will be able to evaluate 
various approaches for developing effective coatings on a large scale. The data from this 
preliminary work will help us improve on approaches to induce effective pyrite coatings. 

To date, pH of the leachate samples collected from the control treatment continue to be 
stable at 2.0 while those collected from the limestone and silica coating treatment varied from 
6.5 to 7.0 and 7.0 to 7.5, respectively (Fig. 9). The lower pH of the control treatment is due to 
pyrite oxidation of mine tailing as indicated by the high SO4-S (Fig. 10) concentration in the 
leachates. Furthermore, the introduction of pyrite oxidizing bacteria (Thwbacillus ferrooxidans) 
increased the rate of SO4-S production (Fig. 10) in the control. However, introduction of pyrite 
oxidizing bacteria has not affected SO4-S production in the treated mine tailings, suggesting 
that, up to now, pyrite coating/limestone treatments are inhibiting microbial pyrite oxidation. 

As expected, presently our data do not show differences between coated columns and 
limestone treated columns. We expect that during long-term column exposure to atmospheric 
conditions leachate composition will differ between coated columns and limestone treated 
columns. 

D. WORKPLANNED 

For the next six-month period we plan to characterize silicate-iron reactions in solution 
and on pyrite surface for understanding pyrite silica-coating formation. The processes we plan 
to study are iron-oxide silicate adsorption, iron-oxide silica dissolution and equilibria, zero point 
of charge of iron-oxide silica complexes, and spectroscopic (FT-IR) characterization of iron- 
oxide silica complexes. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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Fig. 8. Schematic of the large outdoor column experiment employed to evaluate 
the silica microencapsulation technology. 
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Fig. 9. Leachate pH from large outdoor column experiments taken at the 
eIeventh sampling. 
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Fig. 10. Sulfate (SO4-SI concentration of the leachate samples from large 
outdoor column experiment taken at the eleventh sampiing. 
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