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Abstract: A novel coating methodology was developed to prevent pyrite oxidation in mining "waste." The 
mechanism of this coating technology involves leaching mining "waste" with a phosphate solution containing 
hydrogen perox~e (H20 2); when this solution reaches pyrite surfaces, H202 oxidizes the surface portion of pyrite 
and releases Fe + so That iron phosphate precipitates and forms a passive coating on pyritic surfaces. This study 
demo1lftrated that iron phosphate coatings on pyritic surfaces ~ould be establishe~ with a solutio'! containing as l(!W 
as 10- mol/L phosphate and 0.027 mol/L H2o2 and that the rron phosphate coatmg could effectively protect pynte 
from oxidizing further. Development of this coating methodology could mean solution to production of acid mine 
drainage from certain types of mine "waste." Further investigations are being carried out to extend this methodology 
to practical use. 

Introduction 

Pyrite oxidation in mining "waste" or overburden is considered as the main cause for the production of acid 
mine drainage (AMD). The need to prevent AMD formation has triggered numerous investigations into the 
mechanisms of pyrite oxidation and its prevention (Singer and Stumm, 1970; Silverman, 1967; Nordstrom, 1982; 
Kleinmann et al., 1981; Ziemkiewicz, 1990). 

It has been repo':f-1 that p~te in mining wastes or coal ovzrburden is initially oxidized by the atmospheric 
0?, producing H+, so4 -, and Fe + (Nordstrom, 1982). The Fe + produced can be further oxidized by 02 into 
F~+, which in tum hydrolyzes into amorphous iron hydroxide and releases additional amounts of acid into the 
environment (Nordstrom, 1982). In this initial stage, pyrite oxidation in pyritic "waste" is a relatively slow process 
(Ivanov, 1962). As acid production continues and the pH in th~ vicinity of the pyritic surfaces drops below 3.5, the 
formation of ferric oxide is hindered and the activity of free Fe + in solution increases. Under these conditio:rs, the 
oxidation of pyrite by FeJ+ becomes the main mechanism for acid production in mining wastes since Fe + can 
oxidize pyrite at a much faster rate than o2 (Singer and Stumm, 1970). Meanwhile, at low pH, an acidophilic, 
chemoautotropllic, iron-o3idizing bacterium, Thiobacgtus ferrooxidans, flourishes; it can catalyze and accelerate the 
oxidation of F~+ into Fe + by a factor larger than 10 (Singer and Stumm, 1970) and thereby effectively recycle the 
iron released from pyrite as a major oxidant of pyrite or as an electron conductor between FeS 2 and o2 (Kleinmann 
et al., 1979). Thiobacillus ferrooxidans is thus considered to be primarily responsible for tlie rapier oxidation of 
pyrite in mining wastes at low pH (Nordstrom, 1982). 

So far the appr~ches to preventing pyrite oxidation are mainly based on the above mechanisms an1 are 
aimed at eliminating Fe + from pore waters. These approaches include the use of phosphate to precipitate Fe + in 
the ins'.l}uble form as FeP04 (Ziemkiewicz, 1990) and the application of bactericides to inhibit the oxidation of Fe + 
into Fe + (Kleinmann et al., 1981). Both approaches have shown a certain degree of success in preventing pyrite 
oxidation and acid production in pyritic "waste"; however, they both have two weaknesses-they are costly and have a 
short span of effectiveness. The main reason for the failure of these methods is th~ the surfaces of pyrite particles in 
mining "waste" are still exposed to the atmospheric o2 after tre:1:l1i1ent; as Fe + accumulates and Thiobacillus 
ferrooxidans repopulates on pyritic surfaces, pyrite oxidation by Fe + and acid production is initiated (Kleinmann 
and Crerar, 1979). To completely prevent pyrite oxidation, it appears essential to block the access of the atmospheric 
02 to pyritic surfaces. 

The purpose of this study was to examine the feasibility of creating an iron phosphate coating on pyrite 
surfaces to prevent pyrite oxidation. The basic hypothesis for this coating approach w~ that by leaching pyritic 
mining "waste" with a phosphate solution containing a low concentration of H202, the Fe + released from pyrite by 
H2o2 will react with phosphate to form a passive FeP04 coating on pyrite surtaces. Thus, at the expense of a small 
fraction of pyrite, oxidation of pyrite and production of acid could be prevented. 

Theory 
Pyrite Oxidation by H~z. 

Pyrite oxidation by H202 can be described as follows (Huang and Evangelou, 1992): 
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[1] 

According to equation 1, pyrite oxidation is an autocatalytic process because one of the oxidation products, Fe3+, 
can also oxidize pyrite. The rate law corresponding to this oxidation mechanism can be written as 

[2] 

where M is t~ number of moles of pyrite in the system at any time t. [H20~ l and [Fe3+i refer to concentrations of 
H202 and Fe +, while k1 and k2 refer to the rate constants of H2o 2 and Fel\ respectively; K stands for the specific 
surface of pyrite. 

By moving M in equation 2 to the left-hand side, integrating with respect to M and expressing it as log to the 
base 10, equation 2 becomes 

[3] 

According to equation 3, the first-order plot of log M versus t will be curvilinear even if [H20:zl is kept 
constant. Whether the plot concaves do:3n or up depends on whether the Fe3+ concentration in the system mcreases 
or decreases with time. However, if Fe + is prevented from oxidizing pyrite and [H20i1 is kept constant, the plot 
will be a straight line. 

Pyrite Oxidation by Hz.O.z. in the Presence of Phosphate 

Pyrite oxidation by H202 in the presence of phosphate can be described by: 

FeS2 + 7.5H202 + H2P04- = FeP04 + 2soi- + 3H+ + 7H20. [4] 

The iron phosphate formed can precipitate either as a discrete phase or as a coating on pyritic surfaces, depending on 
the degree of the supersaturation of the solution on pyritic surfaces with respect to iron phosphate (Huang and 
Evangelou, 1992). If the degree of supersaturation is relatively low, the iron phosphate might not precipitate 
instantly and thereby exist as a discrete phase. In this case, equation 3 becomes 

[5] 

This equation implies that the precipitation of iron phosphate as a discrete phase is characterized by the linear first-
order plot of log M versus t if [H202J is kept constant. 

If the degree of supersaturauon with respect to iron phosphate is high, iron phosphate will precipitate as a 
coating on pyritic surfaces. The rate of pyrite oxidation should be smaller than that predicted by equation 5 as pyrite 
oxidation is not only surface chemical reaction-controlled but also coatings-controlled. In this case, the kinetics of 
pyrite oxidation would be described by the shrinking core model (Huang and Evangelou, 1992; Nicholson et al., 
1989): 

t = 1/(Ds'C){ 1 - 3(1-X)2f3+ 2(1 - X)} + I I (Ks'C) { I - (1 - X) 1/3} [6] 

where t is the time required for a specific fraction (X) of pyrite to oxidize in the system and C is the concentration of 
H2o 2 in the bulk solution. Ds' is the apparent diffusion coefficient for H20 2 through FeP04 coatings and Ks' is the 
first-order rate constant with respect to pyrite. The first term in equation 6 describes the effect of accumulation of 
iron phosphate precipitates on pyritic surfaces on the rate of pyrite oxidation. The second term describes the first-
order kinetics with respect to pyrite itself. Note: The second term in equation 6 is the same as equation 5. 

Materials and Methods. 

The sample used in this study was a pyritic shale with 6.5% pyrite. The shale sample was pulverized, passed 
through a 60-mesh sieve, and stored in a plastic bag. Part of the pulverized sample was used to separate pyrite using 
a heavy liquid, 97% tetrabromoethane. The separated pyrite particles were washed with 4 mol/L hydrofluoric acid to 
remove silicate and iron oxides and then rinsed repeatedly with nitrogen-purged distilled water. The cleaned sample 

97 



was then dried and stored in a vacuumed desiccator. X-ray diffraction analysis indicated that the separated sample 
was pure pyrite and free of any crystalline impurities. 

To prove the feasibility of coating pyrite with iron 
phosphate, we leached a mixture of 50 mg of the separated pyrite 
sample and 500 mg of 140-mesh sand with the following three 
solutions, using a chromatographic column (fig. 1) and a 
peristaltic pump at a flow rate of 0.5 mL/min and a temperature 
of 40°C: 0.147 mol/L H202, 0.147 mol/L H202 with 0.013 
mol/L disodium ethyleneiliamine tetraacetate (EDTA), 0.147 
mol/L H202 with 0.01 mol/L KH2P04. All three solutions 
contained O~l mol/L NaCl as backgrouna electrolyte and were 
adjusted to P:ft 4 with 0.01 mol/L HCI. At pH 4, it was expected 
that the Fe + produced during pyrite oxidation was either 
completely complexed by EDTA or precipitated by phosphate as 
FeP04. The pyrite-sand mixture in the column was pressed into 
a disc with a diameter of 10 mm and a thickness of 3 mm and 
preleached with 50 mL of 2 mol/L HCl to guarantee removal of 
free FeSO 4 and iron oxides. The leachate from the column was 
collected at 20-min. intervals with a fraction collector. 

At the end of leaching, the residual pyrite particles in the 
pyrite-sand mixture were separated with 97 % tetrabromoethane. 
The residual pyrite particles were further washed with acetone 
and dried in a vacuumed desiccator. The surface status of pyrite 
particles was then examined using scanning electron microscopy 
and diffuse reflectance infrared spectroscopy. 

To determine the effectiveness of the coating approach in 
preventing pyrite oxidation, two columns with a mixture of 0.5 g 
of the pulverized shale and 0.5 g of 140-mesh sand were leached 
first with 50-mL of 2 mol/L HCl to expose pyritic surfaces and 
thei with 500-mL of pH 4 solutions containing 0.1 mol/L NaCl, 
10- mol/L KH2P04, and 0.053 mol/L H202 to coat pyrite 
particles. The feachates were collected in a 500-mL bottles. 
One of the columns was leached again with 50 mL of 2 mol/L 
HCI to remove the iron phosphate coating. Both columns were 
then subjected to leaching at 40°C with a pH 4 oxidizing 
solution containing 0.1 mol/L NaCl and 0.088 mol/L H202 to 
test the effectiveness of the coating in preventing pyrite 
oxidation. Leachates were collected at 20-min intervals using a 
fraction collector. All the leaching experiments were conducted 
using the chromatographic column (fig. 1) at 40°C and a flow 
rate of 0.5 mL/min. 
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Figure I. Chromatographic column 
pyrite leaching experiments. 
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Sulfate concentration in the leachates was measured using turbidometry with BaCl2, The amount of pyrite 
remaining in the column was calculated according to the FeSi-S04 stoichiometry and the extent of pyrite oxidation 
was expressed as percent of remaining pyrite versus time. 

Results and Discussion 

Kinetics of Pyrite Oxidation During Leaching 

Figure 2 shows the first-order plot of log (100 x M/Mo) versus t (Mo = original amount of pyrite, and M = 
amount of unreacted pyrite at any time t) for the data of pyrite oxidation when pyrite was leached with the three 
solutions listed in the caption. During leaching with 0.147 mol/L Hz02, pyrite rapidly oxidized and by the end of 
leaching, 70% of pyrite was oxidized. The first order plot was curvilinear and concaved up. f,ince the total volume 
of pores in the pyrite-sand column was small (the total volume of the column was 0.058 cm- ), the concentration of 
H20 2 used was high, and the residence time of the leaching solution within the column was low, it was assumed that 
H2o2 concentration in contact with pyritic surfaces was alw~s constant. With this assumption, the curvature of the 
first order plot can be attributed to oxidation of o.vrite by Fe + ( equation 3). The analysis of the iron in the leachate 
indicated that the amounts of the soluble Fe5+ released from pyrite decreased dramatically with time, and 
approximately 50% of iron released from pyrite precipitated as iron hydroxide within the column by the end of 
leaching (fig. 3A). 
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When pyrite was leached with the solution containing 
0.147 mol/L H2o 2 and 0.013 mol/L EDTA, the rate of pyrite 
oxidation decreased, especially during the initial stage of 
leaching, but it did not stop; at the end of leaching, * 
approximately 65% of pyrite was oxidized, a value close to that .t 
for being leached with 0.147 mol/L H202. The first order plot ~ 50 

was a straight line (fig. 2, curve fil. This indicated that pyrite -ll 
oxidation by Fe5+ had been completely inhibited by EDT A -~ 
(equation 3). Analysis of iron in the leachates confinned that ~ 
100% of the iron released from pyrite was instantly flushed out 
of the column (fig. 3, curve fil. 

When the pyrite wa~leached with the solution containing 
0.147 mol/L H202 and 10- mol/L KHzP04, almost 99% of the 
iron released from the pyrite was precipitated by phosphate (fig. 

20+----------------1 
0 200 400 600 BOO 1000 1200 

3, curve Q. The precipitation of iron as FePO 4 might influence 
the rate of pyrite oxidation via two mechanisms: (1) by 
inhibiting the oxidation of pyrite by Fe3+ or (2) by forming a 
passive coating. As shown in figure 2, pyrite oxidation during 
leaching with the solution containing 0.147 mol/L H202 and 
0.01 mol/L KH2Po4 was much slower than that during leaching 
with the solution containing 0.147 mol/L H202 and 0.013 mo]/L 
EDTA (fig. 2, curve!:;). Before 300 min, tlie first-order plot was 
nearly parallel to that of EDT A treatment. This indicates that at 
the initial s~.l!e of leaching phos~hate inhibited oxidation of 
pyrite by Fe by precipitating Fe + as FePO 4, but not all the 
iron phosphate had precipitated as coating. After 300 min of 
leaching, pyrite oxidation nearly stopped. At the end of 
leaching, more than 70% of pyrite was preserved. The above 
results clearly suggest that by leaching with the phosphate 
solution containing H202, we can establish an iron phosphate 
coating on pyrite surfaces at the expense of surface portions of 
pyrite particles. 

The growth of iron phosphate coatings on pyrite surfaces 
during leaching with phosphate solution containing H202 can be 
well explained with the shrinking core model. As indicated in 
the Theory section, the second term in equation 6 represents 
first-order kinetics with respect to pyrite. During leaching with 
the. solution containing H2o 2 and EDTA, pyrite oxidation by 
Fe:;+ was inhibited and no coatings were supposed to form. 
Thus, the rate of pyrite oxidation by H202 is of the first order 
with respect to pyrite. This was clea1~ confinned by the 
linearity of the plot oft versus { 1-(1-X) J (fig. 4) (deviation 
from straight line at around 700 min is believed to be due to the 
failure of the linear relationship between the surface area and the 
mole number of the remaining pyrite (Turner, 1960)). With the 
apparent first-order rate constant obtained from the plot in figure 
4, we expressed the data of pyrite oxidation during leaching with 
the solution containing 0.147 mol/L H2o 2 and 0.01 mo]/L 
KH2P~4 as a plot of t-1/(Ks'C){ 1-(1-X)lr' J versus { 1-3(1- X)2/3 
+ Z(l-X)} (fig. 5). The values of t-1/(Ks'C){l-(l-X)l/3} 
represent the extra time required for H20 2 to oxidize a given 
fraction of pyrite due to iron phosphate coatings. As shown in 
figure 5, the plot followed a straight line after 200 min of 
leaching. The shrinking model requires that all the iron 
phosphate formed precipitate as a coating on pyritic surfaces. 
The deviation from linearity before 200 min indicates that some 
iron phosphate did not precipitate as coating. Part of the reason 
is that the concentration of acid produced by pyrite oxidation 
was relatively high during the initial stages of leaching (pH of 
the leachates was 2. 7 in the first 200 min of leaching). The acid 
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can inhibit formation of iron phosphate coatings owing to its 
influence on the degree of supersaturation with respect to FeP04 
and thereby increase the amount of pyrite oxidized to create iron 
phosphate coatings. The use of a buffer reagent will greatly 
decrease the amount of pyrite oxidized to create the coating. 

Surface Analysis 

Scanning electron microscope photos show that after 
leaching with 0.147 mol/L H202, the residual pyrite particles 
were coated with a layer of iron liydroxide. But the framboidal 
morphology of most pyrite particles were still distinguishable 
(fig. 6A). This indicates that iron hydroxide did not precipitate 
as a coating owing to its relatively high solubility, although 0.1 
mo! of iron hydroxide formed during leaching within the 
column. As expected, the residual pyrite particles leached with 
the solution containing 0.147 mol/L !:.J202 and 0.013 mol/L 
EDTA were free of any coatings (fig. 6fil. Most pyrite particles 
displayed a typical framboidal morphology. Nevertheless, after 
leaching with the solution containing 0.147 mol/L H202 and 
0.01 mol/L KH2Po4, residual pyrite particles were so heavily 
coated with FeP04 that crystals constituting pyrite particles were 
barely identifiable (fig. 6.Q. In addition, pyrite particles were 
much smaller than was observed for residual pyrite particles 
after leaching with H202 or H202 plus EDTA. This indicates 
that leaching with the pliosphate solution containing H202 will 
introduce an iron phosphate coating on any size of pyrite 
particles. 
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Considering an FeP04 precipitate of 0.1 mo! with an FeP04 gravity density of 2.73 g cm-3 and a pyrite 
specific snrface of 7.3 m2/g, its thickness was estimated to be approximately 188 A (assnming that all the iron 
phosphate was precipitated as coating). Although the coating appears to be thin, the results in figure 2 indicate that 
once the coating was established H202 in the coating solution could no longer attack pyrite, and that iron phosphate 
coating was an effective H202-diffusion inhibitor. 

To further understand the chemical properties of the iron phosphate coating, we repeated the leaching 
experiment with two columns of pure pyrite (50 mg pyrite and 500 mg sand) and the solution containing 0.147 mol/L 
H202 and 0.01 mol/L KH2P04. At the end of leaching, one column continued to be leached with 50 mL of 2 mol/L 
HCL The leachate was analyzed for iron and phosphate. We found out that the mole ratio of iron to phosphate 
was 1.0, indicating that the coating was FeP04 and no hydroxyl 
entered the structure of iron phosphate. The pyrite in the other 
column was separated from the pyrite-sand mixture and its 
surface was examined using diffuse reflectance infrared 
spectroscopy (FT-IR). As shown in figure 7 (curve 10, after 
~eaching with the solution containing 0.147 mol/L Hz02 and 10-

mol/L ~ 2P04, the intensity of the IR absorpuon band at 
439.7 cm- on the spectrum of the pyrite dramatically decreased. 
This absorption band was due to the vibration of the disulfide (S-
S) in the lattice of pyrite; the decrease in intensity of this band 
strongly confirms the presence of the coating on pyritic s~aces. 
Three additional bands at 1624.3, 1184.7, ~d 1156.7 cm- and a 
broad band ranging from 3700 to 2800 cm- were also observed 
on the spectrum of the FePp4-coated pyrite (Fig. 710. The 
absorptio1 band at 1624 cm- and the absorption hump around 
3000 cm- are attributable to the bending vibration and rotation 
of water molecules either adsorbed on iron phosphate or within 
the structure of ron phosphate. The adsorption bands at 1184.7 
and 1156.6 cm- are due to the P-0 internal stretching vibration 
of P04 group (Nanzyo, 1986). Comparison of the spectra of 
FeP04-coated pyrite and amorphous iron phosphate indicates 
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that the iron phosphate coating is most likely amorphous 
material (Fig. 7A and 7Q. However, the sligh\splitting of the Figure 7. 
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Fe PO 4-coated pyrite and C, 
FeP04 precipitate. tendency of iron phosphate coatings to become crystalline. 

Effectiveness of the FePO 4 Coating in Preventing Pyrite 
Oxidation -

We further tested the feasibility of this coating approach 
in preventing pyrite oxidation with the pulverized pyritic shale 
(the sample from which the pure framboidal pyrite was 
separated). We first leached the shale sample (500 mg) 'iiith 500 
mL of a solution containing 0.053 mol/L H2o2 and 10- mol/L 
KH2P04. This coating process consumed approximately 10% 
of tlie total amount of pyrite in the pyritic shale. The pyritic 
shale was then subjected to leaching with 0.088 mol/L H2o2 to 
test the effectiveness of the coating in preventing pyrite 
oxidation. As shown in figure 8, after leaching with 0.088 mol/L 
H202 for 800 min, only 15% of pyrite in the coated pyritic shale 
was oxidized, as opposed to more than 80% of pyrite oxidized in 
the uncoated pyritic shale. This result strongly suggests that the 
iron phosphate coatings can effectively protect pyrite from 
oxidizing. 

Conclusions 

The results of this study demonstrate that an amorphous 
iron phosphate coating can be established on the surfaces of 
pyrite in mining "waste" by leaching with a phosphate solution 
containing H202 and that the iron phosphate coating could 
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effectively prevent pyrite oxidation. 
The above conclusion sheds light on a possible solution to the long-unsolved problem of acid mine drainage. 

This coating approach or technology, if finally extended into practical use, has the following advantages over other 
approaches. First, due to the permanence of iron phosphate coatings on pyritic surfaces, pyrite particles in mining 
"waste" can no longer be oxidized and release acid; thus the prevention of the production of acid mine drainage could 
be permanent. Second, this coating approach does not require the physical mixing of coal wastes with ameliorants 
and thus can greatly simplify the operation. Third, the coating approach involves using only low concentrations of 
phosphate and hydrogen peroxide and can dramatically decrease the costs incurred in the operation. 

The conclusions drawn in this study are mainly based on the small column experiments, where the effect of 
the acid produced during leaching with the coating solution on formation of iron phosphate coatings was minimized. 
It is expected that if we use the coating solution to leach large piles of coal "waste," the pH and concentrations of 
H2o2 and phosphate will decrease as the coating solution goes through the coal wastes. It has been proven in our 
la6oratory that decreases in concentrations of H2o2 and phosphate will not significantly influence the efficiency of 
the coating solution. Nevertheless, the decrease in pH can pose a severe problem; when the pH of the coating 
solution drops below 4 or to 2, the solution no longer serves as a coating solution but becomes an oxidizing solution. 
Therefore, it seems essential to introduce a buffer in the coating solution to maintain the pH and the efficiency of the 
coating solution. Currently, in our laboratory, we are developing a coating solution with an optimal concentration 
combination of H202, KH2P04, and a buffer reagent to prevent coal wastes from producing acid drainage. 
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