POTENTIAL MICROENCAPSULATION OF PYRITE BY ARTIFICIAL INDUCEMENT OF FEPQ,4
COATINGS
V.P. Evangelou

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 pcrox'éde (H,O5); when this solution reaches pyrite surfaces, Hy0O5 oxidizes the surface portion of pyrite
and releases Fe?™ so ?11at iron phosphate precipitates and forms a passive coating on pyritic surfaces. This study
demongtrated that iron phosphate coatings on pyritic surfaces could be established with a solution containing as low
as 10™ mol/L, phosphate and 0.027 mol/L. HyO, and that the iron phosphate coating could effectively protect pyrite
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, 1950),

It has been reporg;d that pyEite in mining wastes or coal overburden is initially oxidized by the atmospheric
O%, producing H', SO4%", and Fe*t (Nordstrom, 1982). The Fe“" produced can be further oxidized by O, into
Fe*+, which in turn 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 the vicinity of the pyritic surfaces drops below 3.5, the
formation of ferric oxide ig hindered and the activity of free Fe ¥ in solution increases. Under these conditions, the
oxidation of pyrite by Fe>* becomes the main mechanism for acid production in mining wastes since Fe>" can
oxidize pyrite at a much faster rate than O, (Singer and Stumm, 1970). Meanwhile, at low pH, an acidophilic,
chcmoautotropliic, iron—o;_g'idizing bacterium, Thiobaciflus ferrooxidans, flourishes; it can catalyze and accelerate the
oxidation of Fe#" 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, and O, (Kleinmann
et al., 1979). Thiobacillus ferrooxidans is thus considered to be primarily responsible for tl?le rapid oxidation of
pyrite in mining wastes at low pH (Nordstrom, 1982).

So far the appr%pches to preventing pyrite oxidation are mainly based on the above mechanisms ang are
aimed at eliminating Fe>* from pore waters. These approaches include the use of phosphate to precipitate Fe=* i‘n
the insqluble form as FePO, (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 thaﬁ the surfaces of pyrite particles in
mining "waste" are still exposed to the atmospheric O after weafment; as Fe + accumulates and Thiobacillus
ferrooxidans repopulates on pyritic surfaces, pyrite oxidation by Fe®* and acid production is iritiated (Kleinmann
and Crerar, 1979). To completely prevent pyrite oxidation, it appears essential to block the access of the atmospheric
O, 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 Wag that by leaching pyritic
mining "waste” with a phosphate solution containing a low concentration of HyO», the Fe * released from pyrite by
H» O, will react with phosphate to form a passive FePQOy4 coating on pyrite surfaces. 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,0,
Pyrite oxidation by HpO+ can be described as follows (Huang and Evangelou, 1992):
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FeSy + 7.5Hy0, = Fe3* + 250,42 + HY + TH,0 1]
FCSz H202
F62:+

According to equation 1, pyrite oxidation is an autocatalytic process because one of the oxidation products, Fc3+,

can also oxidize pyrite. The rate law corresponding to this oxidation mechanism can be written as
-dAM/dt = (k1 [HyO5] + ko[Fe3 KM, 2]

where M is thf number of moles of pyrite in the system at any time t. [H 032] and [Fe3+] refer to concentrations of
H,O» and Fe *, while kq and ky refer to the rate constants of HyO and %e +, 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

~dlogM/dt = (k1/2.3[Hy02] + kp/2.3[Fe3 K. [3]

According to equation 3, the first-order plot of log M versus t will be curvilinear even if [H505] is kept
constant. Whether the plot concaves d0\§n or up depends on whether the Fe>* concentration in the system Increases
or decreases with time, However, if Fe>" is prevented from oxidizing pyrite and [H405] is kept constant, the plot
will be a straight line.

Pyrite Oxidation by H»0Q5 in the Presence of Phosphate
Pyrite oxidation by H,O, in the presence of phosphate can be described by:

FeS, + 7.5Hy0y + HyPOy~ = FePOy +25042" + 3H' + 7TH,0. [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

-dlogM/dt = Kk/2.3[H,05]. [51

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 [HyO»] is kept constant.

If the degree of supersaturation 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= IADSO1-3(1X)2B+ 21 -0} +1/(Ks'C) { 1 - (1 -1} [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
H;O5 in the bulk solution. Ds'is the apparent diffusion coefficient for H,O, through FePQ, 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
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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. HyO9, 0.147 mol/L. H»O9 with 0.013
mol/L. disodium ethylenediamine tetraacetate (EBTA), 0.147
mol/L. H,O, with 0.01 mol/l. KH5PO,4. All three solutions
containec% 0.21 mol/L. NaCl as background electrolyte and were
adjusted to pH 4 with 0.01 mol/L HCL At pH 4, it was expected
that the Fe>' produced during pyrite oxidation was either
completely complexed by EDTA or precipitated by phosphate as Heavy watl
FePOy4. The pyrite-sand mixture in the column was pressed into gloss column
a disc with a diameter of 10 mm and a thickness of 3 mm and

preleached with 50 mL of 2 mol/L. HCI to guarantee removal of Aeryle Jocket ~
free FeSO4 and iron oxides. The leachate from the column was Interchengaable
collected at 20-min. intervals with a fraction collector. o

At the end of leaching, the residual pyrite particles in the B sylene,
pyrite-sand mixture were separated with 97% tetrabromoethane. or PTFE)
The residual pyrite particles were further washed with acetone e ooty
and dried in a vacuumed desiccator. The surface status of pyrite o teak free seqt
particles was then examined using scanning electron microscopy Threaged I
and diffuse reflectance infrared spectroscopy. acetal

jacket cop

To determine the effectiveness of the coating approach in
preventing pyrite oxidation, two columns with a mixture of 0.5 g vl
of the pulverized shale and 0.5 g of 140-mesh sand were leached end cap {
first with 50-mL of 2 mol/LL HCI to expose pyritic surfaces and PTFE end Ly
thc%f with 500-mL of pH 4 solutions containing 0.1 mol/L NaCl, Hieting — g
10 mol/. KH,PQy, and 0.053 mol/L H,O, to coat pyrite CEyE-2atw =
particles. The leachates were collected in a 500-mL bottles. adaptar ]

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. HyO5 to
test the effectiveness of the coating in preventing pyrite Figure 1. Chromatographic  column  for
oxidation. Leachates were collected at 20-min intervals using a pyrite leaching experiments.
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.

Sulfate concentration in the leachates was measured using turbidometry with BaCl,. The amount of pyrite
remaining in the column was calculated according to the FeS,-SOy stoichiometry and the extent of pyrite oxidation
was expressed as percent of remaining pyrite versus tirne.

Results and Discussion

Kinetics of Pyrite Oxidation During I.eaching

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 H,O,, pyrite rapidly oxidized and by the end of
leaching, 70% of pyrite was oxidized. The first order plot was curvilinear and concaved up. Since 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
Hy0y used was high, and the residence time of the leaching solution within the column was low, it was assumed that
H,O5 concentration in contact with pyritic surfaces was alwgys constant. With this assumption, the curvature of the
first order plot can be attributed to oxidation of %yrite by Fe~ " (equation 3). The analysis of the iron in the leachate
indicated that the amounts of the soluble Fe % 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. HyO, 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
for being leached with 0.147 mol/L H»O,. The first order plot
was a straight lnée (fig. 2, curve B). 2f’hls indicated that pyrite
oxidation by Fe”™ had been completely inhibited by EDTA
(equation 3). Analysis of iron in the leachates confirmed that
100% of the iron released from pyrite was instantly flushed out
of the column (fig. 3, curve B).

When the pyrite waileachcd with the solution containing
0.147 mol/L. HpO5 and 10" mol/L. KHyPOy, almost 99% of the
iron released from the pyrite was precipitated by phosphate (fig.
3, curve C). The precipitation of iron as FePO4 might influence
the rate of pyrite oxidation via two, mechanisms: (1) by
inhibiting the oxidation of pyrite by Fe3t or (2) by forming a
passive coating. As shown in figure 2, pyrite oxidation during
leaching with the solution containing 0.147 mol/L H,05 and
0.01 mol/L. KH»PO,4 was much slower than that dunng%eachmg
with the solution containing 0.147 mol/L H,O» and 0.013 mol/LL
EDTA (fig. 2, curve C). Before 300 min, the first-order plot was
nearly parallel to that of EDTA treatment. This indicates that at
the initial s?ﬂg_e of leaching phosghate inhibited oxidation of
pyrite by Fe”™ by precipitating Fe T as FePQy, 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 H,O9, 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 H7O5 can be
well explained with the shrinking core model. As 1nd1cated in
the Theory section, the second term in equation 6 represents
first-order kinetics with respect to pyrite. During leaching with
th% solution containing HyO, and EDTA, pyrite oxidation by

was inhibited and no coatings were supposed to form.
Thus the rate of pyrite oxidation by HpO5 is of the first order
with respect to pyrite. This was clea{ PS confirmed by the
linearity of the plot of t versus {1-(1-X)"/~} (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. HoO5 and 0.01 mol/L
PO, as a plot of t-1/(Ks'C){ 1- (l-X)lfz'} versus {1-3(1- X)23

)%)} (fig. 5). The values of t-1/{Ks'C){1-(1-X)!73}
represent the extra time required for H1O, 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 FePOy4
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. H>O», the residual pyrite particles
were coated with a layer of iron hydroxide. 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
mol of iron hydroxide formed during leaching within the
column. As expected, the residual pyrite particles leached with
the solution containing 0.147 mol/LL H»~O4 and 0.013 mol/L
EDTA were free of any coatings (fig. 6_B)2. ﬁ[ost pyrite particles
displayed a typical framboidal morphology. Nevertheless, after
leaching with the solution containing 0.147 mol/L. H,0, and
0.01 molVL. KH»PQy, residual pyrite particles were so heavily
coated with FcP%M that crystals constituting pyrite particles were
barely identifiable (fig. 6C). In addition, pyrite particles were
much smaller than was observed for residual pyrite particles
after leaching with H,O9 or HyO5 plus EDTA. This indicates
that leaching with the phosphate solution containing HoO» will
introduce an iron phosphate coating on any size of pyrite
particles.
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Figure 6.

Scanning electron microscope photos showing the
surface status of pyrite particles after leaching with A,
0.147 mol/L H,05; B, 0.147 mol/L. H,O5 plus 0.013
mol/LL. EDTA; é, 147 mol/L. HyO5 plus 0.01 mol/L

KH,PO4.




Considering an FePO, precipitate of 0.1 mo! with an FePO, gravity density of 2.73 g em™ and a pyrite
specific surface of 7.3 m?/g, its thickness was estimated to be approximately 188 A (assuming 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 HoO5 in the coating solution could no longer attack pyrite, and that iron phesphate
coating was an effective HyO»-diffusion inhibitor.

To further understanr% 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
H505 and 0.01 mol/L KHoPOy. At the end of leaching, one column continued to be leached with 50 mL of 2 mol/L
H%l. The leachate was anglyzcd for iron and phosphate. We found cut that the mole ratio of iren to phosphate
was 1.0, indicating that the coating was FePO4 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 A), after
Eeaching with the solution containing 0.147 mol/L H»O, and 10 A ‘

mol/L. KHoPOy, the intensity of the IR absorpfiod band at Ty T |
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 surfaces.
Three additional bands at 1624.3, 1184.7, a:id 1156.7 cm™ and a
broad band ranging from 3700 to 2800 cm™ were also observed
on the spectrum of the FcP?4~coatcd pyrite (Fig. TA). The
absoxptioxi 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 jron phosphate. The adsorption bands at 1184.7
and 1156.6 cm™* are due to the P-O internal stretching vibration TSR = S
of PO4 group (Nanzyo, 1986). Comparison of the spectra of WAVENUMSER
FePOg-coated pyrite and amorphous iron phosphate indicates
that t%c iron phosphate coating is most likely amorphous . y -
material (Fig. 7A and 7C). However, the slight splitting of the  figure 7. Infrared spectra of A, pyrite; B,
P-O stretching vibration band at 1168 cm™! suggests the FePOy-coated pyrite and G,
tendency of iron phosphate coatings to become crystalline. FePQ, precipitate.
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We further tested the feasibility of this coating approach ] Coated
in preventing pyrite oxidation with the pulverized pyritic shale 80
{the sample from which the pure framboidal pyrite was ]
separated). We first leached the shale sample (500 mg) with 500
mL of a solution containing 0.053 mol/L. H,O, and 104 mol/L
KH,PO4. This coating process consumed approximately 10%
of t%e total amount of pyrite in the pyritic shale. The pyritic
shale was then subjected to leaching with 0.088 mol/L HyO5 to
test the effectiveness of the coating in preventing pyrite
oxidation. As shown in figure 8, after leaching with 0.088 mol/L
H» O 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 10 . _ . ,
iron phosphate coatings can effectively protect pyrite from 0 200 400 600 800 1000
oxidizing,

40 4
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Conclusi
onclusions Figure 8. The plot of log (100 x M/Mo)

The results of this study demonstrate that an amorphous versus t for the data of pyrite
iron phosphate coating can be established on the surfaces of oxidation when the uncoated and
pyrite in mining "waste" by leaching with a phosphate solution coated pyritic shale samle_%sOwere
containing HyO; and that the iron phosphate coating could leached with 0.088 mol/L. H30.
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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 incuired 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
H,0, and phosphate will decrease as the coating solution goes through the coal wastes. It has been proven in our
la%oratory that decreases in concentrations of HyO, 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 H,O5, KHyPOy, and a buffer reagent to prevent coal wastes from producing acid drainage.
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