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ABSTRACT. Pyrrhotite (Fe;S;) was leached in air-equilibrated pH
3.0 HC1 H,SO, acid mixtures with C1-:SO?" ratios of 1:0, 3:1, 1:1, 1:3
and 0:1. AES depth profiles and XPS analyses of reacted surfaces were
consistent with several compositional layers including a surface coat-
inE of Fe(Ill)-oxyhydroxide, an underglinf zone of sulfur enrichment
which decreased in sulfur content wi epth, and finally unaltered
pyrrhotite. Leaching experiments showed that iron concentrations
increased linearly in solution as a function of the square-root of time.
This relationship was indicative of a diffusion-limited reaction. Sulfate
concentrations increased rapidly to 1.0 ppm within the first few min-
utes of reaction, then remained unchanged over the duration of the
experiment. These results demonstrate that sulfate release was a rapid
one-time event in the earliest stages of pyrrhotite dissolution.
Pyrrhotite leaching in acid solutions proceeded via the diffusion of
iron to the mineral surface. With the removal of iron from the pyr-
rhotite structure, polysulfide replaced monosulfide as the dominant
sulfur species. The Fe(Ill)-oxyhydroxide was determined to be the
roduct of reaction between oxirgen and iron species at the surface.
Byrrhoﬁte surfaces reacted in solutions containing the greater sulfate
concentrations were found to have the thickest Fe(IIl)-oxyhydroxide
layers. In contrast, surfaces reacted with solutions containing appre-
ciable chloride developed sulfur-rich near surfaces with an overlying
thin veneer of Fe(lll)-oxyhydroxide. Results of the study suggest that
chloride inhibited the formation of surface Fe(Ill)-oxyhydroxides and
promoted the development of sulfur-rich sublayers. C1-:SO?" ratios in
solution did not appear to have any significant effect on leach rates of
iron.

INTRODUCTION

Pyrrhotite is a particularly reactive sulfide mineral, and during its
oxidation and dissolution it can contribute significantly to the increased
acidity and metal content .of fluids seeping from sulfide-bearing mine wastes.
Although pyrrhotite is a major gangue mineral of many ore deposits, its
weathering characteristics are not well documented, nor are the nature of
reactions occurring at the mineral fluid interface well understood.

The dissolution of pyrrhotite is known to proceed incongruently, and the
process is characterized by preferrential release of iron relative to sulfur
(Ahonen and Tuovinen, 1992; Bhatti and others, 1993; Nicholson and
Scharer, 1994). Within actual sulfide mine tailing settings pyrrhotite grains
have been observed to develop alteration rims enriched in sulfur (Blowes and
Jambor, 1990).
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Fluids seeping from sulfide mine wastes contain elevated amounts of
dissolved cations and anions. Two common anions in waters associated with
sulfide mine waste storage areas are sulfate and chloride (Hutchinson and
Elles, 1992; Caboi and others, 1992). Sulfate generally constitutes a much
greater component of mine tailing pore water than does chloride (Ritcey,
1989; Blowes and Jambor, 1990), but chloride concentrations of some
drainage waters approach and even exceed sulfate concentrations (Tones,
1982, p. 37; Ritcey, 1989, p. 226; Hutchinson and Elles, 1992, p. 629; Caboi
and others, 1992, p. 369; Al and others, 1994, p. 339). Concentration profiles
in waters of waste dumps demonstrate that sulfate is dramatically decreased
near redox boundaries, and molar ratios of chloride to sulfate approach or
even exceed unity. The purpose of this study is to investigate the effects that
chloride and sulfate have on the mineral surface chemistry and dissolution
rate of pyrrhotite.

Buckley and Woods (1985a,b) and Jones and others (1992) summarized
previous surface studies of pyrrhotite. Buckley and Woods (1985a) report that
pyrrhotite reacted in acetic acid (pH ~ 2.4) developed iron-depleted sur-
faces. Maximum peak intensities for Fe(2,,) spectra were reported to occur
at 707.5 eV. Their S(2p) spectra indicate sulfur is present mainly as polysul-
fide species with binding energies slightly lower than elemental sulfur. They
suggested that a soluble iron{II) species had formed under these conditions
and that the near-surface may be restructured to form an iron polysulfide
rather than a sulfide within the stoichiometry range of pyrrhotite. Jones and
others (1992) reacted pyrrhotite in perchloric acid (pH =~ 1.3) and obtained
similar results. In addition, Jones and others (1992) provide structural evi-
dence that the polymerized sulfur atoms occur in linear chains with S-S
distances comparable to elemental suifur.

Pyrrhotite leached in sulfuric acid (pH = 3.0) were found to have
near-surfaces which were compositionally stratified (Pratt, Nesbitt, and Muir,
1994). The outermost layer was observed to be an iron(III)-oxyhydroxide of
varying thickness (80A to >500A). Separating the surface iron(III)-oxyhydrox-
ide and the underlying unaltered pyrrhotite was a sulfur-rich zone. Within
this zone no oxygen species were detected, and sulfur was present mainly as
polysulfides.

METHODS

Materials and experiments—~Two sets of experiments were conducted. The
first investigates the mineral chemistry of pyrrhotite surfaces leached by HCI
. and H,SO, mixtures, pH 3.0, containing C1~:SO3~ mole ratios of 1:0, 3:1, 1:1
and 1:3 (all subsequent numeric anion ratios cited refer to the mol ratio of CI~
to SO?". Pyrrhotite surfaces were analyzed with Auger electron spectroscopy
(AES) and X-ray photoelectron spectroscopy (XPS). XPS provided chemical
state information, and AES compositional information. Comprehensive intro-
ductions to XPS and AES are presented in Hochella (1988). The second set of
experiments examines pyrrhotite leaching rates using the same acid mixtures
(3:1, 1:1, 1:3) and an additional solution of H,SO, only (0:1).
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Euhedral pyrrhotites (Fe;Sg) from Chihuahua, Mexico were used for the
analytical experiments and have been described elsewhere (Pratt, Muir, and
Nesbitt, 1994). Massive pyrrhotite from the Kidd Creek Mine, Canada was
used in the dissolution batch experiments. The pyrrhotite from both localities
was the monoclinic variety with a minor hexagonal component.

Pyrrhotite laths 3 to 5 mm long and 2 to 3 mm in cross section were
prepared, fractured, and reacted in 80 mL of air-equilibrated solutions of pH
3.0 at 20°C = 1°C. Separate experiments were conducted for each of the
CL:SO, ratios indicated above. Following 8 hrs of reaction, specimens were
removed from the solutions and passively dried in a nitrogen environment at
room temperature for 12 to 16 hrs. All pyrrhotite manipulations prior and

TaABLE 1

XPS reference binding energies for chemical species. All values in eV

. Binding
Species Energy Source
Fe(2ps3/0)
%ef()II}S 706.7 Van der Heide and others (1980)
707.0 Nesbitt and Muir (1994)
707.45 Pratt, Muir, and Nesbitt (1994)
707.5 .{)ones and others {1992)
Fe{Ill}-S 709.2 ratt, Muir and Nesbitt (1994)
FeO 709.5% MclIntyre and Zetaruk (1977)
709.6* Mills and Sullivan (1983)
Fe;0y4 708.3% Fe?*-MclIntyre and Zetaruk 21977§
710.8% Fe3*-Mclntyre and Zetaruk (1977
710.8* Mills and Sullivan (1983)
aFesOs 711.0% MclIntyre and Zetaruk (1977}
711.0% Harvey and Linton (1981}
711.0% {linta- osso and Hochella {1996)
oFeOOH 711.6% cIntyre and Zetaruk {1977)
2p) 711.6* Harvey and Linton (1981)
S(2
Sg" 161.1 Buckley and Woods (1985b)
161.3 Pratt, Muir, and Nesbitt (1994)
s§' 162.5 Nesbitt and Muir (1994)
ST 163.7 Hyland and Bancroft (1989)
Sg 163.8 agner and others (1979)
. 164.2 Carlson (1975)
O(S(;z_ 168.5 Jones and others (1992)
1s
aFe)O;5 oxide 520.8 McIntyre and Zetaruk (1977)
530.0 ﬁnta- osso and Hochella {1996)
hydroxide 531.4 ills and Sullivan (1983)
aFeOOH oxide 530.0 Ferris and others {1989
530.3 MclIntyre and Zetaruk (1977)
hydroxide 530.9 Harvey and Linton (1981}
531.4 Mclntyre and Zetaruk (1977)
hysically adsorbed 532.3 Harvey and Linton (1981)
%QO 533.5 Knipe and others (1995)
533.8 Jones and others (1992)

*: Measurement taken at peak maximum.
t : Center of gravity measurement.
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subsequent to acid reaction were conducted in nitrogen or argon gas filled
chambers to minimize contamination by atmospheric gases.

The Kidd Creek pyrrhotite was crushed dry in air and screened to
provide —250 pm +125 pm mesh fractions for the batch leaching studies.
Crushed samples were used within 24 hrs of preparation. Experiments were
carried out at 25° and 33°C (+0.1°C). To each 200 mL acid mixture was
added 5 g of crushed and seived pyrrhotite. The mixtures were agitated with
a Teflon stirrer at 600 rpm. To minimize evaporation effects, the beakers
were covered with parafilm. Filtered (0.2 pm mesh) aliquots were drawn at
regular intervals over 24 to 30 hrs and analyzed for pH, total iron, ferric iron
and sulfate.

Instrumentation and data analysis—XPS analyses were carried out with a
Surface Science Laboratories SSX-100 X-ray photoelectron spectrometer
equipped with a monochromatized Al Ka X-ray source (spot size 300-600
pm) and a base pressure of 2 X 107 Torr. The spectrometer was calibrated to
the Au{4f;,,) line at 84.00 eV and to give an energy difference of 857.1 eV
between the metallic copper 3py and 2pss lines. The analyzer pass energy
was 25 eV. High resolution spectra were analyzed using a Shirley back-
ground (Shirley, 1972) and a Gaussian-Lorentzian peak fit model. With these
calibrations, the acid leached pyrrhotite specimens had an Fe(2p;,) (Fe(II)
sulfide peak) binding energy of 707.4 * 0.05 eV and a S(2y,9) monosulfide
peak binding energy of 161.4 = 0.05 eV. No charge correction was neces-
sary, based on Fe(25,) and S(2p) peak positions and the reproducibility of
sample binding energies. Iron, sulfur, and oxygen species binding energies
listed in table 1 were used as references for spectra peak fitting. To minimize
the number of Fe(2p;,,) freely adjustable peak parameters, ferrous and ferric
contributions were fit by strictly adhering to the detailed Fe(2p,,) fitting
procedures presented by Pratt, Muir, and Nesbitt (1994) and Nesbitt and
Muir (1994). S(2p) peaks were fit with spin orbit doublet S(2p,/,) and S(2p,/,)
lines. The S(2p, ) line was constrained to precisely half the area of and to 1.18
eV higher energy than the S(2p,) line.

AES data were acquired using a Perkin-Elmer Phi 600 scanning Auger
microprobe equipped with a secondary electron detector and an Ar™" ion gun.
During sputtering, base pressure of the analytical chamber was approx 3 X
1078 Torr. Analyses were obtained using a 3 kV, 20 nA electron beam
focused to a 3 pm spot size. Depth profiles were collected by rastering a near
30° incident 2.0 kV Ar* beam over a 2 X 2 mm surface. Approximate sputter
rates under these conditions were 40A min~! = 10 percent for pyrrhotite
(Pratt, Muir, and Nesbitt, 1994) and 40A min~! + 20 percent for ferric oxide
(Physical Electronics, 1976). Atomic compositions were calculated following
the procedures and guidelines presented by Nesbitt and Pratt (1995).

The concentration of iron in the solutions was measured using atomic
adsorption (AA) (£0.2 mg/L). Ferric iron concentrations were determined
using the colorimetric ammonium thiocyanate method (Sandell, 1959, p.
522-535). The limit of detection was found to be 50 pg/L (+10 pg/L). Sulfate
concentrations in the 25°C 1:0 acid mixture were determined by ion chroma-

tography (IC) (+0.1 mg/1).
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RESULTS

Secondary electron images showed that the leached pyrrhotite surfaces
were topographically smooth and devoid of recognizable features on the
scale of 0.2 pm. XPS and AES survey scans detected no chloride on analyzed
surfaces (fig. 1). Representative high resolution XPS spectra of acid leached
surfaces are shown in figure 2. Peak fitting results are listed in tables 2, 3 and
4. Typical Auger depth profiles are shown in figure 3. Surfaces were moni-
tored periodically during depth profile collection for electron beam induced
surface modifications. None was observed. The intensity of the C KLL signal
decreased to that of background following one cycle of sputtering, indicating
it was an adventitious contaminate.

Concentrations for iron, sulfate, and pH obtained from batch experi-
ments are presented in figures 4 and 5. Iron and sulfate concentrations have
been corrected for the amount of solution removed for analysis. Experimen-
tal leach rate constants are listed in table 5. Surface areas were estimated by
assuming grains in the screened —250 pm +125 pm mesh fractions had
largely spherical shapes and average diameters of 187 pm. Fe(III):Fe(Il) mole
ratios were observed to be near 0.01 over the duration of the experiments.
For all the batch leaching runs a barely detectable (undetectable by some
people) HyS odor was noticed. After approx 20 hrs of reaction at 25°C and 6
hrs of reaction at 35°C a yellow-to-rust colored colloidal suspension was
observed in the leaching solutions. XRD analysis show the suspensions were
lepidochrosite (yFeOOH) with lesser amounts of elemental sulfur (S°).

INTERPRETATION

XPS spectra—The Fe(2p,) spectra collected from leached pyrrhotite (fig.
2A) surfaces are characterized by peaks near 707 and 711 eV. The Fe(2p.,)
spectra are fit with multiplet splitting magnitudes and intensities for the free
ferrous and ferric ions calculated from theory by Gupta and Sen (1974, 1975).
For transition metals, multiplet splitting results from interaction of unpaired
3d electrons with core level 3p electrons of like-spin during a photoelectron
event (Hochella, 1988). Detailed discussions and procedures on the curve
fitting of Fe(2p) spectra are presented in Pratt, Nesbitt, and Muir (1994), Pratt,
Muir, and Nesbitt (1994), and Nesbitt and Muir (1994).

The primary Fe(II)-S peak is fit at 707.4 eV, and the two multiplets are at
0.95 eV higher and lower binding energies, as required by theory (fig. 2; table
2; Pratt, Muir, and Nesbitt, 1994; McIntyre and Zetaruk, 1977; Gupta and
Sen, 1974, 1975). The intensities of the three peaks are adjusted to obtain the
best fit. The intensity of the higher binding energy multiplet peak is consis-
tently five times greater than the intensity of the lower binding energy
multiplet (fig. 2). This 5:1 intensity ratio is more characteristic of pyrite
(Nesbitt and Muir, 1994) than of pristine pyrrhotite, where the ratio is close to
1:1 (Pratt, Muir, and Nesbitt, 1994). This peak modelling result may indicate
that the surface restructured to the disordered pyrite seen by Jones and others
(1992) on pyrrhotite surfaces reacted in perchloric acid.

The broad asymmetric peak near 711.0 eV spans the range of binding
energies reported for iron(III) oxides and hydroxides (table 1). Following the
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Fig. 1. XPS survey scan of a C1":SO}~ 3:1 leached pyrrhotite surface (A) and AES survey
scan of a C17:SO?™ 1:3 reacted pyrrhotite surface (B). Elements detected are sulfur, iron, oxygen
and carbon. Asterisks mark the a%proximate position of primary chloride peaks. The high

background of the XPS spectrum at binding energy above 800 eV is due to inelastically scattered
electrons.
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Fig. 2. R?resentative XPS high resolution narrow region scans collected from Cl:S0%"

1:1 acid reacted pyrrhotite surfaces: (A) Fe(2p3/0); (B) ${28); (C) O(1s). XPS peak fitting details for
pyrrhotite leacheg in the various acid mixtures are presented in tables 2, 3 and 4.
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TABLE 2

Fe(2ps,,) peak fitting data, energies listed refer to the primary Fe(Il) and the lowest

energy Fe(Ill) multiplet peaks. See note below for position and intensity of subsequent

multiplet peaks. The FWHM for the main Fe(Il)-S peak is 1.7 eV and the multiplets
0.9 ¢V. FWHM for Fe(Ill)-S peaks are 1.3 ¢V, and Fe(Ill)-0 peaks are 1.5 ¢V

Anion Ratio Fe{Il)-S Fe(II1)-S Fe(IID-O Fe(l1)/
Cl+:S0%* eV Area% % Area% eV Area% Fegnl)-s
1:0 707.4 44 709.2 26 710.6 30 1.7
3:1 707.4 48 709.2 28 710.4 24 1.7
1:1 707.4 50 709.2 30 710.5 20 1.7
1:3 707.4 41 709.2 24 710.6 35 1.7

Note—Fe(2p) spectra are fit following the procedures in Nesbitt and Muir (1994) and Pratt,
Muir, and Nesbitt (1994). Briefly, fit parameters are: Fe(II)-S-a primary peak coupled with two
less intense peaks located 0.13’5 eV higher and lower than the primary peak. Fe(III)-S-
contributions are characterized by a series of four peaks, progressively less intense occurring
1.75, 2.85, 3.85 and 4.75 eV above the primary Fe(lI)-S peak. Peak area ratios relative to the first
Fe(Il1}-S peak are 0.66, 0.35 and 0.15. Fe(II)-O-a sequence of four peaks progressively less
intense towards higher binding energgr, Eeak separations are 1.0, 1.2, and FA eV, and peak

0.95,0.59,

intensities relative to the first are and 0.28.

example of Pratt, Muir, and Nesbitt (1994) and Mycroft, Nesbitt, and Pratt
(1995), this portion of the spectrum is fit with the characteristic ferric
multiplet sequence of four peaks beginning at 710.5 + 0.1 eV (fig. 2; table 2).
Comparison with reference binding energies in table 1 suggests this portion
of the spectra results from a surface Fe(III)-oxyhydroxide.

Utilizing only Fe(II)-S and Fe(III)-O-OH components to fit the Fe(2p,)
spectra did not achieve a satisfactory result. Most notable was the poor fit in
the region near 709 eV. Pratt, Nesbitt, and Muir (1994) were confronted with
the same problem, and they obtained excellent fits, as do we here, using a
Fe(IIT)-S species (fig. 2; table 2). Fe(III)-S species have been shown by Pratt,
Muir, and Nesbitt (1994) to be present in pyrrhotite near-surfaces freshly
fractured under high vacaum.

S(2p) spectra are dominated by a peak near 163.5 eV (fig. 2; table 3).
Buckley and Woods (1985a), Tremes and others (1987), and Mycroft and
others (1990) interpreted peaks in the energy range 162.8 to 163.8 eV to
result from polysulfides. We interpret our peaks at 163.5 * 0.1 eV (fig. 2,
table 3) to be polysulfide. Pratt, Nesbitt, and Muir (1994) used a broad peak
(FWHM = 2.2 V) to fit the polysulfide component, arguing that the broad- -
ness of the fit peak resulted from the presence of a range of polysulfides (S2~
to 827). In contrast, all polysulfide contributions in these experiments were fit
with FWHM = 1.1 eV (table 3), which suggests the presence of only one or
two polysulfide species.

The low binding energy shoulder is best fit with two peaks at 161.5 = 0.1
and 162.5 eV {table 3), indicating monosulfide and disulfide species (table 1).
Prait, Nesbitt, and Muir (1994) interpret peaks near 161.2 and 162.2 eV,
respectively, to result from ferrous monosulfide and disulfide moieties in
pyrrhotite. Disulfide is anticipated in pyrrhotite and originates from intersul-
fur octahedra bonds at vacant metal sites (Vaughan and Craig, 1978).
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The highest binding energy component of the S(2p) spectra is best fit
with a peak near 167.8 eV {table 3). Jones and others (1992) note that the
sulfate peak on pyrrhotite surfaces is at 168.5 eV (table 1), and Wagner and
others {1979) along with Turner and others (1980) list binding energies near
167.5 eV for inorganic thiosulfate species. We interpret the peak at 167.8 eV
to be thiosulfate. A minor thiosulfate S-S component should occur toward the
low binding energy portion of the spectra. The inclusion of a thiosulfate S-S
component would be difficult to justify considering the the very weak
intensity of the thiosulfate S-O component (<6 percent, table 3). Thiosulfates
and other polythionate species have been observed by Steger and Desjardins
(1978) and Steger (1982) during pyrrhotite oxidation.

TaBLE 3

8(2p3) peak fitting data. All peaks were fit with a FWHM of 1.1 ¢V

Anion s2- Sa- s Sg $,08"

Ratio Area Area Area Area Area (837 + 82
CI'SO™ eV % eV % eV % eV % eV % +Sg/ST
1:0 1614 32 1625 12 1635 47 1645 3 1679 6 1.9
31 1615 36 1625 9 1636 50 1679 5 1.6
1:1 161.5 37 1625 7 163.6 52 167.9 4 1.6
1:3 161.4 44 1625 10 1634 37 1645 3 1678 6 1.1

In two of the S(2p) spectra a constituent of elemental sulfur at 164.5 eV
(table 3) is required to achieve good spectral fits. Buckley and Woods (1985a)
note that sulfur is volatile in the vacuum of the XPS analytical chamber. Its
detection in our sample suggests that the sulfur may be protected from
sublimation by an overlayer, most likely the Fe(IlI)-oxyhydroxide.

The O(1s) spectra (fig. 2, table 4) are fit with a peak at 531.8 = 0.2 eV
which is attributed to hydroxyl oxygen. The low binding energy shoulder of
each spectrum is best fit with a peak at 530.1 * 0.1 eV (table 4) and is
interpreted to originate from oxide oxygen (table 1). The high binding energy
side of the O(1s) spectra requires a separate peak at 533.1 = 0.1 eV (table 4)

TABLE 4

O(1s) peak fitting data. FWHM are constrained to the peak’s natural line width and
range from 1.2 for oxide on the 1:7 sample to 1.9 for attached water
on the 1:3 sample

9 _
Anion Ratio o OH H.0
Cl+:S03" eV Areal eV Areal eV Area%  O*"/OH~
1:0 530.0 18 531.6 65 533.0 17 0.28
3:1 530.0 12 532.0 70 533.0 18 0.17
1:1 530.2 13 531.9 61 533.3 26 0.21
1:3 530.2 12 531.9 47 533.2 41 0.26
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which is attributed to oxygen of attached water. These interpretations are
consistent with those of McIntyre and Zetaruk (1977), Harvey and Linton
(1981), Mills and Sullivan (1983), Knipe and others (1995), and Junta-Rosso
and Hochella (1996).

AES depth profiles—Pyrrhotite surfaces leached with hydrochloric-sulfuric
acid mixtures of 1:0, 3:1; 1:1, and 1:3 are shown in figure 3A, B, C and D
respectively.

The hydrochloric acid experiment, Cl:SO, = 1:0, produced a sulfur-
rich, iron depleted, alteration zone approx 120A thick. There is little oxygen
on the surface and effectively none in the alteration zone. Sulfur enrichment
on pyrrhotite surfaces oxidized in air and leached in H,SO, pH 3.0 has been
noted elsewhere (Pratt, Muir, and Nesbitt, 1994; Pratt, Nesbitt, and Muir,
1994; Nesbitt and Pratt, 1995; Mycroft, Nesbitt, and Pratt, 1995) and has
been interpreted to result from the diffusion of iron through structural
vacancies to the pyrrhotite surface. A similar phenomenon is considered to
have occurred here, with iron being removed from the surface by the HCI
solution. It is apparent that although the HCI leachate is air-saturated,
dissolved oxygen is not taken up on the surface in significant quantity. In fact
the small amount seen on the surface (10 percent) may have resulted from
slight contamination during transfer from the reaction vessel to the Auger
instrument.

Pyrrhotites leached in solutions with the Cl:SO, = 3:1 and 1:1 have
near-surfaces slightly enriched in sulfur relative to the pristine interior
pyrrhotite. Oxygen concentrations are low, and the profiles are qualitatively
similar to figure 3A. Although near-surface sulfur enrichment is less pro-
nounced (fig. 3B,C), the enrichment probably results from removal of iron
relative to sulfur. As well as displaying less sulfur enrichment, the alteration
zone is only 30 to 40 A thick (fig. 3B,C) compared with 120A for the
HCl-leached surface (fig. 3A).

Pyrrhotite leached in solutions with Cl:SO, = 1:3 contains Fe- and
O-rich, S-depleted surface layers approx 20A thick (fig. 3D). This composi-
tional trend is not observed on the surfaces leached in solutions that contain
greater amounts of Cl~.

Beyond 20A depth sulfur rises quickly to approx 60 atomic percent, iron
decreases to approx 25 percent, and oxygen progressively decreases: to
background values (approx 5 atomic percent) near 4504 (fig. 3D). The S, Fe,
and O atomic proportions in this zone are not representative of specific
mineralogical compositions and indicate there probably are numerous “chemi-
cal species” in the zone. Iron is low by comparison with Fe-sulfide or
Fe-oxyhydroxide minerals such as pyrite or goethite. The high sulfur content
and pronounced cation deficiency is suggestive of polymerized sulfur species
such as polysulfide or even elemental sulfur. This is in agreement with the
S(2¢) data and suggests that these species reside in the leached mineral
near-surface. The detection of O within this zone indicates oxygenated
species also occur. However, the nature of these species is not certain and
based on the interpretations of the XPS results the O is most likely associated
with polythionate and/or partially hydrated iron sulfur species.
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Between 450 and 650A Fe, S and O concentration trends are similar to
those observed in the acid mixtures with lower sulfate concentrations. The
near absence of oxygen within this zone may indicate that the dominate
processes involve iron diffusion and sulfur polymerization. The absence of
oxygen in the 450 to 650A range indicates that this zone is on average less
oxidized than the shallower zones. The deepest zone (greater than 650-700A)
reflects pristine pyrrhotite composition.

Solution chemistry~As shown in figure 4A, sulfate and iron are present in
solution after 15 mins leaching, with sulfate the more abundant. Sulfate
content does not increase with continued reaction. The sulfate concentration
trend can be explained by the initially rapid dissolution of soluble iron sulfate
salts. Pratt, Muir, and Nesbitt (1994) Mycroft, Nesbitt, and Pratt (1995),
Buckley and Woods (1985b) report that sulfate will form rapidly on pyr-
thotite surfaces exposed to air. From this it would be reasonable to suggest
that sulfate initially occurs as surface resident salts which form during sample
preparation. The concentration trend indicates that sulfate release over the
first six hrs of reaction is a one-time event, is the first species detected, and is
most rapid of the leaching reactions.

Iron concentrations plotted against time yield curved trends (fig. 4A) but
plotted against the square root of time yield linear trends over much of the
early leaching period (fig. 4B). Deviation from the linear trend is observed
after about 4 hrs (fig. 4B, ,time = 16), and a platean exists near 0.065
millimoles of iron released. The linear trend defined by results of the first 4
hrs suggests that diffusion controls the iron leaching rate.

As with the 25°C data, the 35°C Fe(aq) data plotted against the square
root of time yield linear trends during the early stages of dissolution (up to 2
hrs; \t = 11) (fig. 5). After approx 2 to 3 hrs of leaching (,t = 13) the Fe,(aq)
concentrations plot below the extrapolated linear trend, and a maximum in
Fe(aq) concentration is found to occur at approx 4 to 5 hrs (fig. 5, |t = 16-17).
The maximum is followed by a decline to a value near 0.048 millimoles of
Fe(aq). In closed systems, such as here, concentration increases are often due
to dissolution or desorption/exchange, and concentration decreases to precipi-
tation or adsorption/exchange. The observation that iron concentrations go
through a maximum indicates that Fe(ag) removal rates have approached or
exceeded release rates. The sink for iron in this study would be the yellow-to-
rust colored colloidal suspension identified as lepidochrosite (yFeOOH) by
XRD. At approx 17 to 20 min!”? apparently steady state conditions are
attained.

. The five experiments at 25° and 35°C contain different proportions of
chloride and sulfate in solution, yet the slopes defined by the data for each
experiment are essentially the same (table 5). Either both anions have
precisely the same effect on leach rates for iron, or they have no effect.
Furthermore, Fe(Ill)-oxyhydroxide coatings form on pyrrhotite surfaces
leached in pH 3.0 H,SO, (Pratt, Nesbitt, and Muir, 1994), whereas Fe-
polysulfide species are found on surfaces leached in solutions containing CI-.
Although the near-surface regions of leached pyrrhotite are compositionally
different, these compositionally different surfaces have no effect on the leach
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Fig. 4. Representative plots illustrating concentration trends for ions in solution (25°C); (A)
acid mixture with C17:SO?” = 1:0 showing iron and sulfate concentrations plotted as function of

time for the first 6 hrs of reaction; (B) acid mixture with C17:SO?” = 0:1 showing iron
concentrations plotted as a function to the square root of time over the duration of the
experiment. The presented iron and sulfate data have been corrected for the volume of solution
removed for analysis.

rate of these experiments. From these observations we conclude that the same
process controls the rate of release of iron to solution in all these experiments, that
chloride and sulfate have no apparent effect on leach rates, and that the
composition of the altered layer on the pyrrhotite grains has no effect on
leach rates, at least over the duration of the experiments.

The pH of leachates, at both temperatures, is observed to increase from
pH 3.0 to approx pH 5.0 (fig. 6). This trend is particularly accentuated with
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Fig. 5. Representative plot showing the dissolved iron concentration trend in solution at
35°C. Data from acid mixture batch experiment using C17:80%™ = 3:1.

the 35°C data. The increase in pH indicates that H*(aq) is consumed as the
reactions proceed. The attainment of maximum pH values appears to
coincide with steady state conditions for iron. Since this correlation occurs for
all experimental solutions, it would appear that the correlation is unlikely to
be coincidental; rather consumption and production of H*(aq) are equal after
pH = 5.0 is achieved. The H* production reaction may be precipitation of
lepidochrosite as colloids, as discussed subsequently.

DISCUSSION

Surface processes—The leaching of pyrrhotite by air-saturated HCI solu-
tion (fig. 3A) causes iron from the bulk pyrrhotite to diffuse to the surface
where it is taken into solution. Sulfur remains in the solid to produce a
residual sulfur-enriched alteration zone dominated by polysulfide species.
The properties of the interface and nature of the solutes apparently inhibit

TABLE 5
Experimental rate constants (2k,) obtained from the measured Fe concentrations in

solution, experimental rate constants corrected for surface area (2k,,) and activation
energies (E,) determined from the measured iron concentrations

25°C 35°C

9k, 9%k, 9%k, 9k, E,
Acid (mmol) (mmol min~12) (mmol) (mmolmin~"2)  kJ/mole
1:0 3.04 x 1073 8.69 x 1076 4.23 X 1073 1.21 X 10~° 25
3:1 2.97 x 1073 8.49 X 10 4.14 X 10738 1.18 X 103 26
1:1 291 x 1073 8.31 x 1076 4,03 x 1073 1.15 X 1075 25
1:3 3.25 x 1073 9.28 x 107° 4.60 x 1073 1.31 X 1075 26
0:1 3.09 X 1073 8.83 X 1076 423 X 1073 1.21 X 1075 24
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oxygen uptake onto the solid surface and its consequent diffusion into the
sulfur-rich alteration zone. These same processes affect pyrrhotite leached by
solutions containing HCI and H,SO, in the ratios 3:1 and 1:1.

Markedly different compositional profiles are produced by leaching
with a pH 3.0 solution containing a 1:3 mixture of HCl and H,SO,. Iron from
pyrrhotite diffuses to the solid/solution interface. Once at the surface, iron is
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oxidized and deposited at the interface as Fe(Ill)-oxyhydroxides, thus an
oxyhydroxide layer is “built” outward from the original surface. This process
leaves the surface rich in oxygen species. The sulfur enriched zone beneath
the Fe(III)-oxyhydroxide layer contains appreciable oxygen (fig. 3D). The
elevated oxygen levels and the continual decrease of oxygen with depth
indicate that oxygen, originally within the solution, has penetrated the sulfur
enriched sublayer, probably by diffusion through vacancies in the pyrrhotite
lattice. The actual species being transported to the subsurface is uncertain. If
the species is hydroxide, then a process involving counter diffusion of OH~
into the sulfur-rich zone and iron diffusion from the interior to the surface
may be occurring.

All leaching solutions had the same initial pH but variable C1- to SO%~
ratios, yet compositional profiles, and alteration processes differ depending
upon the CI~ to SO? ratio in solution. The major difference between the
profiles is that oxygen is dramatically reduced on the surface and interior of
the solid where chloride is abundant. With sulfate dominant, oxygen is the
most abundant element at the solid surface, and it penetrates a few hundred
Angstroms into the sulfur-rich underlayer. Clearly, chloride prohibits the
uptake of reactive oxygen-bearing species onto the solid surface and, in doing
so, prohibits diffusion of oxygen into the subsurface.

XPS S(2p) spectra further emphasize the influence chloride. The most
striking change to the sulfur spectra is the proportional decrease in monosul-
fide at the expense of disulfide (S37), polysulfides (S27), and S°. The last three
species are referred to subsequently as multimeric sulfur species (S, where
n = 2 to 8). The ratio of multimeric to monosulfide changes systematically
from near 2:1 to near 1:1, as the proportion of chloride is decreased in the
leaching solutions (table 3). The change in ratio may be related to the ability
of chloride to inhibit both the uptake of oxygen onto the solid surface and the
diffusion of oxygen species into the interior of the solid (table 3). With limited
supply of oxidant at the surface, intermediate oxidation products are pro-
duced rather than oxygen sulfur species such as thiosulfate.

The ratio of ferric sulfide (Fe[III]-S) to ferrous sulfide (Fe[II]-S) is 0.48:1.0
for pristine pyrrhotite, and with air oxidation the ratio decreased appreciably
(Pratt, Muir, and Nesbitt, 1994). The decrease was interpreted to indicate a
greater reactivity of Fe(III)-S surface species towards molecular oxygen
{oxidant) than Fe(II)-S species, where Fe(IIl)-bonded to sulfur was preferen-
tially destroyed to produce Fe(IIl)-oxyhydroxides. The ratios observed here
are 1.7:1 regardless of the proportion of chloride in solution. Leaching by
.these air-saturated solutions produces the opposite result to air-oxidation;
there is exceptional enhancement of the Fe(IlI}-S species over Fe(II)-S. A
major difference between the two experiments is the possibility to remove
surface constituents to aqueous solution. We suggest that the enhanced
Fe(III)-S signal results from preferential removal of iron(II) from the surface
to solution without oxidizing sulfide to its most stable form sulfate. Intermedi-
ate oxidation products of sulfide, primarily disulfides and polysulfides, accu-
mulate in the near-surface rather than oxygen sulfur species. We hypothesize
that the sulfur-rich zone of the near-surface results from incongruent dissolu-
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tion of pyrrhotite coupled with partial oxidation of monosulfide to multi-
meric species primarily.

The O(ls) data (fig. 2, table 4) indicate the presence of O~ {oxide
oxygen), OH~ (hydroxide), and HyO (attached water), and the Fe(2p) data
(table 2) indicate that the oxygen-bearing species are present as Fe(III)-
oxyhydroxide species primarily. The small amount of thiosulfate detected
(fig. 2, table 3) implies a small contribution from oxygen bonded to sulfur
(thiosulfates). The O?:OH~ ratio for all experiments show an excess of
hydroxide relative to oxide (table 4), whereas for lepidochrosite or goethite
the ratio is 1:1. These results suggest that species forming at the surface are
most likely a mixture of oxyhydroxides and hydroxides rather than a distinct
iron phase.

Solution processes—Aqueous iron concentrations plotted against time
show parabolic curves and, when plotted against the square root of time,
yield linear trends for the first few hours for all experiments. The parabolic
release rate may be the result of a variety of processes, most important of
which may be variation in grain size (Talman and Nesbitt, 1988). The
parabolic rate law, however, accurately describes all results for the first few
hours of leaching, and as discussed subsequently the numerous experiments
yield remarkably consistent apparent activation energies (table 5). Subse-
quent, more detailed experiments may demonstrate that surface reactions are
important in controlling reaction rates. However, in the absence of additional
evidence, the process controlling iron release to solution during the initial
stage of leaching is here considered to be diffusion.

Apparent activation energies (E,) calculated from the experimental rate
constants listed in table 5 are near 25 kJ/mole. E, of this magnitude are more
representative of ion diffusion through a solution than through a solid (Orr
and Butler, 1935; Ahonen and Tuovinen, 1992). For comparison the E, for
iron diffusion along the c-axis of monoclinic pyrrhotite at 254°C is 90 k]/mole
(Condit and others, 1974). The presence of solution diffusion kinetics in our
study is not unexpected. Lerman (1979) notes that in closed system leaching
experiments the initial stages of mineral dissolution are generally controlled
by solution diffusion processes.

Insight into processes involving hydrogen ions is obtained by comparing
the amounts of iron released to and hydrogen removed from solution. The
slopes of the first five points on figure 7A {first 5 hrs of leaching) are close to
2.00, indicating that two moles of H* are consumed for every mole of iron
released to solution. The anion-cation relationship suggests charge balance is
maintained by exchange of H* and Fe?* between the bulk solution and the
solid. If so, the reaction is effectively an exchange reaction:

Fes(surfape) + 2H+(3«CI) A4 H2S(surface) + F92+(aQ)a (1)

where FeS is a surface species (the Fe(II)-S component of Fe,Sy). H,S appears
to be a solid species as only a minute amount of gas is produced during the
experiments. The H,S species is most likely ephemeral and probably forms
in the near-surface of the leached pyrrhotite as a consequence of exchange.



824 A. R. Pratt and H. W. Nesbitt—Pyrrhotite leaching

0.200 A

O.CDO IIII|l|||||l|l|||ll|ll|l|llll|
0.000 0.012 0.024 0036 0.048 0.060 0.072

Consumed

+

0.200

H

millimoles
o
8

0.050- m=3.2

O-Om LI I T vV T l LI l T 1 17T I L L l 1 U7 [
0.000 0.012 0.024 0.036 0.048 0060 0.072

‘milimoles Fe Released

Fig, 7. Diagrams depicting the relationship between the amount of hydrogen ions removed
from solution and the amount of iron released to solution: (A) 25°C, acid mixture with Cl™:
SO2~ = 3:1; and (B} 35°C, acid mixture with Cl1-:SO%™ = 1:0. The plotted hydrogen and iron
values have been corrected for the volume of solution removed for analysis. Hydrogen values
are plotted with an absolute error in measurement of 0.03 pH units.



in acid mixtures of HCl and H,SO, 825

The charge balance between H* and Fe(aq) suggests that Fe?* is the primary
ion released to solution. _

The fate of H* after uptake onto active exchange or sorption sites is
unknown because its concentration and distribution cannot be determined
by our surface analytical techniques (XPS, AES). There are, however, a large
number of structural vacancies in pyrrhotite, hence some H* likely diffuses to
the interior of pyrrhotite due to the chemical potential gradient between
surface and interior. In turn, H* may promote migration of iron to the surface
by acting as the counter ion for iron diffusion. By considering the charge and
“size” of the ionic species, it is likely iron controls the rate of migration of H*
from the surface to the interior of the solid, possibly through coupled
(counterion) diffusion. If so, then Fe?+-H+ exchange (Rxn. 1) should be
regarded as a bulk volume exchange rather than a surface exchange process.
The relationship between surface area to reaction rate then becomes some-
what ambiguous.

Identification of yFeOOH as an oxidation product provides significant
insight into subsequent processes occurring during the batch experiments.
vFeOOH usually develops in systems dominated by ferrous iron and is
formed by an oxidative/hydrolytic mechanism (Ross and Wang, 1982;
Schwertmann and Cornell, 1991). Throughout these experiments Fe?* (aq) is
the dominant aqueous iron species, a prime requirement for yFeOOH
formation. Deviation from linear concentration trends at 25°C occur after 4
to 6 hrs of dissolution (fig. 4B). The deviation of trends can be accounted for
by the oxidation of ferrous iron to ferric iron in the aqueous phase. As pH
within the solutions increases saturation with Fe(III)-oxyhydroxides is ap-
proached and exceeded, resulting in precipitation. Reactions describing Fe?*
oxidation, H* consumption, and Fe(III)-oxyhydroxide production are:

9Fe?* + 1/20, + 2H* & 2Fe’* + H,0 (2)
Fe?* + 2H,0 < yFeOOH + 3H™* (3)

by summing the H* in reactions (1) and (2) a 3 to 1 relationship emerges
between H* consumption and Fe?* release to solution. A 3 to 1 relationship is
observed for the 35°C data (fig. 7B) and may be an indication of the
occurrence of reaction (2) during the batch experiments. Furthermore,
deviation from the 2 to 1 relationship for the sixth 25°C data point (fig. 7A)
may also result from the onset of dissolved ferrous oxidation.,

According to Schwertmann and Cornell (1991) yFeOOH only forms
within a pH 5 to 7 range. If pH is above 7 in a ferrous dominated system,
aFeOOH forms (Schwertmann and Cornell, 1991). Once pH 5 is attained in
our experiments, it would appear hydrolysis of ferric iron proceeds and
YFeOOH forms following reaction (33, An implication of reaction (3) is that
the system is self buffering with regard to pH, as long as dissolution and
precipitation proceed at a commensurate rates.

A second product of reaction identified by XRD is elemental sulfur. Its
development may be related to processes occurring at the mineral surface. As
shown by Buckley and Woods (1985b) and Pratt, Muir, and Nesbitt (1994)
pyrrhotite contains monosulfide (S2-) primarily, but as previously empha-
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sized, monosulfide of the near-surface is oxidized to polysulfides and elemen-
tal sulfur during leaching. A reaction compatible with these observations is:

FeS,ace T 1/20(ag) + 2H"*(aq) = Fe**(aq) + S° + H,O. (4)

where FeS is a surface species (the Fe(II)-S component of Fe;Sg}. Reaction (4)
incorporates the exchange reaction (1) with the oxidation reaction of mono-
sulfide to S°. The oxidized sulfur may be found in the leached layer of
pyrrhotite as polysulfide or as elemental sulfur.

An additional reaction probably occurs in the leached near-surface zone
of pyrrhotite, as it does during oxidation of pyrrhotite in air (Mycroft, Nesbitt,
and Pratt, 1995). As noted previously, iron(II) of pyrrhotite may be oxidized
according to:

FeS + 3/20,(aq) + 1/2H,0 = FeOOH + §° (5)

where FeS is again a proxy for pyrrhotite, and $° is incorporated into
polysulfides and elemental sulfur of the sulfur-rich altered layer.

Implications for acid mine drainage—These results suggest that chloride
may have a significant role in the generation of acid mine drainage. For
example, the integrity of reaction passivating overlayers of oxide, hydroxide
and sulfate species on sulfide minerals are markedly compromised by
desiccation and spalling processes during wet-dry or freeze-thaw cycles
(Pratt, Nesbitt, and Muir, 1994). The presence of chloride in pore solutions
may inhibit regeneration of these passivating layers on exposed sulfide
surfaces and prolong exposure to and reaction with oxidizing solutions.
There is, therefore, the potential to produce, very rapidly, acidic mine
drainage through the oxidation of sulfur and subsequent formation of sulfate.
Furthermore, addition of Cl -bearing solutions (dissolved chloride salts or
HCI), such as used for processing of some ores (Craigen and others, 1990;
Collins and Flett, 1990), to mine tailings or waste rock piles may limit
development of Fe(III)}-oxyhydroxide surface coatings on recently stored
gangue sulfide minerals and potentially lead to prolonged production of
acidic drainage.

CONCLUSIONS

In solutions where the concentration of chloride is dominant over
sulfate, pyrrhotite surfaces are virtually devoid of oxygenated species. Sur-
faces tend to be depleted in iron and enriched in sulfur, with polysulfide
-species dominating. When sulfate concentrations are in excess of chloride the
abundance of oxygen species at the surface increases, and penetration of
oxygen species into the solid occurs. The results of this study demonstrate
that chloride does not allow Fe(IIl)-oxyhydroxides to accumulate in appre-
ciable amounts on thé altered pyrrhotite surface.

Leaching experiments show that one of the earliest stages of pyrrhotite
dissolution involves the rapid release of sulfate. This stage is followed by the
release of iron to solution via a diffusion controlled process characterized by
H* consuming reactions. Variation in solution CL:SO ratios and the nature
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of leached surfaces do not appear to have any significant effect on the release
rates for iron.
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