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Rate equations and Kinetic parameters were obtained for various reactions involved in the bacterial oxidation
of pyrite. The rate constants were 3.5 pM Fe?>* per min per FeS, percent pulp density for the spontaneous
pyrite dissolution, 10 uM Fe>* per min per mM Fe>* for the indirect leaching with Fe**, 90 pM O, per min
per mg of wet cells per ml for the Thiobacillus ferrooxidans oxidation of washed pyrite, and 250 pM O, per min
per mg of wet cells per ml for the T. ferrooxidans oxidation of unwashed pyrite. The K,, values for pyrite
concentration were similar and were 1.9, 2.5, and 2.75% pulp density for indirect leaching, washed pyrite
oxidation by T. ferrooxidans, and unwashed pyrite oxidation by T. ferrooxidans, respectively. The last reaction
was competitively inhibited by increasing concentrations of cells, with a K; value of 0.13 mg of wet cells per ml.
T. ferrooxidans cells also increased the rate of Fe** production from Fe>* plus pyrite.

Bacterial leaching of sulfide ores is a complex process
potentially involving many different reactions, such as direct
action by bacteria, indirect action by ferric iron, and elec-
trochemical interaction of minerals (3, 4, 9, 17). These
biological, chemical, and electrochemical reactions are in-
terrelated, and their favorable interaction should lead to a
successful bacterial leaching.

We have selected a simple sulfide, pyrite (FeS,), as a test
mineral and have attempted to estimate the rates of some of
these reactions and to compare them with the overall bacte-
rial leaching rates. In this work we have studied the sponta-
neous solubilization of pyrite, the indirect leaching of pyrite
with Fe?>*, and the bacterial leaching of pyrites (washed and
unwashed) and have tried to interrelate the rates of these
reactions.

MATERIALS AND METHODS

Pyrite. The pyrite sample used was provided to us by the
Mines Branch of Manitoba Energy and Mines. It was ground
to —140 mesh (100-pum diameter by microscopic observa-
tion) and contained 45.9% Fe, 45.1% S, and 9% impurities.

Media. The standard reaction medium used throughout
this study was the HP medium (7, 10) consisting of 0.1 g of
K,HPO,, 0.4 g of (NH,),SO,, and 0.4 g of MgSO, - 7H,0
per liter, adjusted to pH 2.3 with H,SO,. The growth
medium for Thiobacillus ferrooxidans was the HP medium
plus 33.3 g of FeSO, - 7H,O per liter (7, 10) and that for
Thiobacillus thiooxidans was the HP medium with unsteril-
ized powdered sulfur, 50 g/liter, as substrate (15).

Organisms. T. ferrooxidans SM-4 and T. thiooxidans SM-6
were isolated from a sulfide ore mine site (7). T. ferrooxidans
SM-4 was grown as described previously (16), and the
harvested cells were washed and suspended in the HP
medium to a concentration of 50 mg of wet cells per ml. T.
thiooxidans was grown in 2.7-liter Fernbach flasks contain-
ing 1 liter of the HP medium. After inoculation with a 2.5%
culture, 50 g of powdered elemental sulfur (sulfur precip-
itated; BDH Chemicals, Toronto, Canada) was spread
evenly on the liquid surface. The flasks were incubated at
28°C for S days under stationary conditions. Sulfur was
removed by filtration through a Whatman no. 1 filter paper
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under suction, and the cells were collected by centrifugation
at 12,000 X g for 10 min. The collected cells were washed
and suspended to a concentration of 50 mg of wet cells per
ml in the HP medium. Both cell suspensions were stored at
4°C and were used within 2 to 3 days.

Pyrite concentration. The concentration of pyrite used was
expressed as percent pulp density (% PD), which is defined
as [weight of solid (g))/[volume of liquid (ml)] X 100.

Spontaneous pyrite dissolution. The steady-state rate of
spontaneous pyrite dissolution was determined by measur-
ing the rate of Fe?* release with o-phenanthroline (1), as
modified below. Pyrite was washed in the HP medium (6.4
ml) in centrifuge tubes for 2 to 3 h with reciprocal shaking at
30°C. The liquid was then removed by centrifugation at
13,000 x g for 10 min, and the washed pyrite was resus-
pended in the fresh HP medium (6.4 ml). The washed pyrite
slurries were then shaken again at 30°C, and 50- to 100-pl
samples were taken at time intervals for 1 h for Fe?*
analyses. Samples were diluted to 1.5 ml with the HP
medium, and after centrifugation 1 ml of supernatant was
mixed with 1 ml of 0.1% o-phenanthroline. The red color
which developed after S min was measured at 500 nm in a
Diode Array Spectrophotometer 8452A (Hewlett-Packard
Co., Palo Alto, Calif.) to obtain the Fe?>* concentration. The
reaction was linear with time, and the rate was expressed as
micromolar Fe?* per minute.

Indirect leaching. The Fe3*-mediated production of Fe?*
from pyrite was also determined by using the o-phenanthro-
line method. The washing of pyrite was the same as de-
scribed above. The washed pyrite was suspended in the
fresh HP medium (6.4 ml) containing various concentrations
of Fe**. The incubation and the color determination were
the same as those described above. The reaction was linear
with time.

Oxygen consumption. The rate of O, consumption was
determined by the standard manometric technique (18) by
using a Warburg apparatus with 16-ml double-sidearm flasks
(Bronwill Scientific Inc., Rochester, N.Y.). The total reac-
tion mixture consisted of 3.2 ml of HP medium with specified
amounts of cells and pyrite. The reaction was started by
tipping the cells from a side arm after 20 min of preincuba-
tion. The reaction was carried out at 30°C, and the oxygen
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FIG. 1. Effect of pyrite concentration on the rate of spontaneous
dissolution of Fe?*. The rate (v) was determined as micromolar Fe?*
per minute at 30°C in the HP medium. Where indicated, intact or
heat-inactivated (5 min at 100°C) cells of T. thiooxidans SM-6 were
present at 1.56 mg of wet cells per ml.

consumption rate was expressed as micromolar O, per
minute during the linear steady-state reaction.

Washed pyrite sample used for some experiments was
prepared as follows. A 10% pyrite slurry in the HP medium
was stirred for 4 h, filtered through a Whatman no. 1 filter
paper, and dried for 2 days in a desiccator over CaCl,.

Anaerobic production of Fe?* from pyrite and Fe3*. The
rate of Fe2* production from washed pyrite plus Fe** by 7.
ferrooxidans cells was determined in Warburg flasks under
O,-free N, gas at 30°C. The reaction volume was 3.2 ml in
the HP medium. The reaction was started by tipping cells
and Fe** from the side arms. Samples of 25 ul were removed
with microsyringes at time intervals through serum bottle
stoppers capped on the side arms of flasks for Fe?* deter-
mination as described above.

RESULTS

Spontaneous solubilization of pyrite. Pyrite (FeS,) crystal is
not very soluble in water, and the solubility product of the
reaction

H* + FeS, —> Fe?* + HS™ + S° @

is supposed to be 2 x 10~ for [Fe?*] [HS™] at pH 2.3 (11),
but most pyrite samples contain some components which are
more soluble due to grinding treatments or contaminating
minerals with lower sulfur content.

The steady-state rate of Fe?* solubilization from pyrite at
various concentrations is shown in Fig. 1. The reaction was
the first order with respect to pyrite (without cells), with a
slope of 3.5 uM Fe?* per min per FeS,% PD. Figure 2 shows
the rate of O, consumption of pyrite without cells (0.36 uM
O, per min per FeS,% PD), which is much smaller than the
value expected even for the oxidation of HS™ to S° (HS™ +
120, + H* - S° + H,0).

T. ferrooxidans and T. thiooxidans cells are known to
adsorb on solid surfaces even when they are killed by heat
(19). The heat-killed T. thiooxidans cells virtually stopped
the Fe?* release from pyrite (Fig. 1), presumably by cover-
ing the surface of pyrite particles. Intact cells also inhibited
the Fe?* release, but less drastically (Fig. 1). The O,
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FIG. 2. Effect of pyrite concentration on the rate of oxygen
consumption with and without T. thiooxidans cells. The rate (v) was
determined as micromolar O, per minute at 30°C. The pyrite sample
used was unwashed. When indicated, the intact 7. thiooxidans cells
were present at 1.56 mg of wet cells per ml.

consumption in Fig. 2 indicates that T. thiooxidans cells
were oxidizing the sulfide or sulfur portion of pyrite, since
they are not capable of oxidizing Fe?*. The rate of O,
consumption, 1.7 pM O, per min per FeS,% PD, was al-
most twice what is expected of the oxidation of HS™
generated in reaction 1 (assuming the same rate as Fe2*
release) to S°.

Indirect leaching of pyrite by ferric iron. The oxidation of
pyrite by ferric iron, known as indirect action in bacterial
leaching (4, 9, 17), has been extensively studied (8). The
complete oxidation of pyrite by ferric iron (FeS, + 14Fe** +
8H,0 — 15Fe?* + 280,2~ + 16H™) requires harsh condi-
tions, and under the mild conditions of bacterial leaching, a
more probable reaction will be FeS, + 2Fe** — 3Fe?* + 2S°
4,9).

The rate of Fe?* release from pyrite was determined at
various concentrations of Fe>* and at fixed concentrations
of pyrite (Fig. 3). The rate of Fe?* release was linear (first
order) with respect to Fe®* concentration. The effect of
pyrite concentration at two fixed concentrations of Fe3* is
shown in the Fig. 4 insert, after correction for spontaneous
reaction 1 (no Fe** addition). The rate of Fe?* formation
followed a typical saturation Kinetics at either 10 or 20 mM
Fe3*. The double-reciprocal plots (6) shown in Fig. 4 were
linear, intersecting on the x axis at the same point, with a K,
value of 1.9% PD for pyrite. The results agree with the
concept of pyrite as reactant and ferric iron as catalyst
(although it is also a reactant), with the formation of the
FeS,-Fe** complex as the rate-limiting step:

k1 k3
FeS, + Fe’*2FeS, — Fe’* — Fe?" release
ka
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FIG. 3. Effect of Fe** concentration on the indirect leaching of
pyrite. The rate of Fe2* dissolution was determined at various Fe3*
concentrations and fixed pyrite concentrations (0.625, 0.94, 1.25,
and 2.5% PD), as indicated. The rate (v) was expressed as micro-
molar Fe?* per minute at 30°C.

Under the steady-state conditions, the rate of Fe?* release
(v) can be derived by following the standard enzyme kinetics
equations:

B ky[Fe**] [FeS,]
"~ K+ [FeS,]

where K,,, = (k, + k;)/k,. In the double-reciprocal form, the
equation becomes

(0]

1 : 1 N K,, 1 3
v k[Fe3*]  k[Fe3*] \[FeS;] 3

The rate constant, &, is obtained from the y axis intercept in
Fig. 4, Uk;[Fe**] (1/V,.., wWhere V.. is the maximal
velocity or rate), as 0.01 mM Fe?* per min per mM Fe3*.
Oxidation of pyrite by T. ferrooxidans. The rate of pyrite
oxidation by T. ferrooxidans cells was determined by mea-
suring the steady-state rate of O, consumption (micromolar
O, per minute) at various concentrations of cells and pyrite.
The values were corrected for the slow spontaneous rates
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FIG. 4. Effect of pyrite concentration on the indirect leaching of
pyrite. Conditions were the same as in Fig. 3, except that the rate (v)
was plotted against the pyrite concentrations (% PD) in a double-
reciprocal manner at two fixed Fe** concentrations (10 and 20 mM),
as indicated.
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FIG. 5. Effect of pyrite concentration on the rate of oxygen
consumption by T. ferrooxidans SM-4 cells. The rate (v) was
determined as micromolar O, per minute at 30°C by using various
amounts of washed pyrite and fixed concentrations of cells (0.03,
0.08, 0.16, 0.23, and 0.31 mg of wet cells per ml), as indicated.

(without cells), which were only 0 to 5% of the bacterial
rates. Two samples of pyrite, washed and unwashed, were
used.

Figure 5 shows the results with washed pyrite in a double-
reciprocal rate (v)-pyrite concentration plot. The results
indicate that the rate of oxidation follows the standard
Michaelis-Menten kinetics of v = k [cell] [FeS,//(K,, +
[FeS,]), where k is the rate constant for O, consumption by
cells with pyrite. The linear lines at different cell concentra-
tions intersect the x axis at the same point, with a K, value
of 2.5% FeS, PD. The insert shows that the maximal rate for
O, consumption, k[cell] (Vy,,,), obtained from the y intercept
has a linear relationship with the cell concentration used,
with a slope (k) of 90 M O, per min per mg of wet cells per
ml.

The results with unwashed pyrite gave an entirely different
pattern (Fig. 6). Here the rate was much higher, and the K,
values increased with increasing cell concentrations. When
the O, uptake rate was calculated as the specific rate (vy,),
micromolar O, per minute per milligram of wet cells per
milliliter, and replotted in the double-reciprocal manner (Fig.
7), all the lines now intersected the y axis at the same point,
characteristic of a competitive inhibition. Thus, T. ferroox-
idans SM-4 cells acted as competitive inhibitor as well as
pyrite oxidizing agent. We have previously demonstrated
(16) the competitive inhibition of T. ferrooxidans cells on the
oxidation of Fe?>* and derived the equations:

) ks[C) [S]
"7 51+ K, (1 + [CVK)

where [C] and [S] are the concentrations of cell and substrate
and K is the inhibition constant and

L B o (= 5)
— = —+ —(1+ )= (
vep ks ks “\[8]

Figure 7 follows the pattern expected of equation 5 when [S]
is the concentration of pyrite and k; is obtained from the
intercept on the y axis as 250 uM O, per min per mg of wet

4)
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FIG. 6. Effect of unwashed pyrite concentrations on the rate of
oxygen consumption by T. ferrooxidans SM-4 cells. The conditions
were the same as in Fig. 5, except that pyrite was used without
washing and the cell concentrations were fixed as indicated.

cells per ml. Figure 8 is the replot of the slope, K, /k; +
(K,,/K; k3) [C], versus the cell concentration, [C]. The K,,
value of 2.75% PD pyrite and the K, value of 0.13 mg of wet
cells per ml are obtained from the figure.

Since the rate of O, consumption was faster during the
initial 0.5- to 1-h period before the linear steady state was
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FIG. 7. Competitive inhibition of unwashed pyrite oxidation by
T. ferrooxidans by increasing concentrations of cells. The specific
rate or velocity (v,,) was calculated from the data in Fig. 6 as
micromolar O, per minute per milligram of wet cells per milliliter.
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FIG. 8. Replot of slope from Fig. 7 against the concentration of
cells. The line has a slope corresponding to K,,/(Kk;) and x and y
intercepts at (—K)) and K, /k;, respectively.

achieved, it was suspected that there was an initial rapid
release of Fe?* from the unwashed sample of pyrite during
the 20-min preincubation period. In separate experiments, it
was determined that Fe?* release during the preincubation
period was 2 mM Fe®" per FeS,% PD. At this high concen-
tration, Fe?* would contribute not only to the initial rapid
rate of O, consumption but also to the indirect leaching by
the Fe** formed by the bacterial oxidation.

Figure 9 shows the effect of 6.25 mM Fe?* (20 wmol of
Fe?* per 3.2 ml) on the bacterial oxidation of washed pyrite
(100 mg/3.2 ml) to simulate the experiments with unwashed
pyrite. There was an initial rapid O, consumption, as ex-

20

——————o—— FeS, alone

consumed
S

° 100 200 300 400

TIME in

FIG. 9. Time course of oxygen consumption in the oxidation of

washed pyrite with and without Fe?* or Fe** by T. ferrooxidans

SM-4. The concentrations were as follows: washed pyrite, 3.125%

PD; T. ferrooxidans SM-4, 1 mg of wet cells per ml; Fe?*, 6.25 mM;
Fe3*, 13.5 mM.

minutes
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FIG. 10. Time course of anaerobic Fe?* production from pyrite
plus Fe** by T. ferrooxidans SM-4 cells. The concentrations were as
follows: washed pyrite, 3.125% PD; T. ferrooxidans SM-4, 1 mg of
wet cells per ml; Fe**, 13.5 mM.

pected, presumably due to the oxidation of Fe?* by cells (1
mg/ml), followed by a linear, slower rate approximately
equal to that of the control experiment (without Fe?* addi-
tion). Surprisingly, however, the addition of Fe** (13.5 mM)
had an effect very similar to that of Fe*>*, with only a slight
delay in the initial rapid O, consumption. This initial phase
was too fast to be accounted for by the indirect leaching
followed by the oxidation of Fe?* generated.

The formation of Fe?* from washed pyrite was studied
under anaerobic conditions to see whether cells can accel-
erate the indirect leaching with Fe3*. Figure 10 shows that
this is, in fact, true and explains why Fe3** had an effect
similar to Fe?* in the O, consumption experiments of Fig. 9.

DISCUSSION

The bacterial oxidation of pyrite is a complex phenome-
non, and in this study we have attempted to define various
possible reaction parameters contributing to the oxidation.
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The results are summarized in Table 1. The Fe?* oxida-
tion rate equation was from our earlier paper (16), and the
bacterial reduction of Fe3* to Fe?* with FeS, (Fig. 10) is not
listed in Table 1, since this reaction has not been studied in
detail.

The rate of steady-state spontaneous solubilization, 3.5
uM Fe?* per min per FeS,% PD, corresponds to the 0.875
uM O, per min per FeS,% PD, if Fe?* released is oxidized
to Fe* (4Fe** + 0, + 4H* — 4Fe** + 2H,0) by bacterial
cells. This value is less than 10% of the rate of bacterial
oxidation (1 mg of wet cells per ml) of either washed or
unwashed pyrite.

The indirect leaching rate can be considerably faster,
especially if [Fe**] can be maintained at a high level, for
example, 72.5 uM Fe?* per min with 10 mM Fe** and 5%
PD FeS,. The results in Fig. 10 show that the Fe** produc-
tion from Fe** plus pyrite is faster in the presence of
bacterial cells. This could be due to the Fe**-sulfur (sulfide)
oxidoreductase discovered recently in T. ferrooxidans (13,
14), which oxidizes sulfur or sulfide to sulfite by using Fe**
(S + 4Fe** + 3H,0 — H,SO, + 4Fe** + 4H™). This
interpretation implies that the bacteria can oxidize the pyrite
sulfur or its dissociated form with Fe**. A more detailed
study is required in order to establish the concept.

The bacterial oxidation of washed pyrite followed a stan-
dard Michaelis-Menten Kinetics (Fig. 5), with cells as en-
zymes and pyrite as substrate, at least in the concentration
range of pyrite used. Addition of Fe?* or Fe** affected only
the initial O, consumption rate, and the steady-state rate was
relatively constant (Fig. 9). The steady-state rate was still
much faster than that expected from the indirect leaching
followed by Fe?* oxication. In fact, if the pyrite oxidation
were simply a combination of the indirect leaching (Fe** —
Fe®* with pyrite, including bacterial action) and the Fe®*
oxidation to Fe** by bacteria, the initial rapid rate with Fe?*
or Fe3* in Fig. 9 should have continued without slowing
down to the level of the control experiment. The steady-state
rate must be governed also by other parameters which were
not studied in this work, for example, the fate of HS™ or S°
after release from FeS, and their effect on the oxidation of
FeS,. The rate of HS™ or S° oxidation might affect the
steady-state pyrite oxidation rate. The results in Fig. 2 with
T. thiooxidans cells which cannot oxidize Fe?* suggest that

TABLE 1. Summary of various reaction rates®

Reaction no. and type

Rate equation

Constants

(1) Spontaneous v = k[FeS,]

k = 3.5 pM Fe?**/min per FeS,% PD

(2) Indirect leaching

(3) T. ferrooxidans washed FeS,

(4) T. ferrooxidans unwashed FeS,

(5) T. ferrooxidans Fe** oxidation®

_ k[Fe’*] [FeS,]
"~ K, + [FeSy)
B k[cell] [FeS;]
" K, + [FeS,]

ks[cell] [FeS;]
" K1 + [cell/K;) + [FeS,]

ks’ [cell] [Fe?*]

K,(1 + [cell)K;") + [Fe?*]

k; = 10 uM Fe?*/min per mM Fe**
K,, = 1.9% PD FeS,

= 90 uM O,/min per mg of cells per ml

k j—
K, = 2.5% PD FeS,

k3 = 250 pM O,/min per mg of cells per ml

K, = 2.75% PD FeS,
K; = 0.13 mg of cells/ml

ky' = 125 uM Oz/fni" per mg of cells per ml

K,, = 110 pM Fe**
K, = 0.33 mg of cells/ml

@ [FeS,], Pyrite concentration in % PD; [Fe**], Fe** concentration (millimolar); [cell], cell concentration in milligrams of wet cells per milliliter; [Fe2*], Fe2*

concentration (micromolar).

® The equation and constants are from our previous paper (16).
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the rate of oxidation of sulfur moieties of FeS, with O, is
slow (around 1 pM O, per min per mg of cells per ml per
FeS,% PD). T. ferrtfoxidans cells can, in addition, oxidize
sulfur compounds with Fe3* (13, 14), as mentioned above,
but the rate (about twice the chemical indirect leaching rate
in Fig. 10) still cannot approach the rapid rate of Fe?*
oxidation or pyrite oxidation.

The bacterial oxidation of unwashed pyrite showed a
higher rate constant (250 compared with 90 for washed
pyrite) but surprisingly was inhibited by increasing concen-
trations of cells, similar to the Fe?* oxidation (16). The
oxidation of pyrite is a more complex process than the Fe**
oxidation, but since the inhibition was not observed with the
washed pyrite, it was probably related to the initial rapid
solubilization of unwashed pyrite. The release of 2 mM Fe?*
per FeS,% PD corresponds to more than 2% of pyrite iron.
Presumably, a similar quantity of sulfur and sulfide must
have been released. Since the attempted simulation experi-
ments with Fe?* in Fig. 9 did not affect the steady-state O,
consumption rate with washed pyrite, perhaps the presence
of these dissociated sulfur moieties is important in the
interpretation of unwashed pyrite oxidation. We have previ-
ously concluded that T. ferrooxidans and T. thiooxidans
solubilize sulfide minerals by different mechanisms (7). We
are currently studying the pyrite oxidation by T. thiooxidans
to clarify the fate of sulfur moieties of pyrite. Recent studies
on the direct bacterial attack of synthetic pyrite crystals (12)
and ultrathin films (2) also suggest the importance of sulfide
or sulfur oxidation.
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