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Abstract—The growth of a microbial community and the oxidation of iron- and sulfur-containing substrates
in batch culture during the leaching/oxidation of the flotation concentrate of refractory gold—arsenic sulfide
ore were optimized with respect to the following medium parameters: temperature, pH, and requirement in
organic substances. It was revealed that the optimum mode is (i) to maintain the pH at 1.6—1.7 and the tem-
perature at 34—35 and 38°C and (ii) to add C,,, in the form of yeast extract (0.02%). Mutually beneficial or
competitive relationships among groups of microorganisms of the community were established, depending

on the cultivation conditions.
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Optimizing the technological process-related vari-
ables is a prerequisite for increasing the rate of biolog-
ical oxidation of sulfide minerals and the degree of
recovery of noble metals. The temperature and pH val-
ues and the requirement in organic substrates are the
most important factors influencing the growth and
energy metabolism of microorganisms, their develop-
mental dynamics, succession of their dominant groups
in the microbial community, and efficiency in leach-
ing/oxidizing the mineral components of ore concen-
trates.

According to the literature, sulfur oxidizers
(Acidithiobacillus caldus, Acidithiobacillus thiooxidans,
and Sulfobacillus species) prevail during the initial
stages of leaching gold-, copper-, and nickel-contain-
ing sulfide ore concentrates at mesophilic (30 and
35°C) and moderately thermophilic conditions (39
and 45°C). During the intermediate and the late stages
of the process, sulfur oxidizers are replaced by iron
oxidizers. As a rule, Leptospirillum ferriphilum is the
dominant species [1—4]. Raising the temperature
results in decreasing Acidithiobacillus numbers and
increasing the Sulfobacillus share, while retaining the
dominance of the leptospirilli. Decreasing the pH to
1.2—1.0 gives an advantage to the microorganisms
resistant to high acidity values. These are L. ferriphi-
lum and some mixotrophs similar to the Ferroplasma
archaea, whose growth is activated by the acid-
induced lysis of a part of the cells of the microbial
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community and, accordingly, the release of C,,, into
the medium liquid phase [1]. The presence of het-
erotrophic cultures in the community, such as Alicy-
clobacillus spp., Ferroplasma spp., and Ferrimicrobium
acidiphilum, increases the degree and rate of pyrite
leaching and oxidation [1, 2, 5, 6]. For instance, addi-
tion of an organic substrate (0.005—0.05% of yeast
extract) significantly influenced the succession of the
predominant species in the community and stimulated
the leaching and oxidation of chalcopyrite upon rais-
ing the temperature to 40—60°C [4] and of pyrite at
30°C [6]. Hence the most efficient community
includes Fe?*-, S*7/S-oxidizers and heterotrophic
microorganisms.

The goal of this work was to elucidate the influence
of (i) the pulp temperature and pH values maintained
during the biooxidation of ore flotation concentrate
and (ii) yeast extract-induced changes in the medium
composition on the process-related variables during
the growth dynamics of the microbial community.

MATERIALS AND METHODS

Research subject. An enrichment culture of micro-
organisms was obtained from ore flotation concentrate
at 35—37°C. The microbial community used as inoc-
ulum was supplemented with bacteria and archaea iso-
lated from pulp samples from the reactor of the gold-
recovery plant of the Polyus Closed Joint-stock Com-
pany and with the following cultures from the collec-
tion of cultures of chemolithotrophic microorganisms
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of the Institute of Microbiology, Russian Academy of
Sciences: Acidithiobacillus ferrooxidans OL10-01,
Leptospirillum sp. OL10-02, Sulfobacillus thermosulfi-
dooxidans OL10-03, Ferroplasma acidiphilum OL10-
04, and Alicyclobacillus tolerans OL10-05 [7].

Flotation concentrate composition. The contents of
the main elements of the sulfide flotation concentrate
of the ore was as follows: Au, 79.0 g/t; Fe,y.;, 25.40%;
Asia, 7.23%; S, 19.80%; and Sbyy,, 3.69%. Pyrite,
arsenopyrite, pyrrhotite, and antimonite were the
main sulfide minerals of the flotation concentrate.

Cultivation conditions. To obtain an enrichment
microbial culture, flotation concentrate samples were
placed in 250-mL flasks with 100 mL of Silverman—
Lundgren 9K medium [8] supplemented with 1 g/L
elemental sulfur. The medium was adjusted to pH 2.0
with 10 N H,SO,. The flasks were placed on a shaker
(150 rpm) in a thermostat at 35—37°C. After 10 days,
a decrease in medium pH and growth of microorgan-
isms (small and large rods and archaea) were observed.

The inoculum was cultured as follows. The samples
of disintegrated ore concentrate (5 g) were placed in
250-mL flasks supplemented with the above medium
without additional mineral energy sources and 10%
inoculum (vol/vol). The total volume of the pulp was
100 mL. Cultivation was carried out at a temperature
of 36°C and the initial pH value of 1.8. The medium
composition in the experiments was the same as above.
The flasks were incubated in a thermostat at the spec-
ified temperature under dynamic conditions, i.e. they
were rotated on a shaker (Incubator 1000 Heildolph,
Germany, 180 rpm). The microorganisms were grown
in batch cultures, and the pulp density in all experi-
ments was 7%.

Studies aimed at determining the pH optimum for
the oxidation of the flotation concentrate sulfides were
conducted at a temperature of 36°C. The preset exper-
imental pH level (below 1.8) was maintained by acidi-
fying the medium with concentrated H,SO, or alkali-
fying it with 20% NaHCO; solution during the day.
The differences in the preset pH level between experi-
mental variants were multiples of 0.1 pH unit. The cul-
ture grew overnight without pH control, whereupon
pH was readjusted to the initial value; the overnight
pH change was recorded.

The studies aimed at determining the temperature
optimum were conducted at a constant temperature
within the 34—38°C range. The temperature differ-
ences between experimental variants were multiples of
1°C. The pulp pH was maintained at the optimum
level of 1.7 that was determined in the previous studies.

In the studies on the influence of C,,, i.e., yeast
extract (YE), on sulfide oxidation in the concentrate,
the microorganisms of the tested community were cul-
tivated at a temperature of 36°C and an initial pH level
of the liquid phase ~2.0. The YE concentration was
0.02%.
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In the studies aimed at determining the dominant
microbial group within the community under various
cultivation conditions, the flotation concentrate was
replaced with either S° (0.5%) or Fe?* (8 g/L) as the
sole energy source in the growth medium. The micro-
bial community was grown at 34 or 38°C at the opti-
mum initial pH value. The inocula were microbial
community cells grown at various temperature and pH
values, under the conditions that stabilized them on
the medium with sulfide concentrate.

Analytical techniques. The pH and Eh values were
monitored during the cultivation using a pH-150M
device (Belarus). The tri- and bivalent iron contents
were determined by trilonometric titration [9]. Total
arsenic content in the liquid phase of the pulp was
determined by iodometric titration, which was based
on binding iron ions with titanium chloride TiCl; [10].
The sulfite ion content was determined turbidimetri-
cally [11]. The number of microbial cells was deter-
mined by direct counts and by the terminal dilution
method. The physiological state of the microorgan-
isms was monitored with a Lyumam I1 microscope
(LOMO, Russia) equipped with a phase-contrast
device. The C,,, concentration at the beginning and at
the end of the experiment was determined by the
bichromate method and expressed in COD (chemical
oxygen demand) units, i.e. glucose equivalents [12].

The results were statistically processed using the
Student’s test at a 5% significance level [13].

RESULTS

Effect of pH

The growth of the microbial community. The
dynamics of growth of the microbial community at
controlled pulp pH values is shown in Fig. 1a. Obyvi-
ouslyy, pH levels of 1.6—1.8 were the optimum
for microbial growth; the maximum was attained
at pH 1.8. The cell number was 26.28 x 107 — 28.35 x
107 cells/mL if the pH value was maintained within
the above range. At more acidic pH values, the micro-
bial cell concentration was lower: it was 16.74 x
107 cells/mL at pH 1.4. At the optimum pH values, the
microbial community grew almost without a lag phase.
At pH 1.7, it developed at a low rate for the first two
days of cultivation. Thereupon, the division rate con-
stant of the community population drastically
increased to the maximum value of 0.06 h~! and
remained constant for 3—4 days of the experiment,
resulting in a high biomass yield. If the pH value was
maintained at 1.8, the cell division rate constant was
somewhat lower (0.05 h~!); however, the cell number
at the end of the growth phase was the highest.

During the whole observation period, rounded and
mostly small (0.3—0.5 x 0.8—1.0 um) cells prevailed in
the community. They were morphologically similar to
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Fig. 1. Growth-related variables of the microbial community and the biological leaching/oxidation activity at controlled pH val-

ues of the pulp. The dynamics of growth (a); Fe2+ leaching (b); Fe2* oxidation (based on monitoring Fe3*+

concentrations) (c);

changes in the Fe3+/Fetotal ratio (d); redox potential (AEh) (e); and pH value (ApH) during the unregulated period (f). Designa-
tions in (a), (b), (¢), and (d): I, pH 1.4; 2, pH 1.5; 3, pH 1.6; 4, pH 1.7; and 5, pH 1.8.

the cells of acidithiobacilli and archaea. Medium-size
(0.6—0.8 x 1.2—1.5 um) rods were less numerous. A
minimal number of large rod-like forms (0.7—1.0 x
1.5—2.5 pm) occurred in the total population. In mor-
phological terms, the latter two bacterial groups could

be affiliated with typical sulfobacilli and alicycloba-
cilli, respectively. The dominance of the above micro-
bial groups in the tested variants was confirmed by
inoculating the community on media with Fe>*, S°,
and YE.
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Maintaining the pH values in the tested variants
required the addition of 0.4—0.6 mL of H,SO, per
100 mL of the pulp.

Iron leaching and oxidation. Starting from the first
days of growth, leachable Fe?* accumulated in the liq-
uid phase of the pulp (Fig. 1b). Its content reached
values of 4.0 to 4.8 g/L at pH levels of 1.5 and 1.7,
respectively. Maximum concentrations of 6 g/L were
attained on day 3 of growth at pH 1.6. In this variant,
the maximum iron leaching rate, 3.0 g/(L x day), was
recorded. High Fe?* leaching rates also occurred at the
lowest tested pH values, particularly at pH 1.4
(1.9 g/(L x day), apparently because extreme acido-
philic bacteria and archaea were selected for [1].

Starting from the first days of the experiment, Fe?*
oxidation proceeded concomitantly with leaching
(Fig. 1c). Subsequently, on day 3 of cultivation, the
biomass (Fig. 1a) and the amount of iron leached and
oxidized increased at all pH values (Figs. 1b, 1c). The
same pattern persisted during the fourth day of cultiva-
tion, although the rate of iron leaching decreased. The
maximum iron oxidation rates (2.2 and 1.5 g/(L x
day)) were achieved in experimental variants, with pH
values of 1.6 and 1.7 during the third and the fourth
day of population growth, respectively. The Fe3* con-
tent in the liquid phase of the pulp was maximum at
pH 1.6 (Fig. 1c). The oxidation of leached iron also
proceeded in a stable manner at pH 1.8 with an aver-
age rate of 0.8 g/(L x day).

In Fig. 1d, the ratio between the ferric iron and the
total iron (Fe** + Fe?*) content during the commu-
nity’s growth is plotted. It is evident that the ratio was
maximum at pH 1.6—1.7 after 4 days of growth. Dur-
ing day 5, the same pattern persisted, although iron
oxidation slowed down (data not shown).

Dynamics of Eh, pH, and arsenic leaching. On day 1
of growth, while Fe?* ions were accumulating in the
liquid phase at all pH values, the Eh level indicated
that the quantity of ferrous iron significantly exceeded
that of ferric iron (Fig. le). After 2—3 days, the redox
potential value increased to 637 mV at pH 1.4 and to
641 mV at pH 1.7. The fourth day of growth was char-
acterized by an additional increase in Eh to 656—
657 mV while the pH of the medium was stabilized at
1.6 and 1.7, respectively.

Measuring arsenic concentrations revealed that the
2As content in the liquid phase of the pulp (1.20—
1.28 g/L) agreed with the pattern observed while culti-
vating the microbial community at pH 1.7—1.8. ZAs at
other pH values fluctuated within the 0.92 + 0.12 g/L
range.

Based on the comprehensive studies on the leach-
ing/oxidation of metal sulfides of the Olympiadin-
skaya ore flotation concentrate by the microbial com-
munity at various pH values, the conclusion was drawn
that the optimum cultivation mode is to maintain the
pH value at a level of 1.6—1.7.

No. 3
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Fig. 2. Growth dynamics (a) and the maximum value of
the cell division constant (b) plotted against cultivation
temperature. Designations (a): 1, 34°C; 2, 35°C; 3, 36°C;
4,37°C; and 5, 38°C.

The pulp pH fluctuations during the uncontrolled
night period were plotted (Fig. 1f). These data made it
possible to characterize the trophic requirements of
the microbial community. The growth dynamics was
characterized by a succession of groups of organisms
that played dominant roles in oxidizing the iron or the
sulfur of the sulfide concentrate. For instance, on day 1
(at pH 1.6 and especially at pH 1.8) and day 2 (at all
tested pH values) we found a drop in pH by 0.05—
0.30 units overnight. On day 3 of the experiment (dur-
ing the night), the pH level decreased by 0.13—
0.23 units. Subsequently, after stabilizing the pH value
and the daytime growth, the pH value increased over-
night. The maximum alkalization (by 0.21—0.23 units)
occurred in the variants with pH values of 1.7 and 1.6
on day 4.

Taken together, the data obtained suggested that
two processes, iron oxidation and sulfur oxidation,
were concomitantly carried out in the pulp. In the
course of iron oxidation, an increase in Fe3* concen-
tration was recorded (Figs. 1c and 1d), especially in
the variants with pH 1.7 and 1.6 on day 4 of growth.
Concomitantly, an increase in pH of the medium was
noted (Fig. 1f). Sulfur oxidation to sulfate ions is
always accompanied by a pH decrease. This was found
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in our variants, particularly at pH 1.7 and 1.8 during
the first two days of the experiment and, in all tested
variants, on day 3 (Fig. 1f). A slight increase in pH
(starting from the zero point) at alow concentration of
Fe?* oxidized overnight could result from the parallel
oxidation of reduced inorganic sulfur compounds
(RISCs) and Fe?*.

It was established that RISC oxidation was the pre-
dominant process during the second—third days of
cultivating the microbial population at a temperature
of 36°C and all tested pH values (particularly, in the
variants with pH 1.7 and 1.8 on day 2 and with pH 1.7
also on day 3). This was due either to the dominance of
S oxidizers or to the activation of S substrate oxidation

by bacteria capable of oxidizing the sulfur component
of the sulfide ore. Temperature was a possible factor
that could “tease apart” the organisms similar in terms
of substrate specificity and shed light on the substrate
requirements of the tested groups of organisms.

Temperature Influence

The 34—38°C temperature range was investigated
in this work. The physical, chemical, and microbio-
logical process-related variables are plotted in Figs. 2—4.

Microbial community growth. Fig. 2a, represents
the growth dynamics of the community cells popula-
tion at various temperatures. During days 1 and 2, the
microorganisms gradually adapted to the substrate and
No. 3
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the temperature mode. The variant with a temperature
of 38°C was exceptional: the cell number dropped on
the second day of incubation owing to the lysis of a
part of the cells. Apparently, these were the cells of the
mesophilic cultures that formed a part of the microbial
community and were more responsive to an increase in
temperature from 36 to 38°C. At 38°C, sulfobacilli
(~80%) clearly prevailed over acidithiobacilli on day 2
of cultivation. They accounted for >90—95% of the
total cell population after 4 days of growth.

Changes in the minimum cell generation time at all
tested temperatures were monitored (Fig. 2b). Evi-
dently, the division rate constant was maximum
(0.08 h™!) at 38°C. This also suggested a succession of
dominant groups within the community. The preva-
lent group comprised the mixotrophic microorgan-
isms with the highest growth rate that were adapted to
cultivation at high temperatures and utilized organic
substances resulting from the prior lysis of the cells of
mesophilic lithoautotrophs.

At 36 and 37°C, the growth period was terminated
earlier than at other tested temperatures. Partial cell
lysis also occurred on day 4. Cell division persisted
only at 34 and 35°C. By the end of day 4, the maxi-
mum population cell number in the 34°C and the
35°C variants reached 10.4 x 10%/mL and 9.01 x
103/mL, respectively (Fig. 2a).

Monitoring the morphological alterations in the
community population revealed that two microbial
groups, Sulfobacillus spp. and Acidithiobacillus spp.,
dominated the community on days 2 and 3 of growth.
Their ratio was 1 : 1 or sulfobacilli were slightly more
numerous (50—60% of the total cell population). After
4 days, the share of sulfobacilli increased to 65—70%,
while that of the acidithiobacilli, in contrast,
decreased due to a partial lysis of the cells within the
population. At 34—36°C, all morphological cell types
occurred in the microbial community; at 34—35°C,
acidithiobacilli and archaea dominated the commu-
nity. Control studies in which the population was inoc-
ulated confirmed these results.

Iron leaching and oxidation. The concentration of
leached iron significantly exceeded that of ferric iron
at all tested temperatures during day 1, when the com-
munity cell number changed insignificantly (Figs. 3a—
3e, 4a). The pattern persisted on day 2 of growth, i.e.,
the rate of iron leaching from the concentrate was
higher than that of iron oxidation. Thereafter, the iron
oxidation rate increased. The maximum values were
characteristic of the community cultivated at 34, 35,
and 38°C; they were 4.7, 4.4, and 3.7 g/(L x day),
respectively (Figs. 3a, 3b, and 3e). The Fe3*/Fe,,
ratio approached unity, which was indicative of a high
rate of metabolic reactions and lent additional support
to the conclusion that temperatures of 34, 35, and
38°C were the optimum. At temperatures of 36 and
37°C, the iron oxidation rates were considerably lower
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(Figs. 3c—3d), as the data of the plot (Fig. 4a) demon-
strate.

The dynamics of Eh and pH and arsenic leaching.
Measuring the Eh values (Fig. 4b) during the growth of
the community confirmed the findings that 34—35°C
and 38°C were the most favorable temperatures for car-
rying out the biooxidation of sulfide minerals. The Eh
values reached 683—709 mV by the end of the process.

Similar arsenic concentrations were found in the
liquid phase of the pulp in all tested variants. The max-
imum level was 1.44—1.76 g/L if the microbial com-
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Fig. 5. General view of the cells of the microbial community grown at 34°C (a) and 38°C (b) on ore flotation concentrate. Scale

bar, 10 pm.

munity grew at 34—35°C. It was 1.50 g/L at 38°C.
Arsenic concentrations were at intermediate levels
(1.24—1.36 g/L) within the 36—37°C range.

As was mentioned above, the pH value was main-
tained at a level of 1.7 during the daytime. On day 1,
after an uncontrolled period, iron-oxidizing microor-
ganisms prevailed at all tested temperatures because
the ApH value was positive, due to iron oxidation and
leaching (Fig. 4¢). During this period, we could not
rule out the concomitant oxidation of S?~/S° that was
made available for the cells by opening-up the sulfides.
During the second day, the process rates changed only
insignificantly, except for the 36°C and the 37°C vari-
ants, where pH level dropped below zero, similar to
the first series of experiments at pH 1.7 (Fig. 1f). On
day 3, the overnight pH drop was detected in virtually
all variants (except the 34°C variant), which con-
firmed the conclusion concerning the active sulfur
oxidation (in all “pH variants”). The RISC oxidation
process was carried out particularly actively at 37 and
38°C. After 4 days, the pH increment (ApH) was char-
acterized by the maximum positive values. This is con-
sistent with the results of direct measurement of iron
oxidation and provides additional evidence that the
microbial community always preferably utilized fer-
rous iron as the main energy substrate on day 4 of
growth. The maximum iron oxidation-related data
were recorded at 34, 35, and 38°C at pH 1.7 (Figs. 3a,
3b, and 3e) and at 36°C at pH 1.6, 1.7, and 1.8
(Fig. 1c).

Hence, the organisms with a high cell yield and
high iron-oxidizing activity at pH 1.6—1.7 dominated
the 34—35°C community. If the community was culti-
vated at 36—38°C, sulfur oxidation was markedly pro-
moted. These temperatures also correspond to the
highest growth rates of the microbial community
(0.067—0.080 h1).

Determining the Dominant Microbial Group
within the Community under Various
Cultivation Conditions

In our subsequent studies, we tested the suggestion
that Fe- and S-oxidizers are involved in replacing the
complex energy source in the medium, i.e., the flota-
tion concentrate of sulfide minerals, with a sole energy
source such as S° or Fe?*.

We confirmed that S° oxidation proceeded particu-
larly actively at the above temperatures and at pH 1.7.
This was the initial pH value in the studies on the
influence of various growth temperatures and the opti-
mum pH value in the first experiment concerning
ApH. The cell population of the community grew at a
higher rate at 38°C; sulfobacilli prevailed in it, while
archaea and acidithiobacilli represented minor
groups. The conclusion also confirmed that the tem-
perature of 34°C stimulated the growth of mesophiles
in the community. At 34°C, acidithiobacilli prevailed
at the end of the growth period; they displayed lesser
S-oxidizing activity in comparison to sulfobacilli (at
38°C). In Figs. 5a and 5b, the morphology of the
microbial community at 34 and 38°C, respectively, is
shown. The sulfate ion was the main product of S° oxi-
dation as the control studies revealed in which sulfate
salts were replaced with chloride salts (38—40 mM) in
the incubation medium.

An analogous series of experiments on the medium
with Fe?* revealed that the optimum for the manifes-
tation of the iron-oxidizing activity of the microbial
community pre-cultivated at various temperature and
pH values behaved in a more complicated manner.
Apparently, the reason was that a greater number of
groups of organisms specializing in iron oxidation
(Acidithiobacillus ferrooxidans, Ferroplasma spp., and
Sulfobacillus spp.) were present in the community.
Nonetheless, we confirmed that high substrate oxida-
tion rates and Fe?* concentrations (up to 7.2 g/L) at
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Table 1. Organic matter concentration in the liquid phase
of the pulp

Variant Initial concentration | Final concentration,
Corg &/L Corg &/L
Control 0.16 0.23
Experiment 0.40 0.25

the end of the growth period were attained at 34 and
38°C and pH 1.6.

In addition, a number of experimental variants
were revealed that exhibited equal iron- and sulfur-
oxidizing activities. This indicated that these micro-
bial groups established competitive relationships if
they were used for oxidizing sulfide-containing ores
and concentrates. In continuous cultures, the rela-
tionships between microorganisms within the com-
munity can be mutually beneficial if the pH and tem-
perature modes are optimum for the oxidation of sul-
fide minerals.

Requirement in Organic Substances

One of the goals of this work was to determine the
effect of adding organic matter (C,,,) to the pulp on
the growth rate of the microbial community and on
the rate of leaching/oxidation of the sulfide minerals
of the flotation concentrate. Yeast extract (YE, 0.02%)
was added as an organic carbon source to 7% pulp.

YE is known to stimulate microbial growth. It con-
tains vitamins, peptides, amino acids, nucleotides,
organic acids, organic iron-containing complexes,
essential microelements, and other substances. This
system is a convenient model for testing the require-
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ments of microorganisms with respect to C,,, in the
medium and ability of microbial cells to switch from a
lithotrophic to a mixo- or organotrophic nutrition
mode.

The sulfobacilli and archaea of the community are
mixotrophic organisms whose growth rates vary depend-
ing on the presence of small C,,, amounts in the medium.
Upon addition of organic substances, the rates of oxida-
tion of the mineral substrate and growth processes signif-
icantly increase [14]. Moreover, heterotrophic organisms
are also present in the community.

C,rg concentration. Table 1 gives the content of sol-
uble organic substance (C,,) in the control (without
YE) and experimental (with YE) variants without
inoculum and after the end of the cultivation of the
microbial community. The original medium that
included sulfide mineral concentrate as the main
energy source for the growth of the organisms con-
tained 0.16 g/L C,,. Supplementing the original
experimental pulp with an additional amount of C,,
in the form of 0.02% of YE increased the C,,, content
in the medium 2.5-fold.

Toward the end of the cultivation of the microbial
community, i.e., after 4 days, the C,, content in the
control variant increased 1.4-fold, amounting to
0.23 g/L. This attested either to the autolytic processes
in the cell population, or to the accumulation of
organic products of metabolism by microbial cells and
their release into the liquid phase of the pulp, or to a
combination of both factors. In the experimental vari-
ant, the total concentration of organic substances
decreased 1.6-fold and was 0.25 g/L after 4 days of cul-
tivating the community. It can be concluded that the
organisms of the community utilized the C,, added
[0.4 —0.16 = 0.24 (g/L)]. However, they did not use,

Table 2. Growth dynamics of the microbial community supplemented with 0.02% of yeast extract

Day Variants pH Eh,mV | Fe?*, g/L Fe’*, g/L | Fey» g/L | Cell number, 1 x 107/mL

1 |Control 1.91 614 3.25 0.99 4.24 5.90
Experiment 1.89 627 2.52 1.23 3.75 5.95

2 | Control 1.65 624 3.90 1.26 5.16 6.10
Experiment 1.80 633 3.71 2.73 6.44 163.0

3 |Control 1.78 648 3.92 2.94 6.86 228.0
Experiment 1.96 667 3.01 5.18 8.19 260.0

4 | Control 1.94 653 4.20 3.92 8.12 233.0
Experiment 1.85 732 0.21 8.12 8.33 279.0
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under indisputably mixotrophic conditions, the
organic substances contained in the pulp, the concen-
tration of which increased by approximately the same
amount (0.08 + 0.01 g/L) as in the control variant.

The growth dynamics of the community. Table 2
contains the results of experiments in which additional
organic matter was introduced. In the control variant,
the cell number only insignificantly changed during
two days of growth, whereas after 4 days it increased
from 6.1 x 107 to 23.3 x 108/mL. According to the
microscopic data, small forms such as, probably,
acidithiobacilli, unevenly dividing sulfobacilli, very
small rod-shaped bacteria, and archaea, predomi-
nated in the control variant. The percentage of large
rod-shaped bacteria such as sulfobacilli or some alicy-
clobacilli did not exceed 10%.

Changes in the pH value of the liquid phase of the
pulp testified to the prevalence of oxidation processes.
A marked decrease in pH during the first day of
growth—Dby 0.16 units in the control and by 0.11 units
in the experimental variant—probably indicated more
active oxidation of sulfur compounds, particularly in
the former variant where the autotrophic acidithioba-
cilli were not exposed to the inhibitory influence of
YE. On day 4 of the experiment, a pH increase
occurred (by approximately 0.3 units, compared to
day 2), corresponding to an increase in the rate of iron
leaching and oxidation by Fe oxidizers, such as
acidithiobacilli, archaea, and sulfobacilli.

In the experimental variant, a pH increase by
0.16 units, i.e. to a greater extent than the preceding
pH decrease, was detected on day 3 with YE. This
attested to alterations in the structure of the dominant
microbial groups of the community. Iron oxidizers
could dominate the community again. During day 4,
the pulp was acidified once more, by 0.11 units. This
suggested that sulfur oxidizers functioned more
actively. Microscopy of the liquid phase of the pulp
revealed that the growth of the cells of the microbial
community in the medium with YE continued until
the end of the experiment. The cell number increased
from 5.95 x 107/mLto 27.9 x 108/mL. It increased sig-
nificantly as early as during day 2 of cultivation: from
5.95x 107 to 16.3 x 108 cells/mL. Morphologically dif-
ferent groups of microorganisms were present, including
very small and, apparently, heterotrophic bacteria and
the bacteria Acidithiobacillus spp., Ferroplasma spp., and
Sulfobacillus spp. (about 20%). During days 3 and 4,
the cells of the community divided at a slower rate; the
cell yield was 26.0—27.9 x 108/mL. The community
structure did not change. The number of sulfobacilli
increased. Motile forms were detected among the
smaller bacterial forms. Hence the microbial commu-
nity responded by approximately twofold acceleration
of growth and cell division to the addition of supple-
mentary C,, to the medium.

Iron leaching and oxidation. Iron leaching and oxi-
dation also proceeded more actively upon addition of
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YE to the pulp (Table 2). The maximum total content
of all iron forms in the liquid phase in the control and
the experimental variant was similar. It was 8.12—
8.33 g/L after 3—4 days and 8.1 g/L after 4 days in the
experimental and the control variants, respectively.
However, by the end of the process, the level of unox-
idized iron in the control variant remained signifi-
cant—4.2 g/L. (compared to 0.2 g/L in the experi-
ment). The maximum Fe?* oxidation rate in the con-
trol variant (without YE) was 1.7 g/(L x day) on day 3,
i.e., it was below that in the organic substance-con-
taining variant where it was as high as 3 g/(L x day) on
day 4. By the end of the experiment, the Fe3* content
was 8.1 g/L with YE and 3.9 g/L in the control variant.
Based on the data on the pH drop in the experimental
variant during the same period, the conclusion may be
drawn that not only iron (Table 2) but also RISCs were
oxidized during the four days. In contrast, active
leaching of iron from the concentrate proceeded in the
control variant during the four days. The periods of the
most active oxidation of RISCs and iron were sepa-
rated in time and corresponded to days 2 and 3 of the
microbial community growth. The control variant
required an increase in the incubation time for a more
complete oxidation of iron.

Arsenic leaching and the Eh dynamics. Arsenic con-
centration in the liquid phase of the pulp was 1.5 times
higher in the experimental variant (2.2 g/L) than in the
control variant (1.4 g/L).

During the growth of the community, the Eh level
upon adding C,,, to the pulp was higher in the experi-
mental variant. At the end of the process, it reached
732 mV if YE was added and 653 mV in the control
variant (Table 2).

DISCUSSION

The rise in the temperature maintained in a reactor
is conditional on the rates of the exothermic reactions
associated with metal sulfide oxidation. The pulp pH
dynamics is influenced by the mineralogical composi-
tion of the flotation concentrate, i.e., by the content of
calcites, pyrrhotite, and other components. The vari-
ability of the composition of the flotation concentrate
of sulfide ore is the reason for the metabolic alterations
in the microbial community. Since mixotrophs requir-
ing small amounts of organic substances play an
important role in the communities of acidophilic
chemolithotrophic microorganisms, monitoring their
content in the liquid phase of the pulp is of special
importance. Maintaining the temperature and pH val-
ues and organic substance amounts in the reactor that
are optimum for the microbial community is necessary
for stabilizing and enhancing the process efficiency.

Investigating the influence of pH in the liquid
phase of the pulp on the growth dynamics and the oxi-
dative activity of the microbial community and on the
dynamics of the physicochemical variables made it
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possible to determine the optimum acidity values for
the medium. At pH values of 1.6 and 1.7, higher iron
oxidation rates were detected, and a decrease in pH
was accompanied by the oxidation of S?>~/S°, the more
energy-demanding component of sulfide minerals.
The dynamics of pH changes during the uncontrolled
night period provided material for evaluation of the
trophic links within the microbial community that
reflect the mutually beneficial and competitive rela-
tionships.

Analysis of the dynamics of the growth of the
microbial community and iron leaching and oxidation
(with the temperature varied within the 34—38°C
range) revealed that the optimum temperatures for the
process were 34, 35, and 38°C. At 34—35°C and
pH 1.6—1.7, the microbial community utilized Fe?* as
the main oxidizable substrate. At 37—38°C and
pH 1.7—1.8, the processes associated with sulfur oxi-
dation were activated.

The results obtained not only provide insights into
the trophic interactions between the components of
the microbial community. They may also be used to
regulate the oxidation of the mineral energy substrate
with external factors that are present in excess. For
instance, excess iron in the concentrate enables us to
cultivate the community at pH 1.4—1.5 and a temper-
ature of 34°C. Under these conditions, the most active
and low pH-tolerant organisms of the community are
selected for. The process duration is to some extent
increased because sulfur oxidation is slowed down.

We revealed the effects of C,,, added to the medium
(YE) on the process dynamics. The organic substance
contained in the original sulfide concentrate was not
utilized if the microbial community grew without YE.
The reason was that the cells of chemolithoautotrophs
lacked the relevant enzyme systems [15, 16]. Upon
addition of the easily utilizable YE to the pulp, the
microbial community still failed to utilize some of the
organic substances of the medium, even though
organic compounds could support the growth of the
mixotrophic components of the community (sulfoba-
cilli and archaea) [1, 14]. The C,,, content increased
in the control variant, and this provided evidence that
the increase was due to the presence of organic exome-
tabolites in the liquid phase. It was revealed that a
complex ensemble of metabolites including amino
acids, nucleotides, organic acids, and other substances
was released into the medium during the growth of the
autotrophic bacterium Thiobacillus (Acidithiobacillus)
ferrooxidans, which provided for its resistance to
molybdenum in the presence of Fe3* [17]. It seems
likely that the protection of a microbial community
from heavy metal ions accumulating in the liquid
phase (As, Sb, etc.) implicates the synthesis and excre-
tion from the cell of metabolites that can stabilize the
community and maintain the active viable state of the
cells. The feasibility of this scenario is consistent with
the fact that a lag phase occurs during the initial stage
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of community growth under autotrophic conditions
(without YE). There is no manifest lag phase in the
presence of YE. Mixotrophic organisms are able to use
a portion of the organic substances from yeast extract
in order to incorporate it in the protective complex.
The other part can be utilized in their metabolism,
which is more active than that of the autotrophs [16].

It was established during our experiments that the
cells of the microbial community undergo marked
metabolic changes. The community is switched over
to preferentially leaching/oxidizing iron or to oxidiz-
ing the RISCs of the flotation concentrate, depending
on the physicochemical parameters of the process.
The results obtained make it possible to draw guide-
lines for regulating and optimizing the continuous
bioleaching process and oxidation of sulfide concen-
trate components, taking account of relevant physical
and chemical factors and the dominance of specific
groups of microorganisms.
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