Available online at www.sciencedirect.com
N

“e.° ScienceDirect

Trans. Nonferrous Met. Soc. China 24(2014) 1152—-1160

Transactions of
Nonferrous Metals
Society of China

v, Science
ELSEVIER Press

N

- St

www.tnmsc.cn

Formation of jarosite and its effect on important ions for
Acidithiobacillus ferrooxidans bacteria

B. NAZARI', E. JORJANI', H. HANI', Z. MANAFI?, A. RIAHI®

1. Department of Mining Engineering, Tehran Science and Research Branch, Islamic Azad University, Tehran, Iran;
2. Hydrometallurgy Research Center, Sarcheshmeh Copper Complex,
National Iranian Copper Industries Company, Iran

Received 13 June 2013; accepted 5 February 2014

Abstract: The precipitation of jarosite adversely affects the bio-leaching of copper sulfides in the Sarcheshmeh heap bio-leaching
process. The variables of the initial concentration of ferrous iron in the growth medium, pH, and temperature were examined in the
laboratory to determine how they affect the precipitation of jarosite in the presence of Acidithiobacillus ferrooxidans bacteria. It was
found that the maximum ferric precipitate occurred at a ferrous sulfate concentration of 50 g/L, a temperature of 32 °C, and an initial
pH value of 2.2. The effects of the precipitation of ferric iron on the quantities of ions that are important for 4. ferrooxidans bacteria
in aqueous phase, i.e., ferric, sulfate, potassium, phosphate, and magnesium ions, also were assessed. The results showed relatively
similar patterns for the ferric and potassium ions, and then reason might have been the co-precipitation of these ions as constituent
elements of jarosite mineral. At pH values greater than 1.6, the solubility of phosphate ions decreased dramatically due to the
co-precipitation of phosphate ions with the jarosite precipitate and due to the significant growth rate of A. ferrooxidans bacteria in
this pH range. Due to the dissolution of a gangue constituent in the ore, the magnesium levels increased in the first few days of the

bio-leaching process; thereafter, it decreased slightly.
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1 Introduction

The dissolution of copper sulfide minerals requires
an oxidizing agent, and appropriate concentrations of
ferric iron are usually used for this purpose [1]. High
concentrations of ferric iron cause different forms of
precipitates on the surface of ore particles, and, as a
result, the accessibility of the leaching agent and the cells
of the bacteria to the surfaces of the minerals decrease
[2]. Ferrous iron is oxidized in acidic solutions by
chemical and biological reactions; the biological
oxidation of iron is faster than chemical oxidation [3].
Oxidation of ferrous iron in the bio-leaching process
causes precipitates that usually contain schwertmannite
(FesOg(OH)6SOy4), ferrihydrite  (5Fe,0;-9H,0), and
various types of  jarosite ((K,Na,NH4,H,0)-
Fes(SO,4)2(OH)g) minerals [4].

Jarosite is a subgroup of alunite—jarosite minerals
with general formula of M, (Fe'")¢(SO4)4(OH),,, where
M can be K, NH,y, Na, Ag, or Pb, and » is two and one

for monovalent and divalent cations, respectively [5].
Some of the heavy elements replace potassium in the
lattice of the jarosite crystals and, as a result, jarosite acts
as a trap for the elements [6,7]. Formation of jarosite in
the bio-leaching process requires cations, which can be
acquired from the salts used as nutrients in the growth
medium of bacteria; from the dissolution of minerals,
such as mica, which loses its middle-layer potassium;
and from acid-neutralizing additives, such as NaOH,
KOH, and K,CO; [8]. The concentrations of the NH,",
K', and Na' cations determine the type of jarosite that is
formed. The formation of potassium jarosite requires low
concentrations of the aforementioned cations, whereas
high concentrations are required for the formation of
sodium jarosite. Generally, schwertmannite forms when
there is a low concentration of monovalent cations in the
aqueous phase [4]. The formation of jarosite increases in
the presence of iron-oxidizing bacteria. LIU et al [9]
reported that jarosite formation in the 9K medium began
when Acidithiobacillus ferrooxidans bacteria underwent
their logarithmic growth phase. It was reported that
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bacteria’s  extracellular  polymers affected the
crystallization and uniformity of jarosite crystals. Jarosite
that is formed in a biological environment is smaller in
size, more intensive, and has a smoother surface than
chemically-formed jarosite. The precipitate that is
formed in the 9K medium usually contains potassium
jarosite or a mixture of potassium and ammonium
jarosite [10]. QIU et al [11] reported that chalcopyrite
bio-leaching using a mixture of bacteria prevented the
accumulation of jarosite on the surfaces of the minerals.
GRAMRP et al [4] showed that the solubility of Fe’"'was a
function of pH in the leaching environment and that it
had low solubility at pH values greater than 2. By
examining the formation of jarosite in the 9K medium
with pH values ranging from 1 to 3, DAOUD and
KARAMANEYV [12] showed that the lowest amount of
jarosite formed occurred when the pH values were in the
range of 1.6—1.7. CORDOBA et al [13] reported that
ferrous ions had an important role in controlling of the
creation of jarosite nuclei and the formation of
precipitate. ZHU et al [14] found that the presence of
ferrous ions in solution balanced the ferric iron
concentration and prevented the formation of nuclei as
well as the formation of precipitate on the surfaces of
minerals. BIGHAM et al [8] investigated the effect of the
temperature range from 2 to 40 °C on the chemical
formation of jarosite and found that the precipitation rate
increased as temperature increased. WANG et al [15]
reported that when the temperature increased from 36 °C
to 45 °C in a biological environment, schwertmannite
was substituted with ammonium/hydronium jarosite.
This substitution requires monovalent ions, and increases
in the temperature facilitate the process.

As mentioned above, there are numerous variables
that affect the production of ferric precipitate. These
variables were usually examined in the absence of
minerals, such as copper sulfides. The purpose of the
present work is to examine the influence of the
concentration of ferrous ions, pH and temperature on the

Table 1 Composition of growth medium [17]

precipitation of ferric salts in a pulp that contains copper
sulfide ore. To the knowledge of the authors, this is the
first study that has addressed the effect of the formation
of ferric precipitate on the ions that are necessary for A.
ferrooxidans bacteria, such as ferrous, sulfate,
magnesium, phosphate and potassium ions.

2 Experimental

2.1 Microorganism

In this study, a pure culture of A. ferrooxidans
bacteria was used. The bacteria were separated from acid
mine drainage from the Sarcheshmeh copper mine and
adapted with low-grade Sarcheshmeh copper sulfide ore
[16]. The growth medium (Table 1) with an initial pH of
1.8 was used for the A. ferrooxidans bacteria, and the
medium containing the bacteria was placed in an
incubator shaker with a shaking rate of 130 r/min and a
temperature of 32 °C; 75 g of ferrous sulfate hydrate
(FeSO47H,0) was used as the energy source [17-21].
After being incubated for 7 d, a culture of the bacteria
that contained 1.96x10° mL™' was used in the
experiments.

2.2 Sample of copper ore

The sample was prepared from a crushed ore
stockpile that was used to feed a pilot-scale heap
bio-leaching process in the Sarcheshmeh copper complex.
The chemical and mineralogical compositions of the
sample are reported in Tables 2 and 3. The results show
that there were negligible amounts of copper oxides in
the sample and that the vast majority of the copper
minerals were in the form of primary sulfides (i.e.,
chalcopyrite).

The iron content of the sample was 7.3%, which is
typical for minerals such as pyrite, chalcopyrite, hematite,
and magnetite. The X-ray fluorescence (XRF) results
(Table 3) indicated that the sample contained
mainly silicate and alumina components; potassium and

Salt (NH4),SO4 MgSO47H,0 K,HPO, KCl Ca(NOs),'H,0
Dosage/(g'L ™" 3 0.5 0.63 0.1 0.014
Table 2 Major sulfide minerals of ore sample (mass fraction)
Mineral Chalcopyrite Chalcocite Covellite Pyrite Sphalerite Molybdenite
Chemical formula CuFeS, Cu,S FeS, ZnS MoS,
Quantity/% 1.86 0.05 13.88 0.11 0.04

Table 3 XRF and chemical analyses of ore sample (mass fraction)

Oxide/element

A1203 SIOZ CaO K2O

MgO  TiO, Cu0O Cu Fe Fe* Fe*

Assay/% 17.40

52.95 0.69 4.42

4.32 0.94 Trace 0.7 7.31 4.21 3.1
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magnesium oxides were significant as well.

The X-ray diffraction (XRD) analysis (Fig. 1)
showed that quartz (SiO,), chlorite ((Mg,Fe)s(Si,Al);01
(OH)y), illite ((K,H30) AL,Si3A10,o(OH),), pyrite (FeS,),
albite ((Na,Ca)(Al,Si)4O;z), muscovite ((K,NH4,Na)Al,-
(Si,A1)40,0(OH),) and chalcopyrite (CuFeS,) are the
main mineral constituents in the sample.
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Fig. 1 XRD pattern of ore sample

2.3 Bio-leaching experiments

Bio-leaching experiments were performed in a
500-mL Erlenmeyer flask. The ore sample was ground to
dgo<108 pum and used in the experiments without
sterilization. 200 mL of growth medium that had been
inoculated by 10% (v/v) of a 7 d culture of A.
ferrooxidans bacteria were used in the experiments. The
solid fraction of 10% (w/w), leaching time of 11 d,
shaking rate of 130 r/min, and a pre-determined dosage
of ferrous sulfate (FeSO47H,0) as the source of ferrous
iron were used in the experiments [3,11,22,23]. Sulfuric
acid and sodium hydroxide solutions were used to adjust
pH value to the desired values. The ¢, and pH values
were recorded daily. The final product of the
bio-leaching process was filtered and washed with
diluted sulfuric acid (5%) and hot, distilled water to
remove any remaining medium and dissolved ions. The
solid product was dried and analyzed for pre-determined
elements or oxides. We had two main goals in this
investigation:

1) The effects of pH, temperature, and the
concentration of ferrous iron were evaluated on the
deposition of ferric sulfate on the surfaces of the copper
minerals. The conditions used were ferrous sulfate
concentrations of 10 and 50 g/L, temperatures of 32 and
37 °C, and initial pH values of 1, 1.3, 1.6, 1.9, 2.2, and
2.5. The purpose was to determine the conditions that
allow the production of the maximum amount of ferric
precipitate.

2) The effects of the precipitation of ferric iron were
determined on the availability of nutrient ions for the A.

ferrooxidans bacteria. During the bio-leaching process,
the aqueous phase was sampled every 3 d to measure the
sulfate, phosphate, potassium,
magnesium, total iron and ferrous iron.

Chemical analyses of the residues and solutions
were performed by atomic absorption spectroscopy;
scanning electron microscopy (SEM) and XRD
measurements were used to characterize the precipitates.

concentrations  of

3 Results and discussion

3.1 Efficiencies of oxidation of ferrous iron and

production of ferric iron

BARRON and LUECKING ([20] reported that the
growth rate of A. ferrooxidans bacteria and the ability of
the bacteria to oxidize ferrous iron were related to the
concentration of ferrous iron in the aqueous phase.
Ferrous iron is oxidized by A. ferrooxidans bacteria
according to Eq. (1) [11]:

4Fe* +4H'+0, _ Baceria_, AFe*+2H,0 (1)

In this work, the ferrous iron oxidation efficiency
and the amount of ferric iron produced were calculated
according to Egs. (2) and (3) [23]:

1 =[p(Fei)— p(Feqi)V p(Fep ) x100% )
p = p(Fei) - p(Fegy, 3)

where # is the ferrous iron oxidation efficiency;
p(Felr) and  p(FeX) are the initial and final
concentrations of ferrous iron in the aqueous phase,
respectively; p; is the ferric iron production.

Figures 2 and 3 show the efficiency of the oxidation
of ferrous iron and the production rate of ferric iron,
respectively, as functions of pH, temperature, and initial
concentration of ferrous sulfate in the aqueous phase.
Figures 2 and 3 show that, at pH values of 1.6 or greater,
the efficiency of the oxidation of ferrous iron and the
quantity of ferric iron produced for growth medium with
a ferrous sulfate concentration of 50 g/L were greater
than they were in the medium that had ferrous sulfate
concentration of 10 g/L at both temperatures of 32 and
37 °C. In the former, the energy source for the
microorganisms was greater than latter. At pH values
greater than 1.6 (at the ferrous iron concentration of 50
g/L) and greater than 1.9 (at the ferrous iron
concentration of 10 g/L), the iron oxidation efficiency
and the ferric iron production at 32 °C exceeded those at
37 °C. Thus, the temperature of 32 °C was more suitable
for the A. ferrooxidans bacteria [17], so both the ferrous
iron oxidation rate and the ferric iron production were
better at this temperature than at 37 °C. It also can be
concluded that, for pH values less than 1.6, iron
oxidation efficiency and ferric iron production at 37 °C
were greater than those at 32 °C; in this case, chemical
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oxidation was more effective than biological oxidation.
For pH values greater than 1.6 (at the ferrous iron
concentration of 50 g/L) and greater than 1.9 (at the
ferrous iron concentration of 10 g/L), and at a
temperature of 32 °C, the activity of the bacteria was the
determining variable, and biooxidation was the
predominant mechanism.
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Fig. 2 Tron oxidation efficiency at different pH values,
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3.2 Precipitation of ferric iron

The ferric iron that was produced in the aqueous
phase (Eq. (1)) can be hydrolyzed to ferric iron
hydroxide (Eq. (4)), after which it combines with sulfate
to produce iron sulfate hydroxide (Eq. (5)). In the
presence of the required cations, iron sulfate hydroxide is
converted to jarosite (Eq. (6)) [2,24—27]:

Fe**+H,0—>Fe(OH)s+H" 4)
Fe(OH);+SO;~ +H'—>Fe(OH)SO4+H,0 (%)
Fe(OH)SO4+M +Fe* " +H,0—>

M[Fe(OH),]5(SO4),+H" (6)

Figure 4 shows the amount of ferric iron that was
precipitated as a function of pH, temperature, and the

initial concentration of ferrous sulfate in the aqueous
phase. The amount of ferric iron that was precipitated
was calculated according to the following equation [23]:

p2:p(Fetot,in)_p(Fetot,out) (7)

where p(Feyin) and p(Fewron) are the initial and final
concentrations (g/L) of total iron in the aqueous phase,
respectively; p, is the ferric iron precipitation.
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Fig. 4 Ferric iron precipitation at different pH values,
temperatures and ferrous iron concentrations

GRAMP et al [4] reported that the solubility of
ferric iron was a function of the pH of the aqueous phase,
and the precipitation of ferric iron increased at the
elevated pH values. Figure 4 shows that the precipitation
of ferric iron begins at pH values of about 1.3, 1.35, 1.4,
and 1.55 for aqueous phases with 50, 10, 50, and 10 g/L
concentrations of ferrous sulfate at temperatures of 37,
37, 32, and 32 °C, respectively. For the elevated pH
values, the overall trends for all four curves are upward.
Figure 4 shows that, for all conditions that were
examined when the pH was less than 1.3, the
concentration of ferric iron in the solution increased as a
result of the dissolution of the ferric iron in the ore, also
preventing effect of the acidic condition on the
precipitation of ferric iron; therefore, more ferric iron
remained in solution at low pH values than at high pH
values. It also can be concluded that the precipitation of
ferric iron in solutions with ferrous sulfate at a
concentration of 50 g/L and at pH values greater than 1.3
was greater than that in solutions with ferrous sulfate
concentrations of 10 g/L at both 32 and 37 °C. The
maximum precipitation of ferric sulfate was observed in
the growth medium when the concentration of ferrous
sulfate was 50 g/L at a temperature of 32 °C and an
initial pH value of 2.2 (Fig. 4).

3.3 Variations of pH and ¢y,
Figure 5 shows the variations of pH as a function of
leaching time for two different operating conditions: 1) a
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ferrous sulfate concentration of 50 g/L, temperature of 32
°C, and initial pH of 2.2 and 2) a ferrous sulfate
concentration of 10 g/L, temperature of 32 °C, and initial
pH of 1. Figure 5 shows that, for condition 1, the pH
value did not change significantly in 5 d; after that, it
decreased as the leaching time increased. According to
Eq. (4), the hydrolysis of ferric iron produces H', so the
reduction on pH can be expected. In the first 5 d, the acid
that was produced probably was consumed by the
carbonate gangue minerals. In condition 2, an overall
upward trend occurred as the leaching time increased; in
this case, the hydrolysis and the subsequent acidification
of the environment of the pulp were negligible, and the
rate of acid consumption by the carbonate gangue
minerals exceeded the rate of acid production. Figure 6
shows the variation of ¢, as a function of bio-leaching
time for conditions 1 and 2. For condition 1, the ratio of
Fe*'/Fe’" increased and, consequently, ¢, increased as
the bio-leaching time increased. As mentioned in Fig. 5
and shown in Fig. 6, the activity of the bacteria increased

23
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Fig. 5 Effect of bio-leaching time on final pH of bio-leaching

environment
680 " Ferrous sulfate
concentration 10 g/L,
630 - pH=1 and 32 °C
= Ferrous sulfate
580 + concentration 50 g/L,
pH=2.2 and 32 °C
> i
C 530
S 480+
430
380+
330 L 1 L L 1 L L L L 1
o 1 2 3 4 5 6 7 8 9 10 11
Leaching time/d

Fig. 6 Effect of bio-leaching time on final ¢, of bio-leaching

environment

and the production of ferric iron increased as the
bio-leaching time reached 6 d and beyond, and the pH
was decreased to the desired range of 1.6—1.9 (Figs. 5
and 6). In the first 2 d of the test, the bacteria were in the
lag phase, and the ¢, of the solution decreased slightly.
After 2 d, the microorganisms entered the logarithmic
growth phase, and the ¢, of solution increased; in the
final 4 d of the test, the bacteria were in a stationary
phase, and the ¢, values remained relatively constant.

For condition 2, the ¢, variations were not
significant; thus, it can be concluded that the bacteria
were at a low level of activity and that there was a low
production of ferric iron.

3.4 Characterization of precipitate

Polarized light microscopy, SEM and XRD analyses
were used to characterize the precipitate. Figure 7 shows
a SEM image of a sample of the bio-leaching residue at
condition 1 (section 3.3). As presented, jarosite coated
some parts of the surfaces of the particles of ore, which
contained sulfide minerals. An elemental analysis of the
surfaces assigned to jarosite is shown in Fig. 8; iron,
potassium, sulfur, silicon, aluminum, and magnesium
were identified, some of which were found in the jarosite
mineral and some of which resulted from the inclusion of
the mineral matter. The precipitation of jarosite on the
surface of the bio-leaching residue in the condition 1 also
was evident in the polarized light microscopy photograph
in Fig. 9. Figure 10 shows the XRD analysis of the
sample of bio-leaching residue at condition 1. We were
able to identify quartz (SiO,), chlorite ((Mg,Fe)s(Si,Al)s-
010(OH)g), muscovite ((K,NH4,Na)Al,(Si,Al);0;o(OH),),
albite ((Na,Ca)(Al,Si)40g), jarosite (KFe;(SO,),(OH)y),
illite ((K,H;0)A1,Si3A10,¢(OH),), azurite (2CuCO;-
Cu(OH),), and pyrite (FeS;). Based on XRD and SEM
analyses, the precipitate was mainly from the jarosite

group.

@ kY
18uR P 2241

Fig. 7 SEM image of bioleaching residue (ferrous sulfate
concentration 50 g/L, temperature 32 °C, initial pH 2.2,
bio-leaching time 11 d)
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Fig. 8 Elemental analysis of jarosite precipitate in Fig. 7

Fig. 9 Polarized light photomlcrograph of bio-leaching residue
(ferrous sulfate concentration 50 g/L, temperature 32 °C, initial
pH 2.2, bio-leaching time 11 d)
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Fig. 10 XRD pattern of bio-leaching residue (ferrous sulfate
concentration 50 g/L, temperature 32 °C, initial pH 2.2,
bioleaching time 11 d)

3.5 Effect of precipitation of ferric iron on ions that
are important for A. ferrooxidans bacteria

In the following sections, we assessed the effects of
the precipitation of ferric iron on the levels of soluble
ferric, sulfate, magnesium, potassium, and phosphate
ions in the aqueous phase of the bio-leaching

environment. In the experiments, we considered different
pH values of 1, 1.3, 1.6, 1.9, 2.2, and 2.5, a temperature
of 32 °C, and an initial ferrous sulfate concentration of
50 g/L.
3.5.1 Variation of ferric iron concentration

Figure 11 shows the soluble ferric iron in the
aqueous phase (g/L) at various pH values and leaching
times. For all of the pH values that were used, an
increase of soluble ferric iron was observed in the first
few days of the bio-leaching process. The maximum
ferric iron concentrations for pH values of 2.5, 2.2, 1.9,
1.6, 1.3, and 1, were observed at leaching time of 2, 3, 4,
S, 3, and 5 d, respectively; thereafter, as the leaching
time increased, reductions of the soluble ferric iron were
observed. In the first few days of the bio-leaching
process, the oxidation of ferrous sulfate and the
dissolution of ferric iron from the ore sample increased
the soluble ferric iron. After the maximum values were
reached, the precipitation of the ferric iron led to a
decreased concentration of soluble ferric iron in the
solution. High levels of precipitation (low levels of
soluble ferric iron) were observed for pH values greater
than 1.6 after 5 d of bio-leaching.

18
16k = — pH=1.0 P

4 — pH=1.3 ,’ _...:é
laf = — pH=L, 2"~ .

———
-.,-- -

P -
7

o
oy e
1 Y
]
1
!
’l
rd
v

Fe** concentration in
aqueous phase/(g-L™")
=

(ST S = - ]

Fig. 11 Variations of soluble ferric iron in aqueous phase

3.5.2 Variation of sulfate concentration

Figure 12 shows the sulfate levels in the solution
different pH values and leaching times. For pH values of
1.6 and lower, increase in soluble sulfate was observed
as leaching time increased; this could result from the
oxidation of sulfide-containing minerals and also from
the low level of precipitation of ferric sulfate in this
range of pH values. For pH values of 1.9 and greater,
different patterns were observed as leaching time
increased; the performance can be changed depending on
the positive effect of the oxidation of sulfide minerals (to
produce sulfate ions) and on the negative effect of the
precipitation of ferric sulfate (which reduces the sulfate
concentration in the solution).
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3.5.3 Variation of potassium concentration

Figure 13 shows potassium concentrations in the
aqueous phase as a function of pH and leaching time. In
the first few days of leaching, it was observed that the K"
concentration increased for all of the pH values that were
assessed; this may be due to the dissolution of a gangue
constituent in the ore; thereafter, the K™ concentration
decreased. High levels of reduction were observed for
pH values greater than 1.9. Again, the high level of
potassium-jarosite precipitation could be the reason.

4
h
=

400 r

50

K* concentration in aqueous phase/107

=

Time/d
Fig. 13 Variations of soluble K" ions in aqueous phase

A relatively common pattern was observed for the
ferric, sulfate, and potassium ions at the extended
leaching time, and this was due to their co-precipitation
as constituents of jarosite (Egs. (4)—(6)).

3.5.4 Variation of phosphate concentration

Figure 14 shows the variation of soluble phosphate
as a function of pH and bio-leaching time. While the pH
values were 1 and 1.3, no significant reduction of soluble
phosphate was observed due to the low activity of the
bacteria and low ferric precipitation; however, when the
pH values were 1.6 and greater, rapid reduction on
phosphate  levels was observed due to the
co-precipitation of phosphate with ferric sulfate and the
high activity of bacteria.
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Fig. 14 Variations of soluble PO;~ ions in aqueous phase

3.5.5 Variation of magnesium concentration

Figure 15 shows the wvariations of soluble
magnesium in solution for different leaching times and
pH values. For all of the pH values that were used, the
magnesium levels increased in the first few days of the
bio-leaching process. Dissolution of a gangue constituent
in the ore may be a reason; thereafter, the Mg2+
concentrations decreased slightly. Low levels of Mg*"
concentrations were observed for pH values greater than
1.9. Again, the co-precipitation of magnesium with
jarosite mineral and the high activity of the A.
ferrooxidans bacteria can cause a reduction in soluble
magnesium ions.
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Fig. 15 Variations of soluble Mg ions in aqueous phase

4 Conclusions

1) Under the conditions of a ferrous sulfate
concentration of 50 g/L, a temperature of 32 °C, and an
initial pH value of 2.2, the maximum quantity of ferric
precipitated. Decreasing pH, increasing
temperature, or decreasing the concentration of ferrous
sulfate from the above-mentioned values resulted in
decreases in the precipitation of ferric iron.

2) Low levels of soluble ferric iron were observed
for pH values greater than 1.9 after 5 d of the

iron was
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bio-leaching process.

3) At the examined pH values of 1.9, 2.2, and 2.5,
different patterns for the soluble sulfate ions were
observed as leaching time increased. This behavior can
be dictated by the positive effect of the oxidation of the
sulfide minerals or the negative effect of the precipitation
of ferric sulfate.

4) K" concentration was reduced significantly after
5 d of the bio-leaching process at pH levels greater than
1.9. This likely was due to the large amounts of
potassium-jarosite that were precipitated.

5) At pH values greater than 1.6, the solubility of
phosphate ions decreased significantly; the likely cause
was the co-precipitation of phosphate with jarosite and
the high level of activity of the 4. ferrooxidans bacteria
at these pH values.

6) For all the examined pH values, the dissolution
of a gangue constituent in the ore increased the
magnesium levels in the first few days of the
bio-leaching process; after that, the Mg®" concentrations
decreased slightly.
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