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Abstract: The effects of bacterial strain, salinity and pH on the bioleaching of a complex ore using mesophilic and extremely
thermophilic bacteria were investigated and the statistical analysis of the results was performed using ERGUN’s test. The extreme
thermophiles were shown to display superior kinetics of dissolution of zinc compared with the mesophiles as confirmed by the
statistical analysis. Bioleaching performance of the extreme thermophiles is found to improve in response to the increase in acidity
(pH from 2.0 to 1.0) whilst the activity of the mesophiles is adversely affected by decreasing pH. Statistical analysis of the
bioleaching data indicates that the effect of pH is insignificant in the range of pH 1.0—1.2 for the extreme thermophiles and pH
1.4-2.0 for the mesophiles. Salinity is shown to have a suppressing effect on the mesophiles. However, the extreme thermophiles
appear to be halophilic in character as they could operate efficiently under saline conditions (1%—4%Cl" (w/v)).
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1 Introduction

In recent years, bioleaching processes have gained
importance for the extraction of metals particularly from
the difficult-to-treat and low grade ores or concentrates
[1]. Bioleaching is essentially a dissolution process based
on the exploitation of acidophilic bacteria, which have
the ability to derive the energy required for their growth
and other metabolic functions from the oxidation of
ferrous iron (Eqn.(1)) and/or elemental (Eqn.(2)) or
reduced sulphur compounds[2—3]. The reaction products,
ferric iron and/or acid attack the sulphide minerals such
as sphalerite (Eqns.(3)—(4)) leading to their dissolution
[4]. Elemental sulphur that forms/encrusts on the mineral
surface mainly by ferric attack (Eqn.(3)) can act as
diffusion barrier adversely affecting progress of the
dissolution process. Therefore, the main role of bacteria
in the oxidation of sulphide minerals is the generation of
ferric iron (and the maintenance of a high Fe’"/Fe*") and
the removal of elemental sulphur layer from the
unreacted mineral surface[4—5].

2Fe*"+1/20,42H" — B2, ope3* 1 H,0 (1)
S"+3/20,+H,0 —2%ri2_5 11,50, (2)
ZnS+2Fe’" — Zn*'+2Fe*'+S° (3)
ZnS+H2H" — Zn*+H,S (4)

Mesophilic bacteria such as Acidithiobacillus
ferrooxidans, Leptosprillum  ferrooxidans and

Acidithiobacillus thiooxidans operating at t<<40 C are
the most commonly used microorganisms for the
bioleaching of sulphide minerals[6]. Thermophilic
bacteria with their ability to thrive at high temperatures
up to 85 ‘C have great potential for use in bioleaching
processes due to the improvement expected in the
kinetics of metal dissolution, particularly from the
recalcitrant minerals such as chalcopyrite[1,7—8].

In bioleaching processes, the rate and extent of
oxidation of sulphide minerals are intimately controlled
by the growth (oxidative activity) of bacteria. There are
many factors including pH and the toxicity of anions (e.g.
CI') and cations that may affect the growth and hence the
bioleaching activity of a culture[6,9—10]. The quality of
process water with regard to salinity may be of great
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importance for the application of bioleaching processes
in the areas where the availability of chloride-free
process water may be limited[11—12].

The accurate interpretation of batch leaching data
on which the development of a process is based is of
vital significance for the determination or optimisation of
process conditions. Despite the general availability of a
variety of statistical techniques, the time-dependent
nature of bioleaching data (i.e. metal extraction varying
with time) restricts the use of many conventional
statistical methods for the analysis of experimental data
[13]. POWELL and JORDAN[14] demonstrated a
corrective technique based on ERGUN’s test[15] for the
eradication of time-dependency of leaching data.

In this study, the effects of pH and salinity (Cl ions)
on the bioleaching performance of the selected cultures of
mesophilic and extremely thermophilic bacteria were
investigated.  Statistical assessment of the experimental
results using ERGUN’s test to eradicate the time-
dependency and to examine the differences among the
varying experimental conditions (i.e. pH, bacterial strain
and chloride concentration) for significance was
undertaken.

2 Materials and methods

2.1 Ore sample

A complex zinc/lead/silver sulphide ore sample from
the McArthur River deposit, Northern Territory of Australia
was used in this study. Mineralogical and chemical
analyses have shown that the ore sample contains
sphalerite (ZnS), galena (PbS) and pyrite (FeS,) as the
major sulphide phases with a chemical composition of
16.2% Zn, 5.6% Pb and 7.95% Fe. The crushed ore
sample as received was ground to below 300 pm (dg=
250 um) prior to use in the experiments.

2.2 Bacteria and growth media

The mesophilic cultures, SJ2 (4. ferrooxidans) and
the mixed culture designated WJM (which were isolates
from the acid mine drainage of Wheal Jane Mine,
Cornwall, UK)[16], and the extremely thermophilic
cultures, Sulfolobus (S. metallicus) and DSM 1651
(Acidianus brierleyi) were used in the bioleaching
experiments. The growth of mesophiles (30 ‘C) and
extreme thermophiles (70 °C) on the ore (1%, w/v) were
carried out on orbital shakers using an enriched salt
solution containing MgSQO,4.7H,0 (0.4 g/L), (NH,4),SO,
(0.2 g/L), K,HPO4.3H,0 (0.1 g/L) and KCI (0.1 g/L) as
the growth media.

2.3 Bioleaching experiments
Bioleaching experiments were carried out in 250

mL Erlenmeyer flasks with a working volume of 100
mL. A 1% (w/v) ore in enriched salt solution (90 mL)
was prepared in flasks, which were then autoclaved prior
to the inoculation with a 10 mL (10%, v/v) aliquot of an
appropriate culture previously grown under aseptic
conditions. In the control experiments in the absence of
bacteria, a 10 mL solution of 5% thymol in methanol was
transferred into the flasks to prevent any bacterial
activity during the experiments. In the chloride
experiments, the calculated amounts of chloride (as NaCl)
were added to the flasks to produce 1%—4%Cl (w/v) in
the final volume of solution.

The oxidation of the ore was monitored by the daily
removal of 1 mL samples. These samples were used to
determine the metal concentration (Zn, Fe and Pb) by
AAS and pH. If exceeded, pH was adjusted to the
predetermined level by the addition of 18 mol/L H,SO,.
The mean values of replicate (duplicate or triplicate)
experiments were presented in the results.

2.4 Statistical methodology for analysis of data

In bioleaching processes, the oxidation of sphalerite
is a heterogeneous reaction controlled by surface
chemical reactions by bacterially generated ferric iron
and acid and by diffusion of reactants and products
through porous layer of elemental sulphur formed on the
unreacted mineral surface[5]. In this regard, shrinking
core models based on surface reaction (Eqn.(5)) and
product layer diffusion (Eqn.(6)) were fitted to describe
the bioleaching profiles.

1-(1-R) =k (5)
2
1—§R-(1—R)2/3:kpt (6)

where R is the fraction reacted; ¢ is the time (h); &, and
k, are the rate constant (h™h.

Due to its consistency with the bioleaching data,
shrinking core surface reaction control model was
adopted in conjunction with ERGUN’s test for the
statistical analysis of the bioleaching tests. The model
parameter (the rate constant, k) was initially determined
using non-linear regression analysis. The “goodness of
fit” of the model for each set of bioleaching data was also
evaluated and the rate constants, k;, (i.e. gradients of the
plots of 1-(1-R)'"* vs #) produced with statistically
acceptable correlation coefficients (at 5% confidence level)
were assigned as an estimate of the rate of metal
dissolution characterising the bioleaching data. ERGUN’s
test was then applied to eradicate the time-dependent
nature of the rates of metal extraction (gradients) and to test
for the differences between these for the varying pH, the
type/strain of bacteria and the chloride concentrations. The
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details of statistical analysis procedure used herein and the
outlines of the mathematical methodology for ERGUN’s
test can be found elsewhere[14].

3. Results and discussion

3.1 Effect of pH and salinity on mesophiles

Fig.1 illustrates the bioleaching of the ore using
WIM and SJ2 cultures at pH 1.4 and 1.6. Compared with
the acid leach as indicated by the control, the
contribution of the mesophilic bacteria to the dissolution
of zinc was substantial with an enhancement of =
14-fold in the rate and of =8-fold in the recovery. The
bioleaching performance of both mesophiles was similar
with over 95% of zinc having been dissolved in the
presence of both cultures at the both pH levels. An
increase in the pH from 1.4 to 1.6 had a positive effect
on the bioleaching performance of both cultures with an
increase in the dissolution rate of zinc observed for WIM
culture, in particular (Fig.1). These findings suggested
that the optimum pH for both cultures may well be above
pH 1.6 as, in fact, further tests using WIM culture
showed that the dissolution of zinc further improved with
increasing the pH to 2.0 (Fig.2). This was consistent with
the optimum pH range of 2.0-2.5 reported for
mesophilic bacteria[6]. However, the potential for the
precipitation of iron would increase with decreasing
acidity and could become significant at higher pH as the
pulp density increases, leading to the increase in the

availability of precipitate forming ions such as ferric iron.

Considering the extensive dissolution of zinc occurred at
pH 1.2 and 1.4 (Figs.1-2), both cultures can be adapted
to operate efficiently at lower pH as demonstrated by
PORRO et al[17] and DEVECI et al[18].

The addition of chloride (1%—4%CI ", w/v) appeared
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Fig.1 Extraction of zinc from ore using mesophilic bacteria at
30 C andpH 1.4-1.6
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Fig.2 Effect of pH (1.2—2.0) on extraction of zinc from ore (1%,
w/v) using WIM culture at 30 C

to severely inhibit the activity of WIM culture (at pH 1.4
and 30 ‘C) with a marked decrease in the dissolution
rate and extent of zinc, as shown in Fig.3. LEONG et al
[19] also noted the detrimental effect of chloride (up to 8
g/L CI') on the bioleaching of a copper ore using mixed
cultures of Thiobacilli. These investigators also reported
that adaptation of bacteria to chloride levels of up to 5 g/L
was possibly ameliorating the deleterious effect of chloride
on the dissolution process. WESTON et al[12] argued that
the deleterious effect of salt was not due to the chloride
present, but, rather, due to the coexisting ions such as
sodium leading to the formation of jarosite precipitates
since they observed no apparent effect of salinity at 1-2
g/L Cl" on the bacterial oxidation rate when operating at
lower pH (1.1-1.3). DEW et al[9] suggested that high
concentrations of chloride in solution could damage the
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Fig.3 Effect of added chloride (0—4%C1", w/v) on extraction of
zinc from ore (1%, w/v) using WIM culture at 30 C and pH
1.4
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membrane of the bacteria.

3.2 Effect of pH and salinity on extreme thermophiles

Fig.4 shows the bioleaching of the ore using the
extremely thermophilic strains Sulfolobus and DSM
1651 (Acidianus Brierleyi) at pH of 1.2 and 1.4.
Compared with the mesophiles (Figs.1-2) the extreme
thermophiles were able to dissolve =99% of the zinc
present in the ore over a relatively short incubation
period of 260 h. Although the zinc extraction was
practically complete at the end of incubation period, both
the extreme thermophiles consistently exhibited a better
performance for the dissolution of zinc at a pH of 1.2.
This was consistent with the data presented in Fig.5
showing the effect of pH (1.0-2.0) on the bioleaching
activity of DSM 1651 culture.

Fig.5 shows that the rate and extent of dissolution of
zinc increased with decreasing pH in contrast to the
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Fig.4 Extraction of zinc from ore using extremely thermophilic
bacteria at 70 ‘C with pH (1.2—1.4)
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Fig.5 Effect of pH (1.0—2.0) on extraction of zinc from ore (1%,
w/v) using DSM 1651 culture at 70 C

mesophiles, which did not illustrate such a trend in
response to the increase in acidity (Fig.2). A limited zinc
extraction of only 66% at a dissolution rate of 1.79 X 10~
h™! occurred at pH 2.0 compared with 95% Zn recovery
(at4.21X10° h™") recorded at pH 1.0. JORDAN[16] had
showed that the dissolution rate of zinc and copper from
a complex concentrate by the extreme thermophile
Sulfolobus increased with decreasing the pH in the range
of 2.0-1.2 in agreement with the current findings. The
enhancement in the bioleaching performance of DSM
1651 culture with increasing acidity was also evident
from the bioleaching profiles obtained for iron (Fig.6).
The limited extraction of iron (i.e. 43% at pH 1.0)
compared with extensive extraction of zinc (i.e. 95%)
may be an indication of preferential/selective oxidation
of sphalerite over pyrite. This is consistent with the
electrochemical properties of both minerals with
sphalerite having a lower rest potential and hence being
electrochemically more active than pyrite under the
oxidising conditions [20].
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Fig.6 Effect of pH (1.0-2.0) on extraction of iron from ore
(1%, w/v) using DSM 1651 culture at 70 C

Figs.7—8 show the effect of salinity (0—4%Cl1, w/v)
on the extraction of zinc by both the extreme
thermophiles at pH 1.2. The response of both cultures
to the saline environment was similar in character with
an identical pattern for metal extraction under the same
experimental conditions. In contrast to the suppressing
effect on the mesophiles, the addition of chloride
appeared to produce a positive effect on the extraction of
zinc by the extreme thermophiles particularly following
an initial period of about 50 h. To illustrate, over 98% of
zinc was extracted by DSM 1651 culture at 1%—4%Cl
(w/v) compared with 85% Zn recovery in the absence of
added chloride. It may be inferred from these findings
that the extreme thermophiles are halophilic in nature
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Fig.7 Effect of added chloride (0—4%Cl1, w/v) on extraction of
zinc from ore (1%, w/v) using Sulfolobus culture at 70 ‘C and
pH 1.2
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Fig.8 Effect of added chloride (0—4%Cl1", w/v) on extraction of
zinc from ore (1%, w/v) using DSM 1651 culture at 70 ‘C and
pH 1.2

with  their tolerate saline
environments.

It may be of practical importance to note that the
formation of jarosite-type precipitates could present
problems in the extremely thermophilic systems
operating at high temperatures (70 ‘C) presumably due
to the availability of counter ions such as Na" present in
saline environments. Such precipitates could adversely
affect the metal extraction via the formation of a
passivating layer on the unreacted surface of minerals
[12, 21]. In this respect, the ability of the extreme
thermophiles to operate at lower pH (Fig.5) could
become important from the overall process point of view
to minimise the formation of potentially deleterious
precipitates. It should be noted that the decrease in pH
would probably alleviate the formation of jarosite-type

ability to extremely

precipitates[21-22].

With respect to the behaviour of lead within the
added, the
solubilisation of lead was minimal with over 98% of lead

experiments where no chloride was
having reported to the residues most likely in the form of
either insoluble lead sulphate or undissolved galena
irrespective of the type (and strain) of bacteria and pH.
This reflects the selective extraction of zinc from the
complex ore within the bioleaching process. However,
the dissolution of lead, most likely via lead-chloro
complexes was promoted with the addition and/or
increasing the concentration of chloride in solution. To
illustrate, the extraction of lead increased from 4% to
69% with increasing the level of CI™ from 1% to 4% (w/v)
during the bioleaching of the ore using Sulfolobus culture
at70 C.

3.3 Bioleaching kinetics and statistical analysis of
data

Bioleaching of zinc from the ore under different
experimental conditions was described by shrinking core
surface reaction model and rate constants (k) were
determined as listed in Table 1. Statistical tests for the
significance of the differences in the bioleaching data
produced under the experimental conditions were carried
out in respect of ERGUN’s test, which is essentially
One-way Analysis of Variance (ANOVA) for gradients (i.e.
rate constants, k; values). This postulates the equality of the
gradients (dissolution rates) as a Null Hypothesis. The
outcomes of the statistical analysis of the various tests are
summarised in Table 2 where the significance of the
differences is indicated either at 5% (“significant™) or 1%
(“highly significant”) or 0.1% (“extremely significant”)
levels.

Initially the contribution of the mesophilic and
extremely thermophilic cultures of bacteria to the
dissolution of zinc was tested as indicated by the “control
versus bacteria” in Table 2. It was assumed that the
dissolution rate of zinc occurred in the control was equal
to that in the bioleaching (i.e. Null Hypothesis). This
hypothesis was rejected in that the differences in the
rates were clearly “extremely significant”. In other
words, the dissolution rate of zinc was substantially
enhanced in the presence of all the cultures. Since this
initial assumption was rejected, subsequent tests were
performed for differences between the dissolution rates
produced at different conditions in an attempt to compare
the performances of strains (and groups) of bacteria, to
determine the optimum pH (i.e. the pH effect) for the
cultures concerned, and to examine the effect of chloride
on the bacterial cultures.

ERGUN’s test did not detect any significant



H. DEVECI, et al/Trans. Nonferrous Met. Soc. China 18(2008) 719

Table 1 Kinetics of bioleaching of zinc from ore by mesophilic and extremely thermophilic bacteria under different conditions of pH

and salinity using shrinking core surface reaction model

Mesophiles kJ107°h! R’ Extreme thermophiles kJ107°h" R’
SJ2 culture at pH 1.4 1.528 0.986 Sulfolobus at pH 1.2 2.632 0.992
SJ2 culture at pH 1.6 1.684 0.985 Sulfolobus at pH 1.4 2.517 0.992
WIM culture at pH 1.2 1.227 0.951 DSM 1651 at pH 1.0 4.209 0.992
WIM culture at pH 1.4 1421 0.948 DSM 1651 at pH 1.2 3.795 0.994
WIM culture at pH 1.6 1.517 0.950 DSM 1651 at pH 1.4 3.453 0.994
WIM culture at pH 1.8 1.591 0.952 DSM 1651 at pH 1.6 2.841 0.995
WIM culture at pH 2.0 1.681 0.979 DSM 1651 at pH 2.0 1.791 0.990
WIM culture at 1% CI™ (w/v) 0.741 0.946 Sulfolobus at 1% CI” (w/v) 4225 0.990
WIM culture at 2% Cl™ (w/v) 0.597 0.935 Sulfolobus at 2% CI™ (w/v) 4217 0.989
WIM culture at 4% Cl (w/v) 0.586 0.959 Sulfolobus at 4% CI™ (w/v) 4.060 0.989
Control at pH 1.2 0.112 0.917 DSM 1651 at 1% CI” (w/v) 4575 0.996
Control at pH 1.4 0.091 0.931 DSM 1651 at 2% CI™ (w/v) 4722 0.992
Control at pH 1.6 0.092 0.948 DSM 1651 at 4% CI (w/v) 4.430 0.989
Control at pH 2.0 0.101 0.901 Control at pH 1.0 0.311 0.859
Control at 4% (w/v) CI” 0.095 0.911 Control at 4% CI™ (w/v) 0414 0.988

difference between the rates of dissolution of zinc
produced by the mesophiles (WJM and SJ2) at pH 1.6.
However, the differences in the performance of the
extreme thermophiles (Sulfolobus and DSM 1651) at pH
1.4 appeared to be statistically significant probably as an
indication of the better performance of DSM 1651
culture.

Statistical analysis of the pH data for WIM and
DSM 1651 cultures suggests that the pH in the range of
1.0-2.0 is an important parameter affecting the
dissolution process. Notwithstanding this, the differences
recorded in the dissolution rates of zinc were found to be
statistically insignificant in the pH ranges of 1.4-2.0 and
1.0-1.2 for WIM and DSM 1651 cultures, respectively
(Table 2). These may be regarded as the optimum pH
range for the process using these cultures.

In a similar manner, ERGUN’s test was applied to
evaluate the effect of chloride on the dissolution of zinc
by the mesophile WIM and the extreme thermophile
Sulfolobus and DSM 1651 cultures. These tests affirmed
the inhibitory effect of chloride on the dissolution of zinc
by WIM culture and the ability of both the extreme
thermophiles to oxidise the ore more efficiently under
the saline conditions. Finally, the “best” performed
cultures of mesophiles (WJM at pH 2.0) and extreme
thermophiles (DSM 1651 at pH 1.0) were compared with
the results indicating that the extreme thermophiles have
superior capacity for the bioleaching of the ore.

4 Conclusions

1) The bioleaching tests performed within the

current study show that the complex sulphide ore is
readily amenable to the selective bacterial extraction of
zinc with lead present in the ore remaining in the
residues during the bioleaching process. pH appears to
exert a significant effect on the dissolution process
controlling the oxidative activity of the mesophiles and
extreme thermophiles. The bioleaching performance of
the mesophiles tends to deteriorate with increasing
acidity from pH 2.0 to 1.2. The extreme thermophiles,
however, have greater tolerance for acidity than the
mesophiles as the extraction of zinc was observed to
improve with decreasing pH in the range of 1.0-2.0.
Statistical analysis of the pH data allowed the
determination of the optimum pH range i.e., pH (1.0—
1.2) for the extreme thermophiles and pH (1.4-2.0) for
the mesophiles since the differences in the dissolution
rates of zinc produced by the respective cultures within
these ranges of pH were found to be statistically
insignificant.

2) The quality of process water with particular
reference to salinity appears to be of practical importance
for the mesophiles since the addition of chloride
(1%—4%CIl’, w/v) was shown to have a detrimental
effect on the bioleaching activity of the mesophilic WIM
culture. These findings are consistent with the results of
the statistical analysis of the data. However, the extreme
thermophiles were found to consistently perform well
under the saline conditions tested indicating the
halophilic nature of these microorganisms.

3) It is also statistically affirmed that the extreme
thermophiles exhibit superior kinetics for the dissolution
of zinc from the ore compared with the mesophiles.
The statistical methodology adopted herein has proved a
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Table 2 Summary of statistical analysis of experimental results using ERGUN’s test (“a” represents level of significance and test
results are presented as “significant” at 5%, “highly significant” at 1% and “extremely significant” at 0.1% levels)

Statistical test

Mesophiles . ..

F F critic (o) Significance
Control vs bacteria (WJM and SJ2) (pH 1.4) 139.40 7.87 (0.1%) Extremely significant
pH 1.4 vs pH 1.6 (SJ2) 6.46 4.11 (5%) Significant
WJM vs SJ2 at pH 1.6 0.54 4.11 (5%) Not significant
pH effect on WIM (pH 1.2-2.0) 5.78 3.63 (0.1%) Extremely significant
pH 1.2 vs pH 2.0 (WIM) 15.25 7.72 (0.1%) Extremely significant
pH 1.4 vs pH 2.0 (WIM) 0.66 4.23 (5%) Not significant
pH 1.6 vs pH 2.0 (WIM) 1.43 4.24 (5%) Not significant
pH 1.2 vs pH 1.4 (WIM) 5.53 4.23 (5%) Significant
CI effect on WIM (0% vs 1% CI (w/v)) 114.14 12.97 (0.1%) Extremely Significant
1% vs 2% vs 4% C1 (w/v) 9.97 8.01 (0.1%) Extremely significant
1% vs 2% CI” (w/v) 8.65 7.5 (1%) Highly significant
2% vs 4% Cl” (w/v) 1.36 4.15 (5%) Not significant
Extreme thermophiles .S.tatistical fest .

F F critic (o) Significance
Control vs bacteria (both cultures) (pH 1.4) 114.31 8.77 (0.1%) Extremely significant
pH 1.2 vs pH 1.4 (Sulfolobus) 0.000 4 4.35 (5%) Not significant
Sulfolobus vs DSM 1651 at pH 1.4 4.48 4.35 (5%) Significant
pH effect on DSM 1651 (pH 1.0-2.0) 81.36 5.7 (0.1%) Extremely significant
pH 1.0 vs pH 1.2 (DSM 1651) 0.000 5 4.49 (5%) Not significant
pH 1.0 vs pH 1.4 (DSM 1651) 8.03 4.49 (5%) Significant
pH effect on DSM 1651 (pH 1.0—1.4) 4.06 3.4 (5%) Significant
pH effect on DSM 1651 (pH 1.6-2.0) 179.51 9.35 (0.1%) Extremely significant
CI effect on Sulfolobus (0—4% C1” (w/v)) 25.94 6.99 (0.1%) Extremely significant
CI effect on DSM 1651 (0—4% CI (w/v)) 8.89 6.99 (0.1%) Extremely significant
1% vs 2% vs 4% Cl (w/v) (Sulfolobus) 0.04 3.47 (0.1%) Not significant

Comparison of mesophiles with extreme Statistical test
thermophiles F F critic (a) Significance

WIM (pH 2.0) vs DSM 1651 (pH 1.0) 192.97 14.59 (0.1%) Extremely significant

(2]

useful tool for the accurate interpretation of the batch
experimental results and it can be used for the
optimisation (or estimation) of process parameters.
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