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Abstract

High temperature bioleaching has become increasingly relevant as microorganism able
to growth at high temperatures such as Sulfobacillus thermosulfidooxidans can
improves metal extraction and leaching kinetics. Bacterial growth can however be
severely impacted by the nature of the gangue minerals. Fluoride-containing minerals,
such as fluorite and fluorapatite, for instance, when associated with metal sulfide ores
are dissolved as the sulfide minerals are bioleached for metal recovery. There are strong
evidences that some fluoride species can inhibit bacterial growth, therefore having
adverse effects on iron biooxidation. In this work, the fluoride influence on the kinetics
of ferrous iron biooxidation with Sulfobacillus thermosulfidooxidans (DSMZ 9293) was

studied. The experiments were carried out in batch mode in a 2L bioreactor and the
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effect of fluoride concentration (0-0.5mmol/L) on both iron oxidation and bacterial
growth rates was assessed. In all experiments, the initial ferrous iron concentration was
maintained at 2.5¢/L; pH at 1.5; temperature at 50°C, air flow at 1L/min; and stirring
speed at 300min™. It was also assessed the effect of aluminum (AI**) additions aiming
to reduce HF concentration through the formation of stable aluminum-fluoride
complexes, which cannot cross the bacterial cell membrane. The results show that
0.5mmol/L (10mg/L) total fluoride completely inhibits bacterial growth. Nevertheless,
fluoride toxicity to S. thermosulfidooxidans can be minimized by controlling the ratio
aluminum to fluoride in the system. At 2:1 aluminum to fluoride molar ratio, bacterial

growth is similar to that observed in the absence of anion.

1. Introduction

Bioleaching is now a proven technology that can be applied to the processing of a series
of metallic sulphides, specially ores or mining residues (marginal ores). Due to its
relatively low cost, bio-heap-leaching seems to consolidate as the main biotechnology
in the field of non-ferrous hydrometallurgy (Petersen and Dixon, 2007). Actually,
sulphide heap-leaching and bio-heap-leaching are not dissociable since bacteria are

always present in these environments (Rawlings and Johnson, 2007).

As far as ore bioleaching is concerned, the gangue nature can have a very important
impact on leaching performance. This is because the gangue minerals can contain
elements which are harmful to the bacteria. Ojumu et al. (2008) has shown the effect of

increasing ionic strength on bacterial growth. In addition to the reducing effect on



dissolved oxygen concentrations, higher ionic strength reduces the concentration of free
water and the bacteria looses water to the solution due to osmotic pressure effects
(Suzuki et al., 1999). Anions have different effects on Fe(ll) or sulphur oxidation, but
nitrate and chloride are the most important inhibitors of mesophilic bacterial growth
(Harahuc et al., 2000). Acidophilic bacteria have their membrane internal pH in the
range 6 — 7 that is maintained, despite the much lower external pH, by a positive
potential (Ay), which prevents H" from crossing the membrane. Weak base anions such
as NO3™ and CI” reduces this potential and enables H* crossing, lowering the internal
membrane pH (Booth, 1985). Recently, it was reported a failure on a heap bioleaching
operation due to presence of fluoride (Brierley and Kuhn, 2010) which affected the
growth of Acidithiobacillus ferrooxidans. HF, which can penetrate cell membranes, is
the main fluoride species at the pH of bioleaching. It dissociates to H" and F inside the

cell (due to its neutral pH) and inhibits bacterial growth (Suzuki et al., 1999).

In heap leaching operations, temperatures inside the heap can reach values that support
moderate thermophilic growth and this has a positive impact on both the leaching rate
and metal extraction (Cruz et al., 2010). Assessing temperature effects on secondary
sulphide bioleaching, mineralogical studies revealed the presence of fluorite (CaF,) on
the ore. Its dissolution in acid solutions produced total fluoride concentrations in some
cases, higher than 100mg/L, which had an important negative impact on iron oxidation
and solution potential. Therefore, this paper was undertaken aiming to assess fluoride

ion impact on ferrous iron oxidation and how its detrimental effect could be overcome.



2. Materials and Methods

Sulfobacillus thermosulfidooxidans (strain DSMZ 9293) was grown in a medium
containing: 0.4g/L (NH,4),SO4, 0.8g/L MgSQO,.7H,0, 0.4g/L K;HPO,, 2.5g/L ferrous
iron (FeSO4.7H,0) and 0.1g/L yeast extract, at pH 1.5. The cells were maintained
throughout the experiments in an orbital shaker (New Brunswick Scientific), at 50°C,
and 200min™ and provided the inocula for the bio-oxidation experiments from a 48h

grown culture.

The bio-oxidation experiments were carried out in batch mode in a bioreactor (New
Brunswick Scientific - BioFlo 110) with 2L of suspension containing 10% (volume) of
inoculum. To produce the latter, 200mL of the inoculum (not previously adapted to
either fluoride or aluminum) were transferred to the bioreactor and growth medium was
added to produce a final solution volume of 2L. Afterwards, the pH was set at 1.5 and
kept at this value throughout the experiment. A pH meter (Hanna 2221) and glass
membrane electrode calibrated against pH 4.0 and 7.0 buffers was used for pH
measurement. The pH was controlled during the experiments by the addition of either
concentrate sulfuric acid or sodium hydroxide. Both the temperature and the stirring rate
were maintained at 50°C and 300min™, respectively. This latter was defined as the value
which produced the highest ferrous iron oxidation rate. The solution was aerated at a
rate of 1L/minand 5mL samples were withdrawn regularly and analysed for ferrous iron

concentration and cell number.

Both bacterial growth and ferrous iron oxidation were assessed in experiments where

fluoride ions (NaF) were added. The fluoride concentration was varied from 0 to



0.50mol/L 0-10mg/L), in the presence and absence of aluminium (Al(OH)3) so that the
following Al:F molar ratios were achieved: 0.0:0.13; 0.0:0.25; 3.0:0.0; 1.0:0.50 and

3.0:1.0.

Cell counts were performed using a Neubauer chamber in a light contrast microscope
(Leica). Ferrous iron concentration was determined by titration with standard potassium
dichromate solution in the presence of a 1 H,SO4: 1 H3PO4 solution using an automatic
titrator (Schott - Tritoline Alpha). All chemicals used in this study were analytical grade
reagents (AR), unless otherwise stated and all solutions were prepared with distilled

water.

Statistical analysis was carried out using the Origin™ version 8.0 software to determine
the specific growth rate, the Fe(ll) oxidation rate as well as the yield values for a 95%
confidence interval. The data points used to calculate such parameters were those that

produced linear regression with correlation coefficients (%) higher than 0.94.

3. Results and discussion

Bacterial growth in batch mode follows four different phases: (i) lag, (ii) exponential,
(iii) stationary and (iv) death. During the lag phase, virtually there is no bacterial growth
as the microorganism is adapting to the new environmental conditions. In this work, the
lag phase was taken as the period between the beginning of the experiment and the first
point of the exponential phase. The duration of the lag phase depends on many factors
such as medium composition, energy availability, osmotic pressure, inoculum age and

presence of toxic elements (Waites et al., 2001). The negative effect of fluoride on S.



thermosulfidooxidans growth can be noticed in figure 1. As the anion concentration
increases so does the lag phase, which varies from 5 hours in the absence of the anion to
33 hours, in the presence of 0.25mmol/L (5mg/L) fluoride. Higher fluoride

concentrations inhibited bacterial growth completely. This behaviour can be interpreted
by noticing that HF is a weak acid (pKa = 3.2, at 25°C and | — 0) and at pH 1.5, around

98% of the total fluoride species is present as HF, which can easily cross the bacterial
cell membrane. Inside the cell, due to the its neutral pH, HF dissociates to H" and F,

decreasing internal pH and affecting growth, accordingly (Suzuki et al., 1999).
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Figure 1: Effect of the NaF addition on the lag phase during Fe(ll) oxidation by S.
thermosulfidooxidans. Experimental conditions 2.5g/L Fe?*; 0.1 g/L yeast extract;

Norris growth medium, pH 1.5; 300 min™ and 50°C.

With 0.50mmol/L total fluoride, no bacterial growth was observed within 60 hours and
therefore this was taken as the reference in the experiments seeking to reduce its
detrimental effects. This was accomplished with aluminium addition to the bioleaching
reactor (Brierley and Kuhn, 2009). It can be observed (fig.1) that 1.0mmol/L AI** was
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sufficient to overcome the negative impact caused by 0.50mmol/L NaF on the lag phase
period, which as reduced from 60 hours to 6 hours. Aluminium forms strong complexes

with fluoride, producing charged species (eq. 1-3), which cannot cross bacterial cell

membranes.
AP +F = AIF? logB1=7.01 (25°C, | — 0) (1)
AP+ 2 F s AIR," log B2 =12.63 (25°C, | — 0) (2)
AP +4F = ARy logPs =19.4 (25°C, | — 0) (3)

At pH 1.5, 1.0mmol/L total aluminium and 0.5mmol/L total fluoride, the predominant
aluminium species on the system are AI** and AIF?*, around 50% each, whereas the
concentration of HF was reduced to values below 10°mmol/L. Therefore, fluoride
complexation with aluminium significantly reduces the HF concentration and prevents
any fluoride extensively entering the microbial cell. It is important to maintain a high
Al:F ratio to avoid the formation of AlFs(aq) (eg. 4) which can also potentially affects

bacterial growth.
AP* +3F = AlFsy log B3 =16.7 (25°C, 1+~ 0) 4)

At the end of the lag phase, the bacteria are adapted to their environment and cell

doubling starts (the exponential phase). If growth is not limited, doubling will continue

: axy . : o :
so that a maximum growth rate s is attained. In this situation, exponential growth

is observed and cell doubling will continue at the so-called specific growth rate (u).
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Hi
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Equation 6 applies to closed systems where growth is the only process affecting cell

concentration (X) (Doran, 1995). A plot of LnX versus time gives a straight line with

slope p (figure 2).
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Figure 2: Bacterial counts as a function of time for the growth of S. thermosulfooxidans

on Fe(11). [Fe**]o = 2.5g/L, 0.25mmol/L F, 50°C, 10% inoculum, pH 1.5, 300 min™.

Applying equation 6 to the bacterial counts determined in the experiments carried out in
the presence of aluminium and fluoride ions, specific growth rate values were achieved
and are depicted in figure 3. The specific growth rate (0.225+0.137h™), determined for

the experiment carried out in the absence of both fluoride and aluminium ions (blank) is



consistent with previous studies on Fe(ll) oxidation by S. thermosulfooxidans
(0.197+0.012 h™) (Pina et al., 2010). Literature data on Fe(Il) oxidation by moderate
thermophiles and extreme thermophiles are scarce and sometimes contradictory. For
instance, Nemati & Harrison (2000) reported specific growth rate of 0.043h™ for
Acidianus brierleyi in the presence of 1.8g/L Fe(ll), while Konish et al. (1995)

determined p as 0.37h™ for the same microorganism at 2.0g/L Fe(l1).
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Figure 3: Effect of fluoride and aluminium addition on the specific growth rate ()
during Fe(ll) oxidation by S. thermosulfidooxidans. Experimental conditions 2.5g/L

Fe?*; 0.1 g/L yeast extract; Norris growth medium, pH 1.5; 300 min™* and 50°C.

The presence of fluoride reduces the specific growth rate. With 0.25mmol/L total
fluoride, p is reduced to 0.116+0.043h™, i.e. half the value observed in the absence of

the anion, reflecting the inhibitory effect caused by the toxic substance (Suzuki et al.,



1999). When aluminium was also added its detoxification effect becomes clear. As
already stated, no growth was observed in the presence of 0.5mmol/L fluoride. When
1.0mmol/L Al was added to this fluoride concentration (Al:F = 2), growth could be
observed and p reached 0.091+0.034h™. Increasing the Al:F molar ratio to 6
(3.0mmol/L Al and 0.5.0mmol/L F) values similar to that produced in the absence of

fluoride were achieved (figure 3).

Sulfobacillus thermosulfidooxidans utilizes Fe(ll) as substrate for growth (Cruz et al.,
2010). The maximum specific growth rate (Umax) Was determined for this bacterium
growing in the presence of 2-20g/L Fe(Il) and the value of 0.242h™* was observed (Pina
et al., 2010). Fe(ll) oxidation to Fe(lll) has many technological applications including
bioleaching, the removal of H,S from gases, the desulfurization of coal and the
treatment of acid mine drainage (AMD). Figure 4 presents the Fe(ll) concentration
behaviour in the experiments carried out in the presence of fluoride as well as
aluminium. In the absence of aluminium (fig. 4a), increasing fluoride concentrations
result in longer delays on the start of Fe(ll) oxidation. This period is equivalent to the
lag phase where growth is not expressive and therefore no substrate consumption is
observed. As at 0.5mmol/L fluoride no bacterial growth was observed, Fe(Il) oxidation
was not detected either. In this latter concentration, aluminium additions enabled

bacterial growth (figure 3) and substrate consumption (figure 4.b).
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Figure 4: Effect of fluoride (a) and Al:F molar ratio (b) on Fe(ll) oxidation by S.
thermosulfidooxidans. Experimental conditions 2.5g/L Fe?*; 0.1 g/L yeast extract;

Norris growth medium, pH 1.5; 300 min™ and 50°C. In figure b, fluoride concentration

was set at 0.50mmol/L.
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2+
dlfe”] ]) is equivalent in absolute terms to the Fe(l1)

The ferrous iron consumption rate ( o

oxidation rate and was determined from the slope of the linear part of the profile of
ferrous iron concentration versus time (figures 4a and 4b). The calculated values are
shown in figure 5. Ferrous iron oxidation rate was determined as 0.114+0.014g/L.h in
the absence of both aluminium and fluoride ions and is lower than the value observed
by Pina et. al. (2010) determined as 0.292+0.034g/L.h in a similar experiment.
However, this values is consistent with that reported for A. ferrooxidans (0.14 g/L.h) in
the presence of 2.5g/L Fe(ll) (Nemati and Harrison, 2000) and, as expected, higher than

the value observed for A. brierleyi - 0.053 g/L.h - in 1.8g/L Fe(ll).
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Figure 5: Effect of fluoride and aluminium addition on the Fe(ll) bio-oxidation rate.
Experimental conditions 2.5g/L Fe?*; 0.1 g/L yeast extract; Norris growth medium, pH

1.5; 300 min and 50°C.
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Figure 5 shows that aluminium can overcoming the detrimental effect posed by fluoride
ion during Fe(Il) oxidation by S. thermosulfidooxidans, as already stated in the bacterial
growth rate discussion (figure 3). The Fe(ll) oxidation rate in the presence of the both
ions (Al and F) is statistically similar to that observed in the blank experiment with a
slightly lower value at 3.0mmol/L Al and 0.05mmol/L F. This is consistent with the
results achieved by Ojumu et al. (2008) during Fe(Il) oxidation by L. ferriphilum. The
authors observed a deleterious effect on Fe(ll) oxidation and bacterial growth only at

high aluminium concentrations (10g/L Al).

Fluoride can also complex ferric iron, but the addition of aluminium ions seems to
reduces the Fe(l11)-fluoride complexes concentration as suggested by Brerley and Kuhn
(2010). The authors observed the increase in solution potential when aluminium was
added to the system containing Fe(lll) and fluoride. This was due to the preferential
formation of aluminium- over Fe(ll1)-fluoride complexes, which increased free Fe(ll)
concentration and, as result, the solution potential. However, this was not observed in

this study due to the small fluoride concentration tested.

The results clearly show an increase in the lag phase period in the presence of fluoride
species during ferrous iron oxidation. As the production of ferric iron is the main
bioleaching mechanisms, the onset of metal extraction can became excessively longer
than usually expected or even do not occur (Dopson et al., 2009). Unlike the Fe(ll)
oxidation experiments, bioleaching can be performed at much higher fluoride
concentrations provided the ore contains elements such as aluminium which can
complex free fluoride and reduce the HF concentration in the leaching liquor. If by any

means the presence of fluoride- containing minerals is detected, extra care must be
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taken during bioleaching studies specially when the leaching solution is not recirculated
during the experiments (Brierley and Kuhn, 2009). Although fluoride toxicity can be
reduced by the presence of aluminium, the build-up of both elements can lead to high
ionic strength values which can also affect bioleaching. In this condition, solution
bleeding would be required to reduce fluoride toxicity as well as solution ionic strength

so that bioleaching can be performed properly.

4. Conclusions

Fluoride ions adversely affect S. thermosulfidooxidans growth, increasing the lag phase
period from 5h to 33h, when 0.25mmol NaF was added to the system. During the
exponential growth phase, the specific growth rate was reduced from 0.225+0.137h™* to
0.11620.043h™ with the same concentration of fluoride. At 0.5mmol/L F, there is no
bacterial growth in 60 hours. In acid solutions, HF is the main fluoride species which
can cross the cell membrane, affecting bacterial growth. These effects can be overcome
by the presence of aluminium (Immol/L Al - 0.5mmol/L F) which can form complexes
with the element, such as AlF?*e AIF,*, reducing the HF concentration and fluoride
toxicity, accordingly. This results in specific growth rates similar to those observed in
the absence of both species. For those ores where fluoride-containing minerals are
present, bioleaching can be performed provided aluminium sources are present or added
to the bioleaching system. In heap bioleaching applications the build-up of aluminium
and fluoride can lead to failures due to high ionic strength constraints and regular

leaching solution bleedings may be required.
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