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Abstract: Bacteria Acidithiobacillus ferrooxidans are usually implemented in many
biotechnological processes as bioleaching of metals from low grade ores, purification of
waste waters and gases, removal of metals from solid wastes etc. The bioprocess systems
with biofilm of Acidithiobacillus ferrooxidans are capable to oxidize ferrous to ferric
ions in higher concentrations. The aim of this work is to investigate bacterial oxidation in
suspended cultures and biofilm of Acidithiobacillus ferrooxidans JCM 3863 in presence
of copper ions and different initial concentration of ferrous ions. Submerged cultures and
biofilm have been cultivated in shake flasks at 200 rpm in two media — with 9 and 12 g/I
initial concentration of ferrous ions. Biofilm and submerged cultures have been cultivated
in five consecutive cycles in each nutrient medium in the presence of 5 g/l copper ions
to complete oxidation of ferrous to ferric ions. In the end the biofilm thickness has been
determined. Mean rates of oxidation were compared for each cycle of cultivation. In
consecutive cultivation of suspended cells in media 9K after the second cycle the mean
rates decrease significantly. In biofilm in media 9K is observed that the mean rates are
constant and even increase in the last cycle. In consecutive cultivation of suspended cells
in media 12K in the last two cycles almost the rate from the first cycle is reached after
decrease in the medium cycles. In biofilm in media 12K there is a gradual increase of mean
rates compared to the first cycle. In summary, the biofilm is more suitable for industrial
biotechnological processes in the presence of copper ions and high concentrations of
ferrous ions.
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INTRODUCTION

Modern society is impossible without information technologies, but they
are the source of a large amount of solid waste that are dangerous source of
pollution. Bacteria Acidithiobacillus ferrooxidans are usually implemented
in many biotechnological processes as bioleaching of metals from low grade
ores, purification of waste waters and gases, removal of metals from solid
wastes etc. At the same time they represent a valuable secondary raw material
for the production of plastics and metals. Recycling of electronic waste is an
important activity not only in terms of their treatment as waste, but also to extract
valuable components and energy savings (Cui J. and Forssberg E., 2003; Khalid
A. et al., 2014; Rivero Hudec M.A. et al. 2009). Biotechnological methods for
extracting metals from secondary sources of raw materials does not require
the incorporation of large amounts of energy to ensure the high temperatures
and generate relatively small amounts of waste which are non-toxic (Ilyas S.
et al., 2007). Genus Acidithiobacillus - species Acidithiobacillus ferrooxidans
and Acidithiobacillus thiooxidans (Free M.L., 2013; Singh U.Sh. and Kapoor
K., 2010) are mainly involved in these processes. Research conducted by
Acidithiobacillus ferrooxidans JSM 3863 (Gyurov P. et al., 2015; Ivanova E. et
al., 2015; Mamatarkova V. et al., 2014) demonstrate their possible application
for leaching of copper from printed circuit boards (Gyurov P. et al., 2015),
copper and PMG (platinum and palladium) from automobile exhaust converters
(Ivanova E. et al., 2015; Mamatarkova V. et al., 2014). Bioleaching rate depends
on the concentration of ferric ions in the solution. Therefore, studies related to the
behavior of Acidithiobacillus ferrooxidans at higher initial concentrations of iron
and the possibility of their adaptation to them are of practical interest. It has been
found that the biofilm of these bacteria are more resistant to high concentrations
of ferric and ferrous ions (Nikolov L. et al., 1988; Karamanev D. and Nikolov L.,
1991; Mamatarkova V., 2002) , as well as other environmental factors (Karamanev
D. and Nikolov L., 1988). It is necessary to investigate bacterial oxidation in the
presence of copper ions and elevated concentrations of iron.

The aim of this work is to investigate bacterial oxidation in submerged
cultures and biofilm of Acidithiobacillus ferrooxidans JCM 3863 in the presence
of copper ions and different initial concentration of ferrous ions.

MATERIALS AND METHODS

Microorganisms
The experiments were carried out with the strain Acidithiobacillus
ferrooxidans JCM 3863.
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Medium

Acidithiobacillus ferrooxidans JCM 3863 were cultivated in 9K liquid
medium containing 9 g/l ferrous ions (Silverman M.P. and Lundgren D.G.,
1959), and in 12K liquid medium — modified 9K media, supplemented with
12g/1 ferrous ions. Biofilm was cultivated in the same media after his formation.
Copper ions in the form of CuSO,.7H,O in concentration 5 g/l were added in
each media. As biological controls are used, the results obtained by cultivation of
Acidithiobacillus ferrooxidans JCM 3863 in the described media without copper
ions — for suspended cell cultures it is named “biological control”, for biofilm —
“cycle 0”.

Analytical methods
Concentrations of ferrous, ferric ions and total iron were determined
spectrophotometrically (Karamanev D. et al., 2002).

Determination of biofilm thickness

Thickness of biofilm was determined on the base of his dried weight, density
and area of the carriers (Karamanev D. and Nikolov L., 1988; Nikolov L. et al.,
2002; Mamatarkova V., 2002).

Experimental conditions

Acidithiobacillus ferrooxidans JCM 3863 were cultivated in shake flasks in
batch at 190 rpm and 28+0.5°C. Suspended cells were cultivated in 100 ml liquid
medium 9K or 12K (inoculum 1%). Biofilm was cultivated in 250 ml liquid media
9K or 12K, four carriers with formed biofilm in each flask, in fed-batch (Valkova
M. et al., 1982; Nikolov L. et al., 2002; Mamatarkova V., 2002).

RESULTS AND DISCUSSION

Submerged cultures have been cultivated in five consecutive cycles in each nutrient
medium in the presence of 5 g/ copper ions to complete oxidation of ferrous to ferric
ions. The results are shown on figure 1. It is clear to see similarities and differences in
the process dynamics of ferric ions production in medium 9K in submerged cultures.
For the biological control and the first tree cycles, it can be accepted that they have
similar dynamics and the full oxidation of ferrous ions is reached at 48 hours. A delay
with 24 hours was observed in cycle 4, resulting in 72 h duration of the cycle, while at
cycle 5 the oxidation is strongly delayed to 192 h.

Mean rates of ferrous ions oxidation and ferric ions production were calculated
for each cycle of cultivation. The results are shown on figure 2.
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Fig. 1. Dynamics of ferric ions production in suspended cultures - biological control in
9K medium and five cycles in 9K medium with 5 g/l Cu*'.

T e —
2 o016
B o 1
o 012 mean rate of
e ferric lons
a ol production
@
f 0,08
5] 0,06 mean rate of
4 ferrous lons
E 004 oxidation
c Doz
o 0
E Wrt cych 1 cychs 2 cychn 3 cycind oyche §

oo

Fig. 2. Mean rates of ferric ions production in suspended cells - biological control in 9K
medium and five cycles in 9K medium with 5 g/l Cu?".
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It can be seen that after the second cycle of cultivation mean rates are
permanently decreasing. The unessential differences between rates of ferrous ions
oxidation and ferric ions production are caused by sedimentation of ferric ions as
jarosite on the bottom and sides of the flasks. This type of sedimentation is always
observed in cultivation of Acidithiobacillus ferrooxidans in media with ferrous
ions (Nikolov L. and Mamatarkova V., 2005). Received results show that the Az.
ferrooxidans JCM 3863 culture obviously not adapted to presence of copper ions
during five consecutive cycles of cultivation in medium 9K..

Analysis of cultivation dynamics of suspended cultures in media 12K show
that in cycles 2 and 3 the process duration is 96 h, as for the other cycles (cycles
1, 4 and 5) and the biological control full oxidation is reached for 48 h (figure 3).
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Fig. 3. Dynamics of ferric ions production in suspended cultures - biological control in
12K medium and five cycles in 12K medium with 5 g/l Cu?*.

For each cycle of cultivation are calculated mean rates of ferrous ions
oxidation and ferric ions production. The results are shown on figure 4.
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Fig. 4. Mean rates of ferric ions production in suspended cells cultures - biological
control in 12K medium and five cycles in 12K medium with 5 g/l Cu*

It can be seen that the mean rates of ferrous ions oxidation in the biological
control and cycle 1 are commensurable. In cycle 2 and 3 mean rate visible decrease
with over 50%. In the last two cycles 4 and 5 mean rates increase again and are
similar to this in biological control and cycle 1. The enhancement of mean rates
in cycles 4 and 5 shows adaptation of the culture. The unessential differences
between rates of ferrous ions oxidation and ferric ions production are caused by
sedimentation of ferric ions as jarosite on the bottom and sides of flasks, like in
media 9K.

Biofilm has been cultivated in five consecutive cycles in each nutrient medium
in the presence of 5 g/l copper ions to complete oxidation of ferrous to ferric ions,
like in suspended cells cultures. Cultivation of biofilm in medium 9K and 5 g/I
copper ions shows that with the exception of cycle 4 and 5 the full oxidation
is reached at 48 hours. Results show that dynamics of ferric ions production
by biofilm in the absence of copper ions (cycle 0) and the cycles 3 and 5 in the
presence of copper ions are similar in the first 24 hours — above 5 g/ ferric ions
are produced (figure 5). In cycles 1 and 2 (the first two cycles of cultivation of
biofilm in the presence of copper ions) the production of ferric ions is smaller.
This difference in dynamics may be due to the adaptation of biofilm in cycles 1
and 2 to the presence of copper ions. The difference in the final concentrations of
ferric ions is due to the growth of the biofilm and formation of jarosite (Grishin
S.I. et al., 1988; Nikolov L. and Mamatarkova V., 2005).
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Fig. 5. Dynamics of ferric ions production in biofilm - biological control in 9K medium
(cycle 0) and five cycles in 9K medium with 5 g/l Cu*".

Mean rates of ferrous ions oxidation and ferric ions production are calculated
for each cycle of cultivation. The results are shown on figure 6.
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Fig. 6. Mean rates of cultivation of biofilm - biological control (cycle 0) in 9K medium
and five cycles in 9K medium with 5 g/l Cu*".
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It is visible that after the addition of copper ions, the mean rates of
oxidation are the same in three consecutive cycles. The mean rates of ferric ions
production are different in each cycle. These differences are caused by significant
sedimentation of ferric ions as jarosite on the bottom and sides of flasks and
mostly on the carriers, which leads to increasing of biofilm, as mentioned above.
This sedimentation explains the differences between the rates of ferrous ions
oxidation and ferric ions production. The different dynamic of sedimentation in
the different cycles and flasks can explain the differences in the mean rates of
ferric ions production.

In biofilm in medium 12K after the first cycle of cultivation in the presence
of copper ions biofilm oxidizes ferrous ions by similar dynamics in the next four
cycles. The duration of each cycle is longer in comparison to the cultivation of
biofilm in 9K medium with 5 g/l Cu?*(see figure 5). The removal of copper ions
from the medium in cycle 6 leads to similar dynamics as in cycle 0 before the
addition of copper ions. This shows that the influence of copper ions is reversible.
Similar results were established for cultivation of Acidithiobacillus ferrooxidans
JCM 3863 in the presence of other metals as silver and mixture of nickel, cobalt
and copper ions (Mamatarkova V. et al., 2013; Tzenov M. et al., 2015).
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Fig. 7. Dynamics of ferric ions production in biofilm - biological control in 12K
medium (cycle 0) and five cycles in 12K medium with 5 g/l Cu*".
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Mean rates of ferrous ions oxidation and ferric ions production were calculated
for each cycle of cultivation. The results are shown on figure 8.
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Fig. 8. Mean rates of cultivation of biofilm - biological control (cycle 0) in 12K medium
and five cycles in 12K medium with 5 g/l Cu*".

It is visible that after the addition of copper ions, the mean rates of oxidation
decrease in the first three cycles of cultivation of biofilm. In cycle 4 and 5 mean
rates increase. Oxidation rates of ferrous ions is commensurable with this on
cycle 0, before the addition of copper ions. The results show that the biofilm is
adaptive to various concentration of ferrous and copper ions in media.

After the end of biofilm cultivation, its thickness was determined. Results are
presented on figure 9. It can be seen that in medium 9K in the presence of copper
ions the biofilm grew slower (thickness 243 p for 600 h) that in medium 12K in
the presence of copper ions (thickness 300 p for the same period). In our previous
studies (Mamatarkova V. et al., 2013; Tzenov M. et al., 2015) we established that
for 600 h cultivation in 9K medium in the absence of any metal ions, biofilm
thickness reached 375 p. This shows that presence of copper ions in medium
influence the growth of biofilm.
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Fig. 9. Biofilm thickness after cultivation in 9K and 12K media with 5 g/l Cu*".

The mean rates of ferrous ions oxidation in suspended cultures and in biofilm
of Acidithiobacillus ferrooxidans JCM 3863 were compared. Results are shown
on figure 10 and 11.
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Fig. 11. Mean rates of ferrous ions oxidation - in medium 12K with 5 g/1 cu’-

Mean rates of ferrous ions oxidation were compared for each cycle of
cultivation in the presence of copper ions. In consecutive cultivation of suspended
cells and biofilm in medium 9K after the first cycle the mean rates increased in
cycles 2 and 3. Cultivation of biofilm in medium 9K shows that the mean rates
are higher compared to that in suspended cells cultures. This difference is most
pronounced in cycle 5. These results show that the cells of Acidithiobacillus
ferrooxidans JCM 3863 in biofilm are more resistant to copper ions and may
be considered that biofilm adapt to the presence of copper ions. Similar results
about resistance of biofilm to various conditions of cultivation were obtained
with other strains Acidithiobacillus ferrooxidans (Karamanev D., Nikolov L.,
1988; Karamanev D., Nikolov L., 1991).

Variability in mean rate of ferrous ions oxidation can be observed in
consecutive cultivation of suspended cells and biofilm in media 12K. In biofilm,
the mean rates are nearly constant but the changes are similar to these in suspended
cells cultures. Mean rate of ferrous ions oxidation is higher in biofilm again.

CONCLUSIONS

The present results of this research can show that the biofilm is suitable for
application in industrial biotechnological processes in the presence of copper ions
and higher concentrations of ferrous ions. The further investigations should be
directed to the development of biofilm process system for bioleaching of copper
and other metals from real electronic and other solid wastes.
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