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Abstract: Freeze drying and frozen preservation way was used to preserve a moderately thermophilic culture for bioleaching of 
chalcopyrite concentrate. After preservation of 15 months, the cell viability rate decreases to 22% with a cell density of 7×107 mL−1. 
When the growth time was extended from 8 days to 14 days, cell density would increase in a large scale to about 3×108 mL−1. In the 
bioleaching experiments, unpreserved and preserved cultures were compared for dissolving chalcopyrite concentrate. Before 44 days, 
the unpreserved culture can reach a high copper extraction of about 17.4 g/L. While the preserved culture shows a rather low copper 
extraction, which is only 9.7 g/L. When the bioleaching time was extended to 80 days, copper extraction by preserved culture 
increases remarkably, and the concentration of copper finally achieves up to 18.3 g/L. On the other hand, copper extraction by the 
unpreserved culture does not show remarkable increase from 44th to the 80th day, and finally the total copper extraction is 19.8 g/L. 
As a result, total copper extraction in 80 days by preserved culture approaches that by unpreserved culture and freeze drying and 
frozen preservation even after 15 months does not bring much decrease of bioleaching ability. 
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1 Introduction 
 

Bioleaching of chalcopyrite, a primary sulphide 
mineral, is considered to be a major challenge in the 
bio-hydrometallurgy due to slow kinetics and poor 
extraction. Many researchers have investigated the 
feasibility of using moderately thermophilic 
microorganisms to improve the bioleaching rate of 
chalcopyrite[1−2]. Using moderate thermophiles to leach 
sulphide minerals not only greatly improves the reaction 
kinetics, but also avoids excessive chalcopyrite 
passivation which hinders the durative bioleaching[3−5]. 
Furthermore, moderately thermophilic microorganisms 
can tolerate rather high pulp density[6]. Thus, they show 
advantage in application in industry for bioleaching of 
chalcopyrite. In our previous study, a moderately 
thermophlic culture was used to bioleach chalcopyrite, 
and copper extraction percentage achieved up to 75% in 
44 days at 8% pulp density[7]. However, the cell loss of 
this culture and the degeneration of its bioleach ability 

during passage culture often occur in the laboratory 
research and industrial applications. As a result, it is very 
important to find a most effective preservation method 
which would preserve this useful culture in a long time. 

The methods for storing microorganisms generally 
include passage culture, sterile sand tube preservation, 
freezing preservation, freeze drying and frozen 
preservation, and so on. However, freeze drying and 
frozen preservation is considered to be the most feasible 
and effective storage way for pure strains and mixed 
cultures in a long time[8−9]. Freeze drying (also known 
as lyophilization or cryodesiccation) is a dehydration 
process typically used to preserve a bacterium. After 
freeze drying, frozen preservation at −20 ℃ or −70 ℃ 
could obviously increase the storing time of the 
microorganism and improve the cell viability for long 
periods[10]. On the other hand, freeze drying and frozen 
preservation would cause major of cells to die during 
freeze drying and the death rate generally is very 
different according to the equipment and operation[11]. 
However, the remained cells get the surrounds of lacking  
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air, nutrient and water, and so they can stay in a dormant 
phase. If only the original cell population is sufficient, 
0.1% survival rate is considered to be efficient to 
continue the growth of cells and retain their 
metabolically ability after cell reviving[12]. 

There are few reports about preservation of 
bioleaching microorganisms especially for moderately 
thermophilic microorganisms. In this study, freeze 
drying and frozen preservation way was used to preserve 
a moderately thermophilic culture and its 
characterization for bioleaching of chalcopyrite before 
and after preservation was studied to investigate the 
effect of bacterial preservation on the ability of this 
culture for chalcopyrite bioleaching. 
 
2 Experimental 
 
2.1 Microorganisms enrichment 

Mixed moderately thermophilic cultures from 
several chalcopyrite mines in China were collected and 
enriched. The medium used for enrichment consisted of 
the following compounds: (NH4)2SO4 3.0 g/L, Na2SO4 
2.1 g/L, MgSO4·7H2O 0.5 g/L, K2HPO4 0.05 g/L, KCl 
0.1 g/L, Ca(NO3)2 0.01 g/L. 10g/L FeSO4 and 5 g/L S0 
were added as the energy source. The samples were 
enriched at 48  ℃ and initial pH 2.0. 
 
2.2 Mineral components 

The concentrate sample was collected from 
Meizhou Copper Mine in Guangdong Province, China, 
with diameter less than 75 μm. The mineral sample 
mainly consisted of chalcopyrite (62.2%), galena (25.6%) 
and chalcocite (10.8%). 
 
2.3 Freeze drying and frozen preservation 

Cells were harvested and concentrated by 
centrifugation (104g, 10 min and 4 ℃). Concentrated 
cells were re-suspended into 20% (mass fraction) 
mannitol as cryoprotectant. 40 µL aliquot containing 
approximately 1×109 cells/mL organisms in 
cryoprotectant solution with 20% mannitol was 
dispensed into 1.5 mL ampoule and then was frozen by 
direct immersion in a liquid nitrogen (−196 ℃). Then, 
the frozen samples were dried by a freezing-dryer for a 
period of 14 h at 4 ℃. After that, the freezing dry 
samples were stored at −72 ℃ in a refrigerator-freezer. 
When storing for 3, 6, 9, 12 and 15 months, one of the 
tubes was taken out for cell reviving. For reviving, the 
frozen samples were thawed for 10 min at 30 ℃ in a 
water bath, then inoculated in medium including 10 g/L 
FeSO4 and 5 g/L S0 for 8 d. The cell density was 
analyzed under an optical microscope. 
 
2.4 Cell viability 

Cell viability was measured by counting the cell 

density before preservation (N0) and after different times 
of storage (Nt). The viability rate (V) was expressed by 
cell survival rate that was calculated as follows: 
V=100%×Nt/N0, where t takes values of 3, 6, 9, 12 and 
15, indicating 3, 6, 9, 12 and 15 months, respectively. 
 
2.5 Bioleaching of chalcopyrite 

Bioleaching experiments were carried out in a 3 L 
glass cylindrical reactor with a mechanic stirrer operating 
at 500 r/min. 1 980 mL medium and 0.4 g/L yeast extract 
were added into the reactor; and 20 mL seed culture was 
inoculated. Both the preserved and unpreserved cultures 
used as inocula in the bioleaching were cultured for 8 d 
and the inoculum concentration got a same cell density 
of 106 mL−1. The reactor was placed in a thermostatic 
bath to keep the constant temperature at (48±0.2) .℃  
Air was blown into the base of the reactor at an 
approximate rate of 360 mL/min. The experiments were 
performed at initial pH 2.0 and the pulp density of 
chalcopyrite of 10 g/L. The acid consumption was 
compensated by 10 mol/L sulfuric acid to keep pH value 
at around 2. Distilled water was added to the reactor 
through a peristaltic pump in order to compensate for 
evaporation losses. 

Redox potential, cell density and concentrations of 
Cu2+, Fe3+ and total iron in solution were analyzed every 
two days, while pH value was analyzed each day. 
 
2.6 Analysis methods 

The components of the mineral sample were 
analyzed by XRD. Copper ion and total iron 
concentrations in solution were determined by atomic 
absorption spectrophotometer. Ferrous ion concentration 
in solution was assayed by titration with potassium 
dichromate. The pH value was measured with pH S−3C 
acid meter. The redox potential was measured with a 
platinum electrode with an Ag/AgCl reference electrode. 
Free cells in solution were observed and counted by the 
blood counting chamber under an optical microscope. 
 
3 Results and discussion 
 
3.1 Freeze drying and frozen preservation of 

moderate thermophiles 
Freeze drying has been used to preserve 

microorganisms for decades and it is the preferred 
method for culture strains worldwide. The products after 
freeze drying are available for storage[8]. Therefore, in 
this experiment, freeze drying and frozen preservation 
way was used to preserve a moderately thermophilic 
culture. 

The unpreserved culture could achieve to the 
maximum cell density of 3.2×108 mL−1 in 8 d with an 
initial inocular cell amount of 106 mL−1. When the 
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growth continues to the 16th day, cell density would 
decrease in a large scale to about 4.6×107 mL−1. 

Fig.1 shows the growth curve of preserved culture 
after reviving at the 3rd, 6th, 9th, 12th and 15th months. 
When the culture was preserved for 3 months, the 
maximum cell density decreased to 1.7×108 mL−1 after 
reviving for 8 d, and the cell viability rate is only 54%. 
The longer the storing time, the lower the maximum cell 
density. When the culture was preserved for 15 months, 
the cell viability rate decreased to 22%. This indicates 
that the growth of culture after preservation is inhibited 
in a large scale. On the other hand, it can also be seen 
from Fig.1 that the growth of preserved culture has a 
longer lag phase than the growth of the unpreserved 
culture. And at the 8th day, the growth of preserved 
cultures mostly stays in a logarithmic phase, but not in 
the stable growth phase. These show that the cell density 
of preserved culture should have an increase after 8 d. As 
a result, another experiment for prolonging the culture 
time was carried out. The result shows that when the 
culture time was prolonged to 14 d, the cell density of 
preserved culture for 3, 6, 9, 12 and 15 months would 
increase to the maximum cell density of 3×108, 
2.9×108, 2.8×108, 2.5×108 and 2.4×108 mL−1, 
respectively, which is almost the same as the 
unpreserved culture. These indicate that freeze drying 
and frozen preservation could cause many cells death, 
but it is not obvious to decrease the growth ability of the 
living cells. 
 

 

Fig.1 Growth curves of moderately thermophlic preserved after 
0(unpreserved), 3, 6, 9, 12 and 15 months 
 
3.2 Bioleaching of chalcopyrite concentrates with 

unpreserved and preserved cultures 
Fig.2 shows the copper concentrations by the 

unpreserved culture and preserved culture after 15 
months in the bioleaching reactor as a function of time. 
In the bioleaching with the unpreserved culture, copper 
extraction increases quickly to 9.7g/L before the 15th day. 
Then, the soluble copper decreases slightly, which may 

be due to locking of some of the extracted copper with 
the jarosite formed[13]. After then, the soluble copper 
increases continuously till the 32nd day, when the copper 
concentration is 16.3g/L. At the end of bioleaching (at 
the 44th day), the total concentration of copper ion is 
17.4g/L，and the copper recovery percentage achieves up 
to 75%. However, the preserved culture after 15 months 
doesn’t show a good performance for extracting copper. 
At the first 20 days, dissolution of ore sample is slow and 
only 5.8 g/L of copper ion is extracted. After a lag phase, 
from the 20th to the 34th day, the dissolution of ore 
sample increases and gets a finally copper ion 
concentration of 9.7 g/L, and the copper extraction 
percentage is only 42%. 
 

 
Fig.2 Copper extractions in chalcopyrite bioleaching 
experiment in 44 days with original and preserved cultures after 
15 months 
 

In the bioleaching experiment, copper ion in 
solution is extracted from chalcocite and chalcopyrite. 
Chalcocite could be dissolved more easily by sulfuric 
acid than chalcopyrite, which has a complex crystal 
lattice structure, and is mainly dissolved by ferric ion 
generated from ferrous ion by microorganisms[14]. It can 
be seen from Fig.3 that the cell density of preserved 
culture is much lower than that of unpreserved culture 
before the 21st day, and in this period, the increase of 
copper extraction by the preserved culture is mainly due 
to acid dissolution of chalcocite. After then, when most 
of chalcocite is leached out, copper extraction enters into 
a lag phase till the biomass obviously increases (Fig.3). 
After 30 days, the cell density of preserved culture is 
more than 108 mL−1, and bioleaching of chalcopyrite 
begins to increase. 

The concentration of total iron is an important 
parameter in bioleaching of chalcopyrite concentrate. As 
can be seen from Fig.4, high concentration of total iron 
would be beneficial to copper extraction. In the Fig.4(a), 
iron in solution at the first stage is mainly as ferrous ion 
and the presence of ferric ion is rather notable only at the  
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Fig.3 Variation of biomass in solution as function of time 
 

 
Fig.4 Variations of total iron, ferrous and ferric ion 
concentrations in bioleaching experiment: (a) Original culture; 
(b) Preserved culture after 15 months 
 
final stage. When almost 66% of copper is leached (from 
the 28th day and on), the concentration of ferrous ion 
begins to decrease and that of ferric ion begins to 
increase, which corresponds to an increase of redox 
potential in the solution over 460 mV. While in the 
Fig.4(b), the total ion concentration increases gradually 
and finally reached 4.9 g/L. Ferrous ion concentration 
increases before 20 days and then decreases slightly till 
the 30th day. During this period, ferrous ion is 

continually oxidized to ferric ion but no enough ore 
sample is dissolved to generate ferrous ion. After that, 
ferrous ion concentration increases sharply to 4 g/L, 
mainly due to increase of chalcopyrite dissolution. Ferric 
ion concentration always retains at a low value and it is 
only 0.9 g/L at the end. 

Ion plays a key role in the bioleaching of 
chalcopyrite concentrate. Ferric ion dissolves in 
chalcopyrite concentrate to generate copper and ferrous 
ion[15]. The latter as the energy source of bioleaching 
microorganisms is oxidized to regenerate ferric ion. In 
the bioleaching with unpreserved culture, the 
concentration of ferric ion is very low at the beginning 
since it is continuously used to dissolve chalcopyrite 
concentrate. On the other hand, at the final stage of 
bioleaching, the dissolution of chalcopyrite concentrate 
is hindered, and the concentration of ferric ion begins to 
increase since the surface of chalcopyrite concentrate is 
covered with passivation substances such as jarosite[16]. 
Meanwhile, ferrous ion is oxidized continuously by 
microorganisms and reaches a low concentration at the 
end. However, in the bioleaching with preserved culture, 
the microorganisms after reviving should pass through a 
long lag phase to get an enough biomass, which is 
necessary for chalcopyrite bioleaching. When the 
biomass increases to a remarkable value, the bioleaching 
experiment had been carried out to the 44th day, and 
there is no enough time to allow complete chalcopyrite 
dissolution. 

In the experiment, the sulfuric acid consumption is 
necessary, because the oxidation of chalcopyrite 
consumes lots of acid. The reaction is shown as follows: 
 
CuFeS2+O2+4H+=Cu2++Fe2++2S0+2H2O          (1) 
 

Acid is also consumed during the oxidation of the 
released ferrous ion to ferric ion, which is catalysed by 
microorganisms during the bioleaching of chalcopyrite:  
4Fe2++O2+4H+=4Fe3++2H2O                   (2)  

Therefore, in the first stage of bioleaching 
experiment, sulfuric acid was added into reactor to keep 
pH value at around 2.0 for acid consumption of 
chalcopyrite concentrates[17]. After that, the pH 
decreased continuously to a final value of 1.32 (for 
unpreserved culture) and 1.42 (for preserved culture after 
15 months) since acid was produced during the oxidation 
of sulphur and the hydrolysis of ferric ion to ferric 
species such as Fe(OH)2+ and Fe(OH)2

+[2−3]. In the 
bioleaching with the unpreserved culture, the total 
consumption of sulfuric acid achieves to about 10.5 g. 
While in the bioleaching with preserved culture, the total 
acid consumption is more than 21 g, which is due to the 
lack of acid production at the beginning of bioleaching. 
When the amount of acid-production was more than that 
of acid-consumption, the pH value began to decrease[18]. 
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As a result, the experiments of acid consumption shows 
that the addition of large amount of acid is necessary for 
efficient bioleaching of chalcopyrite concentrate 
especially for the preserved culture. 

After freeze drying and frozen preservation, 
bioleaching microorganisms have to take a longer time to 
adapt the growth environment and reviving. Through 
prolonging the culture time, microorganisms maybe 
recover their growth and metabolic ability. As a result, 
the additional experiment for prolonging the bioleaching 
time to 80 days was carried out. Fig.5 shows the copper 
extraction in 80 days. For the unpreserved culture, 
copper concentration in solution increased slightly from 
44th to the 80th day, and the copper extraction finally 
increased to 19.6 g/L. While bioleaching of chalcopyrite 
concentrate with the preserved culture after 80 days also 
showed a high copper extraction of 18.3 g/L at the end. 
Furthermore, during bioleaching with the reserved 
culture, the total ion concentration increased to 7.2 g/L at 
the 50th day, and the high concentration of total ion 
would benefit the copper extraction at the later stage of 
bioleaching. However, at the end of bioleaching, the total 
iron concentration decreased in a large scale, including 
2.4 g/L of ferric ion and 1.0 g/L of ferrous ion. The cell 
density of unpreserved culture for 8 days kept a stable 
value after the 36th day, and then decreased. Finally, the 
cell density was 3.1×107 mL−1. Compared with the 
unpreserved culture, the preserved culture shows an 
approached total cooper extraction at the 80th day. The 
unpreserved culture dissolves the ore sample mainly 
before 44 days and later only 2 g/L copper ion is 
extracted. It is considered that chalcopyrite passivation 
seriously affects the total copper extraction and it is 
unnecessary to prolong the culture time for the 
unpreserved culture[7, 19]. However, in the bioleaching 
with preserved culture, microorganisms passed through a 
long growth lag phase till the 34th day. After then, the 
cell density increased remarkably, and it brought an 
 

 
Fig.5 Copper extractions in chalcopyrite bioleaching in 80 d 
with original and preserved cultures 

increase of chalcopyrite dissolution. Finally, preserved 
culture got 18.3 g/L copper ion concentration in solution. 
These indicate that although freeze drying and frozen 
preservation prolongs the lag phase of cell growth, the 
ability of preserved culture for bioleaching of 
chalcopyrite concentrate approaches that of the 
unpreserved culture. 
 
4 Conclusions 
 

1) Freeze drying and frozen preservation is a 
feasible and effective way for storing the special 
bioleaching microorganism in a long time. While storing 
in a short time, this method is not considered to be a 
good way due to causing serious cells death. 

2) Freeze drying and frozen preservation for a long 
time prolongs the lag phase of cell growth, but the ability 
of preserved culture for bioleaching of chalcopyrite 
concentrate is not decreased in a much scale. 
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