Polish Journal of Environmental Studies Vol. 9, No. 3 (2000), 195-201

Kinetic Model of CuS Oxidation by
Thiobacillus ferrooxidans and
Thiobacillus thiooxidans Bacteria

K. Nowaczyk, F. Domka

Adam Mickicwicz University, Faculty of Chemistry, Department of Kinetics and Catalysis, 60-
780 Poznan, ul. Grunwaldzka 6, Poland

Received 26 Novermber, 1999
Accepted 18 January, 2000

Abstract

Kinetics of the process of microbiological oxidation of synthetic CuS performed with the involvement of
pure and mixed cultures of T. ferrooxidans and T. |luooxidans bacteria were studied. The CuS oxidation with
T. ferrooxidans bacteria was found to be best described by the model of inhibition of the first order with
respect to the substrate and the product-inhibitor, while the process with T. thiooxidans and mixed cultures
of these bacteriais best described by the first order reaction with respect to the substrate.

It was also shown that the adaptation of the bacteria to the CusS tested significantly shortens the
induction period and increases reaction rates. The optimum conditions of CuS oxidation were established.
The yield of the reaction was established as ca. 30% and an increase in the reaction rate was observed when
using mixed cultures of T. feirooxidans i T. thiooxidans bacteria adapted to CuS at 35°C, in the medium
containing 1 % (wt./vol.) CuS at the initial pH of the medium of 1.82.
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Introduction

Microbiological processes of CuS oxidation are most
often used in hydrometallurgy for recovery of metals
from ores [1], and in technologies for utilization of indus-
trial waste [2, 3] and recovery of metals from hardly sol-
uble sulphides [4, 5]. The effectiveness of these processes
depends on the forms of sulphides and on the parameters
of particular technologies of metal recovery [6, 7].

Recently, the possibility of using Thiobacillus bacteria
for utilization of postflotation wastes and copper concen-
trate processing wastes has aroused much interest 8, 9].
The effort is directed to recovery of metals from low
grade raw products in environmentally friendly condi-
tions.

The study reported in this paper was aimed at deter-
mining of the optimum kinetic parameters of synthetic
CuS oxidation carried out with the involvement of
Thiobacillus bacteria. The study on synthetic CusS is

expected to throw some light on the interactions between
the microorganisms and minerals leached in natural con-
ditions.

Materialsand M ethods
The Mineral
Synthetic CuS purchased from Aldrich (over 99%
pure) contained 66% Cu and 33% sulphur. The fraction
of refinement of the order of 100 mesh was used in the
study.
Bacteria

The bacteria species Thiobacillus ferrooxidans was iso-
lated from mine waters from the Siersza colliery. Stan-
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dard culture was grown on Silvermana 9K medium (37°C,
pH=2.2). The species Thiobacillus thiooxidans was ob-
tained from the Faculty of Chemical and Process Engin-
eering at the Technical University in Warsaw and grown
on a standard Starkey medium (30°C, pH = 4.0).

The bacteria were adapted to the support on the me-
dium containing 1% (wt./vol.) CuS. The adaptation was
considered successful when the rate of Cu leaching in
subsequent passages ceased to change.

Kinetic Studies

Kinetic studies were carried out in thermostated
shakers made by Elpan (100 rpm) for the samples placed
in 350 cm® Erlemayer flasks. The samples contained 100
ml of the medium and the CusS tested and then they were
inoculated with 10% inoculum of pure cultures of T. fer-
rooxidans or T. thiooxidans. The processes with a mixture
of the bacteria species were run simultaneously. The oxi-
dation of CuS with the use of T. ferrooxidans and mixed
cultures of the bacteria were carried out in the ironless
Silverman medium, while the process with T. thiooxidans
was run in the Starkey medium.

The influence of the initial pH of the medium, tem-
perature, and the percent content of CuS on the kinetics
of oxidation was analyzed. The rate of the process was
determined by periodical measurements of the concen-
tration of copper ions in the solution, pH and redox po-
tential of the system. Moreover, the influence of the ad-
aptation of the bacteria to the mineral on the kinetic of
CusS oxidation was checked.

The kinetic parameters of the process run with the
Thiobacillus ferrooxidans bacteria were determined as-
suming the inhibition reaction model of the first order
with respect to the substrate and the product - inhibitor,
from the following equation:

dx
_df_ = ij = kz(xa - x)

— o xn CP—
ky + ko[ky + ket + k- 1)]

X

where;
X, and x - are the initial and the current concentration
of the substrate,

kq - is the rate constant of oxidation,

ko - the rate constant of the inhibition reaction,
t - induction period,

t - time.

The process run with a pure culture of Thiobacillus
thiooxidans and a mixture of these species with Thiobacil-
lus ferrooxidans was best described by the model of the
first order reaction:

x = xge~ M=t

where:

k - isthe rate constant of oxidation,
to - induction period,

t -time.
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Fig. 1. The effect of CuS content on the kinetics of oxidation run
with the non-adapted (A) and adapted (B) T. ferrooxidans bac-
teria; - modd curves, sexperimenta points, oreference samples,
(30°C, Silverman medium 9K, pH = 2.3).

Analytical Methods

The concentration of copper (1) ions was measured
spectrophotometrically by the cuprison method [10]; the
pH value was measured by a complex calomel electrode
OSH 1000, and the redox potential by a complex plati-
num electrode EPtAgP-329W.

Results and Discussion

As follows from the results of the study, the kinetics of
CusS oxidation run with the involvement of the Thiobacil-
lus ferrooxidans bacteria is best described by the model of
the inhibition reaction. When the Thiobacillus
thiooxidans bacteria or a mixture of these two species are
used the process is best described by the first order reac-
tion with respect to the substrate. For these models the
best correlations between the experimental and theoreti-
cal data were achieved.

Analyzing the influence of the percent concentration
of CuS in the medium on the kinetic of its oxidation with
the use of non-adapted Thiobacillus ferrooxidans bac-
teria, it was established that with increasing concentra-
tion of CusS from 1.0 to 5.0%, the rate constant of oxida-
tion decreased by one order of magnitude from 0.31 to
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0.03 [h}] x 103, whereas the rate constant of the inhibi-
tion reaction increased from 0.62 to 1.30 [h™}] x 10, (Fig.
1, Table 1)

Table 1. The effect of CuS content on the Kinetics of oxidation
run with the non-adapted (A) and adapted (B) T. feirooxidans
bacteria (pH = 2.3, 30°C).

CuS K, ks Yield of CuS leaching
content i (%]
(%) [h']1x10° | [h']x10° | Sample | Reference
A
1.5 0.31 £ 001 | 0.62 +0.15 16.8 6.5
3.0 0.074 + 0.003| 1.07 £ 0.16 15.8 57
5.0 0.025 + 0.001| 1.30 £ 0.20 13.1 49
B
1.0WwH=2020 | 043 + 0,03 | 1.15+ 0.24 17.9 5.6
054 +£0.02 | 1.95+0.15 17.7 6.9
3.0 052 £0.01 | 219+ 0.12 16.5 53
5.0 047 £0,01 | 292 + 0.11 128 4.3

The use of the bacteria which had been adapted to
CusS caused a considerable increase of the rate constant
of oxidation, to the mean of 0.51 [h™] x 10°. These results
and in particular the fact that the CuS oxidation rate
does not change with increasing CuS concentration, con-
firm that the model proposed well describes the process.
The inhibition reaction rate constant is higher than in the
corresponding systems with non-adapted bacteria and in-
creases by about 30%, from about 1.95 to 2.92 [h7] x 10°
with the percent concentration of CuS from 1.0 to 5.0%.

It is interesting to note that the oxidation of CuS by
both adapted and non-adapted bacteria of the two spe-
cies separately runs with the zero induction period.

The CusS oxidation with the use of a mixture of the
two non-adapted bacteria species runs at the rate con-
stant equal 0.35 [h™] x 10°. With increasing concentra-
tion of CuS in the medium the induction period t, in-
creases from 164 to 184 [h]. It has been shown that the
yield of CuS oxidation does not depend on its concentra-
tion and is equal to about 19.6%. Moreover, a decrease
in the yield of the chemical oxidation of CuS with its
increasing concentration was observed (see the data for
the reference sample).

The initial adaptation of the bacteria to the CuS re-
sults in a small increase in the rate constant of the pro-
cess to 0.37 [h?] x 10, and a significant shortening of the
induction period to about 24 [h]. The yield of the CuS
oxidation increased by about 5%. The results are given in
Fig. 2 and Table 2.
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Fig. 2. The effect of CuS content on the kinetics of oxidation run
with the non-adapted (A) and adapted (B) mixed cultures 71
feirooxidans and T. thiooxidans bacteria;, — model curves, » ex-
perimental points, o reference samples; (30°C, Silverman me-
dium 9K, pH = 1.5).

Table 2. The effect of CuS content on the kinetics of oxidation
run with the non-adapted (A) and adapted (B) mixed cultures
T.ferrooxidans and T.tiooxidans (pH = 1.5, 30°C).

CusS ks ks Yield of CuS leaching
content (%]
(%) [h']x 107 | [h"]x 107 | Sample W Reference
A
1.5 0.34 + 0.01 164 + 12 19.0 9.0
3.0 0.36 + 0.01 176 + 14 20.6 7.6
5.0 035+0.01 | 184+10 19.3 55
B
1.00wH=1201 0,27 + 0.01 0 17.2 54
1.5 0.37 +0.01 23+13 252 9.6
3.0 0.37£0.01 26£15 24.0 7.8
5.0 0.37 £ 0.01 22+9 238 4.8

The influence of the percent concentration of CuS on
the kinetics of its oxidation with the use of non-adapted
Thiobacillus thiocoxidans is best seen by the change in the
induction period which increases with increasing concen-
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Fig. 3. The effect of CuS content on the kinetics of oxidation run
with the non-adapted (A) and adapted (B) T. tiooxidans bac-
teria;, — model curves, ¢ experimental points, o reference
samples; (30°C, Silverman medium 9K, pH = 1.5).

tration of CuS. The rate constant of oxidation in this case
decreases. Adaptation of the bacteria to CusS, in the vari-

observed for the case with 5.0% concentration of Cus,
only the induction period was shortened by 67 [h], at the
yield of the process of about 8.4%. The results are shown
inFig. 3and Table 3.

The influence of the initial pH of the medium on the
process run with the use of the bacteria species studied
adapted at 30°C, in the medium containing 1.0%
(wt./vol.) CuSisillustrated by the data given in Figs. 4,
5 and 6 and Tables 4, 5 and 6. The oxidation of CuS by
Thiobacillus ferrooxidans, in the pH of the medium
ranging from 1.00 to 2.02, ran at the rate constant of 0.43
[h?] x 10° and the inhibition constant from the range
1.15-1.34 [h™Y] x 10 The process ran at the rate and
inhibition constants of 0.54 and 1.95 [hY] x 102 in the
medium containing 1.5% CuS and at pH = 2.27, and the
yield of the process was amost the same and equal ~ 18%
at the zero induction period. With increasing initial pH
of the medium the contribution of the chemical oxidation
decreased, (see the results for the reference samples).
These results mean that the Thiobacillus ferrooxidans
bacteria are little sensitive to the changes in pH in the
range 1-2.

The oxidation of CuS by a mixture of adapted bacteria
in the medium of pH in the range 1.00-1.91 occurred
according to a similar mechanism, as indicated by almost
the same rate constant, zero induction period and the
yield of 17%, (Figure 9 and Table 9). At pH of 1.82 the
highest rate constant of (0.37 [h™] x 10°%) and the highest
yield of 25.2% were obtained.

The species Thiobacillus thiooxidans proved more sen-
sitive to pH changes. An increase in the pH value from
1.86 to 1.97 resulted in a decrease in the rate constant
from 0.25 to 0.23 [h™] x 10 and the shortening of the
induction period to zero.

Table 4. The influence of the initid pH of the medium on the
kinetics of CuS oxidation by the adapted T. ferrooxidans bacteria
(30"C, CusS content - 1% (wt./val.)).

ants with its concentrations of 1.5 and 3.0%, leads to an K, ks Yield of Cu$ leaching
increase in the rate constant of the process, shortening of pH (W] x 10° | [h"] x 10° (%]
the induction period and an increase in yield of the pro- Sample | Reference
cess by about 2%. No change in the rate constant was
1.00 044 £0.02 | 1.34 £0.21 17.8 35
Table 3. The effect of CuS content on the kinetics of oxidation 15 043+0.02 | 120+0.14 184 7.1
run with the non-adapted (A) and adapted (B) T. thiooxidans 202 043+0.03 | 1.15+ 024 17.9 5.6
(pH = 1.5, 30°C). 22705%) | 0541002 | 1.95+0.15 17.7 6.9
CuS k, ks Yield of CuS leaching
content i (%]
(%] [h'] % 10° | [h] % 107 Sample Reference Table 5. The influence of the initial pH of the medium on the
kinetics of CuS oxidation by the adapted mixed cultures T. fer-
A rooxidans and T. tiooxidans bacteria (30°C, CuS content - 1%
1.5 024+ 001 | 156413 14.5 5.6 (wt./val.)).
3.0 021001 | 373416 8.4 3s K, 1 Yield of CuS$ leaching
5.0 0214001 | 381+15 8.4 25 pH [h [h] [%]
B Sample Reference
.owi=19n | 993 4 0.0] 0 15.1 4.0 1.00 0.28 + 0.01 0 17.9 6.2
15 0.25 + 0.01 12+9 17.0 6.0 1.73 0.24 + 0.01 0 15.8 5.5
3.0 024 +001 | 281+ 15 10.7 38 1.820%%) | 0374001 [ 23+13 25.2 9.6
5.0 021 +£001 | 314412 8.4 3.0 191 027 £ 0.01 0 17.2 5.4
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Table 6. The influence of the initial pH of the medium on the M=
kinetics of CuS oxidation by the adapted T. thiooxidans bacteria at 173 X
(30°C, CusS content - 1% (wt./vol.)). 1 |= 182
g + 19
5o 4 | e referen le
" i Yield of CuS leaching E "1 | wiorwnsurvin
pH (0] [h] %] 5 61 | ivemmnie
Sample Reference % —— model curves
10 o o
1.00 Chemical leaching 41 36 0 e 1
18605% | 0254001 | 1249 170 6.0 s{ 8 8 § &0 - 08
197 | 0.23+0.01 0 15.1 4.0 ,
2.99 Chemical leaching 43 38 ¢ = o2 - o

Table 7. The influence of the temperature on the kinetics of CuS
oxidation by the adapted T. ferrooxidans bacteria (pH = 2.27,
Cus content - 1% (wt./val.)).

k, k, Yield of CuS leaching
Temperature | [h'] % 102 | [h!] x 102 (%]
Sample Reference
20 Chemical leaching 42 35
25 0.30 £0.01 | 3.48 £ 0.37 7.5 4.5
300%) 1 0,51+ 0.01 | 2.35+£0.25 17.7 6.9
35 0524001 | 2.29+0.23 16.2 33

In al systems studied, with pure or mixed cultures, an
increase in the reaction rate constant and the yield of the
reaction was observed with increasing temperature. For
instance, when the process was run with Thiobacillus fer-
rooxidans at 20°C, only chemical leaching occurred (Fig.
7. and Table 7.). The inverse dependence was noted be-
tween the temperature of the process and the inhibition
constant. An increase in the process temperature by 10°C
caused the rate constant to increase by 0.22 [h}] x 107
The temperature coefficient Qo determined as 1.73
is atypical value of these bacteria for covellite leaching
[1, 11].
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Fig. 4. The influence of the initial pH of the medium on the
kinetics of CuS oxidation by the adapted T. ferrooxidans bacteria;
— model curves, * experimental points, o reference samples;
(30°C, Silverman medium 9K, CusS content - 1.0% (wt./vol.)).

time [h]

Fig. 5. The influence of the initial pH of the medium on the
kinetics of CuS oxidation by the adapted mixed cultures T. fer-
rooxidans and T. tiooxidans bacteria; — model curves, * experi-
mental points, o reference samples; (30°C, Silverman medium
9K, CusS content - 1.0% (wt./val.)).

Fig. 6. The influence of the initial pH of the medium on the
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Fig. 7. The influence of the temperature on the kinetics of CuS
oxidation by the adapted T. ferrooxidans bacteria; — model
curves, « experimental points, o reference samples; (30°C, Silver-
man medium 9K, CuS content - 1.0% (wt./vol.)).
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The mixture of Thiobacillus ferrooxidans and
thiooxidans introduced into the medium at temperatures
from the range 20-25°C did not reveal an increased bio-
logical activity (Fig. 8 and Table 8.). The highest rate
constant and the greatest yield were obtained at 35°C
(0.52 [h™] x 10%). At 25°C, the process was slower and
with alower yield, but the induction period was the same
as at 35°C. The temperature coefficient Q5 was deter-
mined to be 1.41.

Teble 8. Theinfluence of the temperature on the kinetics of CuS
oxidation by the adapted mixed cultures T. ferrooxidans and T.
thiooxidans (pH = 1.82, CuS content - 1% (wt./val.)).

K t Yield of CuS leaching
1 Gl ‘i'r'
Temperature (h] [h] [%)
Sample Reference
20 Chemical leaching 52 5.4
25 Chemical leaching 6.3 54
3005%) 0.37 £ 0.01 23+13 25.2 9.6
35 0.52 £ 0.01 24+13 29.8 6.4

Contrary to Thiobacillus ferrooxidans and mixed spe-
cies, the T. thiooxidans bacteria were biologically active
aready at 20°C. Although at this temperature the process
ran at the lowest rate constant, its yield was over twice as
much as that for the corresponding reference sample.
For the system with the latter bacteria the rate constant
of the process increased and the induction period
shortened with increasing temperature. The highest rate
constant and the greatest yield were obtained at 35°C
(Fig. 9 and Table 9.). The temperature coefficient Qy
was 2.99, so an increase in the process temperature by
0 10°C resulted in a threefold increase in the reaction
rate.

Table 9. The influence of the temperature on the kinetics of CuS
oxidation by the adapted T. thiooxidans bacteria (pH = 1.86,
Cus content - 1% (wt./val.)).

Tempe- K, L Yield of CuS leaching
rature (] (h] id
Sample Reference
20 0.079 £ 0.001 25+8 54 25
25 0.110 £ 0.001 15+5 1.5 3.1
3005%) 1 0,25 £ 0.01 12+£9 17.0 6.0
35 0.31 +0.01 8+6 19.6 33

The oxidation of CusS, susceptible to the oxidation at-
tack of Fe** and oxidation by oxygen from the air in an
acidic environment, is accompanied by a significant con-
tribution of the chemical process (reference samples).
The chemical reactions lead to the formation of sulphur,
which is then oxidized to sulphuric acid (V1) by the
Thiobacillus thiooxidans bacteria [1]. The Thiobacillus

35
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Fig. 8. The influence of the temperature on the kinetics of CuS
oxidation by the adapted mixed cultures T. ferrooxidans and T.
thioxidans bacteria; — model curves, « experimental points, o ref-
erence samples; (30°C, Silverman medium 9K, CuS content
- 1.0% (wt./val.)).
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Fig. 9. The influence of the temperature on the kinetics of CuS
oxidation by the adapted T. thiooxidans bacteria; — model
curves, « experimenta points, o reference samples; (pH medium
1.86, Starkey medium, CusS content - 1.0% (wt./vol.)).

ferrooxidans bacteria oxidized the iron (Il) ions formed
toiron (I111) ions. The occurrence of these two processes
taking place with the involvement of microorganisms ex-
plains the greater rate of CuS oxidation when the mixed
species of the bacteria are used. In the process with T.
thiooxidans CusS is dowly oxidized by oxygen from the air,
and the sulphur formed is microbiologically oxidized to
sulphuric acid, which chemically dissolves CuS. This fact
explains the lower yields of CuS oxidation in the pro-
cesses with the involvement of only T. ferrooxidans.

Depending on the species of the autotrophic bacteria
used, the mechanism of CuS biooxidation may be direct
- requiring direct contact with the mineral surface, or
additionally an indirect mechanism may be involved, in
which the products of the microorganisms metabolism
are involved causing physical and chemical changesin the
medium [1, 6], resulting in an increase in H,SO, concen-
tration.
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Conclusions

The proposed models of the kinetics of the CuS oxi-
dation occurring in different conditions allow a determi-
nation of the optimum parameters of leaching and can be
used in industrial conditions. The results indicate that the
process runs at the highest rate and with the greatest
yield (= 30%), when the mixed and adapted to CusS cul-
tures of Thiobacillus ferrooxidans and Thiobacillus
thiooxidans are used at 35°C, in a medium containing 1%
(wt./vol.) CuS and at the initial pH of 1.82.
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