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Abstract: The research results of the oxidants influence on Cu leaching recovery from the old Bor
flotation tailing dump from the Bor mining facilities, located in eastern Serbia, will be present. Leaching
experiments were carried out on samples of tailings taken from the surface of tailing dump down to the
depth of 20 m, per depth intervals of 5 m. Copper content in the initial samples ranged from 0.026 %
(surface) to 0.43% (20 m depth). Tests of copper leaching were carried out in the acid media (0.01 M
solution of H,SO,) without an oxidant, with addition of hydrogen peroxide and oxygen. All three
combinations of tests were done with and without the previous rinsing of samples so that total of six
different series of experiments emerged. During previous rinsing of samples with distilled water, high
degree of copper leaching (up to 75.33%) was achieved in some samples indicating the presence of
copper sulfate and other soluble copper oxides. The highest copper recovery were obtained in the
experiments with 3% solution of hydrogen peroxide and amounted to 88.93% and 62.63% for samples
with and without rinsing, respectively. These results indicate on extremely high mobility of copper ions
and the risk in terms of pollution the surrounding water system and soil.
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1. INTRODUCTION

Flotation tailings, formed from non operational
copper ore processing facilities, usually have low pH
value and contain high concentration of heavy metals
and other toxic elements. Depending on the porosity
and permeability of tailing, toxins are distributed over
the volume of tailing dump and surrounding soil
(Benzaazoua & Kongolo, 2003) causing a serious
pollution of the environment. Various metal sulfides
are present in tailings and the oxidation occurs when
the tailing is exposed to the air and atmospheric
precipitation (Balderama, 1995; Markovic et al.,
2011). Pyrite (FeS,) is the most common sulfide
mineral present in the flotation tailings and serves as a
precursor for the development of acid mine drainage
(AMD). AMD products contain high amount of
sulfate ions, metal ions and metalloids and the pH
value of the solution is between 2.5 and 4.5 (Parker &
Robertson, 1999; Conesa et al., 2006; Pérez-Lopez, et
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al., 2007; Simon et al., 1999; Andrade et al., 2006;
Stjernaman Forsberg et al., 2006). Generally, the
oxidation of pyrite from the flotation tailings under
atmospheric conditions can be represented by the
following consecutive reactions (Bonnissel-Gissinger
et al., 1998; Singer & Stumm, 1970; Lowson, 1982;
Rosso et. al., 1999; Kamei & Ohmoto, 1999; Borda et
al., 2004). Oxidation of pyrite by oxygen dissolved
in water:
FeS, + 3 2 O, + H,O — FeSO, + H,SO, (1)
Oxidation of the formed iron (Il) sulfate with
oxygen in acidic media:
2FeSO4 + H2804 + 1/202 —> Fez(SO4)3 + HQO (2)
The atmospheric oxygen dissolves in the
tailing solution of the metal sulfides and act as an
oxidant for the pyrite oxidation (Mizutani & Rafter,
1973; Tayler et al., 1984; Toran & Haris R, 1989;
Krouse et al., 1991). Therefore, a degree of pyrite
oxidation is directly dependent on concentration of
dissolved oxygen and environment humidity


mailto:zoran.stevanovic@irmbor.co.rs

(Bornstein et al., 1980). The bacteria commonly
present in the sulfide ore of a various metals (e.g.
Ferrobacillus ferrooxidans, Ferrobacillus
thiooxidans and Thiobacillus thiooxidans) can also
enhance the degree of a pyrite oxidation (Chaudhury
et al., 1989; Battaglia et al., 1998; Edwards et al.,
2000; Baker & Banfield, 2003; Gonzales-Toril et al.,
2003; Bryan et al., 2006). As a product of a pyrite
oxidation, ferric sulfate and sulfuric acid are formed,
as it is described in equations 1 and 2. In the
presence of the AMD, ferric sulfate and sulfuric acid
oxidize sulfides of other metals forming soluble salts
of heavy metals. By this mechanism, heavy metal
ions are released in the surrounding environment as
pollutants (Gleisner & Herbert, 2002). The main
metallic ion of the acid drainage solution from the
copper mine flotation tailing is copper. The
oxidation of various copper sulfides that are used for
the copper smelting can be presented as (Smalley &
Davis, 2000):
covellite: CuS+Fey(SO,4)3 — CuSO4+S+2FeSO, (3)
enargite: 2CusAsS;+11Fe,(SO4)s+8H,0—6CuSO,+
2H,As0,4 +5H,S0O,4 +8S +22FeSO, 4)
chalcocite: Cu,S+2Fe,(SO4)s— 2CuSO, + S +
+4FeS0O, (5)
chalcopyrite: CuFeS,+2Fe»(S0,);—CuSO,+2S+

(6)

5FeSO,

Various chemical elements can be present in
the AMD (Fe, As, Zn, Mn etc.), depending on the
composition of the primary rock. The other
parameters that influence the distribution and
behavior of the heavy metal ions include: geological
and hydrological characteristics of the terrain,
climate of the area and water permeability of the
flotation tailings (Dold, & Fontbote, 2001). As the
tailing dump usually contains huge amount of
sludge, the pollution periods are usually measured in
decades after the mining activities had been stopped.

For the investigation presented in this paper,
the samples were taken from the old flotation tailing
dump of the Mining and Smelting Complex Bor
(RTB Bor). This tailing dump was chosen as a
typical example of source of contamination through
acid mine drainage processes. This pollution affects
east Serbia, northwest Bulgaria and southwest
Romania.

The average copper content in the old Bor
flotation tailing dump is about 0.2%, which means
that the total amount of tailings, about 27 million
tons, contain about 54 000 t of copper (Nikoli¢,
2001). Obviously, tailing with such amount of a
copper is a potential basis for the further copper
recovery (Antonijevi¢ et al., 2008; Stevanovi¢ &
Bugarin, 2007). On the other hand, the same
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material without any treatment is a constant
pollution emitter to water, air and soil. The highest
rate of an unprovoked copper self-leaching is
observed on the surface of the dump as a
consequence of a higher concentration of oxygen
and moisture from the air. As the concentration of
copper in deeper layers of a dump increases, the
main focus of the research presented in this paper is
the influence of non-treated flotation tailing dumps
to the environment.

The leaching experiments were conducted on
samples from eight drill holes with the depth
increment of 5m (1 m, 5 m, 10 m, 15 m and 20 m).
The sample from the depth of 15 cm was also taken
to represent the surface of a dump. Experiments
were carried out in reactors exposed to the air with
0.01M sulfuric acid solution and with or without
presence of an oxidizer (hydrogen peroxide or
oxygen). Two parallel sets of experiments were
done, and one set include previous rinse of samples
with distilled water to determine the content and
behavior of easily soluble copper compounds.

2. EXPERIMENTAL

2.1 Characteristics of the Old Bor flotation
tailing dump

The Old Bor flotation tailing dump was
formed in 1933, and was in function until 1987
when the flotation tailings from the Flotation Plant
Bor were disposed in the valley of the Bor River.
During the operation, the tailing dump was divided
into three sectors separated by sand dams. Each field
of dump contained large amounts of sludge the
tailing as following (Nikoli¢, 2001):

- Field I: 3.922.146 t
- Field I 22.846.122 t
Total: 26.768.268 t

On the basis of the geological analysis of a
tailing dump, the average contents of elements were
found as 0.2% of copper, 0.3 g/t of gold, 2.5 g/t of
silver and 10.5% of sulfur.

2.2. Characteristics of flotation tailings
samples

The samples used for the experiments
presented in this paper are taken from drill holes
implemented in 2007 (Stevanovi¢ & Bugarin, 2007).
The drill holes were carried out in the Field | of the
flotation tailing dump along according to the
following sections (Longitudinal section: | — I', and
Transversal section: Il — II'). The position of the
sections and the position of the flotation tailing dump



in the area of the town of Bor is presented on figure 1.
Eight drilling holes (B1 — B8) were digged in
total. Six of them (B1 - B6) were in the longitudinal
profile (I - 1 °) (distance 20 m), while the drill holes
B7 and B8 were placed in the transversal section (Il -
Il 7), which passes through the drill hole B4. The
distance between B4 and B7 was 20m and the
distance between B4 and B8 was 40m. The reason for
the latter was to avoid the influence of the town
sewage collector that is located below the tailing
dump (Fig. 1). The size distribution of the grains from
the old flotation tailings was determined by the
standard Tyler sieve series and presented in table 1.

Table 1. Grain size distribution of samples from the old
flotation tailings

The chemical composition of samples from the
old flotation tailings was determined by the Atomic
emission spectrometer with induced plasma (ICP -
AES) and presented in table 2.

Table 2. Chemical compoaosition of the initial composite
samples per depth of tailing dump

El Sample from the depth of tailing dump (m)

(%) 0 1 5 10 15 20
Cu | 0.026 | 0.032 | 0.25 | 0.42 | 0.33 | 043
Fe | 446 | 419 | 754 | 8.38 | 14.24 |13.96
Zn /0.0016 | 0.014 | 0.012 | 0.020 | 0.017 | 0.019
Pb |0.0066 | 0.0066 |0.0075 | 0.010 | 0.010 |0.010
As 0.0031 |0.0039 | 0.015 | 0.021 | 0.016 | 0.021
Mn |0.0030 |0.0042 |0.0089 | 0.012 | 0.021 | 0.019

_ Partial Cumulative Mineralogical analysis, performed using a
Size range participation participation polarizing microscope in reflected light in air (Carl
(mm) m(g) | w(%) | R (%) D (%) ZeiSS—Je'na “JENAPOL-U”), was carried out on
-1.168 + 0.833 0.1 0.1 0.1 100.0 composite samples. The average value of sulfide
-0.833+0.589 | 0.1 0.1 0.2 99.9 mass was 22.2%, with average amount of free
-0589+0.417 | 0.8 0.8 1.0 99.8 mineral grains of 89%. The most common sulfide
-0.417+0.295 | 33 3.3 4.3 99.0 mineral was pyrite, and the most common barren
-0.295+0.212 | 8.2 8.2 12,5 95.7 mineral were quartz and other silicate minerals with
-0212+0.147 | 85 85 | 21.0 87.5 concentrations of 21.57% and 76.98% respectively.
-0.147+0.104 | 115 @ 115 | 325 79.0 The Cu minerals were mostly covellite (0.21%),
-0.104+0074 | 122 | 122 | 447 67.5 chalcopyrite  (0.16%), enargite (0.14%) and
-0.074+0053 | 152 @ 152 | 59.9 553 chalcocite (0.04%). The mean value of free grains
'8'82218'838 ;g"g ;‘5"2 1704670 gg'é was 38.7%; 24.7 % of the aggregates appear as
— 5 : 100'0 100'0 — ~ impegrations in quartz, 20.8% of the complex
: : mesogens with pyrite and quartz is and 15.8% of
simple mesogens with pyrite or quartz.
L
Field 1
LEGEND:

I Longltudingl section 11!

Crovss seetion 1111

. BLBS - Drill holes

? N .1\ \",‘,, : r,—’- : 3620 - - Klevations
7 ¥ INDUSTRIAL|
vl ZONE | |
A AN , Bl
yj.:,;q'm(v).ld n(ihlli.\ml l:uhng! B2,
13 ! 13 B3
[ . .
e lea B4, Sewunge collector
3 ~_r S B7s 5,

IV, et
e T ; é‘
A A .

)
B
PO

, Al
¢ |

X

|

Bo,

Figure 1. Location of drill holes and the flotation tailing dump.
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2.3. Experimental setup

Experiments were carried out in open reactors
of 1000 ml without stirring in order to simulate the
conditions in the tailing dump. Distilled water (pH =
5.58), and 95% H,SO, were used for the experiment
and 30% H,O, or oxygen were added as an oxidant
Experiments were carried out in reactors exposed to
the air with 0.01M sulfuric acid solution and with or
without presence of an oxidizer (hydrogen peroxide
or oxygen). Six series of samples were prepared from
composite samples of the flotation tailings as follows:

I series: 0.01IM H,SO, without oxidant.
Samples pre-rinsed,;

Il series: 0.01M H,SO, without oxidant.
Samples without previous rinsing;

111 series: 0.01M H,SO, + H,0,. Samples pre-
rinsed:;

IV series: 0.01M H,SO, + H,0,. Samples
without previous rinsing;

V series: 0.01M H,SO, + O,. Samples pre-
rinsed:;

VI series: 0.01M H,SO, + 0O, Samples

without previous rinsing;

Leaching solution was prepared from distilled
water and sulfuric acid (as a pH regulator). For the
series Il and IV, 3% solution of H,O, was added on
the start of the experiment. Every three days 3% of
fresh hydrogen peroxide (recalculated for every
addition to keep the same concentration) was added. In
the series V and VI, oxygen was added directly to the
solution on the start, and every three days for five
minutes with the flow rate of 25 I/min. During all of
the experiments, the ratio solid/liquid was 1/1 (500 ml
of leaching solution and 500 g of samples). The
duration of experiment was four months. The sampling
of the liquid phase was done 6 and 24 hours after the
start of experiment. The sampling period in the first
month was 10 days, and for the rest of the experiment
was 15 days. 20 ml of the sample were filtered and
analyzed. The corrections of concentrations of the
elements in the tailing dump were calculated due to the
taking of 20ml of a liquid phase.

3. RESULTS AND DISCUSSION
3.1 Pre-rinsing of samples

The samples of the series I, 111 and V were rinsed
with distilled water in five cycles in order to remove
soluble compounds from the sample and to determine
differences in solubility of heavy metals in comparison
to the non-rinsed samples. Each cycle had lasted for 10
minutes with the manual stirring of the immersed sludge
pulp (ratio S:L = 1:1). After the cycle has been finished,

the pulp was filtered and fresh distilled water was added
to the solid residue. The amount of the monitored
elements in the cumulative solution of the filtrates was
determined. The results of the analysis of the initial
sample are presented in table 3.

Table 3. Analysis of filtrate after rinsing the initial depth
composite samples

Filtrate Concentration (C) and Cu
leaching degree (X)
Sample Volume 3

(dm) pH | Ccy (9/dm°) | Xy (%)
Om 6.00 4.29 0.0045 6.92
1m 6.65 2.84 0.033 45.72
5m 6.89 3.55 0.410 75.33
10m 7.00 3.68 0.400 44.44
15m 7.93 3.77 0.320 51.26
20m 7.34 3.03 0.280 31.86
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As it can be observed from table 3, minimum
level of Cu leaching was 6.92% on the surface and
maximum level was 75.33% (sample from depth of
5m). The Cu concentrations in filtrates were 0.0045
g/dm® to 0.410 g/dm? respectively. The high degree of
Cu leaching implies the alleged presence of copper
sulfate that came as a result of a long period of copper
sulfide oxidation (Edwards et al., 2000; Antonijevié
et al., 2008). Low degree of the Cu leaching on the
surface can be explained by the natural process of gas
removal by the atmospheric oxygen and water. The
leaching degree is not directly correlated to the
amount of Cu in the initial sample. Possible reason
can be that due to the shape of the lower parts of a
tailing dump, contact between the oxygen and the
tailing is shorter. The other possible reason is the non-
uniform distribution of pyrite that directly influences
the reactivity and mobility of present sulfide minerals.

3.2. Leaching in the acid media (0.01M
H,SO,) without addition of oxidants
(Series I and I1)

Leaching experiments of the Serials | and Il
were done with 0.01M H,SO,, at room temperature
and at a solid/liquid ratio of 1:1. Contrary to the
previous works (Antonijevi¢ et al., 2008), the reaction
mixture was stirred manually and periodically rather
than mechanically and continuously. The reason was to
allow for the better contact between the leaching liquor
and floating particles during the experiment. The
dependence of Cu leaching degree and pH value on
time of series | are presented on figures 2 and 3 while
the analogous results for serial 11 are presented on
figures 4 and 5. The dependence of Cu leaching degree
and Cu concentration in a solution on the depth of the
flotation tailing dump is presented in figure 6.



From figure 2, it can be observed that the highest
degree of Cu leaching was obtained at the sample from
the depth of 5m (34.73%; concentration of Cu in the
leaching solution 0.213 g/dm?). The leaching degrees
of the samples from the surface and 1m depth were
17.10% (Cu concentration 0.036 g/dm?®) and 20.67%
(Cu concentration 0.040 g/dm®) respectively. The
leaching degree of samples from greater depths of
tailing dump (10-20m) ranges from 7.19% (at 20 m) to
13.94% (at 15 m). It can also be observed that the
leaching degree rapidly increases in first 264 hours (11
days) and remains approximately constant in the later
stages of the experiment. The reason is that the most of
soluble Cu is mobilized at the beginning of experiment
and the remaining part is from less soluble Cu
minerals. It is also obvious that the degree of Cu
leaching decreases depthwards in the tailing dump,
while the Cu concentration in the leaching solution
increases. The reason for this behavior is a limited
amount of available oxygen in the deeper layers of the
tailing dump. Degree of pyrite reactivity is also lower
at greater depths of the tailing dump as indicated by
slightly higher pH values during the experiment on
samples from greater depth of tailing dump (Fig. 3).
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Figure 3. Change of pH value with time in the Series |

Comparing the Cu leaching degree in
experiments conducted on Series | and I, it is
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obvious that the higher leaching degrees were
obtained for Series I. This behavior can be explained
by the presence of Cu ions that are removed by
rinsing in Series Il. The changes in pH were similar
for both rinsed and non-rinsed samples (Figs. 3 and
5). In the Series I, the highest leaching degree was
obtained for the sample from 15m depth (48.92%; Cu
concentration in the leaching solution 1.614 g/dm?):;
followed by the sample from the depth of 20m
(46.31%; Cu concentration of 1.992 g/dm®).
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Comparing the results of the Series Il to the
Series I, it can be seen that Cu leaching degrees are
generally lower as the alleged minerals are removed
during the rinsing. For example, hydroxides of iron are
being oxidized, resulting in the formation of ferric ions.
The oxidation of Cu is enhanced by the ferric ions. The
Cu in the tailing dump is mainly present in the form of
covellite (Dutrizac & MacDonald, 1974; Hirato et al.,
1989). The dependence of the covellite solubility on
the concentration of the ferric ions was investigated.
The two parameters are in direct dependence for the
concentration of ferric ions lower than 0.28g/l.
Analyzing figure 6, it is obvious that that degree of Cu
leaching and Cu concentration in leaching solution
increases with the increase of the depth of a tailing



dump. The achieved Cu leaching degrees in the
leaching of samples without prior rinsing and
calculated degrees of leaching, obtained by addition of
leaching through previous rinsing of samples are
presented in table 4.

Table 4. The effect of previous rinsing of samples on total
Cu leaching in the experiments on Series | and Series |1

Total leaching, Sample from the depth (m)
SXeo(®) | 0 | 1 ] 5 | 10 | 15 | 20
>Xcy  Without
-Xc 19.23)26.96|39.62 | 38.10/48.92 | 46.31
rlnsmg
IXow  With o5 1615661 /83.94 | 89.87|58.01 | 36.76
rinsing
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Figure 6. The results of leaching experiments of Series |
and Series 11 depending on depth of tailing dump: a)
Change of Cu leaching degree; b) Change of Cu
concentration in leaching solution

Analyzing the data presented in table 4 the pre-
rinsing of the samples if the oxidants were not added
has significant influence to the overall degree of a Cu
leaching for samples from all the depths except the
sample from 20 m. Results presented in Table 4 imply
that residual sulfide minerals dissolve efficiently which
results in significantly higher leaching degrees for
some samples (1 m, 5 m, 10 m). As a contrast, the
rinsing of the sample did not have any influence to the
leaching degree of the sample from 20m depth. The
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possible reason is a lower initial degree of oxidation of
the minerals that enhance the oxidation of remaining
sulfides at this depth and their removal by the rinsing.
As a support of this statement, there is also a trend of
total degree of Cu leaching in the experiments with
previous rinsing, which increase till the 10 meter of
depth and then decreases with increasing of depth of
the tailing dump.

3.3. Leaching in the acid media (0.01M
H,SO,) with addition of 3% H,0,
solution (Series 111 and 1V)

The leaching experiments of the Series Il and
IV were done in acid solution (0.01M H,SO,) with
addition of 3% H,O, solution as an oxidant. All of the
experiments were conducted on the room temperature
with a solid/liquid ratio of 1:1. The dependence of the
Cu leaching on time of the samples from series Il is
presented on figure 7, and from series IV on figure 8.
Figure 9 shows the dependence of Cu leaching degree
on depth of a tailing dump.
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Figure 7. Change of Cu leaching degree with time (Series I11)

The highest level of Cu leaching in the series Il
was obtained on the sample from the depth of 5m,
similarly to the series I. The Cu leaching degree was
55.38% (compared to the 34.73% of the sample
without the oxidant). The concentration of Cu was
0.360 g/dm® (compared to the 0.507 g/dm® in the
analogous without oxidant). Unlike the experiments on
samples from Series | (Fig. 6a), after the highest level
of leaching on a sample at depth of 5 m in the
experiments on Series Il (Fig. 9a), slightly lower
results were obtained on samples at depths of 15 m, 10
m and 20 m (46.65%, 28.17% and 23.86%,
respectively) and the lowest were the results in the
surface layers of tailing dump. These observations
indicate strong influence of the hydrogen peroxide to
the oxidation of a Cu sulfide, mainly in the deeper
levels of the tailing dump. Additionally, obtained Cu
leaching degree in Series Il at the beginning of the



experiment (up to 6 h), was a steep slope of curves
with the jumps of the recovery that leads to increased
reactivity of Cu ions. This is significantly faster
compared to the Series | (Figs. 2 and 7). Other results
are in good accordance with previous research that
confirmed H,O, as strong oxidant for metal sulfides
(Aydogan et al., 2005). Change in pH value was in the
same range as in the case of Series | (pH was between
2.0and 2.7).
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Series IV per depth of a tailing dump: a) Change of Cu
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The experiments of Cu leaching of the samples
from Series IV show slightly higher values of the

leaching degree than in Series 111, but the trend of the
leaching level was the same as in the samples of Series
I1l. Range of the pH values was the same as in the
previous cases (from 1.8 to 2.5). The highest degree of
Cu leaching was achieved on samples from the tailing
dump depth of 15 m and 5 m (62.63% and 59.88%,
respectively), with Cu concentration in the leaching
solutions of 2.067 g/dm? and 1.497 g/dm?, respectively.

Analogously to the samples from the Series Ill,
the highest degree of Cu leaching were obtained
during the first 6 hours of the experiment, with the
slight increase during next 104 days and the constant
value during the last 16 days of the experiment.

The results obtained in the experiments with
the samples from Series I11 and IV show that presence
of the hydrogen peroxide as an oxidant increase the
mobility of the Cu ions in samples from all depths of
the tailing dump. The concentration of the Cu in
leaching solutions in samples taken from 5m depth or
deeper was higher than 1.5 g/dm®, with the highest
concentration of 2.188 g/dm® observed in the sample
from the depth of 10m. This value is well above the
demands of current SX-EW process for commercial
hydrometallurgical Cu production (Kordosky, 2002).
The results of a Cu leaching of samples in Serial 111
and IV as a function of a depth of sampling are
compiled in table 5.

Table 5. Effect of previous rinsing of samples on total Cu
leaching in the experiments on Series Il and Series IV

Total leaching, Sample from the depth (m)

>Xey (%) 0 1] 510 15 20
IXcuWithout 19 98130 95 50.88 52,11 | 62.63 42.90
rinsing

ZXcy With 21.68/54.69|88.9360.06 | 73.97 48.12
rinsing
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As it can be seen in table 5, in the case of the
experiments in presence of hydrogen peroxide oxidant,
pre-rinsing has a significant effect on a total Cu
leaching degree. Contrary to the experiment without
oxidizer additives, high leaching degrees were obtained
for the sample taken from the depth of 20m, which
implies the influence of the oxidizing agent to the Cu
sulfide from the bottom layers of tailing dump.
However, comparing total leaching degrees of sample
from the depth of a 10m with prior rinse, in the
presence and absence of a hydrogen peroxide it can be
seen that leaching degree is significantly higher in the
absence of hydrogen peroxide. A possible reason for
this is that the products of reaction of hydrogen
peroxide with soluble sulfide minerals induce
pasivation of the surface of the Cu minerals. In general,
the strongest effect of the presence of hydrogen
peroxide on a Cu leaching degree is the mobilization of
Cu ions, while the differences in the amount of final



leaching degrees, after the overall time of experiment
(4 months), are very small.

3.4. Leaching in acid media (0.01M H,SO,)
with addition of oxygen (Series V and VI)

The same procedure was followed for the
experiments on samples from Serial V and VI. The
experiments were conducted in acid solution (0.01M
H,SO,), and the oxygen was added at the same
experimental conditions as in previous cases. The
results regarding the dependence of a Cu leaching
degree on time of samples from Series V are presented
in figure 10, and the same dependence of Series VI is
presented in figure 11. The Cu leaching degree and the
changes of a Cu concentration as a function of depth of
a tailing dump are presented on figure 12,
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Figure 10. Change of Cu leaching degree with time (Series V)

The highest Cu leaching degree in the Series V,
analogously to the Series | and I, is obtained on the
sample taken from the depth of 5m (33.93%; Cu
concentration in leaching solution 0.208 g/dm?). This
value of Cu recovery is significantly lower than in the
case of the addition of hydrogen peroxide (Series 1),
and is at the same order of magnitude as in the
experiments without added oxidant (Series I; 0.8%
difference in leaching degree and 0.005 g/dm?® difference
in Cu concentration). Those results indicate that the
periodic addition of oxygen has no influence to the
oxidation of copper sulfides. Final observed leaching
degree of the samples of Series V taken at the surface
layer was below the leaching degree of analogous
sample of the Series I, while the leaching degree of the
samples from deeper levels were higher for Serial V
than in Serial I. The addition of oxygen increased the
mobility of the Cu ions at the beginning of the
experiment (first six hours). However, the mobilization
rate was significantly lower than in the case of hydrogen
peroxide. Based on these observations, it can be
concluded that the introduced amount of oxygen was
insufficient for the efficient oxidation of sulfide
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minerals. The pH value was similar to the experiment
without addition of an oxidant.
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Figure 11. Change of Cu leaching degree with time (Series V1)
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Figure 12. The results of leaching experiments Series VV
and Series VI with the depth of depth of tailing dump a)
change of Cu leaching degree; b) change of Cu
concentration in leaching solution

The similar parallel changes might be observed
in the comparison of samples from Series VI and II.
The general trend of the leaching degree trough the
depth is similar in the cases of Series VI and II, as
well as the change of pH value. The higher degrees of
Cu leaching were observed on the samples from the
depths of tailing dump of 15 m, 10 m and 5 m
(43.89%, 41.02% and 39.47%, respectively), with Cu



concentration in leaching solutions of 1.448 g/dm?,
1.723 g/dm® and 0.986 g/dm? respectively. These
results are good starting points for considering the
material from the tailing dump as a raw material for
Cu recovery. The achieved Cu leaching degrees of the
samples of Series V and V1 are presented in table 6.

Table 6. Effect of prior rinsing of samples on total Cu
leaching in the experiments on Series V and Series VI

Total leaching, Sample from depth (m)

*Xc, (%) 0] 1 5 10 15 20
ZXou WIthoUt |1 59| 96 55| 39.47| 41,02 43.89 | 32.50
rinsing

Xy With 14.31|51.0283.73 5149 59.60 | 37.96
rinsing

Analogously with the previous sets of
experiment (Tables 4 and 5), it can be observed from
the Table 6 that rinsing process has strong influence
to the leaching degree of a copper. Presented results
imply high economic potential of the flotation dump
treatment in order to recover the present copper. A
possibility of introduction of a phase of a copper
pre-concentration should also be taken into
consideration in order to optimize the operating
costs of the complete hydrometallurgical process.

4. CONCLUSION

Flotation tailings contain finely crushed material
(55.3% of particles are smaller than 0.074 mm), and are
a good predisposition for increase the reactivity of
sulfide minerals in acid drainage. The dominant
minerals in AMD were sulphides (mainly pyrite)
followed by silicates and carbonates. The copper is
mainly present in the form of covellite, chalcopyrite,
enargite and chalcocite, with the owverall copper
concentration in AMD products up to 0.43%. The
copper (1) sulfate was observed in the top layers of the
tailing dump as a consequence of the exposure to the
atmospheric oxygen and air. The samples were taken
from the various depths of a tailing dump, and the
leaching degree was measured in the acid solution
without oxidizing agent, and with two types of oxidizer
(hydrogen peroxide and oxygen). All experiments were
conducted in two parallel paths, one of them with
previous rinsing with distilled water, and the other one
without rinsing. The highest degree of copper leaching
was observed in the presence of 0.01M H,SO, with
addition of 3% solution of H,O, as an oxidant. The
leaching degree is not directly related to the copper
concentration in the initial sample due to the lower
degree of oxidation of sulfide minerals in deeper parts of
tailing dump, unequal distribution of pyrite in tailing
dump as well as unequal degree of its oxidation or
reactivity. The highest copper leaching degrees were
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obtained on the samples taken from the depth of 15 m:
with 0.01M H,SO,4 without an oxidant (48.92%), with
0.01M H,SO, with addition of 3% H,0, (62.63 %) and
with 0.01M H,SO, with addition of O, (43.89 %). The
copper concentrations in leaching solutions were 1.614
g/dm®, 2.067 g/dm® and 1.448 g/dm®, respectively. The
highest total degrees of copper leaching in the
experiments with previous rinsing of samples, were
obtained with 0.01M H,SO, without and oxidant
(89.87% on a sample from depth of 10 m), with 0.01M
H,SO, with addition of 3% H,0, (88.93% on a sample
from depth of 5 m) and with 0.01M H,SO, with addition
of O, (83.73% on a sample from depth of 5 m). The
highest effect of previous rinsing the samples was
recorded on samples from depth of 5 m in the
experiments: with 0.01M H,SO, without oxidant
(44.32%), with 0.01M H,SO, with addition of 3% H,0,
(29.05 %) and with 0.01M H,SO, with addition of O,
(44.26%). The highest copper concentrations in leaching
solution in treatment the non-rinsed samples were
measured in the experiments on samples from the
deeper levels of tailing dump (10 m - 20 m): with 0.01M
H,SO, without oxidant (1.614 g/dm® — 1.992 g/dm®),
with 0.01M H,SO, with addition of 3% H,0, (1.780
g/dm® — 2.188 g/dm®) and with 0.01M H,SO, with
addition of O, (1412 g/dm® — 1.723 g/dm®. High
degrees of copper leaching shows that the flotation
tailing dumps are potentially good basis for the further
obtaining of a copper and at the same time has the great
influence to the decrease of the pollution of surrounding
soil and water systems. On the other hand, the results
obtained on fresh samples from realized drill holes also
indicate the real possibility of use some metallurgical
methods for recovery of the present copper. This
suggests the necessity of a complex approach, which
should solve the environmental problem with possible
achievement in terms of certain economic effects.

REFERENCES

Andrade, S., Moffett, J. & Correa J.A., 2006. Distribution of
dissolved species and suspended particulate copper in
an intertidal ecosystem affected by copper mine tailings
in Northern Chile, Marine Chem. 101 203-212.

Antonijevi¢, M.M., Dimitrijevi¢, M.D., Stevanovi¢, Z. O.,
Serbula, SM. & Bogdanovié, G.D., 2008.
Investigation of the possibility of copper recovery from
flotation tailings by acid leaching, J. Hazard Mater.
158, 23-34.

Aydogan, S., Aras, A. & Canbazoglu, M., 2005. Dissolution
kinetics of sphalerite in acidic ferric chloride leaching,
Chem. Eng. J. 114, 67-72.

Baker, B.J. & Banfield, J.F., 2003. Microbial communities in
acid mine drainage, FEMS Microbiol. Ecol. 44, 139-152.

Balderama, R.M., 1995. Tailings reprocessing as a source of
acid rock drainage, in: Proceedings of the XIX
International Mineral Processing Congress, 4, 115-119.

Battaglia, F., Hugues, P., Cabral, T., Cezac, P., Garcia,



J.L. & Morin, D., 1998. The mutual effect of mixed
Thiobacilli and Leptospirilli populations on pyrite
bioleaching, Miner. Eng. 11, 195-205.

Benzaazoua, M. & Kongolo, M., 2003. Physico-chemical
properties of tailing slurries during environmental
desulphurization by froth flotation, Int. J. Miner.
Process. 69, 221-234.

Bonnissel-Gissinger, P., Alnot, M., Ehrhardt, J.J. & Behra, P.,
1998. Surface Oxidation of Pyrite as a function of pH,
Environ. Sci. Technol. 32, 2839-2845.

Borda, M.J., Strongin, D.R. & Schoonen, M.A., 2004, A
vibrational spectroscopic study of the oxidation of
pyrite by molecular oxygen, Geochim. Cosmochim.
Acta, 68, 1807-1813

Bornstein, J., Hedstrom, W.E. & Scott T.R., 1980. Oxygen
diffusion rate relationships under three soil conditions,
LSA Exp. Sta., Technol. Bulletin, Maine University,
98, 12.

Bryan, C.G., Hallberg, D.B. & Johnson, D.B., 2006.
Mobilisation of metals in mineral tailings at the
abandoned Sao Domingos copper mine (Portugal) by
indigenous acidophilic bacteria, Hydromet. 83, 184-194.

Chaudhury, G.R., Skula, L.B. & Das, R.P., 1989.
Utilisation of low grade pyrites through bacterial
leaching, Int. J. Miner. Process. 26, 275-284.

Conesa, H.M., Faz, A. & Arnolds R., 2006. Heavy metal
accumulation and tolerance in plant from mine tailings
of the semiarid Cartagena-La Union mining district
(SE Spain), Sci. Total Environ. 266, 1-11.

Dold, B. & Fontbote, L., 2001. Element cycling and
secondary mineralogy in porphyry copper tailings as a
function of climate, primary mineralogy and mineral
processing, J. Geochem. Explor. 74, 3-35.

Dutrizac, J.E. & MacDonald, R.J.C., 1974. Kinetics of
dissolution of covellite in acidified ferric sulphate
solutions, Can. Met. Q. 13, 423-433.

Edwards, J.K., Bond, P.L., Gihring, T.M. & Banfield, J.F.,
2000. An archael iron-oxidizing extreme Acidophile
important in acid mine drainage, Sci. 287, 1796-1799.

Gleisner, M. & Herbert, Jr. R.B., 2002. Sulphide mineral
oxidation in freshly processed tailings: batch
experiments, J. Geochem. Explor. 76, 139 — 153.

Gonzales-Toril, E., Llobet-Brossa, E., Casamayor, E. O.,
Amann, R. & Amils, R., 2003. Microbial ecology of
an extreme acidic environment, the Tinto river, App.
Environ. Microbiol. 69, 4853-4865.

Hirato, T., Hiai, H., Awakura, Y. & Majima, H., 1989. The
leaching of sintered CuS disks with ferric chlorides,
Metall. Trans. B 20B, 485-491.

Kamei, G. & Ohmoto, H., 1999. The kinetics of the reaction
between pyrite and O,-bearing water revealed from in-
situ monitoring of DO, Eh and pH in a closed system,
Geochim. Cosmochim. Acta, 64, 2585-2601.

Kordosky, G.A., 2002. Copper recovery using leach / solvent
extraction / electrowinning technology: Forty years of
innovation, 2.2 million tonnes of copper annually, in:
Proceedings of the International Solvent Extraction
Conference, Cape Town, South Africa, March 17 — 21,

Received at: 24. 01. 2012

Revised at: 13. 08. 2012

Accepted for publication at: 22. 10. 2012
Published online at: 27. 10. 2012

38

853 —862.

Krouse, H.R., Gould, W.D., McCready, R.G.L. & Rajan,
S., 1991, O incorporation into sulfate during
bacterial oxidation of sulfide minerals and the
potential for oxygen isotope exchange between O,,
H,O and oxidized sulfur intermediates, Earth Planet.
Sci. Lett. 107, 90-94.

Lowson, R.T., 1982, Aqueous pyrite oxidation by molecular
oxygen, Chem. Rev. 82, 461-497.

Markovic, R., Stevanovic, J., Stevanovic, Z., Bugarin, M.,
Nedeljkovic, D., Grujic, A., Stajic-Trosic, J., 2011.
Using the Low-Cost Waste Materials for Heavy Metals
Removal from the Mine Wastewater, Materials
Transactions, 52, 1849-1852.

Mizutani, Y. & Rafter, T.A., 1973. Isotopic behavior of
sulphate oxygen in the bacterial reduction of sulphate,
J. Geochim. 6, 183-191.

Nikoli¢, K., 2001. Report on Quantities of Dumped Raw
Materials for Hydrometallurgical treatment, Bor, 8-12
(in Serbian).

Parker, G. & Robertson, A., 1999. Acid Drainage. A critical
review of acid generation from sulphide oxidation.
Processes, treatment and control, Australian Minerals
& Energy Environment Foundation, Occasional Paper
11.

Pérez-Lopez, R., Nieto, J.M. & Ruiz de Almodovar, G.,
2007. Immobilization of toxic elements in mine
residues derived from mining activities in the lberian
Pyrite Belt (SW Spain): Laboratory experiments, Appl.
Geochem. 22, 1919-1935.

Rosso, K.M., Becker, U. & Hochella, Jr. M.F., 1999. The
interaction of pyrite {100} surfaces with O, and H,O:
fundamental oxidation mechanisms, Am. Miner. 84,
1549-1561.

Simon, M., Ortiz, |, Garcia, 1., Ferniandez, E., Fernandez,
J., Dorronsoro, C. & Aguilar, J., 1999. Pollution of
soils by the toxic spill of a pyrite mine (Aznalcollar,
Spain), Sci. Total Environ. 242, 105 — 115.

Singer, P.C. & Stumm, W., 1970. Acidic mine drainage: the
rate determining step, Science, 167, 1121-1123.
Smalley, N. & Davis, G., 2000. Operation of the Las Cruces
ferric sulphate leach pilot plant, Miner. Eng. 13, 599-

608.

Stevanovi¢, Z.0. & Bugarin, M.M., 2007. Final Report -
MMI Services in scope of Master Plan for Promotion
of Mining Industry in Republic of Serbia, MMI Bor,
Bor 6-10.

Stjernaman Forsberg, L. & Ledin, S., 2006. Effect of
sewage sludge on pH and plant availability of metals
in oxidising sulphide mine tailings, Sci. Total Environ.
358, 21-35.

Tayler, B.E., Wheeler, M.C. & Nordstrom, D.K., 1984.
Isotope composition of sulfate in acid mine drainage as
measure of bacterial oxidation, Nature 308, 538-541.

Toran, L. & Harris, R., 1989. Interpretation of sulfur and
oxygen isotopes in biological and abiological sulfide
oxidation, Geochim. Cosmochim. Acta, 53, 2341-
2348.



