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Bio-recycle metallurgy by utilization of algae
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Abstract

To conserve global environment, bio-recycle metallurgy is proposed for absorption of CO,, regene-
ration of energy and recovery of metal from lean resources. Recycling of CO, as fuel is not feasible
economically, but it would be reasonable if some biomass can serve as media of metallurgical separa-
tion as well as fuel. By use of algae, a part of traditional metallurgy may be replaced by bio-recycle
metallurgy. The biosorption of metals by algae is discussed and based on the experimental results.
Various applicabilities are suggested for metal extraction and waste water treatment.

Key words: algae, biosorption, bio-recycling, metal, ion exchange

Vyutzitie chalih v biorecyklaénej metalurgii

Na uchovanie globalneho Zivotného prostredia sii navrhnuté biorecykladné metalurgické procesy na
absorpciu CO,, regenericiu energie a ziskanie kovov z chudobnych zdrojov. Recyklovanie CO, na pa-
livo nie je ekonomicky vyhodné, ale je moZné pouZit biomasu ako prostriedok na metalurgickd separa-
ciu aj ako palivo. PouZitim chalih méZe byt &ast tradi¢nej metalurgie nahradend biorecykladnou meta-
lurgiou. Na z4klade experimentélnych vysledkov je diskutovana biosorpcia kovov chaluhami a sui na-

vrhnuté rzne aplikicie na extrakciu kovov a spracovanie odpadovych v6d.

Introduction

In conventional extractive metallurgy, the main route
has been the reduction of metal from high grade ore or
concentrate spending much fossil fuel, and producting
a large amount of wastes. As the results, both resources
of mineral and fuel tend to be exhausting, and we are
troubled by serious environmental problems. According-
ly, today, prospecting next century, it may be necessary
to reconstruct the conventional smelting into a new pro-
cess more tender for the earth by reviewing the process
widely from the point of bio-cycling which has the possi-
bilities of absorbing the wastes and regenerating resources
of energy and metal values.

The decrease in atmospheric CO, content is considered
to be the most urgent but difficult problem for today’s
global environment. The world total CO, emission
accompanied by human activities amounts to 23 billion
tons a year (Yazawa, 1994), and around 10 % of this CO,
may be attributed to the industry of primary metal pro-
duction. As shown in Fig. 1, bio-recycling of CO, into
biomass is the most desirable route, and there are many
proposals to accelerate the process. Although this step it-
self is not the purpose for discussion in the presented pa-
per, CO, will immediately return again into atmosphere
if the produced biomass is used as fuel directly. Accor-
dingly, it is desirable that the produced biomass is supp-
lied first to some useful purpose before combustion, and
the utilization of alcohol or algae for separation and con-

centration of metals has been investigated by the authors.

As a typical example of bio-metallurgy, bacteria lea-
ching has been well known since more than thirty years
ago, and recently applied widely not only in the extrac-
tion of copper, uranium, gold and silver, but also in va-
rious waste water treatment. However, because so many
excellent reports are available (Brierley, 1990; Torma
et al., 1993), the bacteria metallurgy will not be discus-
sed in this paper.

High grade ore

} Exhausting
‘ FossilI fuel

Conventional smeltin%

Waste Metal CO,

Low grade ore

Bioleaching
\

Waste water Leachate Biomass cultivation —» Foods
Bio recovery of metal <@— Algae, Alcohol etc.

Metal Various utilization

Alternative energy CO, €¢—————

Fig. 1. Conventional smelting and bio-recycle metallurgy.
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Utilization of Algae
Adsorption of metal with biomass

It has been known that living bodies adsorb and accumula-
te certain kind of metal, such as the examples of zinc in
shell fish and copper in crustacea. Among many research da-
ta concerning the environmental problems in 1970’s, after
1980, specific species of fungi and algae were found to ad-
sorb unexpectedly large amount of metal as shown examples
in Tab. 1 (Crist et al., 1981; Strandverg et al., 1981; Tsezos
and Volesky, 1982; Darnall et al., 1987; Kuyucak and Vo-
lesky, 1988; Majidi and Holcombe, 1989; Kuwabara et al.,
1989; Fujita et al., 1992), and especially during recent seve-
ral years, the application of this adsorption technique has att-
racted attention in the fields of metal extraction and water
treatment. This phenomenon is called biosorption, the bio-
mass bodies biosorbents, and the relating research reports
about adsorption with biomass are more and more increasing
recently (Volesky, 1990; Smith and Misra, 1991; Torma
et al., 1993). This subject is also very interesting from the
viewpoint of biomass environment related CO, problems,
therefore, the authors are also accumulating the data on bio-
sorption of various metals with algae (Kuwabara et al.,
1989; Kuwabara and Yazawa, 1993; Kuwabara and Yazawa,
1993; Kuwabara et al., 1994).

It is surprising from Tab. 1 that the adsorption of me-
tals amounts from 10 to 70 percent of the weight of dried
biomass itself. Moreover, as suggested in Fig. 2 (Kuwa-
bara et al., 1989), it is revealed that the adsorption reac-
tion is quite rapid and complete if the combination betwe-
en metal and biomass is agreeable. Adsorption of gold by
chlorella may be realized in a few minutes, and even from
dilute solution of 0.1 ppm Au.

Living biomass was used in the research of earlier sta-
ges, but the maintenance of the living biosorbent was not
so easy, and mechanical handling of biosorbent such as
fixation in the reactor or solid-liquid separation was in-
convenient for industrial application. However, it has be-
en found that adsorption capacity of dead cells is suffi-
ciently great, and various techniques such as pulverizing,
mixing, fluidizing, encapsulating, etc. are found to be ap-
plicable for non-living sorbent preparation. The authors
(Kuwabara et al., 1994) confirmed high efficient adsorp-

Tab. 1
Examples of experimental results of adsorption of metals by algae
and fungi

Adsorbent Metal Uptake (mg/g)  Year Ref.
Vaucheria Cu 33 1981 1
Yeast, Pseudomonas aeruginosa U 100 - 150 1981 2
Rhizopus arrhizus U, Th 180, 170 81,82 3
Chlorella, Green algae Au 100 1986 4
Green, Red, Brown algae Ay, Co 420,30 - 180 86, 88 5
Diatom Cd 720 1989 6
Chlorella, Marine algae Au, Ag, Co ca.100 1989 7
Blue-green algae Au 300 1992 8

1 - Crist et al., 2 - Strandverg et al., 3 - Tsezos and Volesky, 4 - Damall et al.,
5 - Kuyucak and Volesky, 6 - Majidi and Holcombe, 7 - Kuwabara et al., 8 - Fujita et al.

tion and solid-liquid separation by high temperature auto-
clave treatment of algae, and many researchers (Torma
et al.,, 1993) have recognized that immobilizing non-li-
ving biosorbent into a granular or porous polymeric mat-
rix would be hopeful to be used in practice.

Metal adsorption with algae by ion exchange reactions

The mechanism of biosorption is not necessarily sim-
ple, but anion or cation exchange reaction must be the
most fundamental. Many experimental results of biosorp-
tion are conveniently explained by ion exchange reactions
as illustrated in Fig. 3 and 4 measured by the authors.
Anions such as AuCl,, PtCL?%, PdCl,%> and AsO,> are
adsorbed according to anion exchange reaction, and the

1.0

Gold ion fraction adsorbed

0 15 30 45 60 75
Time (min.)

Fig. 2. Adsorption of gold using different algae as a function of con-
tact time. Initial Au concentration, C;: 12 mg/l, pH: 2, sorbent: 3 g/l,
CV: chlorella sp., SP: spirulina sp., EB: eisenia byciclis, ST: sargassum
thumbergii.

1.0 AuCl,"-CV
0.8
PtCl, ¥ -sP
AuCl,~-ST
0.6

AsD, ¥ -SP

0.4

T
0.2 PtC1, ¥ -S

Metal ion fraction adsorbed

o H

Fig. 3. Adsorption of metal anions by various algae as a function of
pH. C;: 12 mg/l, sorbent: 3 g/1, contact time: 1 h. UN: undaria pinnatifi-
da, Other algae: see Fig. 2.
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metal fraction adsorbed becomes larger when pH becomes
low. It is quite attractive that chlorella and spirulina
seems to be good adsorbents for the anions of precious
metals. In a photomicrograph of chlorella or spirulina af-
ter adsorption experiment of gold, a lot of lustrous gold
particles were observed. Accordingly, it is estimated that
at least a part of gold adsorbed from chloroauric acid aque-
ous solution is reduced in the form of metal within the
body of spirulina.

The adsorption behaviour of almost all cations such as
Cu?*, Co?*, Cd?*, Ni** are attributed to cation exchange
reaction, and as shown in Fig. 4, the metal fraction adsor-
bed becomes small when pH becomes low. Spirulina or
chlorella is not necessarily good cation adsorbent, while
brown algae such as ST or UN represent much higher ad-
sorption for cations. Each alga seems to have both func-
tions of anion and cation exchanges, but the ability of ad-
sorption is different greatly depending on the kinds of al-
ga and metal, therefore, it is very important to find the
optimum combination and conditions.

Elution process is usually based on the reverse reaction
of adsorption process, and elution of cations such as co-
balt is basically realized by lowering the pH. However,
gold ion adsorbed by algae could not return to the aqueous
solution by simple pH control, and it was necessary to
add sulphur-containing elution agent such as 2-mercapto-
ethanol or thiourea, probably because the gold adsorbed
by algae is converted in the form of metal. It was demon-
strated (Darnall et al., 1987) that after adsorbing several
kinds of metals from a mixed solution, selective elution
process is conveniently applied to obtain each metal solu-
tion separately.

Tab. 2
Degree of concentration of metal in algae from marine water
(ppm in living algae/ppm in marine water)

Ca K Mg Na S P Al Fe Zn Mn CQu Ni

10 8 2 02 580 3800 18000 15000 3800 12000 1200 350

Marine algae are known as healthy foods because of high
contents of mineral, and the authors estimate that the rea-
son is ascribable to biosorption. In Tab. 2 (Nishizawa,
1993), the degrees of concentration of metals in algae are
summarized against metal contents in marine water. Taking
into account the pH value of marine water, it is natural that
biosorption of heavy metal cations must be easy. Fortuna-
tely for us, the degrees of concentration are not so high for
Na, K, Mg and Ca, but unfortunately, pH of marine water
is not convenient for biosorption of gold or uranium.

Metal adsorption with algae by other reactions

Fig. 5 shows the adsorption behaviour of samarium
with various species of algae (Kuwabara and Yazawa,
1993). The adsorption of samarium with chlorella or spi-
rulina is quite different from the other species of algae, re-
presents the maximum peak at pH between 3 and 4.5, and
thus, the adsorption mechanism seems to be different

1.0

0.8

0.6

0.4

0.2

Metal ion fraction adsorbed

Fig. 4. Adsorption of metal cations by various algae as a function
of pH. Conditions: see Fig. 3.

1.0

0.8

0.6

0.4

0.2

Samarium fraction adsorbed

L

| 2 3 4 5 6
pH

Fig. 5. Effect of pH on adsorption of samarium with different sorbent.
Ci: 12 mg/l, pH: 2, sorbent: 3 g/l. LS: Laminaria species, Other algae:
see Fig. 2 and 3.

from plain ion exchange reaction. The adsorption curves
shown in Fig. 6 were obtained by use of the blue pig-
ment which was prepared from spirulina through water le-
aching and lyophylizing, while, the curves in Fig. 7 sug-
gesting the cation exchange reaction were obtained by lea-
ching residue of this spirulina. The main component of
this blue pigment is phycocycyanin representing strong
trends to combine with rare earth elements.

As suggested by this example, biosorption is consis-
ting of duplicating reactions such as ion exchange, com-
plex formation, oxidation-reduction, etc. This may be the
reason why algae sometimes represent superior adsorption
ability to ion exchange resin, and suggesting that the es-
tablishment of much excellent separation process is hope-
ful through the elucidation of the process of biosorption.
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Fig. 6. Adsorption of Sm, Nd, Y and Co by SP-blue (spirulina pigment)
as a function of pH. C;: 12 mg/l, sorbent: 3 g/l, contact time: 1 h.
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Fig. 7. Adsorption of Sm, Nd, Y and Co by SP-residue as a function
of pH. Conditions: see Fig. 6.

Tab. 3
Examples of mineral contents in algae (ppm in wet algae)

Algae K Ca Ti Mn Fe Cu Zn Pb Hg As Br I
Ulva sp. 5815 557 8.7 1.6 156 1.6 17 0.58 0.29 1.9 68 -
Hijika fusihorme 2276 591 34 3.8 7 0.2 4 0.64 0.08 20.9 29 33
Eisenia bicyclis 889 641 0.1 0.4 7 2.8 7 0.03 0.06 1.6 42 105
Chondrus ocellatus 2483 1745 23.9 16.6 36 1.6 28 1.58 0.16 97.3 72 43

Biosorption is interesting not only in the metal recove-
ry but also in the waste water treatment. Through inspec-
tion of the analytical data of marine algae of which exam-
ples are shown in Tab. 3 (Nishizawa, 1993), the author
have great interest in the possibility of removal of arsenic
by biosorption in non-toxic state. Hijika and Chondrus
are well known as healthy foods disregarding the high
contents of arsenic, but it is said that arsenic is mostly in
organic form in algae and not toxic. It must be great help
for global environment if arsenic is fixed in non-toxic discar-
dable form, and it is suggested (Mann, 1990) that biomethy-
lation seems to be a mechanism of arsenic detoxification.

Improvements of bioadsorbents by preliminary treatments

As descrived above, algae are quite interesting adsor-
bents for metal ion recovery, but have some deficiencies
for practical usage such as difficulty in solid-liquid separa-
tion and bulky body of the adsorbent. There are some pro-
posals for improving the immobilization and handling of
the biosorbents (Torma et al., 1993), and the similar
trials have been carried out also by the present authors.

Adsorbing capacity of algae for gold ion is largely im-
proved by pretreating the algae by hot water leaching in
an autoclave (Kuwabara et al., 1994) as illustrated in
Tab. 4. This pretreatment is especially efficient for brown
algae such as UN or LS than chlorella CV or spirulina
SP. Through this pretreatment, soluble substances are re-

moved by hot water, and the obtained algae decrease their
apparent density and represent high filterability. The inc-
reased adsorbing capacity of gold on algae is convenient
because the adsorbed gold may be treated directly by pyro-
metallurgical way to charge in the smelting furnace.

As shown in Fig. 4, brown algae such as Undaria (UN)
or Laminaria (LS) are convenient to recover cation metals
such as Cu, Ni, Co or Cd from neutral pH aqueous solu-
tion. However, these algae have a deficiency as the indu-
strial adsorbents because the surface of their bodies beco-
me very viscous in the neutral aqueous solution. Thus,
liquid-solid separation is difficult, and when they are pac-
ked in the column, aqueous solution hardly flow through
the column. Use of some additions for coagulation, or en-
capsulating by polymer has been proposed (Torma et al.,
1993), but careful considerations must be paid to the en-
vironmental influence and the cost performance.

Tab. 4
Improvements of gold ion adsorbing capacity by autoclave
pretreatment (mg Au/g)

Algae Untreated Treatment temperature (°C)
100 125 150 200
Undaria pinnatifida UN 57 132 134 150 150
Laminaria sp. LS 40 - - 90 90
Eisenia byciclisEB 37 - - 145 145
Entermorpha linza EL 38 - - 100 100
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Alginate is originally contained in most algae especial-
ly in brown algae. Alginate easily coagulates when it is
contacted to bivalent metal salt aqueous solution such as
sulphate or chloride. The authors chose CaCl, aqueous
solution because it has good coagulation effect, little in-
terference against other substances, and is cheap and
harmless. To UN or LS dried powder, sodium alginate
powder is added at amount of 5 to 20 %, and by adding
small amount of water, the mixture is brought into pasty
state. This algae-alginate paste is extruded into the 5 to
10 % CaCl, aqueous solution through syringe, and coa-
gulates in the form of noodles. The column packed by the
obtained noodle form adsorbents has little resistance for
flowing aqueous solution because the adsorbents do not
have viscous layer on their surfaces.

Concluding Remarks

Bio-recycle metallurgy is aiming at absorption of CO,,
regeneration of energy, and recovery of metal from low
grade resources, and intending to conserve global environ-
ment, mineral and fuel resources. Utilizations of algae is
hopeful route, but there remain many problems to be in-
vestigated. In early 2000, we will be troubled much more
seriously by various environmental destructions and scar-
city of resources, and restructuring of extractive metallur-
gy is urgent during this ten years under suitable combina-
tion with biological techniques.
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Abstract

Acid mine drainage waters containing copper, arsenic and sulphates as contaminants were treated
under laboratory conditions by means of alkalinity-producing and sulphate-reducing anaerobic cells.
The cells contained organic substrate mixed with ground limestone and consortia of interdependent
anaerobic microorganisms. The sulphate-reducing bacteria were the prevalent microorganisms in these
consortia. Under conditions of efficient microbial growth and activity, the heavy metal removal from
the waters being treated was practically complete and only concentrations of parts per billion remained
in the anaerobic cells effluents. The active microbial sludge blanket in the cells remained stable for
a long period of operation (months and years), provided the feed composition and cell conditions were
maintained relatively constant during the whole period.

Key words: acid mine drainage, waste water treatment, passive treatment systems, sulphate- reducing
bacteria, heavy metals

Biologicka uiprava odpadovej vody z medenej bane

V laboratérnych podmienkach sa pouZili na tpravu odpadovej vody znelistenej Cu, As a siranmi
baktérie produkujuce alkalické zli¢eniny a redukujice sulfat. Bunky boli rozptylené v organickom sub-
strate v zmesi s rozotretym vépencom. V substrite boli obsiahnuté aj symbiotické anaerobné mikro-
organizmy. Baktérie redukujice sulfdt boli v majoritnom zastipeni. V optimalnych podmienkach pre
rast a aktivitu mikroorganizmov doslo takmer k tipInému odstréneniu tazkych kovov z média. Zostatko-
vé koncentracie mali hodnoty ppm. Biologicky film (na povrchu aktivneho kalu) bol stabilny dlhi dobu
(mesiace aZ roky). Po¢as pokusu sa udrZiavali kon§tantné podmienky prostredia a kon3tantny bol aj pri-

sun Zivin,

Introduction

The acid mine drainage is considered to be the major
environmental problem associated with mining activities.
This phenomenon is connected with the oxidation of py-
rite and other sulphide minerals as a result of which acidic
waters containing sulphuric acid, dissolved heavy metals
and solid iron precipitates are released to the environment.
The mine drainage quality depends on a number of factors
such as the rate of acid generation and heavy metals lea-
ching from the sulphide minerals during their oxidation,
solubility and accumulation of relevant oxidation pro-
ducts, precipitation and/or neutralization reactions along
water flowpath, etc.

Several methods for treatment of acid mine waters
exist, depending upon the volume of the effluents, the
type and concentration of contaminants present. The
most largely used method is connected with the chemi-
cal neutralization of waters followed by the precipita-
tion of metals. Such active treatment requires the in-
stallation of a plant with agitated reactors, precipita-
tors, clarifiers and thickeners with high costs for rea-
gents, operation, maintenance and disposal of resulting
metals laden sludge. The only alternative of such high-
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cost schemes are the passive treatment systems. These
systems have been developed on the basis of naturally
occurring biological and geochemical processes in or-
der to improve the quality of the influent waters with
minimal operation and maintenance costs. Initially the
passive treatment was connected with the constructed
wetlands (Hammer, 1990) which are very similar to
the natural marshes and wetlands. However, it has been
shown that they are only able to polish relatively in-
nocuous waters and are unable to cope with high acidi-
ty and high metal content.

Recently a different approach to the passive treatment
systems has been undertaken. This approach consists in
the engineering of different low-maintenance biological
systems which can be used in various combinations (Wil-
deman, Brodie and Gusek, 1993; Hedin, Nairn and Klein-
mann, 1994; Cambridge, 1995; Gusek and Wildeman,
1995; Garea, Adam and Kontopoulos, 1995). As a result
of this approach, a wide range of passive treatment sys-
tems is available currently. The main advantage of these
systems over chemical neutralization is that large volu-
mes of sludge are not generated, the metals being precipi-
tated as oxides or sulphides in the different components of
the systems.
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Very efficient for the treatment of net acidic mine wa-
ters (with pH lower than 4.5) containing high levels of
dissolved oxygen, Fe3* and/or Al as well as different to-
Xic metals are the anaerobic organic substrate systems. In
these systems the heavy metals are removed as a result of
the activity sulphate reducing bacteria. These bacteria re-
quire a rich organic substrate as a source of carbon and
energy for their growth. The electrons removed from the
organic substrate are transferred to the sulphate ions
which are reduced to free hydrogen sulphide. Alkalinity is
also produced as a result of this process (reaction 1) :

2CH,0 + SO, — H,S + 2HCOy 1)

The in situ generation of hydrogen sulphide is connec-
ted with concomitant precipitation of heavy metals as
highly insoluble sulphides ( reaction 2):

M2 + §* - MS @)

where M represents a divalent metal ion such as Cu?,
Zn**, etc.

The overall reaction can be represented in the following
way (reaction 3):

Metal sulphate + Carbon substrate — Metal sulphide +
+ CO, + H,0 + Bacterial biomass (€))

The microbial sulphate reduction can be arrange in dif-
ferent ways in the varied passive treatment systems. It
plays an important role in the constructed wetlands where
occurs in the bottom zone. The emergent plants growing
in these wetlands produce sufficient organic matter for the
sulphate reducing bacteria. However, better results have
been achieved by means of the so called anaerobic cells
which de facto represent a simplified type of bioreactor
containing a rich organic substrate and consortium of
sulphate reducing bacteria. In this paper data about the
treatment under laboratory conditions of acid drainage wa-
ters from an abandoned copper mine in Central Bulgaria
by anaerobic cells are shown.

Experimental procedures

The drainage waters discharged from the mine are high-
ly acidic and their pH is in the range of 2.1-2.7. The wa-
ters contain copper and arsenic as main contaminants but
sulphates are also present in concentrations much higher
than those allowed by the Bulgarian legislation. The
flowrate of these waters depends on the rainfall from sur-
face drainage and varies from about 15 m? per day during
dry periods to about 60 m> per day after heavy rainfall.
The detailed geological, mineralogical, hydrogeological
and microbiological investigations carried out in the mine
and under laboratory conditions using samples of waters
and ores from the mine revealed the fact that the discharge
of contaminated waters will continue forever and the poor
water quality will continue for foreseeable future. For that
reason, it was decided to test the possibility for treatment

of the discharged waters by means of a low-cost passive
systém.

The laboratory investigations in this respect were carried
out by means of anaerobic cells for sulphate reduction.
The cells were of the type of the simultaneous alkalinity-
producing systems which combine the microbial sulphate
reduction with a chemical production of alkalinity under
anoxic conditions. Each cell represented 1000 mm high glass
column with internal diameter of 200 mm. The both ends
of the column were closed by glass covers possessing pipes
with turn-cocks. The column was filled with organic sub-
strate mixed with 10 % high-grade limestone ground to
a particle size less than 2 mm. Different organic substra-
tes such as spent mushroom compost, horse and caw ma-
nure, straw and sawdust were used for this purpose, either
separately or in different combinations. The column was
inoculated with sulphate reducing bacteria. Aged cow ma-
nure was found to be an excellent source of such bacteria.

Water from a sample collected from the mine was in-
troduced into column through their top end and flowrate
was adjusted to desired level by the turn-cock. The water
percolated downwards through the mixture of organic sub-
strate and limestone before to leave the columns. The to-
tal metal concentration in the waters treated in this way
varied in the range from 0.2 to 2 g/], and their pH varied
from 2.1 to 2.7. The experiments were carried out at three
different temperatures: 10, 20 and 30 °C.

Tab. 1
Microflora composition of an anaerobic cell with
spent mushroom compost at 20 °C

Microorganisms CELLS/ML
Sulphate-reducing bacteria 3.108
Desulfobulbus (D. propionicus, D. elongatus) 1.108
Desulfovibrio (D. vulgaris, D. desulfuricans, D. saprovorans) 5.107
Desulfococcus (D. multivorans ) 5.107
Desulfotomaculum (D. nigrificans, D. orientis) 3.107
Desulfobacterium (D. vacuolatum) 6.10°
Desulfosarcina (D. variabilis) 5.10°
Anaerobic bacteria fermenting carbohydrates with gas production ~ 2.10
Denitrifying bacteria 8.10?
Methane-producing bacteria 1.10?
Heterotrophic bacteria related to other physiological groups 6.10°

It was found that consortia of interdependent anaerobic
microorganisms were established in the columns soon af-
ter their inoculation. However, usually about three
months were needed for these consortia to reach their ma-
ximum sulphate-reducing activity and operate under true
steady-state conditions. The species composition and the
numbers of the different microorganisms in these consor-
tia were different and depended on the type of the inocu-
lum and the organic substrate as well as on some essen-
tial environmental factors such as pH, temperature and
presence of nutrients during the cultivation. In all cases,
however, the sulphate reducing bacteria were the prevalent
microorganism in the consortia (Tab. 1). Most of these
bacteria were firmly adhered to the sludge blanket where
their number exceeded 10® cells/g. The methane-produ-
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Tab. 2
Removal of contaminants from acid drainage waters by means
of anaerobic cells

Water parameters Before treatment  After treatment

Sample 1 (23.5 h residence time)

pH 2.1 7.1
Sulphate, mg/l 3740 370
Iron, mg/l 1081 1.2
Copper, mg/l 74 <0.05
Arsenic, mg/l 19 <0.02
Sample 2 (14.7 h residence time )

pH 23 7.3
Sulphate, mg/1 2637 284
Iron, mg/l 721 0.7
Copper, mg/l 55 <0.05
Arsenic, mg/l 10 <0.02
Sample 3 (9.1 h residence time )

pH 2.7 7.5
Sulphate, mg/l 1755 212
Iron, mg/l 452 0.5
Copper, mg/l 23 <0.05
Arsenic, mg/l 10 <0.02

Note: All experiments were carried out at 20 °C.

cing bacteria were low in number since the redox poten-
tial was still high for these obligately anaerobic microor-
ganisms.

It was found that a very efficient metal removal from
the mine waters was achieved by means of the anaerobic
cells. The microbial production of hydrogen sulphide and
alkalinity was a function of the digestibility of the orga-
nic substrate. The spent mushroom compost was the
most suitable substrate in this respect. The microbial ac-
tivity was enhanced by changes of some essential nu-
trients such as ammonium and phosphate ions. Concen-
trations of these ions as high as 25 and 10 mg/l, respec-
tively, were sufficient to maintain efficient microbial
growth and sulphate reduction. The best results were achieved
at a temperature of 30 °C but the process was efficient
even at 10 °C. The temperature coefficient Q,q in the ran-
ge from 10 to 30 °C was about 1.7. The optimum pH for

growth and activity of the sulphate reducing bacteria was
about 7. However, it was not necessary to neutralize the
feed before it entered the anaerobic cell since alkalinity
was produced there as a result of the limestone solubiliza-
tion and microbial sulphate reduction. The pH of the eff-
luents from the cell was neutral or slightly alkaline.

The active microbial sludge blanket in the cell remai-
ned stable for a long period of operation (months and ye-
ars), provided the feed composition and cell conditions
were maintained relatively constant during the whole pe-
riod. Under optimum conditions the maximum sulphate
reduction rate achieved in this study was 320 mg/l. h.
The heavy metals in the feed were not toxic for the mic-
robial populations even at concentrations as high as 2 g/l.
Under conditions of efficient microbial growth and activi-
ty, the heavy metal removal was practically complete and
only concentrations of parts per billion remained in the
cell effluents (Tab. 2).

The data from these experiments revealed that anaerobic
cells of the type used in this study can be efficiently app-
lied in commercial scale to treat acid mine drainage waters.
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Abstract

A mining effluent from a cyanidation plant was biologically treated in fixed-bed reactors at laborato-
ry scale. A mixed population, selected for its ability to degrade SCN, was used. Three materials were
tested as supports for bacterial fixation: activated carbon, a combination of pumice-stone/zeolite, and
pouzzolana. Thiocyanate was biologically decomposed into NH,, CO,, and SO, in all reactors. The cy-
anide forms were also eliminated, probably by the conjunction of physico-chemical and biological me-
chanisms. The flow-rate and the feeding concentration were progressively increased. Working condi-
tions consistent with industrial data were achieved: feeding solution containing 900 mg.I'! SCN and
100 mg.I* CN, residence time close to 0.1 day. The best results, in terms of resistance to changes in effluent
composition and flow-rate, were obtained with the activated carbon bed. Complete conversion of NH,
to NO; was only observed with activated carbon and diluted effluent. Accumulation of NO, was obser-
ved in pumice-stone/zeolite and pouzzolana reactors. The bacterial oxidation of NH, was inhibited by
cyanide with all supports, at the highest flow-rates and cyanide concentrations.

Key words: fixed-bed reactor, thiocyanate, cyanide, biodegradation, activated carbon, pumice-stone,
zeolite, pouzzolana, nitrification

Biologickd dekontamindcia odpadovych vod s obsahom kyanidu z pedniku
na spracovanie zlatonosnej rudy

Odpadovi vodu z kyaniza¢nej prevadzky sme podrobili biologickej iprave v laboratérnom reaktore
s imobilizovanou vrstvou. VyuZili sme pritom zmesni kultiru mikroorganizmov schopni degradovat
SCN. Ako nosi¢e na imobilizdciu biomasy sme pouZili tri materidly (kazdy v samostatnom reaktore),
a to: aktivované uhlie, puzolan a zmes pemzy so zeolitom. Vo v3etkych reaktoroch bol tiokyanatan de-
gradovany na NH,, CO, a SO,. Rovnako doslo (pravdepodobne na principe kombin4cie fyzikdlno-che-
mickych a biologickych &initelov) aj k eliminécii kyanidovych aniénov. Prietok a koncentracia zli¢enin
v roztoku sa postupne zvy3ovali, a to aZ po dosiahnutie priemyselnych parametrov, ktoré mali nasledu-
juice hodnoty: 900 mg.I'! SCN, 100 mg.I'! CN. Doba zdrZania pre jednotlivé reaktory dosahovala hodno-
tu priblizne 0,1 difa. Najlep§im nosiom rezistencie vo¢i zmenam koncentracii a prietoku je aktivne
uhlie. Uplna premena alebo konverzia NH, na NO, sa pozorovala iba pri zriedeni média a pouZiti ak-
tivneho uhlia ako nosi¢a. V reaktoroch s pemzozeolitovymi a pouzzolanovymi nosi¢mi bola pozorovana
akumuldcia NO,. Kyanidové iény inhibovali bakteridlnu oxid4ciu NH, najmi pri maximélnych hodno-
tach prietokov a koncentracif.

Introduction

Cyanide is a toxic compound found naturally in the en-
vironment and produced by human activities. It is genera-
ted by coal processing and gold and silver extraction.Va-
rious methods of chemically degrading and destroying cya-
nide, such as chemical oxidation by chlorine or
hypochlorite, are currently used in wastewater treatment
(Hoecker and Muir, 1987). These methods are expensive
in reagent consumption, and somehow are inefficient in
destroying some cyanide species. Microbiological treat-
ment methods potentially offer the cheapest means of cya-
nide degradation (Whitlock and Mudder, 1985; Lien and
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Altringer, 1993). Microorganisms are known to possess
various enzymes able to convert cyanide into naturally
occurring compounds and sometimes to mineralization
products (Ingvorsen et al., 1991; Stratford et al., 1994).
Thiocyanate is degraded into sulphate, carbonate and am-
monium under aerobic conditions. The ammonium produ-
ced as a by-product from cyanide oxidation must be deto-
xified. This is accomplished in the nitrification stage by
means of aerobic autotrophic bacteria, Nitrosomonas and
Nitrobacter, which convert ammonium in nitrate via nit-
rite (Whitlock and Mudder, 1985).

A research project involving thiee French institutes
(INRA, BRGM, ADEME) started in June 1992 and ended
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in 1996. The final objective was to set up a biological
process to degrade cyanide and thiocyanate from wastewa-
ters. During the first step of this project, a microbial po-
pulation has been selected and acclimated to degrade up to
200 mg I SCN (Boucabeille et al., 1994a, 1994b). The
objective of the second step was to select an efficient pro-
cess to biodegrade the pollutants. A comparison between
agitated reactors and fixed bed reactors, which was perfor-
med by INRA, showed that the fixed culture was the
most efficient. This result is in accordance with previous
studies dealing with an higher efficiency of fixed bed reac-
tors used in bioremediation of polluted waters (Zenon,
1985; Babu et al., 1992). From these results, an optimi-
zation of cyanide biodegradation using fixed bed columns
was carried out by BRGM research team. Three microbial
supports, namely Pumice stone - Zeolite (PPZ), Activa-
ted Carbon (CA) and Pouzzolana (P) were compared. Cya-
nide concentration, thiocyanate concentration, and residen-
ce time were the main parameters studied during this ex-
perimental program.

Material and methods

Cyanide bearing wastewater composition: Wastewater
from the mining site storage (Aude, France) contained
270 - 375 mg 1" of total cyanide and 800 - 1186 mg 1!
of thiocyanate. It was previously chemically treated in or-
der to oxidize the major part of free cyanide.

Microbial supports: All supports were sieved to 2.5 -
4 mm, washed and dried before use.

Medium composition: Industrial wastewater was diluted
in tap water to give a final concentration in thiocyanate
of 180, 400, 600 and 900 mg 1. Phosphorus at a con-
centration of 5 mg P 1! was added as K,HPO, form.

Experimental procedure: Fixed bed reactor consisted of
a plastic column of 121 c¢m, having an inner diameter of
5.7 cm. It is composed of 2 joint parts, a “mixing cham-
ber” of 654 cm? at the bottom and a “reaction chamber” of
2169 cm?® containing microbial support. The column was
filled with the microbial support and loaded with two li-
ters of microbial population taken from a 10 liter agitated
bioreactor maintained continuously on the previous me-
dium (180 mg I'! SCN). Immobilization of microorganisms
was performed by recirculating the microbial culture in
loop during 6 hours at a flow rate of 986 ml h!. Then the
reactor was fed with fresh medium by an up-flow mode.
The column was aerated with an air flow rate of 720 1 day!
injected at the bottom. Experiments were carried out at
ambiant room temperature. pH and potential Eh were
daily checked, and pH was adjusted to a value comprised
between 6.5 and 7.5 by sodium carbonate addition.

Sampling: 25 ml of effluent from the column outflow
were sampled, 10 ml were brought to pH above 10 by so-
dium hydroxide addition for total and WAD cyanide deter-
mination, the remaining 15 ml were filtered at 0.45 um,
and analysed for ammonium, nitrate, nitrite and thiocya-
nate contents.

Analytical techniques: Thiocyanate was determined by
colorimetric method (Standard Methods, 1985). Total

and WAD (Weak Acid Dissociables) cyanides were ana-
lysed using ASTM procedures (ASTM, 1985). Ammo-
nium and Nitrite were analysed by colorimetric methods
according to AFNOR (NF T 90-012 and NF T 90-013).
Nitrate and sulphate were analysed by ionic chromato-
graphy.

Results and discussion

For an initial thiocyanate concentration of 180 mg 1,
the feed flow rate was increased gradually in order to deter-
mine the maximum flow rate that can be applied without
affecting the biodegradation level. The second objective
was to reduce the dilution factor applied to the mining
effluent: pollutants concentrations in the feeding were
progressively increased.

Microbial support CA

With a decrease in residence time from 6.56 days to
1.95 days, two main phenomena could be observed: no
thiocyanate appeared in the effluent, and ammonium
accumulated temporarily between 238 and 911 hours of
feeding (Fig. 1a, b). The absence of thiocyanate in the
outflow may be explained by an adsorption of the com-
pounds on microbial support, or by their biodegradation.
Adsorption isotherms of thiocyanate, carried out with ac-
tivated carbon support, showed that SCN was adsorbed
on CA. Then, in early stage of the experiment, the ab-
sence of thiocyanate could be related to its adsorption on
the support. Nevertheless, biodegradation took place
when the support was saturated, as confirmed by NH,
production.

A change in the effluent (F to G), performed after one
week of feeding with a synthetic medium, did not produce
any effect. The column seemed to react satisfactorily with
a residence time down to 0.03 day. After 3600 hours of
feeding, thiocyanate concentration was successively incre-
ased from 180 mg 1! to 400 mg 1!, 600 mg 1, and
900 mg 1. After each change in thiocyanate concentra-
tion, SCN was detected in the outflow during the first
24 hours. When the feeding SCN concentration was risen
to 900 mg 1", the SCN peak in the outflow reached
750 mg 1'\. Then, SCN in the outflow disappeared. At
this step of the experiment, the support was rinsed with
tap water in order to remove the excess of biomass and
precipitates. Consequently the feeding flow-rate of the re-
actor had to be reduced. Biological activity was rapidly
restored in the column after this washing operation: free
cyanide and thiocyanate were degraded. Nevertheless, so-
me complexed cyanides were released in the outflow: so-
me cyanide-containing precipitates were displaced from
the support to the solution.

During the first stage, up to 1500 hours, NH, produced
from SCN degradation was converted into NO, (750 -
1391 h), then NO, was transformed in NO; (1250 - 1500 h).
So, nitrification process was efficient with a residence ti-
me of 0.5 day. At residence times lower than 0.4 day, the
nitrification process was disrupted. An accumulation of
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Fig. 1a. Activated carbon support. Evolution of thiocyanate concentration and its degradation by-products at decreasing residence times.
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Fig. 1b. Activated carbon support. Evolution of thiocyanate concentration and its degradation by-products at decreasing residence times and incre-
asing SCN feeding concentration.

NH, and NO, and nitrate was observed during the decrease bacteria compared to cyanide degrading microorganisms,
in residence time down to 0.09 day, with an initial SCN and was in accordance with previous studies (Whitlock
concentration around 180 mg 1. This phenomenom and Mudder, 1985). The increase in SCN concentration
could be explained by the slower activity of nitrifying up to 900 mg 1! led to accumulation of NH,. Nitrite and
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Fig. 2b. Activated carbon support. Evolution of nitrogen forms at decreasing residence time and increasing SCN feeding concentration.
nitrate were not detected, except when the SCN concentra- Microbial support PPZ
tion was risen to 400 mg I'!. It seemed that nitrifying
bacteria were inhibited by high cyanide concentrations, With an initial residence time of 14 days, a peak of

and by a residence time that did not allow their adaptation 18 mg 1"! thiocyanate of was detected and followed by a simi-
to these concentrations (Fig. 2a, b). lar one of NHy, showing that SCN was decomposed
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(Figs. 3a and 3b). During the first 2500 h of experiment submitted to a change in feeding flow-rate. During a se-
(Fig. 3a), the reactor was strongly affected by each change cond phase, from 2900 to 3800 h (Fig. 3b), decreases in
in residence time. Accumulation of SCN in the outflow residence time down to 0.16 day only induced two peaks
was frequent. This lack of stability could be related to the of thiocyanate, reaching levels of 100 mg I'!. Subsequ-
need of adaptation phase when the microorganisms were ently to this phase, increasing SCN concentrations were
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applied. Fluctuations in thiocyanate were recorded, with High level of nitrate were released by zeolite support
a maximum reaching 750 mg I'' during continuous supply leaching, during the first 1000 hours (Fig. 4a). The major
with 400 mg 1", Then, even with increasing thiocyanate part of NH, was converted into NO,, whose concentration
corncentrations, the amplitude of the SCN accumulation fluctuated between 90 and 150 mg 1. Nitrite was partial-
peaks was lower than it was previously. This stabiliza- ly transformed into nitrate, whose concentration rose
tion may be explained either by an adaptation of degra- from 10 to 20 mg 1! till 2400 hours at a residence time
ding bacteria to high pollutants concentrations, or by an of 1.04 days. Changes in effluent quality (synthetic media
increase in the fixed biomass. to real effluent), combined with the reduction of residence
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Fig. 5b. Support pouzzolana. Evolution of thiocyanate concentrations and its degradation by-products at decreasing residence times, increasing

thiocyanate feeding concentrations.

time down to 0.42 day, induced an accumulation of NH,,
whose level reached a plateau around 50 mg 1. After
3100 hours of continuous experiment, production of
NO, was detected for residence times between 0.42 and
0.13 day (Fig. 4b). The increase in thiocyanate feeding
concentration generated a rise of ammonium concentra-
tion, this NH, being partially converted into nitrite.
With a SCN concentration of 900 mg 1, the nitrifica-

tion process was inhibited as neither nitrite nor nitrate

was detected.
Microbial support P

After a transient accumulation of SCN, this compound
was entirely decomposed when the residence time was 4.89
or 3.38 days (Fig. 5a). For a 2.73 days residence time, so-
me variations in SCN outflow concentration were obser-
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ved, -although the quality of the feeding effluent did not
change. During this period, thiocyanate accumulated up to
25 mg 11. The bacterial population might have
been affected by the evolution of the ambient temperature:
this step of the experiment was performed in winter, and
the room temperature occasionally fell down to 12 °C. The
subsequent results showed that this column could efficient-
ly degrade SCN at residence time shorter than 2.73 when

the ambient temperature was maintained around 20 °C. Nevert-
heless, transient accumulations of SCN were regularly ob-
tained each time the working conditions were modified. On
this support, the bacteria need an adaptation time of 3 - 10
days before reaching a steady-state corresponding to more
than 90 % of thiocyanate being decomposed in the column.

The behaviour of the bacteria fixed on pouzzolana to-
ward the increases in thiocyanate and cyanide concentra-
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tions was satisfactory (Figs. 5a and 5b). The residual SCN
in the outflow was less than 10 % of the inflow con-
centration, even when the feeding contained 900 mg 1
thiocyanate. This apparent improvement of the bacterial
efficiency may be the consequence of either an increase in
the total biomass fixed on the support, or the adaptation
of the microorganisms to their toxic substrates. Neverthe-
less, althought the bacteria were able to decompose SCN
at the higher feeding concentration, the equilibrium of the
biological system was less stable in this condition than it
was when the inflow contained 180 mg 1! SCN. Subse-
quently to the increase in feeding concentrations, the sta-
bility of the column was greatly disrupted by each change
in residence time. Ammonium and sulphate concentra-
tions in the outflow displayed variations of significant
amplitude, whereas SCN biodegradation efficiency did not
seem to be affected.

During the first phase of the experiment, when the resi-
dence time was higher than 2 days (Fig. 6a), the nitrogen
was equally distributed between NH, and NO, forms. Sin-
ce the remaining NH, was not negligible, its oxidation
was incomplete. Less than 10 % of the total nitrogen was
converted to nitrate: the nitrification process was blocked
at the NO, step. The successive increases in feeding flow-
rate and pollutants concentrations induced a drop in NO,
production. When the residence time reached values lower
than 0.5 day (Fig. 6b), the nitrification process was al-
most entirely stopped. More than 90 % of the total nitro-
gen remained in the NH, form. The pouzzolana did not
promote the fixation, development, and activation of the
bacteria responsible for the nitrification process. The be-
haviour of the column when a synthetic medium was
used was interesting to note. This medium, containing
SCN but no cyanide, temporally replaced the real effluent
between 2000 and 2400 h (Fig. 6b). During this period,
the NH, concentration was very low, in other words the
ammonium was efficiently oxidized. This result suggests
that the first step of nitrification may be inhibited by cya-
nide. This could explain why NH, accumulated when the
feeding flow rate and the cyanide concentration in the in-
flow were increased. Nevertheless, the nitrification pro-
cess was stopped at the NO, form, even when the synthe-
tic medium was used.

Comparison of the microbial supports according
to degradation of cyanide forms

With an initial feeding thiocyanate concentration of
180 mg I, 98 - 100 % of SCN could be degraded at
0.09, 0.05 and 0.19 day of residence time for PPZ, CA
and P respectively (Tab. 1). Concerning total cyanides,
for a residence time of 0.42 day, the degradation level rea-
ched 74.5 % with the ‘microbial support PPZ. The activa-
ted carbon seemed to be the most efficient in cyanide de-
gradation, with a 100 % elimination of thiocyanate, total
CN, and wad CN, at a 0.41 day residence time (Tab. 1).

At a constant residence time, thiocyanate concentration
in the feeding medium was increased from 180 to 900 mg
I'l. Results concerning this phase are given in Tab. 2.

Tab. 1
Degradation levels and minimal residence time reached with
the feeding medium containing 180 mg 1'* SCN

PPZ CA P

res. time  deg. res. time
day level (in %) day

deg. res.time  deg.
level (in %) day level (in %)

SCN 98.0 0.09 100.0 005 99.0 019
CN wad 89.0 0.42 100.0 0.41 1000 049
total CN 74.5 0.42 100.0 041 770 049

Tab. 2
Comparison of microbial supports. Effects of increasing thiocyanate
concentration in the feeding medium on thiocyanate degradation level

PPZ CA P

SCNin feeding deg.  res. time deg. res. time  deg. res. time

mg I level (in %) day level (in%)  day level (in %) day
180 98.0 0.09 100.0 005 990 0.9
400 71.0 0.13 88.3 008 864 044
600 78.5 0.13 98.5 0.13 985 0.39
900 95.0 0.16 99.0 076 994 045

For PPZ, at a residence time between 0.09 and 0.16 day,
degradation level of SCN ranged from 71 to 95 % when
the feeding concentration was increased.

For the same range of residence time, 98.5 % of thio-
cyanate was degraded in the CA column with an initial
SCN concentration of 600 mg I't. When the feeding con-
tained 900 mg 1! SCN, the CA column was working at
higher residence time than the two other columns because
the washing operation had disrupted the system. Howe-
ver, 99 % of the thiocyanate could be removed by adjus-
ting the residence time to 0.76 day.

Concerning microbial support P, the SCN degradation
level reached values between 86 and 99 %, although the fe-
eding concentration was increased from 180 to 900 mg 1.

With an feeding containing 900 mg 1! SCN, 99.5 %
and 97.7 % of total cyanides were degraded for PPZ and P
microbial supports respectively. No WAD cyanide was
detected in the columns PPZ and P outflow.

Conclusion

The treatment of the cyanidation effluent was continu-
ously performed during 6 months. The results of this ex-
periment showed that the bacterial mixed inoculum, pre-
viously selected by the INRA laboratory, could be effi-
ciently fixed on different supports. The immobilized bac-
teria showed their ability to withstand increasing feeding
flow-rate and pollutants concentrations. More than 90 %
of the feeding thiocyanate was biologically decomposed
into NH,, CO, and SO, in the three reactors. The elimi-
nation of free and complexed cyanides was performed,
probably throught the combination of precipitation and
biological degradation. Indeed, the analysis proved that
the precipitates accumulated at the bottom of the column
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contained complexed cyanide. However, some observa-
tions suggest that cyanide was almost partially biodegra-
ded: when the real effluent was introduced in place of the
synthetic medium, a peak of cyanide in the outflow was
observed, as if the bacteria needed an adaptation time.
Moreover, the elimination of cyanide through the column
was more complete, when the flow-rate was increased,
than at the beginning of the experiment. This phenome-
non might signify that the bacterial metabolism of CN
was activated by either adaptation to cyanide or an increa-
sed availability of this substrate. The precipitation of
complexed cyanide might also be promoted by the
bacteria.

The most concentrated feeding, containing 900 mg 1!
SCN and 100 mg I total CN, was equivalent to a non-
diluted industrial effluent. Nevertheless, the characteristics
of the wastewater produced by a mining plant undergo
fluctuations. These variations are related to the instability
of the ore-processing steps, and to the rainfall conditions
which determine the dilution in retention pools. Thereby,
analysis of the successive samples of mining effluent
which were used to feed the columns proved that the SCN
and CN concentrations could vary by more than 100 %.
The minimum and maximum values for SCN content
were respectively 500 and 2000 ppm. According to these
variations, the biological reactor should imperatively be
able to work in a large range of concentrations, and to
withstand a sudden change in effluent composition. The
three fixed bed reactors showed a satisfactory behaviour
toward fluctuations in CN-feeding concentration: after the
change from a SCN-synthetic medium without cyanide to
a real effluent, less than 24 hours were sufficient to resto-
re the CN-degrading ability of the reactors. However, the
activated carbon-containing column was the more resi-
stant to changes in feeding quality. No accumulation of
SCN was observed with this support when a new efflu-
ent, recently received from the mining plant, was used to
prepare the feeding. Concerning the nitrification process,
the CA column also was the most efficient. Activated
carbon was the only support which allowed the complete
oxidation of NH, into NOj, during the first phase of the
experiment. With pouzzolana and pumice stone-zeolite,
the nitrification was either blocked at the NO, or at the
NH, step. The microorganisms responsible with the oxi-
dation of ammonium seemed to be affected by cyanide. In
the three columns, the nitrification process was entirely
inhibited when the feeding concentration was increased.
Setting aside the optimum flow-rate for SCN elimina-
tion, the toxicity of the NO, molecule could justify the
use of the only support which prevented its accumula-

tion, namely activated carbon. This support is more ex-
pensive than pouzzolana, pumice-stone, and zeolite. Ne-
vertheless, activated carbon is commonly used in cyanida-
tion processes, and could be easily available near the bio-
logical treatment unit.

Two hypothesis may be proposed to explain why acti-
vated carbon is much more efficient than the two other
bacterial supports. First, it provides more fixation sites
to bacteria, thanks to its high specific area. Furthermore,
the residence time of the pollutants might be increased by
the adsorption capacity of the carbon. Further experi-
ments will be necessary to better understand the interac-
tions between the CN- and SCN-degrading bacteria, the
nitrifying population, and the supports.
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Abstract

The present paper studies the relationship between the thermodynamic characteristics of cyanide
complexes of zinc, copper, silver, iron and the rate of their assimilation by the bacterial culture of
Pseudomonas genus. The differences were specified in cell metabolism depending on the properties of
coordinating metal of the complex. It has been demonstrated that the efficiency of cell-complex inter-
action is determinated, on the one hand, by the degree of culture adaptation to cyanides and heavy me-
tals and its capability to transform the toxic components into the low- and nontoxic forms and, on the ot-
her hand, by the state of complex salts in the solution. The extent of influence of various parameters on
the process kinetics, such as pH, excess concentration of cyanide and metal, characteristics of electric
field, has been also determined. It has been revealed that the rate of assimilation of NaAg(CN), and
K, Fe(CN)g with electrically treated cells appeared to be higher than in the case of treatment with nati-
ve cells. There were discussed possible mechanisms of intensifying the process of microbial destruction
of cyanides in the electric field.

Key words: cyanide, complex cyanide, waste water, microbial purification, electric field

Utast mikroorganizmov na &isteni odpadovych véd z extrakcie zlata od kyanokomplexov

V nagej $tidif sme hladali vztah medzi termodynamickymi vlastnostami kyanokomplexov Zn, Cu, Ag,
Fe a rychlostou ich asimildcie baktériami Pseudomonas genus. Zistili sme metabolické odchylky v z4-
vislosti od vlastnosti koordinovaného kovu. Ukazalo sa, Ze miera interakcie medzi komplexom a bunkou
z4visi od nasledujicich faktorov: odolnosti bunky vo&i kyanokomplexom (adaptovatelnosti na ne) a taz-
kym kovom, schopnosti bunky biotransformovat kyanokomplexy a chemickej formy kyanokomplexov
v roztoku. Dalej sme skimali vplyv pH, nadbytku kyanidov, iénov tazkych kovov a vlastnosti vonkajsieho
elektrického pola na rychlost asimil4cie kyanokomplexov bakteridlnymi bunkami. Ukazalo sa, Ze rych-
lost asimildcie moZno zvy3it pdsobenim vonkajsieho elektrického pola na bunky baktérii, a preto sme sa

dalej zamerali na odhalenie moZnych mechanizmov tohto javu.

Introduction

The actuality of present study is determined by the ex-
tensive application of the technologies for the processing
ores and metals with sodium cyanide as highly effective
solvent being used therefor. The involvement of cyanide
in the above technologies results in contaminating efflu-
ents with great amount of cyanide. The biochemical pro-
cesses of decontaminating the cyanide-containing effluents
of non-ferrous metallurgy plants are attractive due to their
ecological safety as well as to the possibility of using the
complex approach that is, providing the simultaneous de-
struction of cyanides and accumulation of the recovered
metals (Whitlock and Mudder, 1986). A lot of enzymes
involved in the processes of metabolic transformation of
cyanides into non-toxic products have been lately separa-
ted and identified (Harris, Bunch and Knowles, 1987).

Unlike free cyanides, which could be destructed under the
influence of ambient conditions such as air oxygen, UV-irra-
diation, pH variation, the cyanides bonded in the form of
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complex salts are more resistant to the effect of above fac-
tors. Furthermore, the recovery of coordinating metal du-
ring cyanide destruction not only causes the additional con-
tamination of effluents with heavy metal ions but also
exerts an oligodynamic effect on the culture-destruction.
The problem of interaction between microorganisms
and cyanide complexes of transition metals studied within
the context of general model of bacteria metallophilicity
has a number specific features. These features are, first of
all, connected with the effect of cyanides on physiologic
activity and degree of energization of cells in bacterial
suspensions (Yakubenko, Podolska, Vember and Kara-
mushka, 1955) as well as with the durability of cyanide
complexes and the nature of coordinating metal (Shpak,
Podolskaya, Ulberg & Shpak, 1995). The present paper
deals with the interrelation between the metabolic activity
of Pseudomonas fluorescens strain bacteria and the para-
meters determining the state of cyanide metal complexes
in solution as well as with the analysis of some physico-
chemical factors, in particular, the exterior electric field
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affecting the efficiency of interaction between the cell and
the solution of cyanide complex compounds of copper,
silver, zinc, iron, gold.

Materials and methods

Na;Cu(CN),, Na,Zn(CN),, NaAg(CN), cyanide com-
plexes were synthesized according to the procedures speci-
fied in Brauer and Weigel (1986). Sodium cyanide and po-
tassium ferrocyanide were received as commercially pro-
duced compounds.

Pseudomonas fluorescens B-5040 strain separated from
the slime of tail deposit of gold-extracting Uzbekistan
plant was used for studies. Cells have been cultivated un-
der aerobic conditions for 18 hours in 200 ml of synthetic
SM medium (0.2 % KH,PO, + 0.1 % K,HPO, + 0.05 %
Na,CO;3 + 0.03 % MgSO, + 0.01 % NaCl + 0.2 % gluco-
se + 0.05 % pentone + 0.01 % NaCN) at a temperature
28 °C. Being the cells at logarithmic growth phase the sus-
pension was centrifuged. The sediment was used as seeding
material and suspended in model waste water including the
synthetic 5SM medium and one of the cyanide complexes.
There was used the colorimetric technique of determining
the total cyanides using pyridine and barbituric acid (Ame-
rican Society for Testing and Materials, 1972).

For treating cyanide-containing solutions and bacterial
suspensions by the direct electric field there was used the
impulse potentiostat PI-50-1-1 (Russia). The solutions we-
re treated in 50 ml cells, with working and auxiliary elec-
trodes being made of platinum and as a reference one being
used Ag/AgCl electrode of potential 0.201 V (NHE).

Aminoacid analysis of cultural liquid was carried out
with BIOTRONIC-LC500 intrument (Japan) using Nin-
hydrine sorbent.

Results

Biochemical interaction between the microbial cells
and metal complexes

Oxygenize mechanism of cyanide destruction to ammo-
nia and CO, in the presence of Pseudomonas fluorescens
has been earlier discovered by Harris and Knowles (Harris,
Bunch and Knowles, 1987). Fig. 1 demonstrates the kine-
tic relationships of destruction of cyanides being included
in the composition of complex salts and NaCN in the
suspensions of Pseudomonas fluorescens B-5040 cells.
As it is seen from this figure, the cyanides are most easi-
ly destructed in the solutions of NaCN and Na,Zn(CN),.
The dynamics of cyanide concentration reduction is very
similar in this case. Cyanides to be included in the com-
plexes with copper and silver were destructed more slow-
ly. For 48 hours of contact with bacteria cells there has
been destroyed only 5 % of potassium ferrocyanide.

There has been specified the specific reaction of cells to
adding of cyanide silver complex into the bacterial suspen-
sion. In four hours of contact between cells and cyanide sil-
ver complex salt pH value has been more than
2 units decreased. The higher was the content of complex
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Fig. 1. Effect of solution treatment procedure on kinetics of cyanide
destruction in NaAg(CN), solution. 1 - electrical treatment at potential
-0.3 V (Ag/AgCl); 2 - microbial destruction by Pseudomonas fluores-
cens, 3 - simultaneous microbial destruction and electrochemical tre-
atment at above given conditions.

anion, the more pH value reduced. The addition of copper
complex in most cases resulted in slight protoxydation of
culture liquid following the first day of contact and in pH
rise during the second day of contact. There were no sub-
stantial variations of pH value in the case of zinc and iron
cyanide complexes. The amino-acid analysis of culture liqu-
id to be formed in the process of culturing cells on cyanide-
containing substrates was also performed. The obtained re-
sults evidence the differences of amino-acid composition de-
pending on the kind of salt to be added thereto, although
there are some regularities in this process. It was revealed
that the growth of cells on the nutrient medium with
NaCN was attended by the accumulation in the culture liqu-
id of aminoacids of increased content of basic groups, with
these groups constituting about 51 % of total content of
functional groups and acid groups being present in an
amount 6.29 %. The interaction of cells with Na,Cu(CN),
and NaAg(CN), was attendant by 2.5 fold increase of the
content of acid and aliphatic groups, mainly, due to the pre-
sence of aspartic and glutamic amino-acids. At the same ti-
me, the content of basic groups was 5 - 6 fold reduced. The
increase of contact time from 24 to 48 hours resulted in
two-fold increase of acid group content. The metal content
was controlled simultaneously with controlling the cyanide
content in bacterial suspensions the experiments. It has be-
en shown that on interaction between the cell and
NaAg(CN), there occurred the substantial reduction of sil-
ver concentration correlating to that of cyanide.

The ratio of [CN] and [Ag*] was really about 2,3 for 48
hours of contact. The reduction of copper concentration in
the solution of its complex salt was significantly lower
than that of silver complex. The substantial reduction of
zinc concentration in Na,Zn(CN), solution when culturing
the microbial cells is in smaller extent connected with zinc
accumulation by microbial cells and in greater extent is
due to the formation of slightly-soluble precipitates.

Treatment by electric field

The experiments on cyanide destruction by the micro-
bial cells in SM medium under the effect of direct and im-
pulse electric field were carried out. At Figs. 1 and 2 are
presented kinetic relationships of the NaAg(CN), and
K Fe(CN)4 destruction respectively. These are following:
assimilation with bacteria; treatment by impulse electric
field; assimilation with bacteria alongside with the electric
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field treatment. It has been demonstrated that the highest
rate of cyanide destruction was observed in the third vari-
ant where the electric stimulation of microbial destruction
took place. The treatment either by the direct current field
or by the impulse electric field gave closely agreed results.
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Fig. 2. Effect of solution treatment procedure on kinetics of
K Fe(CN)¢ decomposition. 1 - electrical treatment at 0.5 V/cm;
2 - microbial treatment by Pseudomonas fluorescens, 3 - simultaneous
microbial destruction and electrochemical treatment at above given
conditions.

Some electrochemical investigations allow to explain
the nature of discovered phenomenon. At the voltametric
curves there were no found peaks corresponding to direct
anode oxidation of cyanides. The reversible waves corres-
ponding to the reduction of cyanocomplexes have been
found at the curves recorded in the solution of silver and
copper complexes with the potential values being
-0.51 V and -0.70 V (vs. Ag/AgCl) respectively. The pre-
parative electrolysis revealed low reduction of cyanide
concentration in undivided cell at the potential of working
electrode being in this case 0.2 V displaced to the anode
region in relation to the potential of cyanocomplex reduc-
tion. The obtained results are presented in Tab. 2. There-
fore, the effect of electrochemical destruction of metal
complex under the conditions of treating biocolloid
suspension including Pseudomonas fluorescens
and NaAg(CN), solution at the potential of -0.3 V
(vs. Ag/AgCl) has been reduced to minimum,

Discussion

As it is evident from the obtained data on the rate of cya-
nide destruction by Pseudomonas fluorescens cells,
the metal complexes are placed in the following
order:NaCIN>Na,Zn(N)>Na;Cu(CN),>NaAg(CN),>K Fe (CN)g,
It could be noted that one of estimated mechanisms of in-
teraction between the microbial cells and cyanide metal
complexes is assumed to be the displacement of equili-
brium of the reaction of complex anion dissociation due to
assimilation of cyanide ligand according to one of the me-
chanisms of enzyme kinetics (Harris, Bunch and Knowles,
1987). The rate of destruction is the higher, the lower is
pH value of medium. At pH drop the dissociation of com-
plexes is increased and at the rise of pH the dissociation re-
duced. As it was demonstrated (Shpak, Podolskaya, Ulberg
and Shpak, 1995) at pH 5 the equilibrium concentration of
silver in 0.01 M solution of NaAg(CN), constitutes
1.5.10% M and at pH 7 it reduces to 6.8.10°%. This regula-
rity is, however, true only at low concentration of comple-

xes in the solutions. With the concentration increase the
hydrolysis could take place. In this case the equilibrium of
the complex dissociation reaction may be displaced towards
the formation of dissociation products due to the removal
of metal ions in the form of heavily soluble hydroxide. It
is noteworthy that the pH value should not be outside the
limits of physiologic pH values for specific bacteria cultu-
re, that is 5.5-9.5. Physiologic response of cells to the ad-
dition into the medium of some cyanides, in particular,
copper and, especially, silver cyanides is expressed in pH
reduction, it displaces the equilibrium of complex dissocia-
tion and facilitates assimilation of cyanides by the cells. As
follows from Tab. 3, the rate of microbial destruction of
complexes is well correlated with the line of their durabili-
ty with its basic feature being the equilibrium concentra-
tion of metal and ligand. The apparent discrepancy between
the low rate of microbial assimilation of ferrocyanide com-
plex (Tab. 1) and its low durability (Tab. 3) may be well
explained by the kinetic inertness of this complex (Chad-
wick and Sharpe, 1966). The obtained results demostrate
that the higher is the equilibrium concentration of metal
and ligand in metallocomplex solution and the more quick-
ly this equilibrium achieved, the higher is the rate of de-
struction of said complex.

The accumulation in solution of excess amount of metal
ions to be released after assimilation of cyanides with the
cells results in the reduction of complex dissociation degree
and has an inhibiting effect on microorganisms. Metals
could be removed from the contact medium by one of be-
low-mentioned techniques: accumulation by cells, produc-
tion of high-strength complexes with the products of meta-
bolism, formation of insoluble or low-soluble sediments,
etc. As we have noted, the first of above mentioned mecha-
nisms is true for NaAg(CN),. This specific interaction bet-
ween the cell and cyanide complex of silver reduces the oli-
godynamic effect of metal and rises the limit of its toxicity
for bacteria. The second of said mechanisms is most pro-
bably realized during the contact of cells with Na;Cu(CN),.
In this case copper mainly remains in the solution in the
form of organocomplexes. The increase of oxygen content
in the medium due to intensification of aeration process enhan-
ces the displacement of redox potential to positive region as
well as the oxidation of organic components of the solution
to the simplest mineral substances and the removal of cop-
per from the solution as water insoluble sediments. Zinc
included into the composition of complex salt is very easily
hydrolyzed in neutral and weakly-alkaline pH region. The
presence in the medium of phosphoric acid salts contributed
to sediment produciion. At the same time, in spite of pH
value being 6.5 - 7.5, under the conditions of oxygen deficit
due to forming of mobile metal-organic composition with
the products of ceil metabolism in the solution there were
accumulated water-soluble zinc compounds. The logic
conclusion based on the above data is that the intensive aera-
tion needed to realize the biochemical treatment of cyanide-
containing solutions including the transition metal cyanides.

The irreversible displacement of equilibrium due to remo-
ving cyanides from the reaction medium is enhanced by trea-
ting the bacterial suspension in cyanide solution by low in-



334 Mineralia Slovaca, 28 (1996)

Tab. 1
Variation of metal and cyanide-ion concentration vs. time of contact
between complex compounds and Pseudomonas fluorescens dispersion

Concentration (mg/1)

Contact K,Fe(CN)s NaAg(CN), Na;Cu(CN), Na,Zn(CN),

time (h) [Fe?*] [CN] [Ag'] [CN] [Cu*] [CN] [Zn*] [CN]

0 43 107 107 52 55 9.25 20.8 134
4 42 107 8.2 43 52 1.9 64 14
18 41 105 2.5 1.7 50 <0.1 09 14
28 40 104 21 1.0 49 <0.1 05 1.0
48 39 102 22 0.4 42 <01 <0.1 029

Tab. 2
Variation of cyanide concentration during
the preparative electrolysis of NaAg(CN), in SM medium

Cyanide concentration (ppm)

Time of Undivided cell Divided cell
treatment
Cathode Anode
compartment compartment

h 1 2 2 2

0 9.2 9.6 9.1 9.1

2 9.0 8.4 7.9 8.9

6 8.9 6.2 5.6 8.4

10 8.4 4.0 34 7.8

16 7.6 0.8 0.2 6.9

1 - At cathode potential -0.3 V (vs. Ag/AgCl); 2 - At cathode potential
-0.7 V (vs. Ag/AgCl)

Tab. 3
Calculated data on equilibrium concentrations of metal ions
and ligand in the solutions of complex salts

Compound Kins [7] [Me], M [CN],M
NaAg(CN), 8.1022 6.8.10°8 1.4.107
Na;Cu(CN), 5.10% 2.2.10 8.8.10°¢
K, Fe(CN)g 1.10% 1.0.10* 6.0.10*
Na,Zn(CN), 1.3.107 1.0.10* 4,0.10*

Procedure for performing calculations is described in Shpak, Podol-
skaya, Ulberg and Shpak (1995).
Calculations are made for 1.0.10* M solutions of complex salts, pH 7.

tensity electric field. It was established that the application
of electric field to a microbial suspension accelerates the bio-
destruction of weak and average strength complexes and ini-
tiates the biological destruction of the strong and inert com-
plexes. Total effect of the microorganisms and electric field
action has the synergetic character, i. e. considerably exceeds
the sum of each factor action separately. This is especially
noticeable for the iron cyanocomplex. As it follows from
Tab. 1 the bacteria practically do not destruct the potassium
ferrocyanide ions. The electric field application in the absen-
ce of the cells for two days leads to the 24 % destruction of
ferrocyanides. At the same time, the electric field application
in the presence of bacteria results in the 93 % complex ferro-
cyanide destruction. Thus the given phenomenon can be con-

sidered as the stimulation for the process of the microbial
cyanide destruction. The electric field stimulation action was
observed while applying very weak electric fields excluding
the electrochemical cyanocomplex destruction.

We have also discovered that the rate of assimilation of
NaAg(CN), with the bacteria to be treated by the electric
field appeared to be 25 % higher than that of assimilation
with the native cells. During the subsequent multiple see-
ding of electrically treated bacteria on cyanide-containing
media there was observed the considerable biomass increa-
se exceeding that of control tests.

Conclusions

1. On the example of cyanide complexes of transition
metals the present study demonstrated that the efficiency
of cell-complex interaction is determined, on the one
hand, by the degree of adaptation of bacteria culture to cy-
anides and heavy metals and its capacity to transform the
toxic components into low- and non-toxic forms and, on
other hand, by the state of complex salt in the solution.
Such parameters as pH value, excess concentration of me-
tal and cyanide are capable to cause the reversible displa-
cement of equilibrium of complex dissociation. In the
process of microbiologic bonding of cyanide and treating
the microbial suspension by the electric field there occurs
the irreversible displacement of equilibrium due to the re-
moval of cyanide from the reaction medium.

2. This study also discusses the effect of electric field
on cell-metal cyanide solution. It was revealed that the in-
tensification of cyanide destruction is not a simple com-
bination of the processes of electrolysis and assimilation
of cyanide by cells, but a complex mated system of inter-
related phenomena, which include the electrostimulation
and electroadaptation of microorganisms to cell toxins
and growth inhibitors, displacement of dissociation equi-
librium due to the removal of one of the components
from the reaction medium, etc. It is well understood that
the application of the exterior electric field can cause both
the intensification of the process of assimilation of cyani-
des with cells and the death of bacteria culture as well as
the deterioration of process characteristics due to incor-
rectly chosen electrostimulation condition.
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Abstract

A soil contaminated with heavy metals, mainly copper, zinc and cadmium in the form of the relevant
sulphides, was subject of detoxification by means of an in situ treatment system. The soil was initially
inoculated with acidophillic chemolithotrophic bacteria and the microbial growth and activity were en-
hanced by suitably changes of some essential environmental parameters. The metals were solubilized
as a result of the bacterial oxidation of the sulphides and the metal ions were transferred from the upper
soil horizons (A and B1) to the deeply located horison B2 by washing with acidified water. Then the soil
pH was increased to about 4.5 - 5.5 and soluble organics were provided as sources of carbon and ener-
gy to the anaerobic sulphate-reducing bacteria inhabiting this soil horizon. The hydrogen sulphide pro-
duced by these bacteria precipitated the metals as the relevant insoluble sulphides.

Key words: soil remediation, in situ rehabilitation, toxic metals, metals detoxification, acidophillic che-
molithotrophic bacteria, sulphate-reducing bacteria

Detoxifikaéné odstranenie tazkych kovov z pdd ¢innostou mikroorganizmov

Detoxikécif Gpravou in situ sa podrobila p6da znecistena taZkymi kovmi vo forme sulfidov. Medzi
taZkymi kovmi dominovali Cu, Zn a Cd. Na zaciatku pokusu sa p6éda naoc¢kovala acidofilnymi chemo-
litotropnymi baktériami a podas trvania pokusu sa regulovala aktivita a rast mikroorganizmov vhodnou
volbou parametrov prostredia. V ddsledku bakteridlnej oxidécie sulfidov sa kovy previedli do roztoku
a nésledne sa okyslenou (acidifikovanou) vodou zmyli z vrtnych vrstiev p6dy A a B1 do niZSej vrstvy
B2. Potom sa pH p6dy upravilo na 4,5 aZ 5,5. V roztoku obsiahnuté organické latky sliZili zarovenl ako

zdroj. uhlika a energie pre anaerébne baktérie redukujtice sulfat.
Cinnostou baktérii redukujtcich sulfat sa uvolnil H,S, ktory sa vyzraZal s pritomnymi tazkymi kovmi

na prislu¥né sulfidy.

Introduction

Pollution of soil by heavy metals arises as a result of
varied activities, largely industrial, although sources such
as agriculture and sewage disposal also contribute (Bar-
row, 1994). In most cases the main source are the acid
drainage waters which are generated as a result of the oxi-
dation of pyrite and other sulphide minerals in open-pit
and underground mining works, waste rock and low-grade
ore dumps, processing tailings, temporary stockpiles of
sulphide concentrates as well as rich-in-pyrite coal and
uranium mines. Soils around the flowpath of such waters
are polluted with heavy metals, which are retained not on-
ly in the pore solution but also on the soil particles as
a result of processes as adsorption, ion exchange and pre-
cipitation.

Another important way for soil pollution is the tran-
sportation by the air of metal-containing solid particles
and gases.

Once in the soil, metals may undergo transformation
into various mobile forms and/or immobilization in an
environmental sink. In most cases these processes are
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connected with the activity of different soil microorga-
nisms. These microorganisms immobilize, mobilize, or
transform metals by extracellular precipitation reactions,
oxidation and reduction reactions, methylation and demet-
hylation, extracellutar binding and complexation, and in-
tracellular accumulation (Paul and Clark, 1989; Beveridge
and Doyle, 1989; Hughes and Poole, 1989; Brierley,
1990; Groudev, 1995).

As a result of the above mentioned reactions, the heavy
metals are present in the soils in varied forms: as free
ions (mainly cations) in the pore solution, as inorganic
or organo-metallic soluble complexes, as ions or molecu-
les absorbed on the soil particles, or as different solid me-
tal-bearing compounds such as hydroxides, sulphides, etc.
It must be noted that only some water soluble of the me-
tals (the so called bioavailable forms) above certain con-
centrations are toxic for the living organisms in the soil.
However, the metals can be turned from biologically inert
to bioavailable forms as a result of chemical and, mainly,
biological leaching.

The distribution of metals in the soil is not uniform.
This distribution depends on the type and properties of



336 Mineralia Slovaca, 28 (1996)

the contaminated soil, the metal species, forms and con-
tent in the soil as well as on some essential environmen-
tal factors such as soil humidity, aeration, temperature,
pH, redox potential, presence of nutrients for the soil
microorganisms and plants.

The modern technologies for remediation of soils con-
taminated with heavy metals are based on the knowledge
about the biogeochemical cycles of these metals, the bio-
logy of the soil microflora as well as on the properties of
the contaminated soil. In this paper some data about field
experiments on microbial detoxification of heavy metals
in contaminated soil are present. This in situ treatment
was connected with the transfer of the metals into the de-
eply located soil horizons where the soluble metal ions
were turned into the relevant insoluble sulphides (Grou-
dev, 1996). Both the transfer and precipitation of the me-
tals were carried out by microorganisms related to diffe-
rent physiological groups, mainly acidophillic iron- and
sulphur-oxidizing chemolithotrophic bacteria and anaero-
bic sulphate-reducing bacteria, respectively.

Materials and methods

The soil field used in this study was located in the
proximity of the Elshitza copper mine, Central Bulga-
ria. A detailed sampling procedure was carried out to
characterize the soil and the subsurface geologic and
hydrogeologic conditions of the site. Surface and bulk
soil samples up to a depth of 2 m were collected by
mechanical excavator. Drillhole samples were collected
up to a depth of 8 m. Elemental assays in the samples
were performed by digestion techniques and measure-
ment of the ion concentration in solution by atomic
absorption spectrophotometry. Mineralogical analysis
was carried out by X-rays diffraction techniques. The
main geotechnical characteristics of the site such as
permeability and wet bulk density were measured in si-
tu using the sand-cone method. True density measure-
ments were carried out in the laboratory using undis-
turbed core samples. Such samples were also used for
determination of their acid generation and net neutrali-
zation potentials using static acid-base accouting tests.
The toxicity of soil samples was determined by the
EPA Toxicity Characteristics Leaching Procedure
(U. S. Environmental Protection Agency, 1990). The
bioavailable fraction of the toxic metals was determi-
ned through leaching the samples by EDTA. The
speciation of the heavy metals with respect to their
mobility was determined by the sequential extraction
procedure (Tessier, Campbell and Bisson, 1979).

The soil pore water level and quality in the site was
monitored by means of piesometers installed in the drill-
holes. The parameters measured in situ included: pH, Eh,
temperature, dissolved oxygen, conductivity and total sus-
pended solids. Elemental analysis was done by atomic ab-
sorption spectrophotometry in the laboratory. The isola-
tion, identification and enumeration of soil microorga-
nisms were carried out by methods described previously
(Groudeva, Ivanova, Groudev and Uzunov, 1993).

Results and discussion

The soil was heavily contaminated with toxic metals,
mainly copper, zinc and cadmium (Tab. 1). The metals
were present mainly in the form of sulphide minerals, i.e.
their mobilization was connected with a prior oxidation.
This oxidation was connected with several electrochemi-
cal, chemical and biological reactions occurring in the
presence of molecular oxygen, water and some acidophil-
lic chemolithotrophic bacteria (mainly of the species Thio-
bacillus ferrooxidans, Leptospirillum ferooxidans and
Thiobacillus thiooxidans).

The comtaminated soil contained its own indigenous
microorganisms of the above-mentioned species. The
number and activity of these microorganisms were limi-
ted, however, by some essential environmental factors
such as the relatively high pH, shortage of oxygen inside
the soil horizons, insufficient soil humidity during relati-
vely long periods of time, absence of some important
nutrients such as nitrogen and phosphorus sources. It was
found that the inoculation of the soil with a mixed labo-
ratory-bred microbial culture consisting of different active
chemolithotrophic bacteria (mainly of the above-mentio-

Tab. 1
Characteristics of the soil treated in this study

Characteristics Before treatment ~ After treatment
Average density, g/cm? 1.72 1.67
Average wet bulk density, g/cm3 1.32 1.28
Average permeability, cm/s 8x 102 9x 102
pH 4.5-55 44-53
Content of toxic metals, ppm:

- copper 240 - 770 65-210
- zinc 210- 1220 45 - 205
- cadmium 82-23 1.7-82
Bioavailable fraction, ppm:

- copper 170 10
- zinc 210 14
- cadmium 32 0.5
Sequeritial leaching

(easily leachable fractions-

exchangeable + carbonate), ppm:

- copper 210 12
- zinc 255 17
- cadmium 4.1 0.6
EPA TCLP test (riported

solubilities), ppm:

- copper 80 - 140 3-10
- zinc 95-170 8-23
- cadmium 0.1-2 0.1-03
Pore water analyses:

-pH 42-53 4.1-52
-Eh, mV 460 - 510 460 - 520
- copper, ppm 137 - 235 23-7.1
- zinc, ppm 170 - 275 50-12
- cadmium, ppm 2.8-42 03-05
Net neutralization potential,

kg CaCOsft -50 -10
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Tab. 2
Concentrations of varios physiological groups of microorganisms
in the soil before and after the treatment

Horizon A Horizon B
Microorganisms
I 11 I II
Cells/g dry soil

Aerobic heterotrophic 7x 108 Ix108  6x10°  3x10¢
bacteria

Oligicarbophiles 6x 107 3x107  1x105  5x10°
Cellulose-degrading 3x 107 1x10  5x10°0 3x10°

microorganisms

Nitrogen-fixing bacteria 2x 10° 2x 105  S5x10*  1x10*
Nitrifying bacteria 5x10° 3x106 3x10°  4x10°
Chemolithotrophic 9x 10 2x108  5x10°  3x10°
sulphuroxidizing bacteria

Anaerobic heterotrophic 1x 10 1x10°  3x107 2x107

bacteria

Denitrifying bacteria
Anaerobic bacteria
fermenting carbohydrates

S5x106  1x108
3x 108 1x108

7x 108
3x10°

8x 10°
6x 10°

with gas production

Sulphate-reducing bacteria 3x10° 1x10¢  5x10°  1x107
Actinomicetes 1x 10 5x10° 3x10°  1x10°
Fungi 1x 10 Ix106  7x10°  8x10°
Total cells number 9x 108 9x 108 5x107 4x107

Notes: I - Before treatment Il - After treatment (the analyses were
carried out immediately after the end of the immobilization phase, in
the end of October 1993, i. e. before the remediation of the treated so-
il by grassing and additions of fertilizers, animal manure and line

ned species) enhanced considerably the rate of sulphide
oxidation and metal solubilization. After the inoculation,
the introduced microorganisms rapidly formed a stable
community with the indigenous microflora. The treat-
ment of the contaminated soil was carried out in situ by
means of a flushing system. The soil was initially ploug-
hed up (in March 1993) to a particle size less than
30 mm to enhance the natural aeration inside the upper
soil horizons (A and B1). Then the ploughing was repea-
ted several times, at least once per month, until the end
of July 1993.

The microbial inoculum was added to the ploughed soil
together with slightly acidified water (pH of about 3,0 -
3,5 with sulphuric acid) containing ammonium and
phosphate ions. The irrigation of the soil with such solu-
tion was carried out to adjust the initial humidity of the
soil to about 40 - 45 % and to provide the soil microor-
ganisms with the most essential nutrents. Then the hu-
midity was maintained at the desired level by periodical
irrigation with above mentioned solution. During irriga-
tion, subsurfase soil received oxygen dissolved in the so-
lution. Then films of water were formed on the soil par-
ticles. These films were in contact with air, due to the
high porosity of the soil, and oxygen diffused into the
films. The oxygen transport was found not to be a rate li-
miting factor in this situ treatment operation.

It was found that the suitable changes of essential envi-
ronmental factors in the soil ecosystem (optimum hurmni-
dity, pH in the range 3,0 - 3,5, enhanced natural aeration,
presence of nutrients) resulted in a considerable stimula-

tion of the microbial activity, especially of the sulphide-
oxidizing chemolithotrophic bacteria. This was connected
with a steady decrease of the bioleachable metal fraction
in the upper soil horizons and with an increase of the
contents of soluble heavy metals in the pore solution.
The soil was washed periodically with slightly acidified
water to remove these soluble metals and to transfer them
into deeply located soil horizons. An effective collection
system was constructed to prevent solution migration and
pollution of underground waters. The pregnant solutions
collected by this system were treated to remove the solub-
le metals by means of sulphate-reducing bacteria growing
in an anaerobic cell containing waste organic materials
(spent mushroom compost, animal manure and straw) as
sources of carbon and energy for these bacteria.

At the end of July 1993 most of the bioleachable me-
tals were turned into mobile forms (mainly as the rele-
vant sulphates) and were transferred into the deeply loca-
ted soil horizons (mainly to the horizon B2). The treat-
ment caused considerable changes in the composition of
the soil microflora (Tab. 2) but the main physical and
water properties of the soil were altered only to a small
extent. The temperature of the soil was an essential factor
affecting the microbial growth and activity. The highest
rates of metal solubilization and removal were observed
during the summer months (June-July 1993) when the
temperature inside the soil profiles was the range of
17 - 32 °C. The process was efficient even at temperatu-
res as low as 10 °C but practically stopped during the
cold winter months (from December to February) as it
was found by preliminary investigations carried out in
another section of the same contaminated site.

After the above-mentioned stage of enhanced bacterial
oxidation of sulphide minerals, the soil was washed with
fresh water to increase the soil pH to its initial values of
about 4,5 - 5,5. Then the soil was irrigated with water
containing soluble organic compounds (wastes from the
agriculture and paper industry). These organics-bearing
aqueous solutions reached the soil horizon B2 and provi-
ded the anaerobic sulphate-reducing bacteria inhabiting
this deeply located horizon with sources of carbon and
energy. The hydrogen sulphide produced by these bacteria
precipitated the soluble heavy metals in the form of the
relevant insoluble sulphides. These precipitated sulphides
were further immobilized by their sorption on the clay
minerals present in the horizon B2. The duration of this
metal immobilization phase was about three months
(from the beginning of August to the end of October
1993). Then the grassing of the treated soil, the addition
of certain fertilizers and animal manure as well as the pe-
riodical ploughing, liming and irrigation restored comple-
tely the physical, water and biological properties of the
soil. No soluble forms of heavy metals in concentrations
higher than the permissible levels were detected so far
(May 1996) in the horizons A and B1 since the end of
October 1993. The above-mentioned method seems espe-
cially attractive for treatment of acid soils with a high
permeability and containing the metal contaminants ma-
inly in the form of the relevant sulphide minerals. Its ap-
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plication depends on the presence of an impermeable geo-
logical barrier beneath the soil profiles. The treatment
costs are markedly lower than those. of the other in situ
methods used for such purposes.
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Abstract

Influence of heavy metals (gold, zinc, cadmium) on the ATPase activity and transmembrane poten-
tial (AW) as integral index of bacterial cells membrane processes intensity has been studied. It was
shown that studied membrane systems of bacteria are very sensitive to action of heavy metals and they
can serve as an indicators of resistance or sensitivity of bacterial cultures.

Key words: heavy metals, membrane processes, transmembrane potential, ATPase activity

VyuZitie bakteridlnych membranovych procesov pri zakoncentrovavani tazkych kovov

Skiimal sa vplyv tazkych kovov (Au, Zn a Cd) na aktivitu ATP4zy a na hodnotu transmembranového
potencidlu ako celkového ukazovatela intenzity bakteridlnych membranovych procesov. Ukéazalo sa,
Ze Studované membrénové systémy si vysokocitlivé na vplyv a pritomnost taZkych kovov
a moZu sliZit ako indikétor citlivosti alebo odolnosti daného bakteridlneho druhu voci tazkym kovom.

The heavy metals influence on various bacterium spe-
cies manifests itself on two levels. The first level is asso-
ciated with the metal shortage in the external medium
that results in the functioning disturbance of the bacte-
rium enzymes for which these metals are necessary as
microelements. In this case not simple metal presence
but the metal presence in accessible form for the utiliza-
tion plays an important role (Sterritt and Lester, 1980;
Collins and Stotzky, 1989; Gadd, 1992; Gadd and Grif-
fiths, 1978; Gadd and White, 1989).

The second one is stipulated by the toxic action of the
surplus metal quantity that causes the enzyme inactiva-
tion and/or the cell structure destabilization (Gadd and
Griffiths, 1978; Karnachuk, 1995). In particular, the hea-
vy metal toxicity can display itself by the cell permeabi-
lity disturbance of membranes (Lebedev, Kuzovnikova
and Phyodorov, 1987). The membrane enzymes in a sys-
tem, first of all, sense the aggressive influence of sur-
rounding medium and this affects the process run with
their participation. Therefore, their sensibility can be used
as an indicator of the heavy metal toxicity to a certain bacte-
rium species, on the one hand, and can serve as the crite-
rium of the microorganism resistance, on the other hand.

While studying the direct influence of heavy metal ions
on the ATPase activity it was shown that the membrane
ATPase of bacteria can be used during the assessment of
the heavy metal toxicity and its mechanism as to the pro-
cariotic organisms (Gruzina, Balakina, Karamushka and
Ulberg, 1996). At the same time, the indirect assessment
methods for the metal toxicity based on the study of the
functioning efficiency of the ATPase have been proposed
ten years ago (Gadd, Mowll, White and Newby, 1986)
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and are successfully applied for the investigation on the
interaction of the eucariotic unicellular organisms with
heavy metals (Karamushka and Gadd, 1994; White and
Gadd, 1987).

In order to develop the knowledge about the specific
response of the bacterial cells on acting by heavy metals
on them, the influence of ions of gold (KAuCl,), zinc
(ZnCl,) and cadmium (CdCl,) on the integral intensity
index of the membrane processes - the transmembrane po-
tential (A W), one of the main generators of which is the
ATPase was studied in the presented paper.

Materials and methods

Bacillus cereus ATCC 14579, Bacillus cereus B4368
and Alcaligenes eutrophus CH34 bacterial strains were
used in the work. The B. cereus B4368 strain was separa-
ted from the technogene waters contaminated by heavy
metals and was capable to accumulate in considerable
quantities some metals, in particular, copper and gold
(Ulberg, Karamuska and Gruzina et al., 1992; Karamush-
ka, Ulberg and Gruzina, 1990; Ulberg, Karamushka, Gru-
zina, Chopik and Dukhin, 1990). The museum strain B.
cereus ATCC 14579 was taken for the comparison. The
initial strain A. eutrophus CH34 contained plasmids de-
termining the resistance to many heavy metals (Diels and
Mergeay, 1990) and was kindly supplied by doctor
L. Diels (VITO, Mol, Belgium).

The biomass of all cultures was concentrated by centri-
fugation and was reprecipitated in the medium containing
25 7 mM of tris-HCI, pH 7.5, 1 % of glucose (medium
A). During the investigation of toxicity of the zinc, cad-
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mium and gold chlorides (the gold chloride was in the tet-
rachloroaurate form, HAuCl,) was used.

The plasmatic membranes were separated from the cell
bacteria and were analyzed by previously described met-
hods (Karamushka, Ulberg and Gruzina, 1990). The spe-
cific ATPase activity of the preparations was registrated
as the increasing of the inorganic phosphate concentration
(Pinorg) in the medium by the Fiske-Subbarow’s method
(Fiske and Subbarow, 1925). The results were represented
in the relative units A/Ao, where Ao is the rate of the
ATPase response of the intact plasma membrane, A is
the same index for the membrane preparations modified
by additions.

The measurement of the bacterium transmembrane po-
tential was carried out by the penetrating ion methods
(Skulachyov, 1989; Grinius, Daugelavichus and Alkima-
vichus, 1980).

The curves given in the Figures are typical in the series
including not less than three repetitions.

Results and discussion

Earlier (Gruzina, Balakina, Karamushka and Ulberg,
1996) we had investigated the sensivity of the membrane
ATPase of the bacterial strains A. eutrophus CH34 as to
the heavy metal row (Au, Cu, Zn, Co, Mn) and it was
shown that the efficiency of the inhibition of the ATPase
activity by the given metals coincided with the efficiency
of their inhibiting influence on the growth of the bacte-
rial cultures under investigation. In this connection we
assumed that the ATPase can be one of the targets for the
influence of heavy metals on the bacterial cells and the
analysis of this parameter is important for the metal toxi-
city understanding. In this case, however, the use of the
ATPase as an indicator of the toxicity is complicated by
the necessity to obtain the membrane fractions and by the
biochemical procedures. Therefore, we have assumed that
other indices can be used as an indicator of the toxicity
and the determination on which does not demand the cell
destruction but which depends on the ATPase functioning
and reflects the physiological state of an unicellular orga-
nism.

Such parameter can be the transmembrane potential
(A'W) which is formed on the plasmic membrane as a re-
sult of the ion redistribution between cytoplasm and the
external medium during the ATPase and other generator
functioning and reaches the values of 200 mV order (Sku-
lachyov, 1989; Grinius, Daugelavichus and Alkimavi-
chus, 1980). The AW value is quite sensitive even to in-
significant changes of the surrounding medium. For the
B. cereus B4368 cells it is 170 =+ 7 mV that was calcula-
ted on the base of our experimental data according to the
TPP+ distribution taking into account its bonding by the
cell components and with the assumption that the itracel-
lular volume is 2 ml/mg of dry weight of bacteria (data
for bacilli; Grinius, Daugelavichus and Alkimavichus,
1980). Also the B. cereus ATCC 14579 and A. eutrophus
CH34 cells possessed the potential value close to the gi-
ven one.
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Fig. 1. The Au(Ill) influence on the intensity of the TPP* absorption
by the B. cereus ATCC 14579 (1,1°), B. cereus OB4368 (2,2’) and A.
eutrophus OCH34 (3,3’) bacteria. A - 1, 2, 3 - Au(IIl) is added in the
medium of the AW measurement (see Materials and methods). B - 1°,
2’, 3" - the cells are preincubated with the corresponding Au(IiI) con-
centrations for 10 minutes.
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Fig. 2. The intensity of the TPP+ absorption by the B. cereus ATCC
14579 (1), B. cereus B4368 (2) and A. eutrophus CH34 (3) cells de-
pending on the CdCl,. The cells are preincubated with the metal for
10 minutes.

Trivalent gold introduced into the medium in the form
of tetrachloroaurate rendered an oppressive action on the
transmembrane potential (and consequently on the absorp-
tion of TPP+ by the bacterial cells that was experimen-
tally registrated) of all investigated bacterium cultures
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(Figs. 1 A, B). In this case the decrease in the AW value
depended on the metal order introduction. So, in the case
when gold is in the medium of measurement and was in
the contact with the cells during the TPP+ concentration
registration, the sorption level of the latter decreased by
70-75 % for B. cereus ATCC 14579 (curve 1, A) and for
A. eutrophus CH34 (curve 3, A) in the presence of
90 mM Au(IIl) and by 90 % for B. cereus B4368 (curve
2, A). When the cells-were preincubated with Au(IIl) for
10 minutes, then were quantitatively transferred in cell for
the potential measurement of the considerable decrease in
the registrated parameter. So, already Au(III) 20 mM prac-
tically completely deprived the A. eutrophus CH34 of the
ability to accumulate TPP+ (curve 3, B). The B. cereus
B4368 cells looked to some extent more stable which we-
re oppressed at the given Au(III) concentration by 60 %.

The study of the bacterial cell activity, preliminary in-
cubated in the solution with the ions of the metals under
investigation, has allowed to detect the following regula-
rities. As it follows from Fig. 2, also in the presence of
the cadmium ions, the dissipation of the transmembrane
potential of the bacterium strains takes place. The toxici-
ty of this metal, however, was substantially lower than
Au(IID). In particular, the ability of the B. cereus ATCC
14579 and B. cereus B4368 cells to absorb TPP+ (curves
1, 2) decreased by 30 and 50 % respectively at the final
metal concentration 90-120 mM. The sensitivity of the
gram-negative bacteria A. eutrophus CH34 (curve 3) pro-
ved to be higher (70 % oppression of their viability), in
spite of their plasmide-determined resistance to a number
of heavy metals (Diels and Mergeay, 1990).

The TPP+ accumulation by the A. eutrophus CH34
bacteria under the action of the zinc ions (Fig. 3, curve 3)
decreased by 80 %. At the same time both strains of
gram-positive bacilli again displayed great resistance in
the investigated range of this metal concentration (curves
1, 2). Though the behaviour of these curves differs, the
AW dissipation for them did not exceeded 20-25 % at
100 mM concentration of the zinc ions.

The experiments of study of this metal influence on
the ATPase activity, carried out on the membrane prepa-
rations, have shown that A. eutrophus ATPase (Fig. 4,
curve 1) possessed the most sensitivity to the Au(IIl) ac-
tion. The degree of the ferment inhibition grew with the
zinc and cadmiun ion concentration increase, however, it
did not exceeded 30 % of the initial activity (curves 2, 3).

For the comparision we used the B. cereus B4368
membrane preparations. As it is seen from Figure 4, B,
all investigated metals decreased the rate of the ATP hyd-
rolysis approximately only by 30 %. Thus, the experi-
mental data indicate the inhibiting influence of Au(IIl),
Cd,,, Zn,, on the membrane ATPase that can be one of
the reasons for the dissipation of the cell transmembrane
potential. In this case the gold ions were the most toxic
for the bacteria among the investigated ions. This conclu-
sion follows both from dissipation level of the metal in-
hibiting concentration and from the level of the AW dis-
sipation. The A. eutrophus CH34 bacteria on both criteria
proved to be more sensitive as compared with the repre-
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Fig. 3. The intensity of the TPP+ absorption by the B. cereus 14579
(1), B. cereus B4368 (2), A. eutrophus CH34 (3) in the presence of
ZnCl,. The cells are preincubated for 10 minutes.
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Fig. 4. The HAuCl, (1,1°), ZnCl, (2,2’) and CdCl, (3,3’) influence on
the ATPase activity of the plasmic membranes of A. eutrophus CH34
(A) and B. cereus B4368 (B). Incubation medium: 10 mM of tris-HCl
(pH 7.8); 3 mM of MgCl,; 3 mM of ATP.

sentatives of the Bacillus genus. Possibly less resistance
of the gram-negative bacteria is connected with the pecu-
liarities in the structure of cellular wall that was repeated-
ly discussed in the literature (Beveridge, Forsberg and
Doyle, 1982). On the other hand, it is shown that on trea-
ting the cells by the copper ions, the decrease in the cell
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fransmembrane potential of the gram-negative E. coli
occurred as a result of the membrane barrier property dis-
turbance and increase in the membrane conductance for
the cations (Lebedev, Kuzovnikova, Kornev and Phyodo-
rov, 1987; De Rome and Gadd, 1987). Au(IIl), as it was
shown previously (Gruzina, Balakina, Karamushka and
Ulberg, 1996; Karamushka, Ulberg and Gruzina, 1991),
exceeds the copper ions in the row of the efficiency of the
growth inhibition and the bacterium ATPase activity.
Therefore, its expressed toxicity can display itself, on the
one hand, directly in the inhibiting influence on ATPase
and other main AW generators (Karamushka, Ulberg and
Gruzina, 1991) and on the other hand, in the destabiliza-
tion of the plasmic membrane and in the disturbance in
the process of oxidizing phosphorescing.

All above said allows to suppose that the described
membrane processes of the bacteria are quite sensitive to
the heavy metals action and can be used in the assessment
of their toxicity and while explaining their mechanisms.
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Abstract

Fungal pellets (diameters ranging from 2 to 10 mm) were obtained from submerged cultivations on
glucose/com-steep medium. Native and processed pellets of wood-rotting basidiomycete Phanerochaete
chrysosporium were used for a comparison of cadmium removal from 100 ppm solution. Native and au-
toclaved pellets showed only negligible difference in Cd uptake, as well as pellets previously cultivated
in the presence of Zn. The treatment of autoclaved peliets with NaOH strongly increased their binding
capacity, while the treatment with HCI was not effective.

Moinosti vyuzZitia bunkovych kultir vy$ich hib na biosorpciu Cd

Pelety s obsahom hib (priemeru 2 - 10 mm) sa ziskali submerznou kultivaciou hib v médiu s obsa-
hom glukézy a kukuri¢ného vyluhu. V $tidii sa vyuZila drevokazn4 bazidiomycétna huba Phanerochae-
te chrysosporium. Pelety sa ziskali zo Zivych alebo usmrtenych a néasledne spracovanych buniek. Bio-
sorp&nd schopnost sa testovala pri potiato¢nej koncentracii kadmia (od 100 ppm). Medzi Zivymi
a usmrtenymi bunkami a bunkami kultivovanymi v médiu s pridavkom Zn neboli zdsadné rozdiely. Bio-
sorp¢né schopnost usmrtenych (autoklavovanych) buniek bola stimulovani pdsobenim NaOH. Pridavok

HCI po autokl4vovani viedol k zniZeniu sorp&nej schopnosti.

Introduction

Biosorption may be used as an additional step in che-
mical removal of toxic metals from industrial water. This
process involves in binding heavy metals to the outer
structures of cells. Different biological material has been
tested so far, including filamentous bacteria, yeasts, algae
or fungi (Volesky and Holan, 1995). Filamentous bacte-
ria or filamentous fungi, generated as waste by-product of
large-scale industrial fermentations served as sources of
highly effective and economic metal biosorbents in many
studies (Siegel et al., 1990; Fourest et al., 1994; Brady
and Tobin, 1995). Only several investigators have worked
on metal accumulation using mycelium of higher fungi
(e. g. Nakajima and Sakaguchi, 1993; Sanglimsuwan
et al., 1993: Gabriel et al., 1994).

The aim of this work was to compare biosorption of
cadmium to native and processed mycelium of wood-rot-
ting basidiomycete Phanerochaete chrysosporium.

Material and methods

Fungus and cultivation. The basidiomycete Phanero-
chaete chrysosporium (CCBAS 571) was cultivated on
liquid glucose/corn-steep medium (Gabriel et al., 1994).
Pellets from exponential phase of the growth were har-
vested, washed and immediately used for biosorption ex-
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periments. Pellets from stationary phase of the growth
were harvested, autoclaved and then washed with water.
Part of autoclaved pellets was then treated with either
5M NaOH or 1M HCl for 12 h at laboratory temperature.
After washing with water (to neutral pH) the pellets were
used for biosorption experiments. Zinc pre-treated pellets
were obtained from submerged cultivation in the presence
of 1 mM or 0.1 mM zinc acetate. Dry weight of all types
of pellets was determined.

Biosorption. Cd uptake was studied in 250 mL Erlen-
meyer flasks. Pellets (5 g wet weight) were incubated
with 25 ml of 100 ppm cadmium nitrate (pH 5.90, un-
buffered). Samples (0.5 mL) were taken after 0, 5, 10,
15, 30, 60 and 120 min of incubation and were centrifu-
ged before analysis.

Cadmium determination. Concentration of cadmium in
solutions was determined chromatographically as a com-
plex with diethyldithiocarbamic acid using a reversed-pha-
se stationary phase as described previously (Gabriel et al.,
1996).

Results and discussion

Wood-rotting fungi similarly to other filamentous fun-
gi form branching mycelium. When cultivated submer-
gedly, wood-rotting fungi give pellets with diameter ran-
ging from 2 mm to 2 cm. Electron microscopic photo-
graphy of mycelial pellet shows individual hyphae
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Fig. 1. Surface of Phanerochaete chrysosporium pellet from a 6-d
submerged cultivation (Magn. 1350 x).

(Fig. 1). Mechanical properties of pellets of wood-rotting
fungi are similar to those of lower fungi, and they can be
easily cultivated on various sugar containing industrial
wastes. Contrary to mycorrhizal or other terrestrial species
they can be found in high yields in submerged cultivation.

In our previous work, cadmium biosorption to native
pellets of 20 species of wood-rotting fungi was studied
(Gabriel et al., 1996). In some basidiomycetes, cadmium
uptake was higher than 100 mg Cd/g dry biomass which
is considerable higher value than that achieved with Rhi-
zopus sp., Penicillium sp. or yeasts (Volesky and Holan,
1995). Here, we report different biosorption of cadmium
to native and processed pellets of the white-rot basidio-
mycete Phanerochaete chrysosporium.

Tab. 1
Cd removal from solution after 2 h of incubation at 25 °C
(initial concentration 100 ppm)

Biosorbent (P.chrysosporium)  Cd removal Cd content in pellets
(in %) (mg Cd/g d.w.)
Native pellets 59.0 10.89
1.0 mM Zn pre-treated 64.0 7.17
0.1 mM Zn pre-treated 64.2 11.26
Autoclaved pellets 62.7 7.11
5M NaOH treated 100.0 9.43
1M HCl treated 14.0 1.36

Native pellets were obtained from a 6-d cultivation on
nutrient rich liquid medium. Biosorption of Cd to dead
mycelium was performed with autoclaved pellets from

a 20-d cultivation. In addition, some autoclaved pellets
were underwent to further treatment with NaOH or HCl
as described in Material and Methods. Possible effect of
biogenic metals as “inductors” of metal binding sites was
tested with zinc supplemented to the culture medium be-
fore inoculation.

Under the conditions described, equilibrium concentra-
tion was reached within 1 - 2 h. Efficiency of Cd removal
was calculated from samples taken after 2 h of incuba-
tion. Cd content in mycelia was calculated from the Cd
content in solution (followed by HPLC) and from the dry
weight, which ranged from 2.6 to 5.3 % of the wet
weight. No sorption of cadmium on glass flasks was ob-
served. Each sorbent was tested in triplicate.

Native pellets of higher fungi have been reported as
efficient biosorbents for precious metals such uranium
(Nakajima and Sakaguchi, 1993) or toxic metals such
cadmium (Gabriel et al., 1996). Our results indicate furt-
her possibilities of improvement of heavy metal bio-
sorption by mycelial biomass of higher fungi. Addition
of zinc to the culture medium enhanced only slightly
metal binding capacity of pellets. Cadmium uptake was
significantly affected by the acidic or alkaline treatment
of the autoclaved pellets. SM NaOH treated pellets accu-
mulated 90 % Cd from the solution during 1 h. No cad-
mium was detected after 2 h (Tab. 1). Reduced uptake
was observed in the case of autoclaved mycelium treated
with 1M HCI, probably due to partial destruction of bin-
ding sites.
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Abstract

Metallophilic microorganisms (MM) are those which possess at least one of the properties mentioned
below i) inability to live under low metal concentration in the medium (so called hallophiles); ii) capabi-
lity to survive under relatively high metal concentration (resistant/tolerant microorganisms) and iii) ca-
pability to concentrate metal from water and/or soils by any possible mechanism. Collection of MM has
been created in the Institute of Biocolloid Chemistry, Kyiv.

Collection includes bacteria, cyanobacteria, microalgae and fungi obtained from technogenic water
(waste of juvelery and gold enterprises, ore water of mining factories, etc.) and natural sources (Char-
nobyl zone soils, gold ores from Middle Asia and Russian Far East, deposits of tungsten and other me-
tals, etc.).

Some properties of microorganism have been investigated. It was shown that MM included in the
Collection can be used in biotechnological processes for i) biosorbtion of heavy metals, ii) enrichment
of raw material which contains precious metals by bioflotation and for iii) biodestruction of metallo-
complexes (first of all, cyanocomplexes).

The some results of properties investigation of MM from the Collection and experiences of MM use
in the processes of metals removal from contaminated water and raw materials treatment are discussed.

Key words: metallophilic microorganisms, heavy metals, biosorption, bioflotation

Vlastnosti a biotechnologické vyuZitie metalotrofnych mikroorganizmov zo zdrejov
kontaminovanych kovmi

Metalotrofné mikroorganizmy (MM) si také, ktoré vykazuji aspoii jednu z tychto vlasmosti: 1. schopnost
preZivat a rdst iba v médiach s ur¢itymi minimalnymi koncentraciami kovov (tzv. halofily); 2. schopnost
preZivat (a rast) aj v médiach s extrémme vysokymi koncentraciami kovov (rezistentné alebo tolerantné
mikroorganizmy); 3. schopnost lubovolnym mechanizmom akumulovat alebo koncentrovat kovy z v6d
a pod. V Institite biokoloidnej chémie v Kyjeve bola vytvorena zbierka MM. Zbierka obsahuje baktérie,
cyanobaktérie, mikroskopické riasy a huby izolované z technogénnych v6d (napr. z podnikov na vyrobu
biZutérie a spracovanie zlata, podnikov na ta¥bu rid, atd.) a prirodnych zdrojov (p6d z oblasti Cernobylu,
loZisk zlatych rid zo Strednej Azie a ruského Dalekého Vychodu, atd.). Skimali sa u¥ aj niektoré vlast-
nosti MM. Ukézala sa moZnost ich vyuZitia na biotechnologické tcely, a to: biosorpciu taZkych kovov, bioflo-
tatné obohacovanie rid obsahujicich drahé kovy, biodeStrukciu metalokomplexov (najmi kyanokomple-
xov). Cldnok zhfia poznatky o vlastnostiach MM a ich biometalurgickom vyu¥iti.

Introduction

It is well known that many aquatic microorganisms can
accumulate dissolved heavy metals and radionuclides from
their surroundings (Greene and Darnall, 1990; Gadd,
1988; White and Gadd, 1990). Moreover, some microor-
ganisms can take up metals and their insoluble com-
pounds in fine dispersed form (Weinrigth, Grayston and
De Jong, 1986). It was shown that such processes can be
quite selective (Ovcharenko, Ulberg, Pertsov, Kogan and
Garbara, 1987). Microorganisms capable to be resistant
or tolerant to heavy metals, to accumulate metals in dis-
solved form as well as to aggregate with colloidal and fi-
ne dispersed mineral particles and those inable to live un-
der low metal concentration in the medium (so called hal-
lophiles) were called “metallophilic” (Ovcharenko,
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Ulberg, Pertsov, Kogan and Garbara, 1987). To date,
such microorganisms have many implementations in the
processes of metal containing water purification because
biosorption and bioaggregation are of importance for the
removal of potentially toxic and/or valuable elements
from natural and waste waters. Biotechnological processes
of water purification and mineral resourses treatment can
not fully substitute physicochemical techniques develo-
ped. However, due to some advantages (relatively low
cost, environmental and economical profit, possibility to
recycle extracted metals, reuse of biosorbent regenerated,
etc.), biotechnology seems to be promising and effective
for the solution of certain concrete problems.

The paper presents some results of technogenic
metallophilic microbial strains formation, investiga-
tion and using.
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Fig. 1. Generalized scheme of the removal of heavy metals/radionuclides/compounds from aquatic (waste/natural waters) and solid (soils/ores) sources.

Methodology the papers (Karamushka, Gruzina and Skljarov, 1992;
Garbara, Stepura, Ulberg and Pertsov, 1992; Ulberg and

Methods of Bacteria and Algae strains separation, puri- Garbara, 1990).
fication, identification, cultivation, characterization as Description of the methods of investigation of microor-
well as methods of biomass preparation are described in ganism/metal interaction, flotation and relevant analytical
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procedures are presented in details in the previous publica-
tions (Ulberg, Karamushka, Vidybida, Sericov, Dukhin,
Gruzina and Pechenaya, 1992; Karamushka, Gruzina and
Skljarov, 1992; Garbara, Stepura, Ulberg and Pertson,
1992; Stepanenko and Garbara, 1992).

Technogenic microbial strains

The scheme depicted in Fig. 1 shows that general app-
roach to the creation of new biotechnological processes in
combination with other techniques for metal containing
waters and soils/ores treatment consists of three stages.
Formation of the specific technogenic strains is first one
of them. This stage includes separation of microorga-
nisms from contaminated waters and/or soils/ores, their
cultivation, examination, identification and laboratory si-
mulation of the processes of soluble metal biosorption,
coagulation of cells with metal/mineral disperse particles
and mineral suspensions flocculation by products of mic-
robial origin. The most effective strains obtained on this
stage are the technogenic ones. They are used in the real
processes of water purification (biosorption technologies)
and the treatment of metals containing soils (ores) (bio-
flotation technologies) (second stage). The metal conce-
trates obtained are subjected non-biological treatment to
get final product on stage 3.

Biosorption properties of microorganisms

As can be seen from the data presented in Fig. 2, living
cells of certain strains can rapidly accumulate the ionic gold
introduced into the medium at low (subletal) concentra-
tions. Free metal concentration in the medium, after sharp
decrease, remains unchanged and an apparent equilibrium in
the system is reached within a few minutes. But at first,
the sorptional efficiency of different strains are very diverse
(curves 1, White and Gadd, 1990; Weinrigth, Grayston and
De Jong, 1986; Ulberg, Karamushka, Vidybida, Sericov,
Dukhin, Gruzina and Pechenaya, 1992; Ovcharenko, Ul-
berg, Pertsov, Kogan and Garbara, 1987). At second, value
of this parameter for microbial cells inactivated by heating
on the water bath is much lower (curves 1-2). The data ob-
tained indicate that we are dealing with a complex process,
which cannot be regarded as a solely physico-chemical
sorption. There are many factors influencing accumulation
process. Most essential of them are i) type (strain) of mi-
croorganisms; ii) physiological state of microbial cells/cul-
ture; iii) physico-chemical characteristics of external me-
dium (type and concentration of ions, temperature, pH, etc.).
For example, the sorptional properties of biomass change
sharply in mixed solutions (Fig. 3) and this feature can be
used for biosorbent construction. Therefore comprehensive
examination of microbial behaviour in metal ions solutions is
necessary to choice most convenient biosorbent.

Microbial interaction with mineral particles

It was revealed that some of the examined microorga-
nisms possess an property to aggregate with metal sol

G, mg Au/g biomass

100 T— ————x

%5

20 30 40 50 60
t, min

Fig. 2. Ionic gold accumulation by Bacillus cereus B4368. (1 - living,
2 - inactivated cells), Bacillus subtilis B1727 (3), Pseudomonas iodi-
num sp. (4), Chlorela vulgaris A10 (5) and Spirulina platensis sp. (6) in
model batch systems. Initial gold concentration, 0.03 mM; biomass
concentration, 120-130 (1-4, 6) and 80 (5) mg dry weight/L.
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Fig. 3. Tonic gold accumulation by living (1, 2) and inactivated (3, 4)
cells of Spirulina platensis sp. in the presence of manganese ions. Gold
(tetrachloroaurate) was added before (1, 3) and 15 min after (2, 4)
manganese.
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Fig. 4. Kinetics of the concentrating of gold particles by the bacteria. Co
- initial gold sol concentration, Ct - concentration of gold sol not linked
by the cells at the time moment t. Incubation medium: 2,5 mM Tris-HCI
(pH 7.8), 7.35 mg of gold in 1 L (Co), 70 mg of cells dry weightin 1 L
(1): 5 mM Na, K-phosphate buffer (pH 7.5), 12.75 mg of gold in 1 L
(Co), 150 mg of cells dry weight in 1 L (2-4) as well as 0.001 mM gra-
micidin D (2), 0.00001 mM pentachlorophenol (3). Cells was washed af-
ter preincubating in the medium with 0.0001 mM PCP in the case (4).
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particles in solutions and to form stable bioaggregates
with finely dispersed particles. For example, Bacillus ce-
reus B4368 living cells are quite effective in the process
of interaction with colloid gold (Ulberg, Karamushka, Vi-
dybida, Sericov, Dukhin, Gruzina and Pechenaya, 1992).

Special experiments on analyzing the stability of a bio-
mineral aqueous suspensions of living microbial cells and
mineral particles ascertained three essential facts. Firstly,
arbitrarily selected microorganisms at incubation in a su-
spension with arbitrarily selected hydrosols are in number
of cases capable of forming combined aggregates.

Secondly, at the existence of such an interaction living
cells aggregate with sol particles much more effectively
than inactivated cells of the same strain do. And, thirdly,
the degree of heterocoagulation of cells of one and the sa-
me strain of microorganisms is substantially dependent
on the nature of sol particles.

Among the microorganisms there turned out to be such
ones that effectively fixed gold sol particles on their surfa-
ce. The testing of wild and museum strains of bacteria, per-
formed in our laboratory, demonstrated such strains to be
encountered fairly often (Garbara, Stepura, Ulberg and Pert-
son, 1992). We selected from them the bacteria Bacillus ce-
reus B-4368 for the model studies (Ulberg, Karamushka,
Vidybida, Sericov, Dukhin, Gruzina and Pechenaya, 1992).

When these cells had been taken at the exponential pha-
se of growth or at the beginning of the strationary phase,
the nutrient medium had been washed off, and an aliquot
of colloidal gold solution had been added to the suspen-
sion, after 30 minutes practically all the metal particles
were fixed by cells, which then sedimentated slowly (Fig. 4,
curve 1). It is important to note that process of heterocoa-
gulation can be blocked by using of metabolic inhibitors
(curves 2-4) and this feature we used for control of bioab-
sorption (Karamushka, Gruzina and Ulberg, 1995).

Tab. 1
Efficiency of flocculation of insoluble metal compounds by non-iden-
tified bacteria strains (Collection of Institute of Biocolloid Chemistry)

Disperse phase

Strain
CaCO; SrCO, UO, SiO, Fe,03 AlLO,

R10-5 - - ++ - - -
R10-4 - - ++ - - -
Acr-9 ++ ++ ++ - - -
Ca-2 ++ ++ - - - -
D-13 ++ ++ + - - -
R10-6 + + ++ - - -

- no flocculation, + - weak flocculation, ++ - intensive flocculation

As a rule, such interactions are specific (see Tab. 1) and
therefore may be used for concentrating of certain com-
pounds from mixed suspensions.

Microorganisms as flotoreagents

The above-mentioned observations were assumed as
a basis for the developed process of flotation of ultrafine
gold from real industrial objects. As example, a high clay
fraction of a kaolin-dickite ore, containing fine dispersed
gold in amount of more than 85 %, was used in the expe-
riments. Flotation was performed in two steps. At the ba-
sic flotation using traditional reagents, potassium butyl
xanthogenate (PBX) and a foamer, gold floatable particles
were transferred to the concentrate, after that, the control
flotation was carried out using the biomass cells. Bacte-
rial cells were introduced in the system in different states:
the cells previously washed off from the nutrient medium
residues and metabolites, and resuspended in tap water,
native biomass of the cells. Another experiment was con-

Tab. 2
Indices of biofloccular flotation of fine dispersed gold. Bacillus cereus B-5039 biomass as flotoreagent

Extraction (in %)

No. Flotation products Yield Gold content Flotation conditions
(in %) (g/t) From the initial ~ After the step

1 Basic concentrate 6.9 78.67 49.8 49.8 ‘Without microorganisms
Control concentrate 6.4 12.77 7.5 14.9
Tailings 86.7 5.37 Total = 57.3
Initial ore 100 10.9

2 Basic concentrate 7.1 72.11 48.3 48.3 Washed off cells, 100 g/t
Control concentrate 6.3 21.20 12.6 244
Tailings 86.6 4.79 Total = 60.9
Initial ore 100 10.6

3 Basic concentrate 7.4 79.37 50.2 50.2 Washed off cells, 300 g/t
Control concentrate 6.7 25.84 14.8 29.7
Tailings 85.9 4.77 Total = 65.0
Initial ore 100 11.7

4 Basic concentrate 7.0 81.92 51.2 51.2 Washed off cells, 500 g/t
Control concentrate 7.2 23.33 15.0 30.7
Tailings 85.8 441 Total = 66.2
Initial ore 100 11.2

5 Basic concentrate 7.2 76.93 49.9 49.9 Cells (40 g/t) with nutrient medium
Control concentrate 7.0 29.02 18.3 36.5
Tailings 85.8 4.11 Total = 68.2
Initial ore 100 11.1
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ducted with the aim to check the influence of an eluate
(a solution remained after the cell centrifugation) on the
flotation indices. The flotation was carried out without
medium regulators at natural acidity of the pulp (pH 7.3).
The results are summarized in Tab. 2.

The obtained results convincingly testify to the positi-
ve effect of specific microorganisms on flotation of fine
dispersed gold.

‘Conclusions

Technogenic microbial strains for use in biosorption
and bioflotation processes are presented in Collection of
Institute of Biocolloid Chemistry, National Academy of
Sciences of the Ukraine.
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Abstract

The influence of bacterial strains of Bacillus genus on the structure of mineral samples in the form of
polished sections, quartz and granulated mineral-processing products of the Hodrusa deposit was studied
in our experiments. These bacterial strains were isolated from soil samples taken on a 15th-century-bul-
gunniakhs site in “Liky pod Tanidom” near Bansk4 Stiavnica and inoculated individually as well as in
mixture. The polished sections were of an allotriomorphic and granulated structure of mineral aggrega-
tes. Quartz and alumosilicates dominated in the polished sections. There were also traces of sphalerite,
galenite, rhodonite, pyrite and gold aggregates in those polished sections. The pulverulent and granulated
samples included the flotation concentrate (FC), the flotation waste (FW) and the gravitational concen-
trate (GC). In the FC dominated sulphidical minerals, namely pyrite, sphalerite and galenite, including
gold prevailing above quartz mineral phase. The FW contained the big amount of quartz and alumosili-
cates with admixture of sulphidic minerals. The GC was dominated by quartz. Pyrite and chalcopyrite
were found in the GC quartz. The ability of studied bacteria to destruct some silicates in the presence of
metal cations was confirmed by morphological changes of mineral surface in comparison with control
sample after 20 days of bioleaching.

The presence of vegetative bacterial cells in Erlenmayer flasks was detected by light microscopy af-
ter their Gram staining and the spores were stained by malachite green.

The main metabolites of our bacterial strains were detected by capillary isotachophoresis method.
There were detected acetic acid, butyric acid, pyruvic acid, lactic acid and formic acid. The biodegra-
dation ability of our strains was confirmed also by the X-ray analysis as well as by the atomic absorption
spectrometry.

Key words: Bacillus, bioleaching, silicates

Predbeznd charakteristika baktérii rodu Bacillus izolovanych zo starych banskych hald

V naSich experimentoch sme §tudovali vplyv baktérii rodu Bacillus (jednotlivych kmetiov ako aj ich
zmesi) izolovanych zo vzoriek odobratych z pingového pola vytvoreného tazbou v 15. storo¢i na Lu-
kach pod Tanddom pri Banskej Stiavnici na 3truktru nabrusov, praSkového kremetia a praskovych - zr-
nitych produktov dpravy z loZisk Hodruga. Nabrusy boli allotriomorfno-zrnitej Struktiry mineralnych
agregdtov s prevlddajicim kremetiom a alumosilikdtmi, v ktorych boli vtrisené agregéty sfaleritu, gale-
nitu, rodonitu, zlata a pyritu. X pra§kovozrnitym produktom dpravy patrili: flotaény koncentrat (FC), flo-
taény odpad (FW) a gravita¢ny koncentrit (GC). Vo flotatnom kencentrate prevaZovali sulfidické mi-
nerdly, a to pyrit, sfalerit a galenit s obsahom zlata nad kremennou minerdlnou fizou. Flota¢ny odpad
obsahoval velké mnoZstvo kremetia a alumosilikatov s primesou sulfidickych minerdlov. V gravitaénom
koncentrate prevaZoval kreme, pyrit a chalkopyrit. Schopnost baktérii ztastiiovat sa na destrukcii vy-
branych silikatov v pritomnosti kovovych katiénov bola potvrdend na zaklade morfologickych zmien mi-
nerdlneho povrchu v porovnani s kontrolnou vzorkou po 20 diioch biolthovania. Pritomnost baktérii sa
sledovala priebeZne svetelnou mikroskopiou po sfarbeni podla Grama (vegetativne bunky) alebo mala-
chitovou zeletou (spéry). Izotachoforetickou metédou boli tieZ zistené hlavné metabolity nadich kme-
Hov, a to kyselina octové, maslovd, pyrohroznovd, mlie¢na a mrav¢ia. Biodegrada¢nd schopnost nasich
kmetiov bola potvrdend aj rontgenodifrakénou analyzou a atémovou absorpénou spektrofotometriou.

Bacteria of Bacillus genus are ibiquitous and common
soil microorganisms which are, at present, one of sub-
jects of increasing inter=st of researchers. One of reasons
of such interest are considerations concerning their pos-
sible industrial use in solid mineral waste biodegradation
as well as in biosorption of heavy metals from solutions
in future. These microbial species play an important role
in silicates biodegradation during process of disintegra-
tion of rocks (Karavaiko et al., 1980). The results of the-
ir activity are both geochemical and structural changes of

W

silicate minerals and rocks. Tesic and Todorovic (1952)
have proposed that so-called “silicate bacteria” belong to
the Bacillus circulans group. They can be isolated by
placing small soil particles on nitrogen-free agar media.
Pure cultures can be obtained by restreaking on a nu-
trient agar supplemented with 0.5 % (w/v) glucose. The
mechanism of microbial destruction of silicates and alu-
mosilicates by these bacteria is not explained yet, howe-
ver, it is known that their activity leads for example to
the decrease of Si content in bauxites of lower quality
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. it ey
Fig. 3. The biological and chemical destruction of quartz
{magn. 2500x).

Fig. 5 A alumosilicate in abiotic control (magn. 650x).

(Groudeva and Groudev, 1983), to extraction of Al, Ti,
U, Au and other elements from silicates and alumosilica-
tes (Groudev, 1990). The application of silicate bacteria
in kaolin treatment may be also important, when there
was observed an improvement of some physical-mecha-
nical properties as whiteness, plasticity, firmness and
decrease. of fire-temperature after their activity

k- & st & ;
Fig. 4. The bacterial destruction of alumosilicates (magn. 1490x).

Fig. 6. Galenite visible after the biodegradation of alumosilicate
(magn. 810x).

(Groudev, 1990). There were written down also the posi-
tive results of the application of these bacteria in waste-
water cleaning of toxic metals, when there were useful
their bioaccumulation properties (Mullen, 1989).

QOur bacterial strains of Bacillus species were isolated
from soil samples taken on a 15th-century-bulgunniakhs
site in “Liiky pod Tanddom” near Bansk4 Stiavnica after
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Fig. 9. The fine particles of gold in the quartz matrix (magn. 100x).

Fig. 11. Secondary chemical compounds after bacterial leaching
(magn. 3000x).

their heating at 80 °C for 15 min to kill the non-sporofor-
ming species. Individual bacterial strains were obtained by
reisolation on Nutrient agar No. 2 (Imuna, Saridské Mi-
chalany) plates. Bacterial isolates formed on agar plates
two types of colonies - ovoid and rhizoid. For experiment
were chosen as ovoid as rhizoid colonies. These bacteria
were grown in Nutrient broth No. 2 (Imuna) at 28 °C for

Fig. 8. The releasing of pyrite from alumosilicate by bacteria
(magn. 1240x).

Fig. 12. Acantite was formed also after bacterial leaching
(magn. 2500x).

18 hours on a shaker with amplitude of 10 mm and turn
frequency of 4 s, Bacterial cells were subsequently centri-
fugated at 4000 r. p. m. for 15 minutes, then washed twi-
ce with saline (0.9 % NaCl) and individual strains as well
as their mixture were added into Erlenmayer flasks with
Ashby’s solution including mineral samples.

We studied the influence of particular bacterial isolates
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on the structure of minerals. Mineral samples in these ex-
periments used were in the form of:

- polished sections

- quar(z .

- granulated mineral-processing products of the Hodrusa
deposit.

The polished sections were of an allotriomorphic and
granulated structure of mineral aggregates. Quartz and alu-
mosilicates dominated the polished sections. There were
traces of sphalerite, galenite, rhodonite, pyrite and gold
aggregates in those polished sections, too. The pulveru-
lent and granulated samiples including the flotation con-
centrate (FC), the flotation waste (FW) and the gravitatio-
nal concentrate (GC) were also examined. The FC was
dominated by sulphidical minerals such as pyrite, sphale-
rite and galenite including gold in comparison with the
quartz mineral layer. The FW was dominated by both
quartz and alumosilicates with traces of sulphidical mine-
rals. The GC was dominated by quartz. Pyrite and chalco-
pyrite were found in the GC quartz.

Bioleaching of the polished sections as well as pulveru-
lent samples was performed in Erlenmayer flasks filled
with Ashby’s solution inoculated by individual bacterial
isolates of Bacillus genus or their mixture. The abiotic
controls were cultivated under the same conditions.

~ The presence of vegetative bacterial cells in Erlenmayer
flasks was detected by light microscopy after their’Gram
staining (Fig. 1) and the spores were stained by malachite
green.

The morphological changes of surfaces of individual
minerals were investigated by scanning electron micro-
scope and the changes of chemical composition by ener-
gy-dispersion analysis (EDAX) after 20 days of cultiva-
tion. The concentrations of extracted elements from pul-
verulent samples in the leach were determined by the ato-
mic absorption spectrometry on a VARIAN spectrome-
ter. The results of analyses of both leached substrates and
leaches obtained by bacterial activity as well as the re-
sults of abiotic controls analyses (without bacteria) in
experiments were presented earlier in the tables (Styria-
kové and Ku$nierov4, 1995). There are seen the signifi-
cant differences as among bacterial leaching of individual
elements from several substrates as among leaching acti-
vities of individual strains on the same substrates. It is
evident that our bacterial strains (forming ovoid as well
as rhizoid colonies) intensified the extraction of many in-
vestigated elements as for example Al, Si, Pb, Zn, Cu,
Au and Mn.

A part of leach of individual samples after removing of
bacteria was analyzed on isotachophoretic analyser ZKI-001

"(URVT]J, Spi¥skd Novd Ves) by capillary isotachophore-
sis method in suitable electrolytes system because of organic
acids identification by our strains into leach produced. In-
dividual samples (30 ul) were injected into the isota-
chophoretic analyser using a Hamilton syringe. The eva-
luation of organic acids was performed by method of
standard addition (BocCek et al., 1987). Standards of indi-
vidual organic acids were purchased from Merck (Germa-
ny). Five organic acids were detected by capillary isota-

chophoresis method in different concentrations. The ma-
in metabolite of our Bacillus strains on each subsirate
was acetic acid (11-13 units). Other organic acids were
produced in lower levels (butyric acid - 4 units; pyruvic
acid - 3.4-3.6 units; lactic acid - 2.5-2.6 units and formic
acid - 0.5-0.6 units). It is interesting to note that the or-
ganic acids production by our Bacillus strains was simi-
lar on all substrates tested. Only some non-significant
differences among individual strains on several substrates
were detected.

The biodegradation of the sulphidical minerals admix-
tures, mainly pyrite, was approved by the X-ray analysis
of both the FW and the GC. As a consequence of the
bacterial degradation, impregnated ultrafine particles of
the sulphidic minerals were released from the domina-
ting quartz matrix. Due to diminished granularity of the
sample, the diffraction lines intensities after the bacterial
leaching were twice as big as before. The FC analysis
showed partial destruction of the structural plains of py-
rite and sphalerite. The quartz structure was degraded by
bacteria of Bacillus species to a certain degree. The de-
struction of the structural plain 100 was the most evi-
dent when the diffraction line intensity showed the big-
gest loss,

We managed to approve the ability of bacteria to de-
struct certain silicates in the presence of some metal ions
in the medium. The evidence was given by surface morp-
hology comparison of the silicates sample attacked by
bacteria with a non-attacked control. The chemical de-
struction of quartz in abiotic system (Fig. 2) was less ef-
fective than the biological and chemical one after bacterial
leaching (Fig. 3). The corrosive and enanatiomorphic ho-
les are an outcome of the latter mentioned process. Bacte-
rial destruction reached a higher degree by the Si-Al bonds
cutting in the alumosilicates (Fig. 4). The alumosilicate
surface was undamaged in the abiotic control (Fig. 5).
The in-the-structure-impregnated sulphides (e. g. galenite
on Fig. 6) were uncovered through the corrosive holes in
the alumosilicates structure. Impregnated pyrites (Fig. 7)
are released into the surrounding environment after the
microbial attack (Fig. 8). The fine particles of gold are
formed in the sulphide and the quartz matrix (Fig. 9).
Gold is released from the quartz matrix (Fig. 10) to a lar-
ger amount than from the sulphide one. The biodestruc-
tion is parallel to another process. It is the crystallization
of mineral products formed during the biodegradation
and the formation of secondary chemical compounds
(Fig. 11). Acantite (Fig. 12) is the only mineral product
being identified so far.

Some years ago, only the autotrophic thiobacilli have
been considered for metals recovery and detoxification of
industrial waste products. Nowadays new methods are be-
ing developed for the extraction of valuable metals from
oxide and silicate minerals and ores using heterotrophic
microorganisms. The efficiency of heterotrophic microor-
ganisms depends on metabolic compounds which are rele-
ased into the culture medium and which will dissolve me-
tal compounds mainly by chelating or formation of orga-
nic salts (Bosecker, 1985).
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It is known, that bacilli which solubilize ores by reduc-
tion may also promote selective leaching. An example
would be Bacillus GJ33 which selectively leaches Mn,
Co, Ni and to some extent Cu from marine ferromanga-
nese nodules without significantly solubilizing the iron
in the nodules (Ehrlich et al., 1973).

‘We would like to hope that the importance of microbial
leaching by heterotrophic bacteria (especially by bacteria of
Bacillus species) will be continually increased. Microbial
processes can be used for either solubilization of a metal
value or concentration of metals. The perspective applica-
tion of biotechnology in these areas will utilize native
microbial species with control of process conditions to
enhance their effectiveness. A long term goal will be also
the genetic modification of the useful microbes to increa-
se their utility.

Bioleaching of valuable metals from industrial waste
products would not only contribute to an increase in the
supply of raw materials in the future but would also be
useful for detoxification of industrial waste products, thus
overcoming some of our environmental pollution problems.

Although the present commercial application of micro-
bial leaching is located outside our country, the biotech-

nology has the potential to become an indispensable part
of the minerals industry including industrial waste biode-
gradation also in Slovakia.
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Abstract

In the contribution there are presented the results of mycological investigation of four biotops in for-
mer mining locality Sobov near Bansk4 Stiavnica where are dumps of pyritizated material after quartz

rock mining.

At present the locality is devastated by acidification. As the main pollution element is considered to-

xic Al** in the concentrations of 76.5 to 540 mg.kg! released by sulphuric acid from soil minerals into
solution and water in fissure from the dump. Even heavy metals as Pb (98.9 - 181 mg.kg!), Cu (42.3 -
42.5 mgkg'), Cd (0.09 - 1.76 mgkg ") and As (19.1 - 34 mg.kg'!) are released from soil particles into
the soluble forms and the concentrations are over the limits for soils.

In the locality there were isolated microfungi from soil and water environments. The most genera
were isolated from the soil biotop as follows: Absidia, Cunninghamella, Mucor, Rhizopus, Zygorhynchus,
Acremonium, Aspergillus, Paecilomyces, Penicillium, Scopulariopsis, Trichoderma, Verticillium, Clado-
sporium, Curvularia, Stachybotrys and Chaetomium. In water environment there were isolated repre-
sentatives of 3 genera: Paecilomyces, Verticiliium and Cladosporium.

Key words: acidification, heavy metals, microfungi, toxicity

Mikroskopické huby acidifikovaného regiénu Bansks Stiavnica - Sobov

V tomto ¢lanku sd prezentované vysledky mykologického prieskumu 4 biotopov z byvalej banskej lo-
kality Sobov pri Banskej Stiavnici. V tejto lokalite sa nachadza skladka obsahujéca pyritovy materidl,
odpad z taZby kremeiia. V si€asnosti je tato lokalita zdevastovan4 acidifikdciou, okyslenim pddy. Ako
hlavny faktor znegistenia sd pritomné Al** katiény v koncentricidch 76,5 aZ 540 mg.kg'!. St vymyvané
kyselinou siri¢itou z pddnych mineradlov do vody odtekajicej zo sklddky. Z pddy si dalej vymyvané aj
tazké kovy prekralujlice najvy§iie povolené koncentracie v pédach. Si to: Pb (98,9 - 181 mgkg?),
Cu (42,3 - 42,5 mg.kg!), Cd (0,09 - 1,76 mg.kg'') a As (19,1 - 34 mg.kg!).

Z tejto lokality sa izolovali mikroskopické huby z pddneho a vodného prostredia. V pédnom biotope
sa identifikovali rody Absidia, Cunnighamella, Mucor, Rhizopus, Zygorhynchus, Acremonium, Aspergil-
lus, Paecilomyces, Penicillium, Scopulariopsis, Trichoderma, Verticillium, Cladosporium, Curvularia,
Stachybotrys a Chaetomium. Z vodného prostredia sa izolovali z4stupcovia troch druhov, a to Paelony-

ces, Verticillium a Cladosporium.

The acidification of environment that is caused by aci-
dification esp. sulphur and nitrogen compounds can have
considerable consequences during destruction of soil par-
ticles. The consequences are manifested at the places whe-
re the accumulation of acidificated substances was artiti-
cially done.

In 12th century Bansk4 Stiavnica in middle Slovakia
was well known as mining centre and activities during
what many thousand meters of underground passages were
done and on the surface milions of tons of deads were
transported. The locality Sobov in the region has formed
a dump od pyritizated material during quartz rock mining
that serves as example of environment pollution by acidi-
fication.

The sulphuric acid is formed by the oxidation of pyrite
in the quarry as well as in the dump and is considered
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as the source of pollution. The acid decomposes the struc-
tures of great amount of clay minerals and the toxic AP+
is released. Besides the release of AI** the acidificated en-
vironment causes release even more cations from soil mi-
nerals esp. heavy metals that represent considerable ecolo-
gical problem.

Because microfungi are considered as undemanding or-
ganisms with high adaptability to changed physiological
conditions, they have unreplaceable role in circulation and
degradation of organic matters in nature. Mainly in water
environments and extreme physiological conditions (pH,
some toxic compounds, heavy metals) which are toxic for
organotrophic bacteria, fungi are considered as very im-
portant bioindicator of organic pollution. Even they have
the ability to absorb heavy metals from environment into
their thalli.
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We have observed the occurrence and the presence of
various genera of the microfungi in soil and water envi-
ronments in the locality Sobov. On the eastern slope of
the Maly Sobov hill, which is influenced by extremly
high acid water (pH H,O/KCl = 2.11/2.0), there were se-
lected the places of sampling in the direction of increased
acidity.

The characterization of sampling places:

1 - extremely acid water in the fissure (pH = 2.1) and it
flows from the dump and causes soaking of soil in the
places of sampling. It is not revitalized by common mi-
croflora of natural waters. It is considered as toxic waste
water with content of heavy metals: Cd 152.6 ppb, As
3.31 ppb, Cr 593.64 ppb, Cu 16.19 ppb, Mn 139.0 ppb,
Co 3.4 ppm (Forgac et al., 1995).

2 - degradated meadow stand (0 - 2 plant spscies) with
forming clearings 1.5 m from the erosion fissure.

3 - meadow stand (3 - 5 plant species) with necrotic
Agrostis tennuis in the distance of 10 - 12 m from ero-
sion fissure.

4 - rich meadow stand (up to 21 plant species) in the
distance of 100 - 120 m from erosion fissure.

. There is the soil type acid and very high acid Dystric
Cambisol (KMd - FAO) with low quality of humus sub-
stances and with indecomposed unhumified organic mat-
ter. The basic microelements (Ca, Mg, K, P) are conside-
rable flown out. The acidification caused significant incre-
ase of attainable AI** (from 76.5 to 540.0 mg.kg™') that
phytotoxically affected on it. The acidification is closely
connected with the release of heavy metals into soil solu-
tion. The contents of heavy metals in soil exceeded the
highest values of limits: Pb 1.2 - 2.2 times, Cu 1.2 ti-
mes, Zn 1.5 - 1.8 times, Cd 2.2 times (at the place 4),
As 1.2 times (at the place 1). However, increased con-
tents of heavy metals in samples are likely caused by the
occurrence of polymetallic mineralization which is typical
for the region of Stiavnické vrchy (Sucha et al., 1995).
From the region there were isolated and identified 16 ge-
nera of microfungi the representatives of classes Zygomy-
cetes (5), Deuteromycetes (10) and Ascomycetes (1). The
composition of fungi genera is poor (1 = 3, 2 = 8§,
3=12,4 =15), Tab. 1. The representatives of the classes
Deuteromycetes esp. the genera Aspergillus, Penicillium
and Trichoderma isolated from all soil biotops are domi-
nating. Only from two soil biotops there were isolated
the genera Paecilomyces, Cladosporium, Curvularia, Sta-
chybotrys and from the Ascomycetes the genus Chaeto-
mium. The low occurrence of Mucorales (Zygomycetes)
that require sufficient amount of easy decomposable orga-
nic substances reflects the deterioration of decomposing
processes and the low quality of humus substances in so-
il. Their presence in per cent was the lowest (12.5 %) at
the place 2 and it is represented by the genus Absidia. In
investigated water Mucorales have not occurred. It is in-

Tab. 1
Genera of soil micromycetes in Banska Stiavnica - Sobov

Samples

GENERA OF MICROMYCETES
1 2 3 4

ZYGOMYCETES
Mucoraies - Mucoraceae

Absidia van TIEGHEM + +
Cunninghamella MATRUCHOT

Mucor MICHELI +
Rhizopus EHRENBERG +
Zygorhynchus VUILLEMIN

++ + + +

DEUTEROMYCETES
Moniliales - Moniliaceae

Acremonium LINK ex FR.
Aspergillus MICHELI

Paecilomyces BAINIER +
Penicillium LINK ex FR.
Scopulariopsis BAINIER
Trichoderma PERS. ex FRIES
Verticillium NEES +

+ + + + +
+ o+
+ 4+ + 4+

+
+ +

Moniliales - Dematiaceae

Cladosporium LINK ex FR. + + +
Curvularia BOEDIJN
Stachyboirys CORDA + +

+
+

ASCOMYCETES
Chaetomiales - Chaetomiaceae
Chaetomium KUNZE ex FR. + +

light sterile mycellium + +
dark sterile mycellium + +

teresting that from water environment there were not iso-
lated the most frequent microfungi of soil biotops of ge-
nera Aspergillus, Penicillium and Trichoderma.

Despite the fact that the genera diversity of soil micro-
fungi species in water was low, their survival in extreme-
ly acid water with the value of pH = 2.1 and with high
content of heavy metals confirms their high adaptative
ability under extreme physiological conditions. Simultane-
ously, there is pointed up the possibility of utilization of
given characters in mentioned microorganisms during revi-
talization of devastated environment caused acidification.
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Abstract

Polydispersivity and complex mineral composition of the processed raw materials as well as the asso-
ciation of the floated fine particles with various non-floated components are the factors hampering ex-
traction of precious and rare-earth metals. In order to promote the solution of this problem, the use of
microorganisms was proposed. It was revealed that strains of certain bacteria are able to form stable
bioheteroaggregates (flocculi) on interaction with finely dispersed particles of gold, scheelite and other
minerals comprising metals and metallic compounds. Such interaction can be quite selective and gives
rise to the aggregates materially enriched in valuable component. The flocculi are efficiently separated
from the mass of barren rock by flotation.

The experience of laboratory and commercial testing of biofloccular flotation for enrichment of gold
containing sources (ores) originated from different deposites are discussed.

Key words: Noble metals, gold, extraction, biofloccular flotation, bacteria, bioflotoreagent, Bacillus cereus

Pokroky a obmedzenia bioflokuldrnych flotaénych technolégii vyuZivanych na extrakciu
ultrajemnych &astic drahych kovov

Extrakciu drahych kovov extrémne staZuje najmé pritomnost ultrajemnych astic a komplexné zlo-
Zenie nerastnych surovin, a tieZ asocidcia jemnych uZitkovych flotovanych &astic s jalovymi neflotova-
nymi asticami. Zistilo sa, Ze niektoré bakterialne kmene st schopné tvorit s urditymi jemne dispergova-
nymi minerdlmi (zlato, scheelit a i.) selektivne stabilné bioheteroagregaty ulah&ujice flotaciu tychto

minerédlov.

Uvadzame prehlad laboratérnych a priemyselnych aplikécii bioflokularnych floté4cii pri ziskavani

ultrajemnych &astic drahych kovov.

Introduction

At present, flotation and cyanation take leading place in
gold mining due to constant technical improvement and
high processing rate that enables large-scale production.
Almost all sulphide ores particularly those which need fi-
ne dividing for opening grains, are processed by flotation.
The last becomes increasingly urgent as rich and easy-en-
riched ores are depleted. Significant degradation of the
environment stipulates reduction in the scope of cyanati-
on, at least in processing of initial raw materials, and it
is an additional stimulus for the flotation technology
develgpment.

In spite of large potentialities of flotation, certain fac-
tors adversely affect efficiency of flotation technology and
thereby restrain achievement of high performance. Poly-
dispersivity and complex mineral composition of the pro-
cessed raw materials as well as the association of the floa-
ted fine particles with various non-floated components are
among these factors hampering extraction of precious and
rare-earth metals. Use of special microorganisms that se-
lectively interact with finely dispersed particles of an ore,
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comprising metals and metallic compounds, promotes the
solution of this problem.

Possibilities of the ultrafine particle flotation are sub-
stantially extended owing to the creation of a radically
new model of flotation by means of special strains of
microorganisms, so called biofloccular flotation. The
technology has originated from a practical embodiment of
phenomenon of selective heterocoagulation of microorga-
nisms with mineral particles (Ovcharenko et al., 1985;
Ovcharenko et al., 1987).

The discovered phenomenon attests that the interaction of
this type may cause efficient migration and differentiated
concentration of metals and their compounds in the form of
microbiomineral aggregates. As differentiated from well
known facts of microorganisms adhesion to various sor-
bents and carriers, which takes place, mainly at the expense
of the molecular forces and is not specific, colloidal-bacte-
rial interaction is characterized by the variety of forces and
mechanisms as shown in (Ovcharenko et al., 1985; Ulberg
et al., 1992). It was revealed that the formed aggregates are
quite stable, that neither intensive agitation, nor washing
with water causes separation of particles from cells.
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Efficient extraction of bioheteroaggregates may be
achieved by flotation after their additional hydrophobiza-
tion. This possibility had been shown (Ulberg et al.,
1988) in regards to the extraction of individual Chlorel-
la vulgaris cells by means of modifying their surface
with heavy metal cations, that caused changes of their
electrokinetic potential and in related flocculation. Si-
milar experiments were performed using bacteria cells
(Bazhenov et al., 1988).

The data pertaining to the extraction of fine disperse
and colloidal gold from the model systems and complex
mineral suspensions are given. The results of the perfor-
med investigations reveal the perspectives of biofloccular
flotation for the enrichment of ores containing precious
and rare-earth metals, comprising great fraction of fine
disperse particles.

Experimental procedures
Microorganisms

Microorganisms strains used in the study were bacte-
ria obtained from existing collections as well as from
natural and technogenic water containing metals and
their compounds. Methods of Bacteria strains obtai-
ning, purification, identification, cultivation, characte-
rization as well methods of biomass preparation are
described in the papers (Garbara et al., 1992; Ulberg
and Garbara, 1990). Strains are deposited in the Collec-
tion of technogenic strains of microorganisms (Biocol-
loid Chemistry Institute, Kyiv; Ulberg et al., 1996).
This paper reports the results of extraction of gold by
flotation from systems comprising bacterial cells Ba-
cillus cereus B-5039.

Ores

Gold bearing raw materials originating from different
deposits were mechanicaly treated in order to get high-
disperse form (size of 65 - 90 % of particles was
-0.074 mm) available for flotation.

Flotation

Flotation process was performed in a pneumatic setup,
comprising a glass column with a porous filter embedded
in the bottom part of the column and impeller laboratory
flotomashine. Potassium butyl xanthogenate (PBX) and
pine oil emulsion was used as collector and foamer, res-
pectively.

Purple hydrosol of gold was used in model experiments
and prepared in accordance with standard Zsigmondi proce-
dure.

Description of the flotation experiments with different
type of ores and flotoreagents (including microbial bio-
mass and derivates) as well relevant analytical procedures
are presented in details in the previous publications
(Ulberg et al., 1988; Stepanenko et al., 1992; Stepanen-
ko and Garbara, 1992).

Results and discussion

The data depicted in the Tab. 1 show results of model
experiments and demonstrate that the interaction between
potassium butyl xanthogenate as efficient gold collector
and individual colloidal particles does not lead to the flo-
cculation of the latters, but only large formations are se-
parated in the concentrate. The cells introduced into the
system in sufficient amount fix almost all the colloid
gold in aggregates which nevertheless can not be transfer-
red to the froth concentrate due to their enhanced hydro-
philicity. An excessive amount of the biomass results in
the formation of large flocculi, in which colloidal partic-
les clusters are substantially blocked by the cells; flota-
tion of such aggregates is also impeded. Preliminary mo-
difying the cell surface with aluminium cations promotes
formation of highly hydrophobic aggregates and their
complete removal to the flotation concentrate.

Such observations were assumed as a basis for the pro-
cess of flotation of ultrafine gold from real industrial ob-
ject. A high clay fraction of a kaolin-dickite ore, contai-
ning fine dispersed gold in amount of more than 85 %,
was used in the experiments. Bacterial cells were introdu-
ced in the system in different states: i) the cells previous-
ly washed off from the nutrient medium residues and me-
tabolites, and resuspended in tap water; ii) the washed off
cells treated with aluminium sulphate; and iii) native bio-
mass of the cells.

Tab. 1
Efficiency of flocculation and of flocculi flotation in the system
“gold sol + B. cereus B-5039 cells” against the relative amount
of biomass and the presence of PBX

Amount Time of Amount Gold content (in %)

of biomass agitation of PBX

(mg/) with (mg/l) Froth Filter Solution

min concentrate

2 2 - 7.4 18.2 74.4
2 10 - 7.6 30.3 62.1
- - 20 0 0 100
2 2 20 36.2 8.5 553
5 2 20 61.4 6.7 319
10 2 20 80.8 6.4 12.8
30 2 20 89.3 5.1 5.6
60 2 - 44.9 50.7 4.4
60 2 20 92.8 3.7 3.5
120 2 20 83.2 15.6 12
60+A1(3) 2 20 97.7 0.9 1.4

Another experiment was carried out with the aim to
check the influence of an eluate (a solution remained after
the cell centrifugation) on the flotation indices. The flota-
tion was carried out without medium regulators at natural
acidity of the pulp (pH 7.3). The results are summarized
in Tab. 2.

As can be seen, obtained results convincingly testify to
positive effect of microorganisms on the flotation indices of
fine disperse gold. In the course of the experiments it was
found that the efficiency of the flotation substantially de-
pends on the state of the cell surface. Thus, thorough cell
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Tab. 2
Indices of biofloccular flotation of fine dispersed gold. Microorganisms: Bacillus cereus B-5039

Yield  Gold content Extraction (in %)
No. Flotation products (in %) (g/t) Flotation conditions
From the After
initial the step
1 Basic concentrate 6.9 78.67 49.8 49.8 Without microorganisms
Control concentrate 6.4 12:79 7.5 14.9
Tailings 86.7 537 Total = 57.3
Initial ore 100 10.9
2 Basic concentrate 7.4 78.34 51.3 51.3 Washed off cells, 50 g/t
Control concentrate 6.5 14.26 8.2 16.8
Tailings 86.1 5.31 Total = 59.5
Initial ore 100 11.3
3 Basic concentrate 7.0 81.92 51.2 51.2 Washed off cells, 500 g/t
Control concentrate T2 23.33 15.0 30.7
Tailings 85.8 441 Total = 66.2
Initial ore 100 11.2
4 Basic concentrate 7.3 73.76 49.4 49.4 Modified cells by Al(/3), 50 g/t
Control concentrate 6.3 28.72 16.6 32.8
Tailings 86.4 4.29 Total = 66.0
Initial ore 100 10.9
5 Basic concentrate 8.0 74.96 S1.7 51,7 Modified cells by Al(3), 100 g/t
Control concentrate 6.5 30.70 172 35.6
Tailings 85.5 4.22 Total = 68.9
Initial ore 100 11.6
6 Basic concentrate 7.6 74.13 50.3 50.3 Cells (20 g/t) with nutrient medium
Control concentrate 6.7 21.40 12.8 25.8
Tailings 85.7 4.82 Total = 63.1
Initial ore 100 11.2
7 Basic concentrate 7.4 76.26 51.3 51.3 Nutrient medium (5 ml/l) with metabolites
Control concentrate 8.5 893 6.9 14.2
Tailings 84.1 5.47 Total = 58.2
Initial ore 100 11.0

washing from nutrient medium and metabolites as
a matter of fact brings them in stress state and noticeably
decreases their heterocoagulation properties. Best indices ha-
ve been reached only at great biomass consumption, Was-
hing is not so essential to the interaction between the cells
and the gold sol because of the absence of complicating fac-
tors. Better results were obtained while using unwashed off
cells, as compared with control experiment 1, total extrac-
tion grows by 11 %, whereas the extraction at the step of
control flotation increases more than by 20 %. Modification
of the bacterial cell surface with aluminium salts proved to
be low-effective under real flotation conditions.

High residual gold content in the tailings shows that in
order to extract successfully the fine gold from such com-
plex systems as clay suspension, it is necessary to solve
at least two problems. Firstly, to provide a contact of
gold particles with microorganisms, and, secondly, to en-
sure sufficient hydrophobicity of the formed flocculi.

Significant adhesion of fine slimes, in particular clay
particles, to fine dispersed gold makes it hardly accessible
for flotation reagents and moreover for microbial cells.
A model system prepared of kaolin and colloidal gold
(gold-bearing kaolin) is extremely badly separatable by
flotation. After suspension agitation with cells and added
PBX the gold extraction in concentrate exceeded 20 %.

In this connection it is interesting to note the beha-
viour of the system and its constituents in an electrical fi-

eld. Colloidal gold and quartz solutions exposed to the
uniform electrical field of the intensity of 5 to 7 V/cm,
factly coagulate, whereas dispersions of palygorskite or
kaolin reveal only reversible concentration of particles at
the anode without visible enlargement. The same beha-
viour in the applied electrical field is characteristic for
a mixture of colloid gold and clay particles that indicates
their strong binding. This adhesion interaction is not dis-
turbed while adding bacterial cells and therefore selective
separation, as in case of adagulation of colloid gold on
large mineral particles, does not take place.

It is evident, one should search the solution of the pro-
blem in the combination of suspension treatment with
mechanical dispersion-disintegration.

The pulp conditioning with sodium hexametaphosphate
(smelted sodium polyphosphate - Graham salt, SHP) im-
proves not only the concentrate quality, but other flota-
tion indices. We have established that the positive effect
is the most essential at joint supply of the biomass sus-
pension and the dispersant. Earlier it was shown by the
example of flotation of various samples with low initial
gold content and a small number of complicating compo-
nents. The results of the investigations of a clay-rich frac-
tion are given in Tab. 3.

Prior to the basic flotation, the pulp was conditioned
with sodium hydrocarbonate (80 g/t). SHP was added to
the tailings of the basic flotation and the mixture was be-
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Tab.3

Influence of preliminary pulp dispersing, dispersant content and hydrophobizing agents on gold extraction

Yield  Gold content

Extraction (in %)

No. Flotation products {in %) (g/t) Flotation conditions
From the After
initial the step

1 Basic concentrate 7.3 80.36 514 514 SHP-20 g/t
Control concentrate 7.5 31.62 20.8 42.8 PBX - 80 g/t
Tailings 85.2 3 Total =72.2
Initial ore 100 114

2 Basic concentrate 7.1 79.55 523 52.3 SHP - 40 g/t
Control concentrate 7.3 39.06 26.4 553 PBX - 80 g/t
Tailings 85.6 2.69 Total = 78.7
Initial ore 100 10.8

3 Basic concentrate 7.6 74.58 52.0 520 SHP - 60 g/t
Control concentrate 7.0 45.31 29.1 60.6 PBX - 80 gt
Tailings 85.4 2.41 Total = 81.1
Initial ore 100 109

4 Basic concentrate 7.2 83.29 51.7 51.7 SHP - 100 g/t
Control concentrate 6.8 51.0 29.9 6.9 PBX - 80 g/t
Tailings 86.0 248 Total = 81.6
Initial ore 100 11.6

5 Basic concentrate 7.3 80.24 52.3 523 SHP - 60 g/t
Control concentrate 72 44.02 28.3 593 PBX - 40 gft
Tailings 855 2.54 Total = 80.6
Initial ore 100 11.2

6 Basic concentrate 7.4 86.11 53.1 53.1 SHP - 60 g/t
Control concentrate 6.9 51.65 29.7 63.3 PBX - 120 gt
Tailings 85.7 241 Total = 82.8
Initial ore 1060 12.0

7 Basic concentrate 7.1 83.33 51.9 51.9 SHP - 60 g/t
Control concentrate 6.9 46.26 28.0 582 PBX - 200 g/t
Tailings 86.0 2.66 Total = 79.9
Initial ore : 100 114

8 Basic concentrate 5.6 85.49 74.8 74.8 Non-classified sample
Control concentrate 4.3 31.55 21.2 84.1 SHP - 60 g/t
Tailings 90.1 0.28 Total = 96.0 PBX - 80 g/t
Initial ore. 100 6.4

9 Basic concentrate 5.4 93.06 75.0 75.0 Non-classified sample,
Control concentrat® 4.1 16.83 10.3 41.2 without microorganisms
Tailings 90.5 1.09 Total = 85.3
Initial ore 100 6.7

ing mixed for 3 minutes at high speed of the impeller
(3500 r/min), then the biomass was added, the speed de-
creased to 1700 r/min and the control flotation was carried
out with adding a collector and a foamer. The SHP flow
rate was changed from 40 to 200 g/tn at the step of con-
trol flotation. The results of the biofloccular flotation of
non-classified ore sample ground to the grade - 0.074 mm
(85 %) are given for comparison in the Tab. 3.

These results clearly demonstrate that the preliminary
pulp dispersing with SHP significantly expands the pos-
sibilities of biofloccular flotation. Extraction of fine dis-
persed gold at the step of control flotation increases more
than by 25 %, the concentrate quality improves, gold
content in the tilings drops. The consumption rate of the
hydrophobic agent at the step of biofloccular flotation
within the investigated range does not influence the pro-
cess of flotation. High indices reached for the non-classi-
fied material processing reveal expendiency of preliminary
separating a clay-rich ore into slime and sand fractions.
The joint presence of fine disperse particles and sand posi-
tively affects the flotation process. On the one hand, gra-

ins of large size act like “carriers” that promote flotation
of the fine dispese particles, and on the other hand, the
presence of solid sand fraction causes additional disinte-
gration at the step of pulp dispersing leading to more full
opening of gold particles and their interaction with a bio-
flocculant. '

The carried out work permits to draw the following
conclusions:

1. Selective interaction between the specific microorga-
nisms and the fine dispersive gold is accompanied by the
formation of large bioheteroaggregates (flocculi) which
can be separated from the total mass of the ore suspen-
sion by flotation.

2. The efficiency of the selective flocculation depends
on the state of the cell surface and the presence of free fi-
ne disperse gold in the ore.

3. A tendency showed by some microorganisms to
form selectively bioheteroaggreates was observed not on-
ly in the systems, comprising pure metals in colloidal or
ionic state, but also in the systems, comprising insoluble
compounds of these metals, e. g., calcium tungstate.
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This gives grounds to presume wide use of the specialized
microbial cells for extraction of ultrafine particles of va-
luable ore components.
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Abstract

The paper deals with application of flotoflocculation by yeast Rhodotorula glutinis on the samples of
hard coal sludges of the Darkov colliery in OKD. It was found from the mineralogic analysis that these
sludges, deposited on the mud pit, have a high content of quality coal mass and therefore it is necessary
to devote attention to their treatment. In this paper two technologies are compared: the classical flota-
tion and flotoflocculation by yeast Rhodotorula glutinis. From the results there follows that flotofloccula-
tion gives concentrates of better quality and the combined technology consisting of one basic and one
cleaning-out flotation gives saleable concentrates with ash content under 10 %.

Key words: flotoflocculation, coal, Rhodotorula glutinis

Selektivna flotoflokuldcia uhlia kvasinkami Rhodotorula glutinis

Prica sa zaober4 apliké4ciou flotoflokulacie s kvasinkou Rhodotorula glutinis na vzorkach &ierno-
uhoInych kalov z odkaliska bane Darkov, OKD, a. s. Z mineralogicko-chemickych analyz vyplynulo,
Ze kaly deponované na tomto odkalisku obsahuju eSte velké mnoZstvo kvalitnej uholnej hmoty, a preto
je aktudlne sa zaoberat ich dpravou. V prici su porovndvané dve moZnosti ipravy: klasickd flotacia
a flotoflokulédcia s kvasinkou Rhodotorula glutinis. Z vysledkov vyplynulo, %e flotoflokul4cia prind%a
lepsie vysledky v kvalite ziskanych Ciernouholnych koncentritov a technolégiou jednej zdkladnej a jed-

nej predistnej flotoflokulécie je moZné ziskat predajné koncentraty s obsahom popola pod 10 %.

Introduction

The problem of fine-grained materials preparation be-
comes more and more important and new possibilities
of their processing are being investigated. This paper de-
als with an actual problem of the Darkov colliery in
OKD, namely the possibility of the preparation of hard
coal sludges deposited on the mud pit “Novy York”.
Two technologies are compared: classical flotation and
flotoflocculation by bioflocculant - the yeast Rhodoto-
rula glutinis.

Characteristic of the
Rhodotorula glutinis microorganism

Rhodotorula glutinis is a hetherotrophic eucaryont mic-
roorganism belonging among fungi. It was given its na-
me due to the ability to ferment monosaccharides and so-
me disaccharides and even trisaccharides with resulting et-
hanol and carbon dioxide. Rhodotorula glutinis is an or-
ganism occurring in the nature in waste and sea waters, in
soils and air but even in blossoms, olives, etc. It can also
occur on human body incidentally but no pathologic ef-

Fig. 1. The inertinite-fuzitized tissue with cells filled with ferric sulphide.

Fig. 2. The framboidal ferric sulphide in vitrinite.
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Tab. 1
Results of flotation and flotoflocculation tests, sample No. 1 (in %)

Tab. 4
Results of flotation and flotoflocculation tests, sample No. 4 (in %)

Product Yield Content of ashes  Efficiency Product Yield Content of ashes Efficiency
Flotation Flotation
Concentrate 49.79 29.04 32.63 Concentrate 72.58 18.88 46.83
Waste 50.21 38.76 57.37 Waste 27.42 56.75 53.17
Charge 100.00 33.92 100.00 Charge 100.00 29.26 100.00
Flotoflocculation Flotoflocculation
Concentrate 43.12 23.00 29.34 Concentrate 48.18 18.48 58.05
Waste 56.88 41.98 70.66 Waste 51.81 35.88 72.46
Charge 100.00 33.80 100.00 Charge 100.00 25.65 100.00
Tab. 2 Tab. 5
Results of flotation and flotoflocculation tests, sample No. 2 (in %) Results of flotation and flotoflocculation tests, sample No. 5 (in %)
Product Yield Content of ashes Efficiency Product Yield Content of ashes Efficiency
Flotation Flotation
Concentrate 60.36 18.16 38.11 Concentrate 82.86 18.48 58.05
Waste 39.64 4491 31.89 Waste 16.67 66.38 41.95
Charge 100.00 28.76 100.00 Charge 100.00 26.38 100.00
Flotoflocculation Flotoflocculation
Concentrate 44.09 14.09 23.23 Concentrate 79.63 16.10 48.09
Waste 55.91 36.71 76.77 Waste 20.37 67.95 5191
Charge 100.00 26.74 100.00 Charge 100.00 26.66 100.00
Tab. 3 Tab. 6
Results of flotation and flotoflocculation tests, sample No. 3 (in %) Results of flotation and flotoflocculation tests, sample No. 6 (in %)
Product Yield Content of ashes Efficiency Product Yield Content of ashes Efficiency
Flotation Flotation
Concentrate 53.27 27.03 45.47 Concentrate 47.14 18.46 33.55
Waste 46.73 36.96 54.53 Waste 52.86 32.61 66.45
Charge 100.00 31.67 100.00 Charge 100.00 26.66 100.00
Flotoflocculation Flotoflocculation
Concentrate 45.12 21.90 3478 Concentrate 34.69 16.14 22.06
Waste 54.88 33.77 65.22 Waste 65.31 30.29 77.94
Charge 100.00 28.41 100.00 Charge 100.00 25.38 100.00

fects are known or supposed. The Rhodotorula genus dif-
fers from the others by its ability to synthetize carotenoid
dyes, which gives the cultures the pink, crimson or red
colours. The cultivation of Rhodotorula glutinis can be
done on malt extract or on malt agar. During the first
three or four days the cultures are of pink or light red co-
lour. The cells are oval, 3 to 9 ums in diametre, and sim-
ple, forming only pairs or short chains. The cultures are
hemispherically dished, smooth, lustrous, sometimes sli-
my trickling together like mucilage beads. The brims of
the cultures are round and non-fibrous. Later (the seventh
and following days) the cultures get light pink to red pink

colour. The cells are nearly of the same size as during the
previous days. The cultures are low and hemispherically
dished to the centre, smooth and lustrous or semi-matte,
slimy. The ability to form mucilages enables the utiliza-
tion of Rhodotorula glutinis as natural flocculants.

Characteristic of used coal sludges

The samples of coal sludges were taken from six sam-
pling points at the mud pit “Novy York”. The average
sample was put through mineralogical-petrographical and
chemical analyses. The results of maceral analysis at the
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DPB Paskov company show that the average sample con-
tains 51.0 % of vitrinite, 13.6 % of liptinite and 35.4 %
of inertite. The mineralogical analysis focused on the
bond of pyrite in the sample. According to this analysis,
the content of pyrite is quite low, in most cases it occurs
in the form of isolated grains of irregural shape. A relati-
vely high content of ferric sulphide was found, mostly as
the cell filling of fuzitized tissues. Sporadically the ferric
sulphide was observed as the fissure filling, framboids
and euhedra in coal grains. The inertinite - fuzitized tissue
with cells filled with ferric sulphide - is shown in Fig. 1.
The framboidal ferric sulphide in vitrinite is shown in
Fig. 2.

The results of chemical analysis proved that the coal is
of very high quality with 60.98 % of carbon and low con-
tent of ashes (19.59 %) and sulphur (0.45 %). According
to the mesh analyses, the highest mass yield is cumulated
in the range of less than 0,063 mms as well as the con-
tent of ashes.

Flotation and flotoflocculation tests

The experiments were performed with the samples from
all the six sampling points separately, 100 % of grains
were of the size under 0.063 mms. The flotation tests we-
re performed on the laboratory flotation machine VRF-2
(product of RD P#{bram) with the flotation cell volume
of 1 litre. The conditions were as follows:

» thickening: 50 grams per litre

* Flotakol NX collector charge: 300 gramms per ton
« agitation time: 1 minute

« flotation time: 5 minutes

Flotoflocculation tests were performed under the same
conditions but firstly the yeast Rhodotorula glutinis was
added and after one minute of agitation the Flotakol NX
collector was added.

The results presented in Tabs. ! to 6 show that the flo-
toflocculation tests provide the concentrates of much hig-
her quality compared to classical flotation.

However, we did not achieve the demanded quality (less
than 10 % of ashes) of concentrates by a simple floccula-
tion. Therefore, the combined technology was applied in
the next set of experimets, consisting of one basic and
one cleaning-out flotations. The results of the combined
technology are presented in Tab. 7, where only the quali-
ty of concentrates is presented.

Tab. 7
The qualities of various samples of flotoflocculation concentrates
after the cleaning-out flotoflocculation phase

Concentrate Yield Content of ashes Efficiency

in % in % in %
1 28.16 11.83 9.96
2 39.00 7.82 9.82
3 18.79 10.69 7.18
4 33.73 8.22 10.39
5 62.83 8.26 19.01
6 16.87 8.83 5.76

According to the results presented in Tab. 7, it is pos-
sible to achieve the content of ashes lower than 10 %
using the combined technology of one basic and one clea-
ning-out flotations. There are exception in'samples No. 1
and 3 but taking into account the average sample, the
average content of ashes equals to 9.28 % and therefore
this technology provides a suitable means of the produc-
tion of black coal concentrates in the needed quality.

Conclusions

The objective of this research was to approve the suita-
bility of flotation and flotoflocculation (using the Rhodo-
torula glutinis yeast) for processing the coal sludges depo-
sited on the mud pit “Novy York” belonging to the Dar-
kov colliery, OKD. According to the comparison of flota-
tion and flotoflocculation tests, the concentrates of much
better quality are provided using the flotoflocculation.
Applying of the technology of one basic and one clea-
ning-out flotoflocculations, we can gain the concentrates
of demanded market quality. Apart from the very good
quality results, the filtrability of concentrates was impro-
ved as well.
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Abstract

The influence of chemolitotrophic soil microorganisms and their metabolites on the stability of struc-
ture of bentonitic clay from Lastovce deposit was observed. During the short-term 15 day contaminati-
on of bentonite by Bacillus circulans (BC) cca 20 % degradation of montmorillonite structure was achi-
eved. The contamination by Thiobacillus ferrooxidans (TF) leads to 50-60 % degradation of montmoril-
lonite structure and 20-25 % degradation of silicon structure. Modified medium on the base of Aspergil-
lus niger (AN) metabolites caused a complete destruction of the montmorillonite structure and 50-60 %
degradation of silicon structure.

Key words: biological contamination, biodegradation, montmorillonite, bentonite, Bacillus circulans,
Thiobacillus ferrooxidans, Aspergillus niger

Vplyv biologickoe-chemickych faktorov na Struktdru bentonitu z loZiska Lastovce

Skimali sme vplyv chemolitotrofnych pédnych mikroorganizmov a ich metabolitov na stabilitu Struktiry
bentonitického {lu z loZiska Lastovce. V priebehu kritkodobej (15 dennej) kontamin4cie bentonitu s bak-
tériami Bacillus circulans (BC) sa zistila cca 20 % degradécia $truktiry montmorillonitu. Kontaminécia s bak-
tériami Thiobacillus ferroxidans (TF) viedla k 50 - 60 % degradécii Struktiry montmorillonitu a 20 - 25 %
degradécii Struktdry kremetia. Modifikované médium na baze metabolitov Aspergillus niger (AN) spdsobilo

uplnd destrukcin $truktiry montmorillonitu a 50 - 60 % degradaciu §truktiry kremetia.

Introduction

The processes of elements migration in litosphere
are connected with degradation, transformation and
constitutional procedures that run in the contact with bio-
sphere and its various demonstrations that iniciate the
course of chemical and biological-chemical reactions.
The processes running in litosphere with the aim to
mairntain the environmental balance reside in mutual
symbiosis of chemical, biological and biological-che-
mical procedures. They are, together with other corres-
ponding physical and mechanical inhibitive resp. in-
tensification factors in relation to mineral components,
identified as weathering processes. They were and at
present often are described as a result of absolutely che-
mical processes of alkalolysis, complexolysis and very
often acidolysis. Consistent with the explanation of
biological essence of weathering (biotransformation of
sulphides and formation of deposits of supergenic en-
richment) the important role of microorganisms in the
weathering processes and biotransformation of other
minerals and anorganic (as well as organic) substance
is being gradually revealed. It can be assumed that the
obtained information (as those about sulphides) will
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lead us to revelation and consequent industrial utiliza-
tion of environmental biotechnological procedures of
mineral processing which are going to be more develo-
ped from the point of view of ecology and economy.
We can suppose that better knowledge enable us to re-
gulate and maintain the environmental balance while
deponing the waste of industrial orgin.

The above-mentioned reasons made us to start obser-
ving the influence of biological-chemical contamination
of some industrally utilized clay minerals. The first in-
formation was obtained from experiments with bentoni-
tic clay.

Material
Microorganisms

The changes of bentonitic clay caused by contamina-
tion by chemolitotrophic microorganisms that are present
in larger or smaller amount in soil were studied. Bacillus
circullans (Styriakovad and Kugnierov4, 1995), Thioba-
cillus ferrooxidans (Kupka and Kupkova, 1992) and
metabolites of microscopic fungus Aspergillus niger
(Kugnierova and Styriakova, 1995) were used.
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Sample

The sample of bentonitic clay from Lastovce deposit
(Slovakia) was used in the experiments. It comprised
40-50 % of montmorillonite, 10-20 % cristobalite,
20-30 % of amorphous phase, 3-10 % of silicon and
1-3 % plagioclase.

Methods

To identify qualitative changes of bentonite, the met-
hods of chemical analysis of aluminium and silicon in
the leaching product using AAS were used. X-ray diffrac-
tion analyses were performed using DRON 2 equipment.

The contamination of bentonite samples by microorga-
nisms and their metabolites was performed by short-term
discontinuous leaching tests. The suspension density was
15 %, the temperature 28 °C and the continuous mixing
was secured for 15 days.

Results

The structural and qualitative changes, which were ob-
served as a result of the contamination of bentonite sam-
ple by microorganisms and their metabolites are shown
in Tab. 1 and Fig. 1.

The evaluation of the parts of X-ray photograms shows,
that in spite of the fact that tests were extremely short
(taking into consideration conditions of kinetics of biologi-
cal-chemical reactions proceeding in situ), there are some
changes in the structure of contaminated material. These
changes were localized preferably when applying TF and
BC into basal intermediate layer area of montmorillonite
structure. The test with the modified agent of AN metabo-
lites showed a complete destruction of the intermediate
layer area of montmorillonite structure. The degradation of
tetrahedrite structure was within the range of 40-50 %.
During the experimental time the tests with BC showed
relatively lowest changes, described as 20 % degradation
of montmorillonite structure. Aluminium was preferably
extracted into the leaching product. The 50-60 % degrada-
tion of montmorillonite structure and 20-25 % degradation
of silicon structure were observed in the tests with TF.
The structure of plagioclase seemed to be completely resi-
stant. The presence of plagioclase increased as a result of
degradation of montmorillonite and silicon. The small
amount of silicon was in the leaching product. The most
significant changes appeared in the tests with the modified
agent on the base of AN metabolites. The montmorilloni-

Tab. 1.
Al, Si concentrations in solutions after biological contamination

concentrations in solutions (g/1)

Used microorganism

Al Si
Bacillus circulans 81.5 34.5
Thiobacillus ferrooxidans 76.0 87.2
Aspergillus niger 1802.5 194.0
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Fig. 1. Structural changes caused by biological contamination.

te structure was completely degraded and destruction of si-
licon was 50-60 %. Aluminium was preferably extracted,
however, the silicon concentration exceeded the values re-
corded in the tests with BC and TF.

Conclusion

The results from the orientation tests of the biological-
chemical leaching of bentonitic clay confirmed the as-
sumption that chemolitotrophic soil bacteria and micro-
scopic fungus can be, under in situ conditions at suitable
places, the important catalyzers of biotransformation pro-
cesses of bentonite and probably also other silicate and
aluminium-silicate minerals. The biological-chemical de-
gradation of bentonite structure preferably takes place in
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the basal intermediate layer area. The process of biologi-
cal-chemical degradation of the mixture of minerals that
form the bentonitic clay is selective. The montmorilloni-
te structure is preferably destructed, the silicon destruction
is consequent. The plagioclase structure during the short-
term test seemed to be resistant.
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Abstract

A mixed pyrite/arsenopyrite gold-bearing concentrate was oxidized by means of acidophilic chemolit-
hotrophic bacteria to liberate the gold from the sulphide matrix. The treatment was carried out under
continuous-flow conditions by means of a unit consisting of five agitated reactors arranged in series.
The pretreated concentrate was then leached in reactor with mechanical stirring under batch conditions
by means of solution containing amino acids of microbial origin and thiosulphate as gold-complexing
agents. It was found that the gold extraction depended on the degree of the preliminary sulphide oxida-
tion. Sulphide oxidation in the range of about 50 - 60 % was sufficient for extraction of more than 90 %
of the gold during the subsequent leaching.

Key words: gold leaching, bacterial pretreatment, gold-bearing sulphide concentrates, acidophilic che-
molithotrophic bacteria, microbial amino acids

Mikrobidlne liZenie taZkospracovateInych pyritovo-arzenopyritovych ziatonesnych
koncentratov

Koncentrat sme podrobili biooxidacii ¢innostou chemolitotrofnych baktérii s cielom uvolnit Au v sulfi-
dickej matrici. Proces bol kontinudlny a prebieha v sérii piatich kaskaddovozoradenych reaktoroch. Tak-
to upraveny koncentrat bol uvedeny do reaktora obsahujiiceho roztok so zlatokomplexujicim ¢inidlom,
konkrétne zmes mikrobidlnych aminokyselin a tiosiranov. Zistila sa z4vislost medzi vytaZnostou zlata
a stupiiom bakteridlnej oxid4cie sulfidnej matrice. Vysledky potvrdili, Ze 50 - 60 % degraddcia sulfid-

ného matrixu biooxid4cie postatovala na 90 % vytaZnost zlata.

Introduction

Bacterial oxidation is an efficient method to liberate the
gold encapsulated in sulphide minerals and to expose it
for subsequent leaching (Van Aswegen, Godfrey, Miller
and Haines, 1991; Brierley, 1995). This method can be
applied on concentrates in agitated and aerated tanks as
well as on ores in specially constructed heaps. Bacterial
oxidation of refractory gold-bearing sulphide flotation
concentrates is practised commercially in several plants
located in different countries and the bacterial oxidation of
refractory gold-bearing sulphide ores in heaps is now co-
ming into use on industrial scale (Lawrence and Poulin,
1995; Brierley, Wan, Hill and Logan, 1995). After the
oxidation, the pretreated concentrates and ores are leached,
usually by cyanide solutions, to solubilize the exposed
gold. However, cyanides are highly toxic and costly rea-
gents which, in some cases, makes their use disadvanta-
geous.

It has been shown that gold can be efficiently leached
from oxide ores by means of slightly alkaline solutions
containing both thiosulphate and amino acids of microbial
origin as the gold-complexing agents as well as some ions
acting as catalysts in the oxidation of the native gold
and/or in the complexation of the gold ions formed as a re-
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sult of this oxidation. Leaching with such solutions is
characterized by increased rates of gold and silver solubili-
zation compared with those obtained by cyanidation. The
final extractions of these metals by both methods are simi-
lar. However, the reagents used in this combined chemico-
biological method are not toxic and the method as a whole
is economically more attractive than cyanidation. The met-
hod was applied under pilot scale conditions in two Bulga-
rian gold deposits to leach gold-bearing oxide ores by
using the heap leach technique (Groudev, Ivanov, Spasova
and Groudeva, 1995; Groudev, 1996) and a commercial
scale gold heap leaching operation is to be commissioned
this year at the Elshitza mine, Central Bulgaria.

The bacterial pretreatment followed by the combined
chemico-biological leaching of the exposed gold has been
applied to treat different gold-bearing pyrite concentrates
(Groudev, Groudeva and Spasova, 1995; Groudev, Spaso-
va and Ivanov, 1996). In this paper data from a study on
the application of this method for treatment of a mixed
pyrite/arsenopyrite concentrate are shown.

Experimental procedures

A mixed pyrite/arsenopyrite flotation concentrate was
used in this study. The weight ratio of these two sulphide
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minerals in the concentrate was close to 2:1. The con-
centrate contained 31.8 % sulphur, 32.5 % iron, 10.4 %
arsenic, 90 g/t gold and 125 g/t silver. The gold was fine-
ly disseminated in the sulphide minerals and its concen-
trations in both the pyrite and arsenopyrite were similar.
The concentrate was washed in acetone to avoid the pre-
sence of residual flotation reagents, which may adversely
affect bacterial activity.

A mixed enrichment culture of mesophilic chemolitho-
trophic bacteria was used to oxidize the concentrate under
batch and continuous-flow leaching conditions. The cul-
ture contained Thiobacillus ferrooxidans and Leptospiril-
lum ferrooxidans as the prevalent microorganisms but
T. thiooxidans, T. acidophilus and some acidophilic hete-
rotrophic bacteria (mainly such related to the genus Aci-
diphilium) were also present. The culture was preliminari-
ly adapted to the concentrate by consecutive transfers on
slurries with increasing pulp density.

Batch oxidation was carried out in glass cylindrical
buffled reactors of 5 1 working volume agitated by stirring
and aerated with air enriched in carbon dioxide. The continu-
ous-flow oxidation was carried out by using a leach unit
consisting of five bioreactors of the above type arranged
in series. Concentrate and solution at the required ratio
were fed into the first reactor which overflowed to the
next and so on. Diluted sulphuric acid (with a pH of 1.7)
supplemented with some nutrients (NH,SO; - 0.5 g/l and
KH,PO, - 0.1 g/l) and containing 10° cells/ml was used
as feed solution. The temperature during the oxidation stage
was in the range of 40-42 °C. Leached slurry was removed
from the last reactors overflow and filtered daily. The preg-
nant solutions and leached residues were assayed at regular
intervals to determine when steady state was reached.

Batch bacterial oxidation and subsequent leaching tests
revealed that the extractions of gold and silver from the
concentrate depended on the degree of sulphide oxidation
(Tab. 1). Sulphide oxidation in the range of 50-60 % was
sufficient to expose almost the whole amount of the pre-
cious metals enclosed in the sulphide matrix and to incre-
ase their final extractions to more than 90 % during the
subsequent leaching. This was probably due to the fact
that in most pyrite specimens the gold (and often the sil-
ver) is located mainly in the defect sites of the sulphide
crystal lattice and these sites are preferentially attacked by
the chemolithotrophic bacteria.

The optimum conditions regarding pulp density, stir-
ring and aeration rates during the pretreatment stage were
found to be 18-20 %, 600-800 rpm and 0.2 | air/l suspen-
sion. min, respectively.

The bacterial attack on the concentrate was initially
connected with oxidation of arsenopyrite due to the lower
rest potential of this sulphide mineral. The maximum ar-
senic solubilization rate achieved during the continuous -
flow oxidation was as high as 134 mg/l. h and about
95 % of the arsenic were removed from the concentrate
within 147 h. At that moment only about 10 % of the
pyrite were oxidized to soluble products (ferric sulphate
and sulphuric acid). Then the bacteria started an efficient
oxidation of pyrite and the maximum iron solubilization

Tab. 1
Effect of the degree of the prior bacterial oxidation of the concentrate on the
gold and silver extraction during the subsequent chemico-biological leaching

Sulphide oxidation Metals extraction (in %)
% Au Ag
0 17.6 16.3
10 35.8 24.2
20 48.8 36.1
30 62.2 50.9
40 82.4 73.4
50 95.0 87.1
60 95.4 89.5
70 95.8 92.7

Tab. 2
Characteristics of the continuous bacterial oxidation of a gold-bearing
pyrite/arsenopyrite concentrate

Variable Value
Pulp density (%) 20
Dilution rate (h'!) 0.00347
Retention time (h) 232
Maximum arsenic extraction rate (mg/l.h) 134
Maximum iron extraction rate (mg/l.h) 293
Arsenic content in the outflow solution (g/1) 14.5
Iron content in the outflow solution (g/1) 19.4
Initial sulphide sulphur (%) 31.8
Residual sulphide sulphur (%) 14.0
Sulphide oxidation (%) 56.1
Mass of the pretreated concentrate (% from the initial mass) 55
Gold content in the pretreated concentrate (g/t) 163
Silver content in the pretreated concentrate (g/t) 226

rate achieved during this second oxidative phase was
293 mg/l. h. Pyrite oxidation of about 50 % was reached
within 232 h from the beginning of the experiment.

The maximum arsenic concentration in the leach solu-
tion during the treatment was 16.7 g/l. A part of the dis-
solved arsenic precipitated as iron arsenites and arsenates.
This precipitation was enhanced during the subsequent
pyrite oxidation when the ferric ion concentration in the
leach solution was markedly increased and exceeded
25 g/1. The outflow solution at the end of the pretreat-
ment contained about 15 g/l arsenic and less than 20 g/l
iron (mainly in the ferric state). Only traces of soluble
gold and silver were detected in this solution.

The pH of the leach suspensions decreased as oxidation
continued and the final pH depended on the pulp density
and the degree of pyrite oxidation desired. At an initial
pulp density of 20 % and a pyrite oxidation of about
50 %, the final pH of the leach solution was lower than
1. At the same time, the redox (Eh) potential of the leach
solution steadily increased and exceeded 600 mV at the
end of the retention time.

The solid residues after pretreatment were washed with
water and then were leached with solutions containing
microbial protein hydrolysate - from 0.5 to 5.0 g/, thio-
sulphate ions (added as ammonium thiosulphate) - from
10 to 100 g/1, and a mixture of ions-catalysts - from 0.5
to 5.0 g/l. The protein hydrolysate was a mixture cornsis-
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ting of protein hydrolysates from waste biomass of three
different microbial species. The individual hydrolysates
contained different gold - complexing amino acids and we-
re mixed together in suitable proportions. pH of these so-
lutions was in the range of 8.0-10.0. The leaching was
carried out at different temperatures - from 20 to 50 °C
and at stirring rates from 200 to 800 rpm.

The extraction of gold from the pretreated residues was
very efficient. 96.1 % of the gold was solubilized within
14 hours from a residue in which 50 % of the sulphide
sulphur was preliminarily oxidized by bacteria. The opti-
mum concentrations of thiosulphate ions and of micro-
bial protein hydrolysate in the leach solution were found
to be 35-40 g/l and 3-5 g/l, respectively. The consumption
of these reagents during the leaching amounted to 18.0 kg
ammonium thiosulphate and 2.1 kg protein hydrolysate
per ton of concentrate.

The optimum pH for gold leaching was about 10.0,
and the optimum stirring rate was in the range of
600-800 rpm. The temperature coefficient Q,, in the ran-
ge of 10-50 °C was about 2.

The pregnant solutions after leaching were treated by
cementation with metallic zinc. The degree of gold extrac-
tion from these solutions was higher than 95 %. The tre-
atment was carried out by means of a fluidized-bed cemen-
tator and the consumption of metallic zinc was 0.17 kg
per ton of concentrate. The products from the cementation
were gold concentrates which contained also silver, cop-
per and zinc as valuable components. The leaching of the-
se concentrates by sulphuric acid at high temperatures
(75-80 °C) and in the presence of oxygen resulted in se-
lective dissolution of the copper and zinc. These non-fer-
rous metals can be recovered from the pregnant solutions
after leaching by means of different methods. The con-
tents of gold and silver in the final concentrates obtained
after the removal of the copper and zinc were higher than

10 kg/ton. These concentrates were then processed by the
conventional procedure for obtaining pure gold and silver.

A pilot scale operation to treat different gold-bearing
sulphide concentrates by the above-mentioned method
will be commissioned in the near future.
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Abstract

Within the investigation of bacterial processing of low-grade ores, the possibility of utilization of mi-
ning waters was accentuated. Due to a natural enrichment of these waters by the process stimulation
agents (bacteria, acidity, iron), reclamation of useful components (metals) is much more efficient.

In this work, the efficiency of bacterial leaching of copper and uranium ores, depending on a num-
ber of technological parameters, was investigated. This process was considered compared to the use of
autochton bacterioflora, isolated from mining water and direct use of mining water as a leaching solu-
tion. The terrain investigations (the analysis of mining water and leach-out from the mining deposits)
showed that there exists a correlation between the quality of mining water (acidity, oxidation degree,
metal content) and quantitative presence of chemoautotrophic bacteria (belonging to Thiobacillus
genus), i. e. all oxi-reducing processes determine the degree of natural leaching.

The final objective of investigations presented in this work is utilization of mining water for bacterial
leaching and its possible practical application.

Key words: bacterial leaching, Thiobacillus genus, minig water

Mikrobidlne liZenie z pohladu ochrany Zivotného prostredia

Dlhoro¢né laboratéme a poloprevidzkové pokusy s bakteridlnym liZenim kovov (Mo, Cu, Sb a U) pouka-
zuji na moZnosti jeho praktického vyuZitia. V nafich pokusoch sme skimali moZnosti vyuZitia banskych (od-
padovych) vod v procese liZenia rid chudobnych na kovy, a tieZ pri spracovani odpadov z tazby rid. V li-
¥iacich pokusoch sme ako aparatiry pouZili sklenené kolény s objemom 200, 800 a 1200 ¢cm’. Z bani s vysky-
tom Cu, U a Sb boli izolované kmene baktérii Thiobacillus ferrooxidans, Thiobacillus thiooxidans a Thiobacillus
genus. PouZité z4sobné bakteridlne suspenzie miali koncentréciu 107 a2 10® buniek/ml suspenzie. Banské vo-
dy pouZité v pokusoch mali koncentréciu biomasy 107 a2 10° buniek/ml. Skimali sme liZenie rid s obsahom
Cu a U. U ruda mala zritost od 0,01 do 4,76 mm. Pri jej liZeni bola dosiahnutd 72 % vytaZnost urdnu, a to pri
pouZiti 1900 ml Leathenovho média ako liZiaceho roztoku inokulovaného 10 ml suspenzie biomasy. Pogia-
to¢né pH bolo 4,5 a po€as pokusu kleslo na 2,5. Tym sa dokazala oxida¢nd aktivita baktérii. Na IdZeni Cu ru-
dy sa podielal najmé bakteridlny druh Thiobacillus genus. Maximdlne vytaZzky boli pri pouZiti Leathenovho
média ako liZiaceho roztoku. VytaZnost liZenia eSte zvySila predlihovacia dprava rudy klasickou hydrome-
talurgickou metédou pomocou HySO,. Pri pokusoch s banskymi vodami bola vytaZnost liZenia porovnatelnd

s vysledkami v Leathenovom médiu. V prvej polovici trvania pokusu doglo k nérastu po¢tu buniek pri pouZiti
banskej vody. Ku koncu sa po¢et buniek neodli§oval od pokusu s Leathenovym médiom.

Introduction

The years-long investigations of bacteriological lea-
ching of copper, uranium, antimony and molybdenum
low-grade ores and copper tailings (i. e., already treated
ores), carried out on laboratory and pilot-plant scales, po-
inted out at the possibility of it’s practical application.
On the basis of our findings and findings obtained else-
where, nearly all significant parameters that provide for
the efficiency and justification of this method application,
are defined. One general attitude has also been established:
each deposit (dump store) has it’s own specificities, in
form of abiotic and abiotic factors, which should be in-
vestigated in each individual case.

Over the last few years, these general investigations,

371

associated with bacteriological leaching of low grade ores,
became more complex. Microbial leaching was related
with environmental protection and maximally intensified
through utilization of all natural and technological fac-
tors. Since the natural bacteriological process (including
an “additional” one, too) is relatively slow process, de-
pendent on a number of parameters, particulary on quality
of lixiviant (it’s acidity and occurance of present bacte-
rioflora), also that the mine drainage and seepage, origina-
ting from the places where natural leaching potential
exists, are acidic, there should be taken care and such wa-
ters be utilized to this propose.

Uncontrolled microbial leaching (particularly in modi-
fied natural ore deposits or in tailing dumps) often induces
intense ionization of formation seriously endangering wa-
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ter courses and soil. Although the concentrations of these
pollutants are usually within tolerable limits, cummulati-
ve and sinergistic effects of individual compounds and
ions should also be considered.

During realization of the projects dealing with reclama-
tion of useful components from waste waters, it was
found out that proposed solutions are accepted more readi-
ly if they emphasize the environmental aspect, as well
(most probably because of the legal requirements). This
“combined” approach of microbial leaching becomes mo-
re attactive if proposed technology points to the fact that
returned value, obtained through reclamation of otherwise
lost components, can compensate for a part of the costs
invested into environmental protection.

In this work, we tried to present a realistic picture of
the events occurring on the terrain, showing that signifi-
cant values contained in tailings and waste waters are
lost, contaminating further the water courses, although
these values could be reclaimed by the appropriate techno-
logies (including microbial leaching), thus preventing
further pollution.

Material and methods

While looking for the possibilities of more efficient
utilization of mining water in the process of bacteriologi-
cal leaching of the primary low grade ores or tailings (eit-
her in situ or in heap), the results of laboratory leaching
of primary low grade ares were used, together with the in-
vestigation results of mining waters from the primary
copper, uranium, nickel and molybdenum ore deposits
(abandoned mines and research galleries) and mining wa-
ters from the secondary tailings dumps.

For laboratorial tests of bacteriological leaching of pri-
mary and secondary raw materials (ore and tailings), gass
columns of various capacities (1200 cm?, 800 cm?, 200 cm?
and flasks) were used. The parameters of bacteriological
leaching were set up and adjusted, depending on the objec-
tive and used material. In these experiments (unless other-
wise specified), bacterial cultures of hemoautothrophic,
Thiobacillus thiooxidans and Thiobacillus ferrooxidans
bacteria, isolated from copper, uranium, molybdenum and
antimony mines by the ordinary techniques, were used
(Barbi¢, 1989; Bergey, 1989; Kuznetsov et al., 1962).
A number of bacteria in the input solution (variant with
bacteria) was between 107 and 108 per cm?. In the variants
with the “natural” mining water, the number of bacteria
was determined immediately before leaching process and
the population occurance varied between 10? and 10° per
cm?. During the laboratory experiments of leaching,
a number of bacteria was permanently followed by a met-
hod of dilution (Kuznetsov and Romanenko, 1963). It has
to be mentioned that on utilization of mining water (wit-
hout subsequent intervention), there were also some other
bacteria belonging to Thiobacillus genus, but in this in-
vestigation, they were not identified.

For investigation of effects of autochthon bacterioflora
from mining water in laboratory processes of bacteriolo-
gical leaching, the following materials were used:

1. Uranium material

la. natural sample (PT-1)

1b.natural sample (PT-2)

1c. sample treated by hydrometallurgical method (PUR-1)

1d. sample treated by hydrometallurgical method (PUR-2)

2. Copper-bearing material

2a. ore (NR)

2b. sample, previously treated (PTR)

In order to reclaim copper, transferred into water courses
in the region of the Bor mine ore deposits, tailings or tech-
nological processes, complete chemical analyses of Borska
Reka and Krivajska Reka waters have been performed over
a number of years. The investigations were carried out in
various seasons, at various annual atmospheric falls.

Results and discussion

Within the investigations of possibilities of bacteriolo-
gical leaching of low grade ores and tailings (both prima-
ry and so called “technological” tailing), the terrain inves-
tigations were carried out at the localities of Bor-Majdan-
pek, Avala (“Suplja Stena”), Bukulja (research operations)
and Mackatica (abandoned mine). From these localities,
where oxi-reduction was evident, the ore samples and mi-
ne drainages were taken. On these samples, a detailed tes-

Tab. 1
Content of basic pollutants in blue mining water (g/dm?®)

Locality

Components Kriva Reka Jama - Zmajevo seepage from

flotation tailings

Cu - 0.5200 - 0.2650 0.0030 - 0.0350
Fe (total)  0.0016 - 0.0040 0.0590 - 0.4570 0.0210 - 0.0280
S0,* 0.1030 - 0.7100 1.3690 - 3.806 0.2200 - 0.6530
flow 7.2000 - 16.5000  3.1200 - 3.4800 0.0350 -0.0380
Tab. 2
Microbial leaching of uranium ore (C sample)

Large columns C-1 C-2 C-3 C-4
Uranium in ore (g/t) 595.700  595.700 595.700  597.700
Uranium per column (g) 0.511 0.511 0.511 0.511
Leaching effect: 0.080 0.090 0.006 0.003
Cycle I (g/1) 0.114 0.154 0.010 0.005
total % 28.180 30.140 2.000 1.000
Cycle II (g/1) 0.150 0.140 0.010 0.003
total % 0.250 0.221 0.014 0.005
48.800 43.300 2.800 1.000
Cycle III (g/1) 0.210 0.200 0.012 0.003
total % 0.322 0.281 0.016 0.005
63.000 55.000 3.100 1.000
cycle IV (g/) 0.230 0.230 0.014 0.010
total % 0.340 0.322 0.179 0.013
66.500 63.100 3.500 2.500

Leached out from 443.5 4134 29.8 14.9

the ore (g/t) % 72.8 69.4 5.0 2.5
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ts were carried out in laboratory to determine the presence
of bacteria (particulary of Thiobacillus genus) and the
concentration of anions and cations in water samples.
Water samples from these localities were also used in
a specific variants of bacteriological leaching of ores from
the same localities. The autochtone bacterioflora was used
directly in leaching process, or a pure culture was obtai-
ned by certain techniques and then used for determination
of oxi-reducing capacities of isolated bacteria.

In Tab. 1. three basic pollutants present in blue mining
water are represented. Concentrations of this components
are definitely dependent on the flow-rate, i. e. on the at-
mospheric falls.

Just as an illustration: based on observation of six cha-
racteristic places, it was registered that about 100 tons of
copper is lost (at low flow-rate, in November), up to 535
tons (in April), and so is 186 - 963 tons of iron and 6600
to 9645 tons pf SO,>. According to the same source, the
content of copper in these waters was 10 to 300 times
higher then the highest legally acceptable concentration,
while the iron concentration was 10 to 1500 times higher.

Depending on time and place of sampling, the sam-
ples of mine drainages used in tests of bacteriological
leaching varied both in chemical composition (con-
centration of anions and cations) and bacteriological
composition (number of bacteria of Thiobacillus ge-
nus). In certain samples of mine drainage, collected af-
ter the abandoned mine research activities, the concen-
tration of uranium varied up to 0.1 g/l, that of iron-up
to 5 g/l, while the acidity was mainly between 2 and
3. Mine drainage from abandoned mercury mine contai-
ned about 0.3 - 1.1 g/l of nickel, up to 0.1 g/l of co-
balt, up to 5 g/l of iron (over 80 % in two-valent sta-
te), between 9 and 12 g/l of sulphate ions, while the
acidity was about 2.5. The concentrations of copper in
mine drainage (seepage from tailing and “blue water”)
was occasionaly above 0.2 g/l (the average value was
about 0.03 g/1), while the concentration of cations in
these waters was about 3 kg/l. It is worth mentioning
that the concentration of cations in these waters was
directly dependent on qualitative and quantitative com-
position of hemoautothrophic bacteria.

The results of bacterial leaching of uranium ore with ave-
rage uranium content (sample C) are presented in Tab. 2.

Granulation of investigated samples was in the range of
-4.76 mm to -0.00 mm. In the first series of experiments
(large columns), the ore was leached in the four variants:

C-1: 1900 ml of medium (by Leathen) +10 ml of the
biomass

C-2: 1900 ml of medium (by Silverman) +100 ml of
the biomass

C-3: 2000 ml of running water (control)

C-4: 1988 ml of destilled water +2 g HgCl (control)

In the first series of experiments (large columns), the
maximal leaching effect of 72 % was achieved in C-1 va-
riant (optimal initial acidity, with addition of ferrosulpha-
te). In C-2 variant, this effects was somewhat lower, whi-
le in C-3 and C-4 variants (the control columns), it was
15 - 30 times lower. The effects of microbial leaching

and bacterial oxidizing ability were also confirmed by pH
value of the leaching solution. At the beginning of expe-
riments, pH value of solution with bacteria was 4.5, fal-
ling to 2.5 at the of experiment. No change was registe-
red in the control columns. Leaching effect was more or
less stable, irrespective of granulation (71 - 91 %). It is
evident that over 80 % of uranium was leached out in the
first two cycles. It is necessary to point out that leaching
solution was not replaced by the fresh one, as will be in-
vestigated in our future investigations.

In Tab. 3, the results of leaching of lower grade run-or-
mine uranium ore (D sample with 364 g/t and E sample
with 320 g/t), are presented.

This leaching performed under conditions similar to
those for C-1 to C-4 samples, was done in the three va-
riants:

D-1 and E-1: 1900 ml of medium (by Leathen) +
100 ml of the biomass

D-2 and E-2: 1950 ml of mining water +50 ml of the
biomass

D-3 and E-3: control columns

Bacteriological leaching of copper ore (sample “NR”
and ore that was already treated (technological tailing,
“PTR” sample) by autotrophic bacteria of Thiobacillus
genus in mine drainage, with the corresponding controls,
is presented in Tab. 4. In both samples, the highest ex-

Tab. 3
Bacterial leaching of uranium ore (D and E samples)

D sample E sample

D-1 D-2 D-3  E-1 E-2 E-3

Initial uranium  340.0  340.0 340.0 320.0 3200 3200

conc. (g/t)

Total leaching ~ 313.0 263.5 33.5 270.7 257.3 40.6
effect (g/1)

Left in ore 50.6 100.5 3305 493 627 2977
after leaching (g/t)

Leaching 86.1 72.4 9.2 846 804 12.6

effect (%)

Tab. 4
Bacteriological leaching of copper
Sample “NR” Sample “PTR”

1 2 3 1 2 3
Copper 1140 1140 1140 280 280 280
in ore (g/t)
Leaching effect: 0.0735 0.0850 0.0050 00350 00410  0.0050
cycle I (g/)
Cycle II 0.0910 0.0560 0.0065 00215 00185  0.0040
Cycle ITI 0.0435 0.0245 0.0050 00200 00100 <0.0020
Cycle 1V 0.0190 0.0480 00070 00170  0.0080 <0.0020
Taken for 0.0120 0.0100 0.0024 00064 00050  0.0001
analyses (g/1)

Total (b+c) 0.2390 0.2234 0.0290  0.1008 0.0826  0.0094
Left in ore after 656.6000  693.1000 1080.7000 78.1000  114.8000 261.2000
leaching (g/1)
Total copper
extracted (g/1)
% of extraction 42.4000

4834000 4469000 593000 201.9000 165.2000 18.8000

392000 52000 721000  §9.0000  6.7000
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traction is achieved in the variant where bacteriological
Leathen medium was used as leaching solution, some-
what lower in the variant where mine drainage was used,
while the weakest extraction was achieved in their con-
trols (variant 3). The difference in extraction percentage,
registered between the two samples, is quite significant.
This is probably as due to the fact that “PTR” sample
was previously treated by a standard hydrometallurgical
method (by sulphuric acid) and, in that way, better prepa-
red for bacteriological leaching, since it provided more fa-
vourable initial conditions for bacterial growth.

During bacteriological leaching of copper-bearing and
uranium materials, we monitored the change in number
of introduced bacteria. In all samples, considerable increa-
se in number of bacteria is detected in the first half of the
leaching period, in the first and the second recycling (the
curve of the bacterial growth is steep), in those variants
where mine drainage was used as lixiviant. Towards the
end of the leaching cycle, these differences disappear, so
the curve of the populations growth'is getting the same
form, i. e. the increase in number of bacterial units per
unit of time is becoming approximately the same for all
variants. This is explained as due to the fact that the ini-
tial conditions for bacterial growth and multiplication in
the “natural” mine drainage are much more favourable,
particulary if bacterioflora selected from that, or the ne-
ighbouring water is used, because there is a certain prea-
daptation of bacteria to the environmental conditions.
This phenomenon, expressed in a form of improved con-

ditions for bacterial growth, is also reflected upon the
overall conditions that influenced bacteriological leaching
effects (percentage of extracted metal, adicity of leaching
solution, better expressed oxi-reducing process, higher re-
dox potential).

A method of bacteriological leaching (applied to inten-
sify the existing, natural processes, thus contributing to
the environment protection) requires a thorough under-
standing of the situation on the terrain and development
of the specific project design. Our experiences point out
that it is necessary to collect the “output” waste waters in
one place and to perform the primary extraction of me-
tals, also recycling waters to the place of “process”, in or-
der to enrich the solution with bacteria. Bacterial lea-
ching, significantly contributing to environmental protec-
tion, should be implemented in accordance with other
technological processes. It is particularly important not
to disturb the course of these waters, since it might addi-
tionally contribute to groundwater pollution.
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Abstract

Northwest Poland has deposits of uranium-bearing, polymetallic walchia shale. This research was
focused on the application of biological leaching for the extraction of trace amounts of dispersed metals
in non-workable material characterized by alkaline gangue. Chemical and micro-biological research
was conducted, which made possible the identification of the characteristics of the researched material.
Aspergillus niger fungi were used for the detailed examination of the effectiveness of biological lea-
ching. A 5-month research cycle was adapted, in a variety of environments. The degree of extraction
of various metals was extremely varied, from 29.5 % to 83.3 %. Additionally, research was carried out
on the influence of the bioleaching process on the leached solid stage.

Key words: biological leaching, Aspergillus niger, uran, lead, zinc, molybden

Moiznosti ziskania rozptylenych kovov z walchia bridlic s pouZitim hib

Severozdpadné Polsko md loZisk4 urdnovych polymetalickych walchiovych bridlic. Tento vyskum sa
zameral na aplikéciu biologického lihovania za G&elom extrakcie stopovych mnoZstiev kovov rozptyle-
nych (vtrisenych) v odpadovom (nebilanénom) alkalickom materidli. Bol urobeny chemicky a mikrobio-
logicky vyskum, ktory umoZnil uréit charakteristiky skimaného materidlu. Pre podrobné zistenie i¢innosti
biologického lihovania boli pouZité huby Aspergillus niger. Bol navrhnuty 5-mesa¢ny pozorovaci cyklus
v rozdielnych prostrediach. Stupeii extrakcie réznych kovov bol extrémne rozdielny, od 29,5 % do 83,3 %.
Navy$e bol skimany vplyv procesov biologického lihovania na stupefi vylihovania pevnej fazy.

Introduction

In Poland, there are no technologies for the processing
of mineral and quasi-mineral materials based on the use
of biotechnical processes. However, the perspective of
a need for them is indicated by the fact that currently the-
re is research underway directly on the subject (Golab and
Orlowska, 1988; Cwalina et al., 1990, 1992; Sztaba and
Konopka, 1992, 1993, 1994) or indirectly related to it
(Chmielowski et al., 1991, 1993). This type processes
are effectively applied in other parts of the world, on an
industrial scale, but only for strictly specified materials
(Maturana et al., 1993; Cevole et al., 1993; Groudev,
1993; Solodov et al., 1994) and with the use of auto-
trophic microbes, represented mainly by Th. ferroxidans.

In the Polish context, the principal issue is the proposed
development of a method for the recovery of trace amounts
of metal -- in a situation where there are no other rational
methods for enriching materials of unfavourable geochemi-
cal properties for the application of effective methods of
both classic and hydrometallurgical processing.

Research objective

- The objective of the research was to evaluate the possi-
bility of using the biological leaching method to recover
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trace amounts of dispersed metals in highly alkaline, ura-
nium-bearing walchia shale, present in the grounds of
Northwest Poland. It is a polymetallic material, characte-
rized by higher than average content of metal: U - to
200 grams per ton; Zn - 3000 gpt; Pb - 400 gpt;
Mo - 100 gpt; and many others. It is therefore justifiable
to look for another biological factor which would be ac-
tive in this alkaline environment.

That is why heterotrophic organisms, namely fungi, de-
serve some interest. They have a number of properties
which can prove very useful for the research objective.
They adapt very well in various environments. In fa-
vourable conditions, fungi grow extremely fast, and, being
larger than bacteria, they produce much more biomass.
The product of their metabolism - depending on their gro-
wing base - is a variety of organic acids, e. g. citric acid,
oxalic acid, gluconic acid, and some other amino acids - all
characterized by leaching qualities and the ability to com-
plexate metals, which, to some degrees of concentration,
are some of their nutrients. The most active fungi among
those which were part of the research are Aspergillus and
Penicillium sp. (Niu et al., 1993; Singal, 1994; Tzefaris,
1994; Vachon et al., 1994; Sayer et al., 1995; Sukla
et al., 1993, 1995; Holan, 1994; Akthar et al., 1995)

Detailed research on the effectiveness of bioleaching of
metals which are present in walchia shale involved the
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Tab. 1
Chemical analysis results of 3 grain class samples of walchia shale (in %)

class mm ash roasting SiO, Fe,0; AlLO; Ca0 MgO K,0 Na,O SO, TiO, MnO pH
losses (S-FeS,)

+10 1 76.00 24.00 19.53 4.00 790 3192 2.10 2.56 6.16 1.04 0.26 0.40 9.07
(0.32-0.60)

10-1 2 88.69 11.31  45.25 7.60  17.39 8.74 2.40 2221 287 0.90 0.49 0.48 7.78
(0.30-0.56)

-1 3 88.58 11.15  45.26 840  17.05 7.26 2.60 3.03 2.90 0.90 0.49 0.57 7.61
(0.30-0.56)

use of Aspergillus niger and Penicillium chrysogenym
fungi.

Experimental work

Chemical and micro-biological tests on the material:
uranium-bearing walchia shale

The acquisition of the research material involved sam-
pling to the depth of 1 metre. Samples were taken at a si-
te of the highest radiometric anomaly: 150 - 300 impul-
ses, with the background level at 50 impulses, characteri-
zed by the highest concentration of uranium.

The material was divided into several broad grain clas-
ses: +10 mm, 10-1 mm, and -1 mm. Chemical tests were
done to determine the chemical constitution of the basic
gangue and the degree of metal concentration in each of
the grain classes. The direct objective of the tests was to
find a shale sample with initial chemical characteristics
for more detailed tests focused on the effectiveness of lea-
ching of small amounts of metals. A spectral analysis in-
dicated the presence of the following metals (apart from
the dominating gangue components): Mn, U, Pb, Ti, V,
Zn, Cu (higher-than-average concentrations), Mo, B, In,
As, Sn, Ga, Sr (low concentrations), and Ni, P, Cd, Ag,
Cr (hardly detectable concentrations). The following me-
tals were selected for further detailed tests: U, V, Mo, Zn,
Pb, Mn, and Ti.

The chemical test results of several grain classes, in re-
gard to various compositions of the base gaunge, are
shown in Tab. 1, while Tab. 2 presents those results with
regard to metal concentration degree (metalloferrosity).

Sample No. 3 was chosen for bioleaching research. It
is characterized by the highest metal content (U - 90 ppm)
and belongs to -1 mm grain class.

The research objective called then for micro-biological
analyses of 4 samples of walchia shale, taken from their
natural environment with utmost care for the sterility
standards.

Generally, the tested walchia shale samples showed litt-
le biological life. Main forms of life include psychrophi-
lic and mesophilic bacteria of the Bacillus genus and so-
me bacteria active in the chemical processes involving
nitrogen compounds: nitrifications and denitrifications.
Fungi of the Micromycetes class were also found, albeit
in very small amounts. That is why the decision was ta-
ken to introduce into the wachia shale environment some

allochtonous (non-indigenous) microbes: the Apergillus
niger and Penicillium chrysogenum fungi - heterotrophic
microbes of well-known qualities which justify their va-
rious possible applications in the proces of metal lea-
ching. And that was the objective of our research.

Tests on effectiveness of metal leaching with the use of the
Aspergillus niger fungus - discussion of results

As the tests showed that A. niger was more effective
than P. chrysogenum in terms of leaching metals from
walchia shale, there search conducted on just that fungus
will now be presented .

The tests were done in conical flasks, with the use of
10 grams of A. niger (P. chrysogenum) suspension and
80 cubic cm of wort solution, or Czapek-Doxa solu-
tion, as nutrient. The experiment was conducted with
partial exchange of the leaching solution: once a week
20 cubic cm of the leaching solution (along with the
mycelium) was taken away and substituted with fresh
solution. After each month of leaching, the leaching so-
Iution was replaced completely. The experiment took
5 months, and was conducted in various environments.
On completion of that cycle, a large quantity of A. ni-
ger biomass was extracted from all of the leaching so-
lution. Both the solution and the biomass were analysed
for metal content.

Table 3 presents the results of metal leaching effective-
ness with the use of A. niger, on wort nutrient medium

The analysis of the results concerning the effectiveness
of metal leaching with the use of A. niger led to the con-
clusion that its controlled metabolism catalyses the leaching
process, albeit it is still a very long process, even when
best possible conditions have been provided. The environ-
ment underwent high degree of acidification, up to pH =

Tab. 2
Metal concentration degree in samples of 3 classes of walchia shale
(grams per ton)

Class Concentration degree (grams per ton)
mm

U \'% Mo Zn Pb Mn Ti

+10 1 49.6 60 <1 800 200 3070 1630
10-1 2 713 150 <1 2050 420 3750 2930

-1 3 90.0 143 2 2500 440 4360 2950
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Tab. 3
Results of metal leaching effectiveness with the use of A. niger, on wort nutrient medium.

Conditions Analysed Metal extraction degree - recovery X (%) Final pH
of the process component
U \Y Mo Zn Po Mn Ti
1 - room temperature solution 5.36 3.01 18.00 7.64 8.21 44.15 2.23
- static system biomass 25.82 26.08 25.00 51.00 21.14 21.67 11.70
total effect 31.18 29.09 43.00 58.64 29.96 65.82 13.93 5.60
2 - room temperature solution 2,57 1242 39.00 10.40 6.62 38.58 3.23
- aerated culture biomass 3491 28.53 34.00 45.62 16.64 44.72 26.27
total effect 37.48 40.95 73.00 56.02 23.26 83.30 29.50 4.30
3 - temperature 28 °C solution 5.08 9.86 41.50 11.26 6.48 32.25 1.90
- static system biomass 41.07 43.50 39.00 49.78 11.67 38.98 10.77
total effect 46.15 53.36 80.50 61.04 24.15 71.23 12.67 4.64

5.62-4.30, which is evidence of active biochemical proces-
ses in the leaching system, the measurable effect of which
was the significant yield of metals as well as progressive
changes in the leached solid stage. The following degrees of
extraction were achieved for the various metals: U 46.15 %;
V 53.40 %; Mo 80.50 %; Zn 61.04 %; Pb 29.95 %; Mn
83.30 %; Ti 29.50 %. The effect of leaching was assessed
according to the total amount of metal (in relation to the
theoretical potential amount) which went over to the lea-
ching solution, with the provision that the term “leaching
solution” in the experimental conditions means the solu-
tion proper plus the ample amount of A. niger biomass in it.

Chemical analysis of metal content showed that, in ex-
perimental conditions, a large part of the extracted metal -
anywhere from 33 % to 90 % - was in the fungus bio-
mass. A general conclusion may be that proper treatment
of the fungus biomass presents a number of methodologi-
cal problems, as it is impossible to find the exact divi-
sion line between divisible biomass and that which stays
in the solution. Nevertheless, it is beyond any doubt that,
in experimental conditions, A. niger biomass shows
a high degree of sorptiveness for all extracted metals and
becomes their main carrier.

25kU ®3.588 Srkm 812137

It is possible to intensify the leaching process by pro-
viding optimal conditions. The process of leaching metal
with the use of A. niger from a walchia shale type mate-
rial of given characteristics is not a selective process, at least
for the metals taken into consideration in the research.

Tests on the effects of the leaching process with the use of
A. niger on the condition of the leached solid stage -
discussion of results

The surface of the shale leached by A. niger was assesed
with the use of a Yeol 5400 electron scanning microsco-
pe (image) and a Linc AN 10000 X-ray microanalyser
(local analysis).

The microscope observation is shown in photographs
1 (a, b), and the results of the local chemical analyses are
presented in Figs. 1, 2 and 3.

Photograph 1 shows the surface of a walchia shale
before (photo a) and after 5 months of leaching (photo
b). Biological leaching affects that surface: the scanned
microscope image shows considerable reduction of gra-
in size as well as some blurring of the sharp edges bet-
ween the phases.

Spm 812142

25kUV X3.500

Photo. 1. Scanned microscope image of shale surface: a - initial stage, b - after 5 months of leaching with the use of Aspergillus niger.
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Fig. 1. Results of the X-ray local chemical analysis of the leached
walchia shale sample in its initial condition.
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Fig. 2. Results of the X-ray local chemical analysis of lab-produced
pure Aspergillus niger biomass.
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Fig. 3. Results of the X-ray local chemical analysis of the Aspergillus
niger biomass sampled from the leachid environment.

Fig. 1 is a presentation of the results of the X-ray local
analysis of the shale in the initial state, where, apart from
the dominating components of the gangue plus Ti and
Mn, no traces of other metals were found.

The leaching process with the participation of A. niger,
as shown by the results of the local chemical analysis,
can be evaluated on the basis of a comparison of Fig. 3,
which presents the results of the analysis of A. niger bio-
mass sampled from the leaching environment, with
Fig. 2, which presents the results of the analysis of its
pure biomass taken from a lab culture (bred for research).
The lab culture A. niger biomass has a rather poor local
analysis spectrum, both in qualitative and quantitative
terms, which testifies to the contribution of the fungus
biomass to the general effect of this type leaching.

Upon completion of the S-month leaching cycle with
the use of A. niger, an analysis of the grain composition
of the leached sample was done. Data of the initial sam-
ple are also given for comparison.

The results are shown in Tab. 4.

As the data indicate, leaching with the participation of
fungi is conductive to excessive reduction in grain size of
the leached material in the whole grain size range: the
percentage of the largest class decreases, while the me-
dium-sized grain content increases, and then again the per-
centage of the smallest grains decreases, which may indi-
cate that the smallest grain class is most susceptible to
the leaching processes.

In order to assess the influence of long-term leaching
with the participation of A. niger on the condition of the
gangue containing the leached walchia shale, chemical
tests of the leached solid stage were run following the
completion of the 5-month-long leaching cycle. The data
on the initial sample are also given for comparison.

The resulsts are shown in Tab. 5.

The results of the chemical tests of the gangue contai-
ning the leached shale allow one to conclude that leaching
does take place and that it is accompanied by the process
of solution of alkaline components, particularly CaO. Its
content definitely. decreases, from the initial 7.26 % to
1.34 %. What increases is the relative content of acidic
components. X-ray tests have shown beyond any doubt
the complete disappearance of calcite peak, which is anot-
her confirmation of the chemical tests results.

Conclusion

The research objective was to recover trace amounts of
metals dispersed in walchia shale, with the use of the
method of bioleaching - as the only feasible one for this
type of raw material.

Chemical tests have shown that the shale in question
contains a number of economically desirable metals, in-
cluding uranium. However, they are highly dispersed
(grams per ton) - U 49.6-90.0; V 60-143; Mo c. 2; Zn
800-2500; Pb 200-440. Low metal concentration degrees,
so characteristic of this type of geological deposits, often
render effective research of the form of their presense prac-
tically imposible, and the minerals of most chemical ele-
ments never get isolated.

The gangue is alkaline, with a pH = 9.7-7.61, which
results from the high content of alkaline components
(Ca0 + MgO): from 10 % - 34 %.

With the overall research objective in mind, micro-bio-
logical tests of the shale were undertaken. They showed

Tab. 4
Results of walchia shale samples grain composition analysis: before
and after leaching

Class (wm) Weight percentage of grain class
initial sample sample leached by A. niger
+160 35.33 32.83
160-190 15.93 16.94
90-63 11.23 12.30
63-45 4.84 4.58
45-32 5.01 7.50
32-25 3.63 4.50
25-0 24.03 21.35
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Tab. 5
Results of chemical analyses of walchia shale samples: before (W) and after 5 months of leaching by A. niger (As)
Sample  Ash (in %) Roasting SiO, Fe, 05 ALO; CaO MgO K,0 Na,O Stotal
losses (in %) (in %) (in %) (in %) (in %) (in %) (in %) (in %) (in %)
W 88.85 11.15 45.26 8.40 17.05 7.26 2.60 3.03 2.90 0.30
As 85.06 14.94 48.02 9.10 17.80 1.34 2.10 2.36 2.49 0.10

that rather scant biological life was present in it, so deci-
sion was taken to undertake bioextraction of metals with
the use of A. niger fungi - allochtonous microbes which
had proved effective in other environments.

The products of A. niger metabolism proved an effecti-
ve factor in metal leaching. The degree of leach-based ex-
traction varied for the various metals, ranging from 29.5 %
to 83.3 %. A significant part of the extracted metal
was found in the fungus biomass, which might indicate
that the biomass has strong sorptive qualities and can be-
come a targer carrier for the extracted metals in the future.
The contribution of the biomass to the leaching process
has been confirmed by X-ray local chemical analysis,
which showed that bioextraction influences the intensifi-
cation of the spectrum lines in comparison with lab cul-
ture biomass. The products of leaching are the reason for
that. The leaching process under discussion is a very long
one; however, there is a way of intensifying it.

The fact of biochemical process occurring in the resear-
ched environment, its effect being the leach-based extrac-
tion of metals, is proved by a considerable pH decrease,
down to as low as 4.30, and the change of state of leached
solid stage. The microscope image of the leached shale
surface is evidence of the size reduction of the larger grain,
which has been confirmed by the analysis of the grain
composition. Chemical analysis showed that leaching is
accompanied by the process of solution of the alkaline
components, particularly CaQ. Its content drastically de-
creases, from the initial 7.26 % to 1.34 % - and it is calci-
te. It was shown by X-ray tests, wherein complete dissape-
arance of calcite peak was observed in the leached material.

What has been proved is the positive role and justified
use of Aspergillus niger fungus in the process of leaching
metals from raw materials deposited in alkaline gangue.
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Abstract

In this paper the changes in surface properties and the leaching of chalcopyrite CuFeS, after ultrafi-
ne grinding are examined. The methods of surface area measurement and photoelectron spectroscopy
(XPS) were used for characterization of the ground samples. Gradual diminishing of particle size from
32 um for as received CuFeS, to 2 um for sample ground for 60 minutes as well as increasing surface
area from 0.23 m?g? to 2.68 m?g’! for equal samples was observed. Analysis of the XPS line of sulphur
S2p has shown the existence of sulphur in three different chemical forms: S, S and S*. The ground
samples exhibited a greater proportion of higher oxidation states. The samples were chemically prelea-
ched with the acid solution of Fe(III) sulphate to equal conversion degree (e, = 25 %), characterized
and subsequently leached by bacteria Thiobaciilus thiooxidans. While the rate of chemical leaching is
proportional to the increase in CuFeS, surface area, the rate of subsequent bacterial leaching is limited
by 15 minutes grinding. The different behaviour of the samples ground for a langer time may be expla-
ined by differences in chemical composition of surface layers.

Key words: Thiobacillus thiooxidans, chalcopyrite, sulphur, bacterial leaching

Bakteridlna extrakcia siry z predlihovaného chalkopyritu

Skimal sa vplyv ultrajemného mletia na zmenu povrchovych vlastnosti a proces chemického a bakte-
ridlneho lihovania CuFeS,. S dobou mletia klesd stredny rozmer &astic z 32 um na 2 pm a narasté ich
povrch z 0,23 na 2,68 m?g?. Analyza XPS linii siry potvrdila pritomnost jej S*, S° a S* foriem, pri¢om
u mletych vzoriek bolo zastipenie S%* vyigie. Nasledné bakteridlne ldhovanie kmetiom Thiobacillus thio-
oxidans ukézalo, Ze nérast jeho rychlosti je limitovany 15 minitovym mletim. Pokles reaktivity pri vys-

Sich Casoch mletia m6Ze sivisiet s rozdielnym zloZenim povrchovych vrstiev chalkopyritu.

Introduction

Several agents have been tested for chemical leaching
of chalcopyrite (CuFeS,). Owing to refractory character
of this mineral a sufficient recovery of copper requires ap-
plication of strong oxidizing agents among which the so-
lutions of trivalent iron have been especially utilized
(Dutrizac, 1978; Munoz et al., 1979; Majima et al.,
1985; Tkacova and Bal4z, 1988). Ferric sulphate reacts
with chalcopyrite in the presence of sulphuric acid accor-
ding to the equation
CuFeS, + 2Fe,(S0,); = CuSO, + 5FeSO, +2S 1

The elemental sulphur formed during leaching covers
the particle surface and is therefore considered to be res-
ponsible for slowing down the rate of leaching (Dutri-
zac, 1989). Scientists and technologists are still sear-
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ching for some method to suppress the above-mentio-
ned unfavourable effect. One of the ways to this aim is
to use bacterial leaching where the produced sulphur is
oxidized to form sulphuric acid. In our previous inves-
tigation bacteria Thiobacillus ferrooxidans were used
for subsequent leaching of chemically preleached chal-
copyrite (BalazZ et al., 1991). It has been found that the
rate of bacterial leaching is a function of specific surfa-
ce area of the preleached chalcopyrite and decreases
with increasing amount of the sulphur, created on the
surface by reaction (1). The retardation effect due to
formation of the protecting sulphur layer is significant
in bioleaching. Nevertheless, it is possible to elimina-
te this effect, i. e. by using other sulphur oxidizing
bacteria, e. g. Thiobacillus thiooxidans. According to
literature data (Waksman and Joffe, 1922) these bacte-
ria oxidize elemental sulphur to sulphuric acid without
accumulation of any intermediate oxidation product.
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This process obeys the following reaction scheme
28 + 30, + 2H,0 = 2H,S0, )

The objective of this study has been to determine the
surface properties of preleached samples of chalcopyrite
and to evaluate the feasibility of leaching these samples
by Thiobacillus thiooxidans.

Experimental procedures
Materials

The investigations were carried out with a sample of
chalcopyrite CuFeS, (Slovinky deposit, Slovakia) of
the following composition: 31.55 % Cu, 31.44 % Fe,
32.54 % S, 4.11 % Si0O,, 0.24 % insoluble residue. The
X-ray diffraction examination showed that the mineral
components were chalcopyrite (JCPDS-ICDD, 9-423),
pyrite JCPDS-ICDD, 6-0710) and quartz (JCPDS-ICDD,
5-0490).

Ultrafine ground chalcopyrite samples were characteri-
zed by methods of surface area measurements and XPS
analysis. Details are published in BalazZ et al. (1996).

Chemical leaching

The chemical leaching was investigated in a stirred
500 ml glass reactor where 300 ml of leaching solution
(0.25M Fey(S0y); + 0.25 M H,SO,) were placed. After
heating to the temperature of 90 °C (= 0.1 °C), 4g of
CuFeS, were added and the leaching started at appropriate
time intervals. Aliguots (1ml) of the solution were with-
draw and subjected to determination of the percentage of
dissolved copper by atomic absorption spectroscopy.

Bacterial leaching

Bacteria Thiobacillus thiooxidans were used for lea-
ching. The leaching was carried out under the following
conditions: A culture of active bacteria was first centrifu-
ged. Thus the heavier sulphur sedimented and the superna-
tant fluid containing. the bacteria was filtered through
a membrane filter of 0.40 wm pore size. Finally, the filter
containing the bacteria was transferred into a sulphur free
fresh medium (Waksman and Joffe, 1922). Then the chal-
copyrite samples (2g) were subjected to leaching in
100 ml of the prepared bacterial suspension. The initial
biomass concentration in the suspension was 8.97 mg of
bacterial protein per liter. The leaching continued for 10
days at atmospheric pressure and 30 °C in a rotary shaker
operating at 180 rpm. Aliquots (0.2 ml) of the solution
were taken for determining SO,* by the nephelometric
BaCl, methad.

Processing of recovery data

The kinetics of chemical leaching according to equation
(1) has been described by the Ginstling-Brounstein equa-
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Fig. 1. Specific surface area, SA of CuFeS, vs. grinding time, tg:
1- samples after ultrafine grinding, 2 - ground samples after chemical
and bacterial leaching.

tion derived for heterogeneous processes controlled by dif-

fusion through solid product
1-23¢c,-(1-gc )P =k 3

where e, k and t, are recovery of copper into leach, rate
constant and time of chemical leaching, respectively.

The kinetics of bacterial oxidation of sulphur was charac-
terized by the rate constant p calculated from exponential
stage of leaching governed by the equation

C = Cpe Wi5L )

where C, Cy, w and tg are concentration of the SO,*
ions, concentration of the SO,> ions in the time moment
tg. = 0, rate constant (equivalent to specific growth rate)
and time of bacterial leaching, respectively.

Results and discussion

Influence of ultrafine grinding on physico-chemical
properties of CuFeS,

In Fig. 1 the values of specific surface of CuFeS, are
depicted as a function of grinding time. The surface of
ground samples progressively increased from the origi-
nal value of 0.50 m?g’!, corresponding to a non-ground
sample up to more than fivefold value corresponding to
a sample ground for 60 minutes (curve 1). Simultane-
ously the mean grain diameter dso decreased from the va-
lue of 32 wm to a few micrometers, corresponding to
samples ground for 7.5 minutes and more. The presence
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Fig. 2. Copper recovered in solution, e, vs. duration of chemical preleaching, t; for CuFeS, ground in different times, tg.

of individual elements in surface of CuFeS, samples
was estimated by the method of photoelectron spectro-
scopy. The relative atomic concentrations of elements in
a non-ground reference sample and in a sample ground
for 15 minutes are given in Tab. 1. The results from the
presented are data that sulphur occurred in samples in three
chemically different forms, i. e. in sulphidic form, ele-
mental form and in sulphate form. By fitting the spectra
the following values of bond energy were found for indi-
vidual forms of sulphur: S$% - 162.0 eV, S° - 164.2 eV
and S* -169.1 eV. For ground sample can be observed
a higher proportion of higher oxidation degrees of sulp-
hur which might be a consequence of surface oxidation
of chalcopyrite in the course of grinding (Brion, 1980;
Balaz et al., 1993).

The decrease in iron concentration of the ground sample
indicates that some form of iron may arise at the surface
of chalcopyrite which is able to be set free in the course
of grinding in liquid medium. The occurrence of carbon
and to a certain extent of oxygen in minerals is quite usu-
al and is due to adsorption of carbon dioxide. The decrease
in carbon concentration in a ground sample indicates that

Tab. 1
Relative atomic concentrations of elements in CuFeS, samples
referred to copper concentration

Grinding S Fe O C
time (min)
total S6+8* SoS*
0 35 0.24 0.14 0.88 6.7 11.5
15 3.9 0.35 0.32 0.81 6.6 7.4

it is the surface carbon that is set free in the course
of grinding.

Chemical and bacterial leaching of ultrafine ground
CuFeS,

The samples ground for 3, 7.5, 15, 30 and 60 minutes
were leached with ferric sulphate for 180 minutes. The
course of kinetic curves of leaching is represented in Fig. 2.
The experiments were repeated and the leaching continued
until the recovery e, = 25 % (dashed line) was attained.
For the sample ground for 3 minutes, the recovery
€cu = 25 % was not reached under the used experimental
conditions. The solid residues of the samples ground for
7.5, 15, 30, and 60 minutes were filtered, dried and expo-
sed to subsequent bacterial leaching. The results of bacte-
rial leaching of CuFeS, ground for different times tg; and
chemically preleached to e, = 25 % are represented in
Figs. 3 and 4. While the rate of chemical leaching corres-
ponds to the increase in chalcopyrite surface area, the bac-
terial leaching is effective only for the samples ground for
7.5 and 15 minutes.

As to the samples ground for a longer time, the effecti-
veness of bacterial leaching does not practically manifest
itself, which is also consistent with the pH values of me-
dium (Tab. 2). However, for all grinding times there is
valid that the oxidation process of non-sulphidic sulphur
to sulphate by bacteria according to equation (2) proceeds
selectively with minimum solubilization of copper and
iron (Fig. 5). This solubilization is a consequence of in-
direct leaching, i. e. chemical leaching of the mineral
(Groudev, 1983). In this connection the zero content of
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Fig. 3. Sulphate concentration, CSO,%> vs. duration of bacterial lea-
ching, tg; for CuFeS, ground in different times, t; and chemically pre-
leached to E., = 25 %.

soluble iron in the discussed samples is also remarkable.
The heterogeneity of surface (Fig. 1, curve 2) also chan-
ges. While the samples ground for 7.5 and 15 minutes
exhibit the surface difference ASa between original
ground sample and sample after combined chemical and
bacterial leaching AS, ~ 0.4 m2g’; this difference indica-
tes to 0.67 or 1.15 m?g? for the samples ground for
30 minutes or 60 minutes. This fact indirectly confirms
a changed quality of the surface as well.

An explanation of the differences between the values ob-
tained for differently ground samples (7.5 and 15 minutes
grinding as opposes to 30 and 60 minutes grinding) can be

Tab. 2
Rate constant-u, doubling time-T in the exponential phase and the fi-
nal pH value of medium after 10 days bacterial leaching

Sample w [ T [h]* pH**
Grinding time (min)
7.5 0.0156 444 1.05
15 0.0171 40.8 1.17
30 - - 427
60 - - 436

* doubling time is the time taken for the bacterial population to double,
it is the natural logarithm of 2 (0.639) divided by the specific growth
rate (In2/p)

** initial pH value of medium was 4.3

Tab. 3
Relative atomic concentrations of elements in CuFeS, samples,
concentrations of elements are referred to copper concentration

Sample S Fe(O+S%+) Si N
Grinding Combined ——————————  /Fe(CP)

leaching ~ S5*/8%  S%8%
7.5 - 0.56 0.24 6.15 0.63 0.00
7.5 + 0.26 0.51 4.84 2.17 2.25
60 - 0.64 0.21 6.41 0.68 0.00
60 + 0.29 0.60 2.34 1.55 0.35
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Fig. 4. Logarithm of sulphate concentration In C vs. duration of bacte-
rial leaching tg for CuFeS, ground for 7.5 and 30 min. Eq. 4 becomes
linear In C = InCy + w.tg with intercept InCy and slope w. Linear re-
gression was calculated only for data up to 160 hours (dashed line).
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Fig. 5. Sulphate, copper and iron concentrations in solutions and final
pH value after 10 days bacterial leaching of CuFeS, ground in diffe-
rent times, tg and chemically preleached to €, = 25 %.

furnished by analyzing the corresponding photoelectron
spectra. The photoelectron spectra of sulphur S2p as well
as of the CuFeS, surface of the samples ground for 7.5
min.(1) and 60 min. (3) and the equal samples subjected to
combined leaching-spectra (2) and (4) are represented in
Fig. 6. The relative atomic concentrations of elements in
the surface are summarized in Tab. 3. From the view point
of the found differences the information about sulphur and
iron is important. The values found for sulphur correspond
with the relations represented in Fig. 4 while the ratio
S9S% is equal to 2.9 (0.51:0.24) for the sample ground for
7.5 minutes and this value is equal to 2.9 (0.60:0.21) for
the sample ground for 60 minutes. Thus the analysis of
surface of the solid phase confirms that the bacterial lea-
ching is more efficacious with respect to elemental sulp-
hur in the sample ground for 7.5 minutes.

The deciding contribution to elucidation of the differen-
ces between differently ground samples has been provided
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Fig. 6. XPS S2p spectra of CuFeS, samples: 1 - CuFeS; ground for
7.5 minutes, 2 - sample 1 after combined chemical and bacterial lea-
ching, 3 - CuFeS2 ground for 60 minutes, 4 - sample 3 after combined
(chemical and bacterial) leaching.

by the analysis of surface iron. Because of the closeness
of the oxide (O) and sulphate (S®) lines of iron (Briggs
and Seach, 1983), their differentiation was not feasible
and for this reason only the ratio of Fe (O+S%") to iron in
chalcopyrite Fe (CP) is given in Tab. 3. While this ratio
is equal to 0.8 (4.84:0.15) for the sample ground for 7.5
minutes, it is equal only to 0.4 (2.34:6.41) for the sam-
ple ground for 60 minutes. It results from this fact that
the sample (60 minutes) non-active from the viewpoint
of bacterial leaching exhibits the twofold deficit of surface
iron in the solid phase when compared with the active
sample (7.5 minutes). However, the analysis of the liquid
phase of this sample did not detect any iron at all (Fig. 5).

We can assume that not only the discussed change in sur-
face heterogenity of the fine ground samples (30 and
60 minutes) but also a change in chemical surface com-
position has arisen. A compounds of the hydroxide or
hydroxysulphate type is likely to be formed. For instan-
ce, Brion (1980) states that Fe(OH)SO, is present at the
surface of chalcopyrite because of its long-term oxidation.
A washing out of this compounds due to bacterial lea-
ching could be responsible for the increase in pH of the
leach (Fig. 5) as well as for the decrease in iron content
in the solid phase (Tab. 3) for the samples ground for
30 minutes and more. A negative influence of fine fractions
of other sulphides on the bacterial oxidation kinetics was
also observed for leaching pyrite by Thiobacillus ferro-
oxidans (BalaZ et al., 1991). In order to explain these
phenomena in more details, a thorough study the mecha-
nisms of microbial adhesion at various surfaces would be
necessary.

Acknowledgement. The authors thanks N. Stevulov4 for carrying out
the granulometric analysis. This work was supported in part by the
Slovak Grant Agency for Science (Grants No. 95/5305/562 and
2/2009/95).

References

BalaZ, P., Kupka, D., Brianfin, J., Havlik, T. & Skrobian, M., 1991:
Fyzikochem. Probl. Mineralurgii, 24, 105-113.

Baldz, P., Spaldon, F., Luptdkov4, A., Paholi¢, G., Bastl, Z., Havlik, T.
& Briandin, J., 1991: Int. J. Miner. Proc., 32, 133-146.

Bala’, P., Bastl, Z., Tkalova, K., 1993: J. Mater. Sci. Lett., 12,
511-512.

Balaz, P., Kupka, D., Bastl, P., Achimovi€ové, M., 1996: Hydrometal-
lurgy - accepted for publication.

Briggs, D. & Seach, M. P., 1983: Practical Surface Analyses by Auger
and X-ray Photoelectron Spectroscopy. John Wiley & Sons, Chi-
chester, 494.

Brion, D., 1980: Appl. of Surf. Science, 5, 133-152.

Dutrizac, J. E., 1978: Metall. Trans. B, 9B, 431-439.

Dutrizac, J. E., 1989: Canad. Metall. Quart., 28, 337-344.

Groudev, S. N., 1983: Resconti della Associazione Mineraria Sarda,
Iglesias, Cagliari, LXXXVII, 5-19.

Majima, H., Awakura, Y., Hirato, T. & Tanaka, T., 1985: Canad. Me-
tall. Quart., 24, 283-291.

Munoz, P. B., Miller, J. D. & Wadsworth, M. E., 1979: Metall Trans.
B, 10B, 149-158.

Tké&Zova, K. & Baldy, P., 1988: Hydrometallurgy, 21, 103-112.

Waksman, S. A. & Joffe, I. S., 1922: J. Bacteriol., 7, 2, 239.



Mineralia Siovaca, 28 (1996), 385 - 387

Arsenic(IIT) inhibits more metabolic steps of iron(Il) oxidation system

in Thiobacillus ferrooxidans

MARTIN MANDL and DAVID HRBAC
Department of Biochemistry, Faculty of Science, Masaryk University, 611 37 Brno, Czech Republic

(Received August 5, 1996)

Abstract

Kinetic analysis of Fe(II) oxidation by nongrowing cells of Thiobacillus ferrooxidans in the presence
of arsenic(IIl, V) demonstrated both qualitative and quantitative changes in the inhibition pattern during
several hours of incubation only in the case of arsenic(III). More complex inhibitory effect of
arsenic(III) on the components of Fe(II) oxidation system was assumed, which was supported by results
on growth culture inhibited by low arsenic(IIl) concentrations. The active culture growth was much
less inhibited compared with the culwre in the lag time. Consequences on bacterial leaching of arseno-
pyrite are discussed.

Inhibicia niektorych komponentov Fe?*-oxidaéného systému T. f. As**

Analyza kinetiky oxidacie Fe?* preZivajtcimi (nerasticimi) bunkami T. f. v pritomnosti As(Ill, V)
poskytla kvalitativne aj kvantitativne d6kazy o inhibi¢nych zmenach pocas niekolkohodinovej inkubdacie
T. f. iba v pritomnosti As3*. V pripade As** sme takyto vplyv aj ofakavali. Tento predpoklad sa potvrdil
rastom kultiry T. f. v pritomnosti nizkych koncentracii As**. Inhibi¢ny vplyv As3* sa prejavoval najmi

v lag-faze rastu kultdry T. f. V préci zéroveli opisujeme vplyvy As>* na bakteridlne liZenie.

Introduction

Relation of arsenic toxicity to biohydrometallurgy
(Rawlings and Silver, 1995) is based on its influence on
the rate of arsenopyrite oxidation by Thiobacillus ferro-
oxidans. Arsenic toxicity is highly dependent on its oxi-
dation state. Generally, trivalent arsenicals are much more
toxic than the pentavalent derivatives. Toxicity of arseni-
te is due to its binding to protein sulphydryl groups, arse-
nate is a toxic analog for inorganic phosphorylating acti-
vities (Cervantes, Ramirez and Silver, 1994). During ar-
senopyrite biooxidation, As(IIT) is approximately three ti-
mes more toxic to leaching bacteria than As(V) (Barrett,
Hughes, Karavaiko and Spencer, 1993).

The form of arsenic in the leaching solution depends on
more factors. The primary process of arsenopyrite oxida-
tion by T. ferrooxidans can be described as follows (Bar-
rett, Hughes, Karavaiko and Spencer, 1993; Zeman, Mand
and Mrnustikova, 1995):

O,, bacteria

FeAsS »Fe(Il) + As(III) + S(VI)

This overall primary reaction has a complex stoichio-
metry and must occur in a number of stages (Barrett, Hug-
hes, Karavaiko and Spencer, 1993). Secondary processes
include bacterial Fe(Il) oxidation and a possible chemical
As(III) oxidation. According to another report (Monroy
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Fernandez, Mustin, deDonato, Barres, Marion and Berthe-
lin, 1995), S(VI) formation has been considered as a se-
condary product of bacterial oxidation of elemental sulp-
hur, the formation of which has been detected only during
the chemical arsenopyrite oxidation (Zeman, Mandl and Mr-
nustikova, 1995). In addition to As(III), earlier reports al-
so suggested an As(V) formation during arsenopyrite oxi-
dation (Karavaiko, 1985), which does not seem to be
a primary process at present. A relation between arsenopy-
rite and its oxidation arsenical products is shown in Fig. 1.

1, As(I)
FeAsS 3
2 3 As(V)

Fig. 1. Arsenic formation during biooxidation of arsenopyrite. 1 - ma-
jor pathway, 2 - minor pathway(?), 3a - oxidation by Fe(III) under py-
rite (Barrett, Ewart, Hughes and Poole, 1993; Mandl and Vyskovsky,
1994) or chalcopyrite (Barrett, Ewart, Hughes and Poole, 1993) cata-
lysis supported by mineral-surface-oxidizing bacteria; b - enzymic
oxidation by thermophilic bacterial strain Sulfolobus acidocaldarius
(Sehlin and Lindstrom, 1992).

Under acid mesophilic bioleaching conditions, oxidation
of As(III) according to the stage 3a in Fig. 1 seems to be
a general pattern resulting in a relatively detoxification ef-
fect. In dependence on the rates of above As(III) formation
and As(IIT) oxidation, both the arsenic ions can appear in
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Periplasm Cytoplasm
(pH=2) ATP (pH=6-7)
2H ——:—A% 2"
ADP + P;
2Fe ¥,
Fe/S
2Fe ™
c-552
Cu o 120, +2H"

Cup H,0

Fig. 2. A schematic presentation of the electron transport system coupled
to the Fe(Il) oxidation by T. ferrooxidans. Fe/S, c-552 and Cu are Fe(II)-
cytochrome ¢ oxidoreductase, soluble cytochrome ¢, and rusticyanin,
respectively. a, a;, Cu,, and Cug are likely components of a terminal cy-
tochrome ¢ oxidase (Yamanaka, Yano, Kai, Tamegai and Fukumori,
1993; Rawlings and Kusano, 1994; Yamanaka and Fukumori, 1995).

the bioleaching system and, based on a sensitivity of bac-
terial strain to arsenic.ions, affect Fe(II) oxidation and the
rate of bacterial leaching of arsenopyrite minerals.

This paper summarizes our results concerning inhibi-
tion effects of the arsenic ions on Fe(II) oxidation in
T. ferrooxidans.

Materials and methods

Culture conditions and a bacterial suspension prepara-
tion of T. ferrooxidans (CCM 4253) were described earlier

0 .
0.0 01 02
[As(TID)] (molA)
8
6 o

C

0 L L
0.0 02 04 0.6

[As(V)] (mol/)

Mineralia Slovaca, 28 (1996)

(Mandl and Vy3kovsky, 1994). Inhibition of Fe(I) oxida-
tion by arsenic(IIl, V) was studied in bacterial suspension
(10% cells/ml, pH 1.7) supplemented with either NaAsO,
or Na;AsO,; FeSO, served as a substrate. The rate of
Fe(II) oxidation was measured by the rate of oxygen con-
sumption using a Clark-type oxygen electrode. Regres-
sion analysis was used for evaluation of the inhibition.
Growth of the culture was monitored by Fe(III) formation
using ultraviolet absorption spectrometry (Mandl and
Novékova, 1993).

Results and discussion

All classical kinetic approaches resulted in a non-com-
petitive type of inhibition of Fe(II) oxidation by both the
arsenic ions (Mandl, Hrba¢ and Docekalovd, 1996). K;
were 4511 mM and 143+19 mM for As(III) and As(V),
respectively (95 % confidence intervals). These results
correspond to the conditions without preincubation of
cells with arsenic ions and, based on the defined kinetics
of enzyme inhibition, a specific initial enzyme inhibition
can be assumed.

It is probable that the initial inhibitory effect of arsenic
ions is connected with a periplasmic space at the stage of
Fe(II)-cytochrome ¢ oxidoreductase - the primary acceptor
for electrons from Fe(Il) (Fig. 2). In contrast to As(V),
inhibitory effect of As(III) was not constant in time. Af-
ter preincubation of cells with arsenic, the defined inhibi-
tion character was gradually changed to a form no longer
corresponding to any defined type of inhibition only in
the case of As(III) (Mandl, Hrba¢ and Docekalov4, 1996).
This is illustrated in Fig. 3B after 16 h of preincubation.
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Fig. 3. Dependence of v/v; on arsenic concentration. v/v; = 1+[As]/K;, v and v; are Fe(II) oxidation rates in the absence and in the presence of
As(III) (A, B) or As(V) (C, D), respectively, without preincubation (A, C) and after a 16-h preincubation (B, D) of bacteria with arsenic. Fe(II)

concentration was 0.36 (o) and 1.79 (¢) mM.
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Fig. 4. Submerged growth of T. ferrooxidans on Fe(Il) at a constant pH 1.5 in the presence (0) and in the absence (¢) of 3.3 mM As(III), respecti-
vely. As(IIT) was added at the beginning of cultivation (A) and 2nd day of the growth (B).

The nonlinearity of the kinetic pattern may indicate
a toxic effect extending to other components of Fe(II)
oxidation system in the membrane or cytoplasm (see Fig. 2)
due to As(IIT) interaction (with SH groups) in the mem-
brane and its gradual penetration into the cells. In contrast
to more complex inhi