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The present {nvention refers to a process in which mineral compounds,
contained in mineral ores or concentrates and constituting substrates

for microorganisms, are bio-oxidized to allow solubilization and

separation thereof.

TECHNICAL FIELD OF THE INVENTION

Introduction

Biotechnology of metals is the science of extracting metals from
minerals, concentrates, rocks and solutions by the action of
microorganisms or their metabolites at normal pressure and at a
temperature of 5 to 90° C. One of its areas of technological development
is Biohydrometallurgy which refers to the oxidation of sulphide
minerals, elemental sulphur, ferrous iron and a number of reduced metals
by acidophilus microorganisms, turning them into soluble, easily sepa-
rable compounds. Optimization of this technology could advantageonsly

compete with the conventional processes of extractive metallurgy.

It has been proved that by bacterial leaching it is possible to oxidize
the following sulfides: pyrite and marcasite (FeSz), pyrrhotite (FeS),
chalcopyrite (CuFeSZ), bornite (CuSFeSA), covellite (CuS), chalcocite
(CugS), tetrahedrite (Cu85b257), enargite (3Cu25.Aszss), molybdenite
(MoSz), sphalerite (2ZnS), arsenopyrite (FeAsS), realgar (AsS), orpiment
(AsZS3), cobaltite (CoAsS), pentlandite (Fe,Ni)9 58’ violarite
(NiZFeSQ), bravoite (NiFe)SZ, millerite (NiS), polydymite (Ni3Sa),
antimonite (Sb S3), marmatite (ZnS), galena (PbS), geocronite PbS(Sb,

2

ASZ)SB’ Ga253 and CuSe among others.




It is known that microbial species oxidize insoluble sulphide minerals
into soluble sulphates either directly or indirectly. In the case of
direct oxidation, the destruction of the crystalline structure of the
sulphide mineral takes place by the enzymatic systems of the acting
microorganisms. The indirect oxidation of sulphide minerals is due to
the action of the ferric ion (Fe3+), which, in turn, is a product of the
bacterial oxidation of ferrous iron and iron-containing sulphide

minerals.

We shall analyze the chemistry of pyrite biological oxidation via the

most probable reaction:

4 FeS2 + 15 O2 + 2 HZO Bacteria 2 Fe2 \SOA)3 + ZHZSOA

The above reaction illustrates the direct bacterial oxidation of pyrite.
The resulting ferric sulphate, in turn, oxidizes pyrite, forming ferrous

sulphate and elemental sulphur:

13 i y +

Ce S2 + 7Fe2(504)3 + 8H20 Chemicall 15 Fe SOA 8 HZSOQ
hemi v F + °

Fe S2 + Fez(SOa)3 Chemicall 3 Fe SOa 2S

Ferrous iron and sulphur undergo bacterial oxidation:

4 Fe SO4 + 02+2H2504 Bacteria 2 Fez(SOA)3+2H20

o .
257 +3 O2 +2 H20 Bacteria 2 HZ SOA

In the case of chalcocite (CUZS) it has been proved that cuprous ion

(Cu1+) and suiphide (SZ-) are oxidized by the microbian enzymatic

- 3 - -
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+
systems to Cu? , S°y SO, respectively.

By similar mechanisms, the bacterial oxidation of a wide spectrum of

sulphide minerals is possible.

Thiobacillus ferrooxidans and related bacteria oxidize the uranous ion

according to the following reaction:

+
2u** 0, + 2H,0 Bacteria 2002%% + 4n

. . , , . . , 3+
The leading role in uranium leaching is played by ferric iron. Fe

oxidizes U4+ to U6+ which is solubilized in sulfuric acid solutions.

UO2 + Fez (504)3 Chenically UO2 SOA + 2Fe SO4
UO3 + H2 SOQ” : Chemically UO2 SO& + H20

+
The bacteria regenerate Fe3+ by oxidation of Fez or Fe SZ'

By reactions similar to the above, a wide variety of mineral compounds
can be oxidized. The most important microorganisms in bichydrometallurgy

are presented in Table I.




TABLE I: Important Microorganisms in Biometallurgy

Microorganisms Process Feasible area of application
Bacteria of the genus Oxidation of Dump, underground and tank
Thiobacillus and Leptospirillum: sulphide leaching of metals from
Thiobacillus ferrooxidans minerals, §° sulphides, mixed ores
Thiobacillus thiocoxidans and Fe2+ at and concentrates, from
Thiobacillus acidophilus pH=1.4-3.5 wastes of pyrometallurgic
(Syn. T. organoparus) and T=5-35°C industry.

Leptospirillum ferrooxidans
in mixed culture with

T.thiocoxidans and T.acidophilus

Desulfurization of coals.
Precious metal's

purification.

Facultative Thermophilic bacteria
similar to thiobacilli

Facultative Thermophilic bacteria

of the genus Sulfobacillus

Same at pH=1.1-3.5 Same as above
and T=30-55°C.

Same at pH=1.1-5.0 Same as above
and T=20-60°C

Acidophylic bacteria of
the genus sulpholobus and

Acidianus

Same at pH=1.0-5.0 Same as above
and T=45-96°C.

As indicated in Table I, the main areas of applicaticn of the biohydrometallurgy

processes are : metals leaching,

coal desulphurization and precious metals

purification. These areas will be briefly discussed hereinbelow:

IL.eaching of Metals

At present, the microbial leaching of metals takes place by different processes

that depend on the scale and characteristics of the mineral involved.
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In-situ microbial leaching may be considered as a specialized
underground extraction system consisting in the microbiologically
enhanced dissolution of metal values from run-of-mine ores with grades
ranging from above the cut-off grade to the so-called submarginal or
submilling grades. Leach solutions are injected into-and percolate
through-the rock mass. When the dissolution of the desired metal values

is achieved, the solutions are collected and pumped to the metal

recovery plant.

Microbial dump leaching may be defined as a "metal scavenging" method
employed for recovering metal values from lean ores, usually the
submarginal-grade over-burden of the open-pit mining operations, i.e.
that part of the ore body containing rock with grade below the cut-off
and which must be removed in order to enable access to the richer parts
of the mineralization. These rocks are accumulated in dumps located in
the vicinity of the open-pit. The top of the dump is irrigated with
leach solutions containing microorganisms. These solutions percolate
through the broken rock mass, solubilizing the metal values. The
pregnant solutions flow out of the bottom of the dump and are finally

collected in ponds and then pumped to the metal recovery plants.

Microbial heap leaching, is a method in which the crushed ore is piled
up in regular layers on appropriately prepared areas. The heap is a
truncated pyramid. The controlling dimension of size is the height of
the heap which is related with the graduation of the mineral. The top
part of the heap is irrigated with leach solutions containing
microorganisms and percolate continuously through the mineral.

Microbial tank leaching is a process whereby metals are leached from
ores and concentrates in Pachuca tanks, reactors or conditioning tanks
where the pulp formed by the mineral and the leach solution, once

inoculated, is stirred and aerated in a thermostated system.




In the biotechnological practice, the dilution of the pulp expressed as
the liquid to solid rate mass contained in a given mass of pulp, ranges

from 4 to 10.

It should be pointed out that even though the different leaching
processes developed and put into practice so far have distinctive

characteristics, all have a common feature: the ores or concentrates are

suspended, flooded and/or subjected to percolation with aqueous

solutions, in such a way that the microorganisms are confined to an

agueous environment.

Coal desulphurization

Coal contains elemental sulphur in variable quantities and mainly as
pyrite form (FeSZ). The combustion of coal results in the conversion of
the existing sulphur to 502, which pollutes the atmosphere causing acid
rains with the consequent damages to vegetation, animals and human
health. In order to keep appropriate levels of sulphur dioxide in the
atmosphere in areas where coal is burned in great scale, low-sulphur
coals should be exploited, generally with a total sulphur content below

1 to 1,5%.

Isolation of T. ferrooxidans from acid drainages of coal wmines,
generated interest due to its potential to desulphurize coal by

oxidation of sulphur and pyritic minerals.

Microbial leaching of sulphur compounds from coal has been practiced
along simi.ar guidelines and under the criteria developed for microbial
leaching of metals, that is, the microorganisms must act in an aqueous

environment.
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Several microorganisms have proved to be effective in coal
desulphurization according to conventional techniques. However the
process cannot be practiced at industrial scale under such conditions,
essentially due to the long processing time and high processing volumes

required as a consequence of the low microbial activity.

Precious metals purification by the liberation of sulphide minerals

It has been demonstrated that when concentrates containing pyrite,
arsenopyrite and finely dispersed gold, are subjected to bioleaching

prior to cyanidation, most of the sulphide minerals are dissolved and

the gold yield is substantially increased by subsequent cyanidation.

Considerations about the optimization

of biometallurgical technology

This technology has arised worldwide interest because of its potential

advantages over the conventional extractive metallurgical processes

- Low energy consumption

- Low chemical reagents consumption

- Low investment cost

- It is & clean process which does not pollute the environment.

- Allows the economical exploitation of low grade deposits.

However in the present state of development, the application of this
technology requires long processing times, from several months to years
in order to obtain acceptable recoveries. The leaching velocity is low
and this is attributable to the low multiplication velocity of the

intervening bacteria.

The processing time constitutes, by itself, a significant

technical-economical barrier for the purposes of industrial application.

-8 - ’/////,/”/



Also, the low leaching velocity requires operating with large masses of
mineral that, in general, are subject to climatic variations, preventing
the precise control of the systems which become fluctuating and erratic

and result in variable and unpredictable processing times.

The study of physiological characteristics, conditions of growth and
development of microorganisms related to oxidation of metallic
compounds, applied to the solution of the above mentioned technological
problems constitutes an important area of investigation encompassing the

principles on which the present invention is based.

Description of the invention

Introduction

The present invention refers to a biometallurgical process in which mi-
neral compounds contained in mineral ores or concentrates and
constituting substrates for microorganisms are bio-oxidized to allow
solubilization and separation thereof. More particularly, the present
invention refers to a process that considerably increases the microbial
oxidation velocity of mineral compounds. The essential principle of this
process is based on the discovery of the bioleaching bacteria behavior

with respect to water.

The process of invention is characterized by the following steps:

a) Conditioning the mineral ore or the concentrate with the quantity
of acid which is determined before-hand as the most convenient in
order to neutralize the mineral ore or the concentrate, prevent

compaction and provide the proper acidity for the microorganisms,
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said quantity of acid being preferably contained in the minimum
possible volume of a solution, or contacting the mineral ore or the
concentrate as acid vapours so as to homogeneously acidify the

substrate while introducing the minumum possible amount of water

into the system;

b)  Adding a microbial inoculum capable of oxidating the mineral
compound of interest, or enriching the mineral ore's own microbial

flora, either simultaneously with or independently form step a); e

c) enabling the spontaneous or induced loss of the excess of water
that may be present in the system by evaporation or by drying with
flowing air until the thermodynamically available water is
sufficiently low for obtaining the bio-oxidation products in solid
state, said bio-oxidation products, in turn, constituting microbial

colonies; and
d) separating the bio-oxidation products.

The first stage of interaction of bioleaching microorganisms with a
solid inorganic substrate consists in their attachment to the surface,
whereupon the substrate being oxidized is attacked biochemically.

Attachment is specific to the mineral compounds which offer a source of
energy, but such atfachment is not frequent and does not always occur in
the systems so far tried. The conditions which allow or facilitate a
stable and efficient attachment, enabling the bacteria to transform the

substrate and multiplicate quickly, had not been explained heretofore.

From the physiological characterization and development conditions
hereinafter described, it is eclear that these microorganisms have a
definite hidrophobic character. In other words, the water, or at least
the water levels in conventional systems, make difficult the stable

attachment of cells to the substrates.




The phenomenons that take place when the cells and the surface of mine-
ral compounds interact or the mechanism of destruction of the sulphide
mineral lattice are not clear. Although there are different theories,
it is generally, believed that enzymatic mechanisms are involved in this
interaction. In such case, the intervening enzymes must not be diluted

or washed out from the reacting surface.

The culture and bio-oxidation of mineral compounds in the conditions
described below, were carried out by using the strains indicated in
Table II, by way of example and not limitation. Some of these strains
were isolated from minerals from the Argentine deposits "Bajo de la

Alumbrera” and "Campana Mahuida".
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: Strains Capable of Bio-oxidating Mineral Compounds,

Origin

Already Tested or

Optimum Temperature

T. ferrooxidans ATCC 19.859

-------------_---_-------------------—-----------------------_-----

-------------------------------------------_----—------—--------

.-----_-----------------------------------------------------------

Isolated from
copper mineral
from "Bajo de
la Alumbrera"
deposit

Isolated from
copper mineral
from "Bajo de
la Alumbrera"

Isolated from

a sample of

soils rich with
sulphur compounds

Isolated from
copper mineral
from "Campana
Mahuida" deposit

detected as a
temperature resistan
contaminant growing
sulphides sterilized
with flowing steam

.----------_------_------------_-------------~--_---_-------_--..--.. -----

Known Substrates Range
Fet, s°, 52025', saog' 28-37°C
Sulphide Minerals
re?t, cus, Cu,S, Fes,, 28-37°¢
PbS, ZnS, Sb, Sj, CoS
Fe” , mineral sulphide 28-37%
Fe“", mineral sulphide 40-50°C

o 2’ » o. ~
5°,5,05 , CuS, ZnS 37-60°¢C
Fe?*, cus, Cu,S, Fes,, 28-37°¢
CoS, PbS, ZnSSb.S

2°3
Sme-

Same as above 28-457C
CuS, ZnS, PbS, Sb,S, 70-100°C
t

in

/vr '/’



The invention will now be described in the chronological order of the

studies and ideas that, lead to its fundamentals, with reference to the

accompanying figures.

Brief Description of the Figures

Figure 1 shows colonies on the dehydrated, thinnest edge of a plate with

an agarized ferrous medium. The arrow indicates the inoculation place.

Figures 2, 3, 4 and 6 show colonies obtained on dehydrated agarized

ferrous medium.

Figure 5 shows colonies obtained in a salt deposit on the glass of a
plate. The salts derive from the dehydration of 3cm3 of a concentrated

ferrous liquid medium (without gelling agent).

Figure 7 shows schematically a star-shaped colony similar to that
indicated with an arrow in Figure 6, in which: (a) designates the cen-

tre, (b) the berder, (c) the zone between centre and border.

Figures 8, 9 and 10 are photographs obtained by scanning microscope
corresponding to the centre of a colony indicated with (&) in the

schematic drawing of Figure 7.

Figures 11, 12 and 13 are photographs obtained by scanning microscope

corresponding to the zone of a colony indicated with (c) in the

schematic drawing of Figure 7.

~

Figures 14, 15, 16, 17 and 18 are photographs obtained by scanning

microscope corresponding to the border of a colony, indicated with (b)

in the schematic drawing of Figure 7.

-
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Figure 19 (a) shows the typical tracks of a bacterial surface
translocation mechanism, by which bacteria move in groups, called "so-
cial gliding". It was produced in a film of analytic grade ferrous
sulphate deposited on a plate glass. Figure 19 (b) shows the colonies
obtained in a film of salts containing, in addition to ferrous sulphate,

other salts required for bacterial development.

Figure 20 shows blue colonies of a crystalline appearance obtained in
acidified synthetic CuS by inoculating the BA2 strain. It was incubated”
at 30°C.

Figure 21 shows a bacterial development associated with light blue
crystals in a plate with acidified synthetic CuS. It was obtained by
inoculating the plate centre with a concentrated suspension of the BA3

strain. It was cultivated at 37°C keeping the plate half open.

Figure 22 shows a bacterial development associated with light blue
crystals in a plate with acidified synthetic CuS that was inoculated

with the CRT strain. It was incubated at 85°C.

Figure 23 shcws colonies of the CM1 strain associated to soluble iron
compounds obtained by using, as substrate, a natural pyrite specimen of

high purity, crushed to -100 meshk. It was incubated at 30°C.

Figure 24 shows a bacterial development associasted to the white colour
of zinc sulphate, obtained by using an acidified sphalerite concentrate
as substrate. It was inoculated with the ATCC 19.859 strain and
incubated at 30°C.

Figure 25 illustrates a plate prepared in the same way as the one on”
Figure 24. It was dehydrated until 90% of the water added during the
acidification, was lost. It was inoculated with a liquid inoculum in

the place indicated with the arrow.




Figure 26 shows a bacterial development associated to zinc sulphate, in
the inoculation place indicated with the arrow. It was inoculated with
the CRT strain, from & solid culture. It was incubated at 96°C keeping

the plate halfway open.

Figure 27 shows the development of the BA2 strain, using a natural

specimen of Sb233 as substrate. It was incubated at 30°C.

Figure 28 shows the red colonies obtained by 1inoculating acidified

synthetic cobalt sulphide (CoS) with different strains.

Figure 29 shows light blue colonies obtained by inoculating the BA1 and
CM1 strains in an acidified concentrate comprising chalcocite (CuZS) and
enargite (3CuZS.ASZSS) as predominant specimens of copper. It was

incubated at 30°C keeping the plates open.

Figure 30 are photographs from the same plates shown in Figure 29, which

were taken at a shorter distance.

Figure 31 (a) shows a mineral ore triturated to 1/4 inch, comprising
chalcocite (CuZS) as predominant specimen of copper, not subjected
(left) and subjected (right) to bio-oxidation by the CM1 strain. It was
incubated at 37°C for sixteen hours keeping the plate open. Figure 31

(b) shows the mineral ore subjected to bio-oxidation.

Figure 32 shows photographs of the same colonized and bio-oxidated mi-

neral ore of Figure 31, taken at a shorter distance.

Figure 33 shows the development of the CM2 strain in a copper mineral

crushed to -100 mesh and acidified, which contains 2,1% of chalceccite.

It was incubated at 37°C.

Figure 34 shows the development of the CM2 strain, in the plate area,
which was first dehydrated. The arrow indicates the inoculation place.

The substrate was the same as in Figure 33.

- 15 - .
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Figure 35 is a schematic drawing of microscopic observations obtained

from the suspension of a bacterial colony in a liquid medium.
Preliminary Studies of the Growth in Ferrous Agarized Medium

T. ferrooxidans is the bacterium most commonly used in Biometallurgy.
Although microorganisms like T. ferrooxidans, have, as energetic
substrates, numerous insoluble sulphur compounds, in addition to ferrous
iron, the solubility of ferrous iron has encouraged i{ts use in agarized

media for laboratory cultures.

The culture of T. ferrooxidans in solid agarized medium, in order to

obtain colonies, has posed many problems.

Several solid ferrous media have been designed so far. All these media
support the growth of colonies. However, the colonies are small, slow
growing (between one and six weeks) and sometimes with non-repetitive
results. These difficulties have been attributed to low bacterial
multiplication velocity. Besides, agar or the hydrolysis products of

the agarose, used as gelling agents, are thought to inhibit growth.

Observations on the obtention of colonies in agarized ferrous medium led
to establish, bioc-oxidation conditions for sulphur compounds which are

explained below.

Petri plates prepared with a conventional ferrous medium and 0,5%
agarose, and inoculated with the strains ATCC 19.859, BA1 and BAZ’ were
cultivated at 30°C and observed every six to eight hours by
stereomicroscopy. For a period of forty days approximately, there was
no evidence of growth. On the day the colonies appeared, the beginning
of growth was observable by stereomicroscopy, and after a few hours,
colonies 0,5-1 mm in diameter were clear to direct observation. If a
forty-day period was required to obtain colonies due to an intrinsically
low bacterial multiplication velocity, it follows that growth must have

been progressive.

- 16 - 7 I



Petri plates placed on a slightly inclined plane were prepared with a
ferrous agarized medium in order to obtain a thickness gradient of the
agarized culture medium. Thus the culture medium {s thickest at one
edge of the plate and thinnest at the diametrically opposite edge. The
plates were inoculated by touching with a loop holding a liquid inoculum
a location on the thickest edge, as indicated with an arrow in Figure 1.
At the third or fourth day, colonies were formed on the thinnest edge
which is diametrically opposite to the inoculation place, as shown in
Figure 1. There was no evidence of development prior to the day in
which colonies were formed. In the case shown in Figure 1, some
colonies were formed even on the thin film of medium deposited over the
side wall. It must be taken into account that the thinner is a gel, the

quicker it is dehydrated.

A great number of tests were made varying agar or agarose concentrations
and analyzing the growth according the above guidelines. It is concluded
that agar or agarose does not govern the adhesion of these bacteria at

the inoculation place, as it generally happens with other bacteria.

The essential condition for the formation of colonies is the adhesion of
the cells to the agarized medium. Everything happened as if the

conditions that allow such adhesion were to be achieved in due time.

The conditions that may vary spontaneousiy with time in & solid agarized
medium containing approximately 95% of water, are the loss of water by
evaporation and the resulting increase of ccncentration of the component

salts.

Tests were carried out varving the concentrations of the component salts
according to wide gradients, without observing e meaningful effect on
the time of apparition of the colonies, and without any effect
whatsoever on the adhesion of the cells at the inoculation place.
Everything indicated that adhesion of the cells to the substrate

requires a very low water content.
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In tests with plates carrying equal volumes of culture medium, evenly
distributed all over the plate, the dehydration degree was increased by
subjecting the plates to a laminar flow hood and/or by keeping the
plates at 30°C for the spontaneous loss of water prior to inoculation.
A considerable decrease in the appearance time of the colonies was
observed. Using techniques combining the above-mentioned strategies
with the addition of chemical agents that are known to be compatible
solutes in biological osmoregulatory systems, it was possible to obtain
colonies in twelve to twenty-four hours. The addition of
polyetilenglycol to decrease the water activity and the addition of

surfactants, also improve the growth in agarized media.

The morphology and size of the colonies as shown in Figures 2-6 will
depend on the strain in question, the number of inoculated cells per

plate, and essentially, on the composition of the medium and the

strategy used to decrease the water activity.

However, there is a common factor for all the colonies obtained
geometrical shapes that look like crystals. This aspect was analyzed by

scanning microscope and will be described hereinafter.

Considering that in agarized medie, the loss of water by evaporation is
slow, an additional strategy was employed for the quick formation of
colonies on a plate; 3 cm3 of salt solution 10X with respect to the
salt concentration of the ferrous medium used in previous tests, but
without agarizing, were distributed per plate and then the plates were
inoculated. The amount of water was less and the evaporation velocity
was higher than in the agarized media. As soon as a fine film of salts
was deposited on the surface of the plate glass and the typical
brféhtness of excess humidity was lost, colonies developed in a few

hours attached to the plate glass as illustrated in Figure 5.

Once again, this form of culture emphasizes the capacity of adhesion and
high  bacterial multiplication velocity in  highly dehydrated

environments.

.
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Microbian movement through surfaces

The above tests revealed that bacteria are able to move throughout the
plate even on rather dry agarized media. When working with liquid ino-
cula it was impossible to obtain the direct attachment of the bacteria

at the inoculation place even when the medium was highly dehydrated.

Microbial movement on humid sulphides and minerals has been also

detected, as will be discussed hereinafter.

Microbial movement through an agarized surface, even when it is rather
dry, and the requirement of a highly dehydrated agarized media for cell
attachment and colony formation, are characteristics of the so-called
gliding bacteria. They constitute a group taxonomically heterogeneous
bacteria and are believed tec phytogenetically arise from different

roots.

Yet, there are several characteristics that most, or all of them, have
in common: The cell wall is typically Gram-negative. In many cases a
lipopolysacharide component has been isolated and characterized. Some
gliding bacteria are connected with the secretion of a mucilaginous ma-
terial, causing the cells, in a liquid medium, to group or adhere to the
walls of the cultivating container. These characteristics are similar

to those found in bioleaching bacteria.

The environments and metabolism in which gliding bacteria have evolved
favored the development of motility on surfaces. In general they
transform substrates which do not diffuse, so that the microorganisms
have to roam sbout in order to find them. It has been demonstrated on
synthetic media that gliding is essentially dependant on the humidity

and concentration of nutrients.
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It should be considered that microorganisms with bioleaching capacity
have evolved in mineral environments insoluble substrates are in low
concentration and finely disseminated. Only the development of surface

spreading mechanisms or surface translocation, has allowed them to

evolve.

These characteristics have an enormous potential for technological
exploitation. It should be considered that in order to achieve high
ylelds in the bio-oxidation of compounds that are disseminated into mi-.
neral ores, at the moment of obtaining the required dehydration
conditions to enable a stable bacterial attachment, each particle to be
transformed must be in contact with at least one cells. If this is not
the case, on subsequently moisturizing and dehydration stages, the cells

will be allowed to move and spread to reach new particles.

Studies of generation times

As previously indicated, the slowness of bioleaching processes in the

conditions experimented so far, is essentially due to the low bacterial

multiplication velocity.

The development of bacterial colonies in a few hour's time, clearly

indicates that when the bacteria is attached to a solid substrate with

low water activity, they multiply quickly.

The generation times of the ATCC 19.859, BA1 and BA2 strains were
determined in order to compare them in two systems. One was a
conventional ferrous liquid medium shaken at 30°C. The development was..
followed up by extracting daily samples and the number of cells was

determined by dilution and count in plate.

During the exponential phase corresponding to the highest multiplication
velocity, the minimum generation times were determined and they are
indicated in Table III as generation times corresponding to free growth

in a liquid medium.

-20“ —



The other system corresponds to the development in a medium of the same
composition as the above, but solidified with 0.35% of agarose and
highly dehydrated. The mean generation times were determined
considering that each colony originates in one cell, and taking as a
developing time a period starting half an hour before the first evidence
of growth was detected by stereomicroscopy until the moment when there
were clearly evident colonies which were completely isolated with a
toothpick. Each colony was suspended in a measured volume of a
solution, vortexing in order to liberate the cells. The number of cells
in each colony was determined by recount in plate, and considered as an

average of three different colonies.

Table 111 indicates the mean generation times when the strains grow

attached to a highly dehydrated solid medium.

TABLE III : Generation Times (tg)

Strains Minimum tg. Free Growth Mean tg. Attached Growth in
in 8 Liquid Medium a Solid Dehydrated Medium

ATCC 19.859 10 hours and 20 min. 24 min. and 50 sec.

BA1 ' 8 hours and 27 min. 20 min.

BA2 11 hours and 32 min. 28 min. and 15 sec.

These results demonstrate that optimum microbial development corresponds

to low water activity conditions or to a rather dry environment.
y
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Studies of the relationm solid product-bacteria

by scanning microscopy

As previously mentioned, the colonies of the tested strains have in
common angular forms and crystal-like appearance, although a dense
bacterial population is present when they are suspended in a liquid
medium and undergoing microscopic observations. As expected, the
oxidized products from their metabolism, at so low water activity

conditions are in solid state.

In order to examine the distribution and the relationship bacteria-solid
product of such colonies, microscopic scanning observations were carried

out.

As an example, the observations made on star-shaped bacterial colonies
of approximately one centimeter in diameter, such as the one indicated
with an arrow in Figure 6, will be described. These colonies were
obtained from a ferrous agarized medium in which the water content was

reduced according to the above described strategies.

Figure 7 is a schematic drawing of a standard colony in which
differentiable characteristic zones of the colony are indicated a) cen-

tre b) border c¢) intermediate zone between centre and border.

The centres of the colonies such as the one indicated with a), exhibit,
under direct observation, a granular appearance or degradation. The
corresponding scanning photographs show minor units of disintegrated
cubic form, as shown in Figure 8, with their walls severely perforated
as shown in Figures 9 and 10. This suggests that the bacteria remain
temporarlly occluded in the solid product they form, and afterwards,

they perforate the solid product and abandon it.

When the surface of the zone between the centre and the border, as
represented by c) in Figure 7, was examined by scanning, only a solid

compound, looking like crystals ordered parallel to the plane of the
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colony was observed, as shown in Figure 11. However, if a colony is
washed with a slightly acid solution prior to fixing for analysis by
scanning, bacteria in the inside can be observed without an organized
distribution, as shown in Figure 12. However, {f the crystal-like solid
from this zone is destroyed mechanically with a sterile toothpick prior
to observation by scanning, the bacteria appears distributed in planes

and in ordered directions, as shown in Figure 13.

When the border of the colony indicated with b) in Figure 7 is analyzed
by scanning without introducing any previous alteration, crystal-like
bodies are observed, but these differ from those of zone c) because they
stand up from the plane of the colony and groups of them adopt the form
of a cluster, as shown in Figures 14 and 15. Although all the bodies
from the border have a similar form, differences among them can be seen
basically at their upper extremity which is more exposed to air and
remote from the base. Some of these bodies have their upper extremities
closed, but others are openended, as shown in Figures 16 and 17. Some

of the bodies show fractures on the upper as shown in Figure 18.

Observations carried out in the border of the colonies, together with
the fact that 24 to 48 hours after the analyzed colonies were obtained,
minor colonies began to form in the surroundings of the original ones
without any evidence of communicaticn through the substrate, permit
associating the phenomenon to a kind of bacterial surface translocation
known in microbiology as '"darting". It is produced by the expansive
forces developed in an aggregate of cells inside a common capsule and

results in the ejection of cells from the aggregate.

Bacterial development in relatiom to

the nitrogen source

Although Dbioleaching bacteria are extremely efficient in scavenging
nitrogen in the form of ammonia, the scarcity of nitrogen in leach

liquors may limit the efficiency of bacterial leaching operations. On

/>/ i
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the other hand, the addition of ammonia to leaching solutions, implies

an additional cost.

The ability to fix nitrogen is important for any organism inhabiting

environments deprived of nitrogen.

It has been demonstrated that, at least T. ferrooxidans is capable of
fixing atmospheric nitrogen in limited conditions of oxygen supply and
has been characterized as having a nitrogenase system, and nif genes_

from this system have been cloned.

However, in situ studies have not demonstrated nitrogen fixing activity
in heap leaching operations. Although the physiological conditions
under which nitrogen is fixed vary, the nitrogenase enzyme is conserved
and is usually sensitive to oxygen. The nif proteins are oxygen-labil
end the system responsible for nitrogen fixation has been found to

function only when protected from oxygen.

The physiology of an obligate aerobe microorganism, of free life which
possesses 4 nitrogenase system has stated, in the scientific field an
apparently biological contradiction, that until now, had not been
solved. Nevertheless, it was expected, that if bacteria had evolved
with a nitrcgerase system, conditions in which this system functions

efficiently must exist.

The growth of microorganisms with bio-oxidation capacity, indicated in
Table II, usirg synthetic sulphides as substrate, under the conditions
mentioned below (which are characterized by low water activity) ang
which result in the corresponding oxidized solid, crystal-like products

containing the bacteria, is totally indepencdent from the addition of

nitrogen.

As corroboration of the nitrogen source and the elements required for
microbial growth, although in small quantities (such as phosphorus,

potassium, magnesium), the bacterial development was analyzed in
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relation to the medium composition, using analytic grade ferrous sulfate

as energetic substrate.

In order to introduce in the analysis system the least possible quantity
of components, and considering that gelling agents may bring impurities,
the method of colonies formation in the salts deposited on the plate

glass, was used.

Plates, nine centimeters in diameter, were prepared distributing either

of the following media on each plate:

a) 3 ml of an analytic grade SOhFe.7H20 10% solution, adjusted to
pH=1.8

b) 1,5 ml of an analytic grade SOAFe.7H20 20% solution adjusted to
pH=1.8, plus 1.5 ml of a solution adjusted to pH=1.8 containing:
KCL, 0.1 g; KZHPOA. 0.25g; MSSOA'7H20’ 0.25 g; Ca(NO3)2 0.01 g;
H20, 800 ml.

Different strains gave equivalent results. In the plates containing
only analytic grade ferrous sulfate, there was no colonies formation.
In some cases, the typical slime tracks of a kind of bacterial surface
cranslocation called "social gliding" remained engraved, as shown in

Figure 19 (a). It is known that this phenomenon is induced by nutrient

defficiency.

In the plates containing, besides ferrous sulphate, small quantities of
salts which provide life-supporting elements, although without the

addition of a nitrogen source, colonies of approximately 5 mm developed,

as shown in Figure 19 (b).

This suggests that in high dehydrated conditions, the nitrogenase system
is efficient for fixing atmospheric nitrogen. We could surmise that the
solid product in which the bacteria remain occluded, at least

temporarily, protects the nitrogenase system for oxygen.
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Characterization of these bacteria as free life microorganisms must be

scientifically discussed and studied in depth.

Microbial Development and Bio-Oxidation
of Sulphide Minerals

The principles described previously with respect to bioleaching bacteria
in relation to water, were applied to bio-oxidation of synthetic

sulphides, natural specimens, concentrates and ores.

A weighted and sterile quantity of each concerned substrate was placed
on Petri plates and homogeneously distributed on all the surface.
Afterwards, the substrate was moisturized with a sulphuric acid
solution, the most convenient volume and concentration of which were
determined for each particular case, taking into account the following

criteria

- The most convenient volume per mass unit of the substrate under

consideration is the minimum volume that ensures the total and

homogeneous acidification of the substrate.

This volume will depend on the physical and chemical characteristics of
each particular substrate and in the case of porous minerals,
acidification through the pores must be ensured. Nevertheless, the
volume must be as small as possible in order to decrease the losses of

time inherent to the subsequent dehvdration of the substrate.

- The most convenient concentration of acid is the amount of acid

which in the most convenient volume, ensures neutralization of the
mineral, prevents compacting, provides the amount of acid for an
efficient bacterial development, and contemplates possible losses

of acid by evaporation.




Criteria established in respect of the optimum pH for microbial growth
in liquid media, are not valid for the development conditions here
proposed for several reasons. The acidification volume is many times
smaller than the volumes of acid solutions provided in liquid systems.
If the acid concentrations were the same or equivalent, the availability
of acid would be very low in this new system. The metabolic conditions
and probably the cellular surface composition of the bacteria in such
diverse environments, are different. Also, when the system reaches the
high dehydration degree required for quick bacteria development, the pH

concept is not applicable.

It should be mentioned that the existing impurities in natural
specimens, and even in the synthetic sulphides tested, were generally
enough to provide the required small quantities of elements essential
for bacterial growth, such as phosphorus, potassium, magnesium, etc.

Nevertheless, this must be analyzed for each substrate.

The plates were inoculated with any of the strains indicated in Table II
and subsequently incubated in such a way as to facilitate a quick loss
by evaporation of water introduced during the acidification. In all
cases, when the substrate acquired a dry appearance, the microbial
development associated with the correspending bio-oxidated solid

product, was obtained in a few hours.

Tests using different substrates, which are not limitative, will now be

described.

a) A thin layer of dry and sterile synthetic copper sulphide was
_ distributed in a Petri plate, 9 cm in diameter. Next, it was
acidified adding, drop by drop, 1.5 cm3 of a sterile 0.1 N solution

of sulphuric acid. It was inoculated in the centre of the plate

with 10 microliters of an inoculum of the BA2 strain prepared by
dissolution of a copper sulphate crystal from a previous culture,

in a 0.06 N solution of sulphuric acid. The inoculum was prepared

at the time of inoculating the new plate, so as to keep the




b)

c)

d)
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bacteria in a liquid medium during the least possible time. It was
incubated at 30°¢C. When the substrate acquired a dry appearance,
the first evidences of development were observed, and a few hours
later, blue crystals of copper sulphate were obtained. They were
0.5 cm wide by 1.5 to 2.5 cm long, as shown in Figure 20. These

crystals, are themselves, bacterial colonies.

A plate prepared as in a. was inoculated at the centre with 20
microlites of a dense inoculum of the BA3 strain and was cultivated:
at 37° ¢ keeping the plate halfway open in order to facilitate the
loss of water by evaporation. After twelve hours, a development as
illustrated in Figure 21, was obtsined. It proves the bacterial

movement capacity while humidity was present.

A plate prepared as before was acidified by adding 2 cm3 of a 0.06
N solution of sulphuric aﬁid. It was inoculated with 10
microliters of an inoculum of the CRT strain prepared as previously
cdescribed and ‘ncubated at 85°C. After six hours, the first
evidences of development were de‘ected. Two hours later a

development as the one shown in Figure 22 was obtained.

A natural pyrite specimen (FeSz) of high degree cf purity, crushed
to -100 mesh when dehydrated after acidification, was used as a
substrate. It showed a high tendency for compacting impeding
bacterial development. It was determined that by using & 1:1 ratio
between the weight of pyrite and the acidification volume, the most
coenvenient concentration of acid is 0.45 N. Thus, placing 0.5 g of-
sterile pyrite on a plastic plate, 5.5 cm in diameter, and adding
0.5 ml of a sterile 0.45 N solution of sulphuric acid, and by
rotating movements, a fine homogenous layer of acidified subsirate-
was obtained. The centre of the plate was inoculated with an
inoculum of the CM1 strain adapted for growing in pyrite by
previous cultures. Keeping the plate closed, it was incubated at
30°C. In these conditions, twenty four hours were required for the

substrate to acquire a dry appearance. At this time, the first
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evidences of development were observed and ten hours later, a

development as shown in Figure 23 was obtained.

A natural galena specimen (PhS) of high degree of purity, crushed
to -40 mesh was used a8s & substrate. 1 g of sterile galena was
placed on a plastic plate of 5.5 cm in diameter. It was acidified
with 1 ml of a sterile 0.24 N solution of sulphuric acid and it was

inoculated with the CM_, strain from a previous culture in CuS. It

was incubated at 37°C.2 Between 18 and 22 hours later the beginning
of growth was detected. Six hours later, glassy white bodies with
a crystalline appearance were obtained. The size was the same as
the galena grain, but contrasting with the greyish tone of the
latter. It was determined, by microscopic observation, that they

carry a dense bacterial population.

2 g of the same substrate as in e., were placed in a glass plate.
2 ml of a 3.0 N solution of sulphuric &cid were added. It was
inoculated with a CRT strain. It was incubated at 90°C. After six
hours, the £first evidences of development were observed. Four
hours later, white solid bodies ¢f similar characteristics as those

described in e., were obtained.

A concentrate of sphalerite (ZnS) ccntaining 56% of zinc was used
as substrate. 2 g were placed on a plastic plate 9 cm in diameter.
1.5 ml of a sterile 0.24 N solution of sulphuric acid was added.
By rotating movements, the acidified substrate was distributed
threcughout the plate. The centre of the plate was inoculated with
the ATCC 19.859 strain, previously adapted to growth in 2ZnS, and

suspended in SO 0,06 N at the moment of inoculation. It was

)
incubated at 30°C, keeping the plate closed. About 48 hours later,
the first evidences of developmente were observed, and twelve hcurs
afterwards the development shown in Figure 24 was obtained,

associated with the typical white colour of zinc sulphate.




h)

i)
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A plate prepared in the same way as in g) but without inoculation
was incubated at 30°C. until 90% of the water during acidification
was lost as determined by loss of weight. After that, it was
inoculated with a liquid inoculum, in the place indicated by the
arrow in Figure 25. Twelve hours later the typically white
development was obtained in the surrounding area of the inoculation
place. No development was observed in the inoculation place, which
had a higher degree of humidity due to the inoculum. This
indicates that the bacterium moves from the most humid area to the

less humid area where it is attached transforming the substrate.

A glass plate carrying 2 g of the same concentrate of spralerite
(2nS) as the one used in g) and h) was acidified with 2 ml of a
sterile 0.18 N solution of sulphuric acid. It was inoculated with
the CRT strain fron a previous culture in ZnS, but instead of
suspending the inoculum in a solution. The inoculation was carried
out by direct transfer, with a thick needle, of solid zinc sulphate
to & marked edge of the plate indicated with an arrow in Figure 26.
It was incubated at 96°C. with the plate half cpen to enable the
quick loss of humidity. After two hours the first signs of
development were detected and two hours, later a development
associated to the typical white colour of zinc sulphate, was

obtained in the inoculation area, as shown in Figure 26.

A natural antimonite (SbZSB) specimen of high purity degree,
crushed to -100 mesh was used as substrate. Of the substrates
tested, <his one was the hardest to acidify because of its
hydrephobicity. Cbtaining a homogenous acidified rulp, distributed
on the surface cf the plates required higher volumes of acid
solution than in previous cases. Besides, in order to obtain a
homogenous pulp, a sterile spatula should be used when mixing on
the plate. This svstem also had a high tendency to compact, which
obstructs bacteria development. This explains the need to use
higher concentrations of ‘acid than in previous cases. A wide

variety of tests were carried out to determine the most convenient
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volume and acid concentration. For any of the strains indicated in
Table [II, the best results were obtained by homogenously
distributing 0.5 g of sz S3 and 1.5 ml of an acid solution 0.6 N
in polystyrene plates, 5.5 cm in diameter. It was incubated at
20°C keeping the plates open to enable the loss of water by
evaporation. Between 3 and 4 days later microbian development took
place associated with the deliquescent white bio-oxidation product
in solid state, as shown in Figure 27. It is possible to reduce
the volumen of the acidification solution by adding tensoactive
agents, as such as sarcosyl (1%), which further more enhance the

microbial development. In this manner, it has been possible to

obtain development in 24 to 30 hours.

Plates, 9 cm in diameter, were prepared with a thin layer of dry,
sterile synthetic cobalt sulphide (CoS). They were acidified
adding drop by drop, 0,5 ml of a sterile sulphuric acid solution
0,3 N, so as to acidify homogeneously all the substrate. Plates
were inoculated with different strains from previous culture in
cobalt sulphide and were incubated at 30°C. Twenty four hours
later, the developments shown in Figure 28 were obtained. The
develcpments presented the typical pink to red color of cobalt

sulphate. The bio-oxidized product obtained in solid state may be

separated by screening.

A copper concentrate was used as substrate. The mineral
composition considering the base as 100% copper sulphide minerals,
indicates that the predominant specimens are chalcosite (64,29%)
and enargite (21,96%). 1 g was placed on each plate, 9 cm in
diameter. It was acidified with 1 ml of a sulphuric acid solution
0,3 N. Tne plates were inoculated with the BA1 and CM1 strains
from previous cultures in the same concentrate. It was incubated
at 30°C, keeping the plates open. Twenty fcur hours later,
developments as shcwn in Figure 29 were cbtained. Figure 30 shows
photographs of the same developments, but taken at a shorter

distance.
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A mineral ore from the Argentine deposit of ''Campana Mahuida"
comprising chalcocite (CUZS) as the predominant copper specimen,
triturated to 1/4 inch, was tested. 30 g of the mineral ore were
placed in a plate, 9 cm in diameter. It was acidified adding 20 m]
of sulphuric acid solution 0.45 N. It was inoculated with the CM1
strain from & culture in synthetic copper sulphide. It was
incubated at 37°C keeping the plate open so as to facilitate quick
dehydration. After twelve hours, when the mineral ore has acquired
& dry appearance, the growth began. Four heours later, over the dry
stores, the bacterial cevelopment associated with the oxidation of
the sulphide was obtained. Figure 31 (a) shows the mineral ore non
subjected and subjected (left end right respectively) to
bio-oxidation. Figire 31 (b) shows tke bio-oxidated mineral. Fi-
gure 32 shcws phctogrephs teken at a sherter distance, cof the

cclonized and blo-cxidated mineral ore.

(Cuzs) was used a5 sulstrate. § 8 of sterile mineral were placed
in polystyrena plates of 8.5 em in dizmeter. It was acidifiez with

Ky

5 ml cf sterile 0.4 4 solution of sulphuriz acid, and by retating
he

[y

~ovements ths pulp was homogenously distribuzed throughout th

1.
- A

rs of an inosculum of *:ha CM, strain <r-on

2
culture in Cu$ were distributed by crcps end the inoculated

®

o

plate. 100 ricr

-0~

substrate was incubated at 37 C. After 43 hours, and when the
substrate hed a dry éppearance, the development started to &cpear

icoking lika elevaticns in the rore dehrdrated edges of the plage.

n
rf‘

“welve hours lzate a cevelczment as shown jn igure 33 was

"

.

cotained, it wzs chiracterizad by irregularities of the rmineral

layer associated to tlue little crystals.

A piate of tha sama compositicn as the ore indicazed in (n) was

used but it was incubated ard preparec cn a slightly inclined

plane, so tha:t the pulp is thinner at ona edge than a: the
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thicker edge indicated with an arrow in Figure 34. It was
inoculated with 20 microliters of the same inocula mentioned in
(n). It was incubated at 37°C.  As expected, the thin edge was
dehydrated first. After twenty six hours the first evidence of
development and microbial transformation on the thin edge was

detected and six hours later, the development shown in Figure 34

was obtained.

Several days later, when the plate was completely dehydrated with
respect to the humidity added in the acidification, there was no
evidence of development in the rest of the plate. This indicates that
while there is excess of humidity, the bacteria move through the
substrate, curiously in a path and associated to a negative humidity

grade, producing a stable attachment on the area which is dehydrated

first.

Most Relevant Conclusions Regarding the

Physiology of Bioleaching Microorganisms

Xnowledge of the physiology of these microorganisms permits solving

specific prcblems of optimization of the biologicel oxidation processes

with a view to intensify them.

Aithcugh substrate oxidation activity by different bacterial species,
and even by different strains of the same species, is varieble and
determined by the prehistory of their existence, the previous mechanisms
which must be fulfilled for the efficient biological oxidation, such as
a stable substrate-cell attachment and the destruction of the sulphide

mineral lattice, are governed by similar conditions.
From the previously described tests is follows that

1) These bacteria have evoived in mineral environments of low water

content or at least that are not immersed in a liquid system. The




2)

3)

4)

5)

6)

7)
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water contained in the minerals and the humidity of the environment

is enough for their development.

Biological oxidation of a solid insoluble substrate implies an
interaction substrate-cel] through an adhesion mechanism. A stable
adhesion permits the quick transformation of the substrate with a
consequently high, bacterial multiplication velocity. Excess of

water prevents or makes difficult such adhesion.

If there are enzymatic systems involved on the destruction of the
sulphide mineral lattice, such enzymes should not be diluted or

washed out from the reacting surface.

In conditions of low water activity, the microbial metabolism is
activated, decreasing considersbly the generation times with a
consequently high microbial multiplication velocity associated to a

high substrate oxidation velocity.

Under such conditions the microorganisms multiply, remaining
occluded, at least temporarily, into the solid, crystal-like

bio-oxidation product.

At least the tested micrebial strains, when grown in a high
dehydrated media, do not require the addition of a nitrogen source,

suggesting an efficient fixation of atmospheric nitrogen.

Yost of the microorganisms have mechanisms for dealing with a
degree of water stress, but relatively few have evolved with
physiological edzptations that enable them to grow well in low
water activity (aw) environments. Many terms have been used to
describe these microorganisms : halophilic, osmophilic,
osmotolerant, xerophytic, xerophilic, etc. Of these terms,
xerophilic (from the greek = dry-loving) is perhaps the most

appropiate for describing the microorganisms here tested.
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The fact that these bacteria have not been analyzed in such a frame of
conditions is attributed to the procedure of isolating them starting
from the acid drainage of the mines, under the preconception that there
are only ways of life on systems with abundance of water, without
considering that these bacteria evolved transforming minerals which
usually are not found on nature, suspended on a watery environment and
although minerals may look dry or dehydrated contain a percentage of
water, at least what is at equilibrium with the humidity of the

environment.

In our experience samples of minerals that are apparently dehydrated,
have a rich microbial flora, specially on the surfaces exposed to the

air and they are viable cells.

Considering to the basically antagonistic relatjon-ship in respect to
water between the traditional processes included in Biohydrometaliurgy
and the microbial bio-oxidation conditions here described, one may

propose the term "Biodehydrometallurgy".
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Benefits derived from the Technological Application
of These Principles

The benefits of the application of the principles of the present

invention will be obvious, {f the following is considered:

- Under any of the systems until now developed heretofore in-
Biohydrometallurgy: tank leaching, in-situ, waste dumps and heaps,
the microbial flora is compelled to develop in an aqueous
environment. In such conditions, the microbial multiplication
velocity and the substrate bio-oxidation velocity are limited.
These entail long processing times, in the order of several months,
which create a technical and economical barrier. By application of
the principles hereby described, it will be possible to obtain
equivalent extracting vields in terms of days. Considering that
the microorganisms develop and transform their substrates in terms
of hours, the determining parameters of the total processing time
is the dehydration velocity in each system and the strategy
enployed in the acidification and the proper inoculaticn,

incorporating to the system the least possible amount of water.

- Censiderably shorter processing times imply that for an equivalent
production, much smaller processing volumes wculd be required, with

the consequent ecoromy in capital investment.

- The management of smaller processing volumes opens the possibility

of operating precisely controlled systems.

- Traditional systems have an important energetic cost. In tanks or
reactors, pulp must be continuously shaken and aired. On other
systems, the mineral is subjected to percolation of the acid
leaching solutions with the attendant energetic and capital costs.
These costs become very important for the long processing periods

required. Fast processes will imply less cperational costs.




The most coanvenient form to practice the invention

The most convenient volume and acid concentration must be determined for
each system according to the above mentioned criteria, in order to
neutralize the mineral ore or the concentrate, prevent their
compactation and provide the adequate environment for the microbial

development.

Once the substrate is acidified and inoculated, the loss of the water
excess must take place either by spontaneous evaporation, induced by a
dehumidifier, or by flow of air through the mineral ore or the

concentrate.

The substrates to be oxidized via microbial action are found in mineral
ores, generally disseminated in small particles. The transformation of
each particle requires the attachment of at least one cell. Particles
that at the time they reach the convenient dehydrating level meet the
above condition, will be transformed in a few hours turning into a so-
luble solid product, which at the same time constitutes a microbial
colony. If at the following stage, the mineral ore is moisturized to
dissolve at least partially, the alr=ady formed solid product, the bac-
teria will be released and under humid conditions may glide or reach by

any cther means new particles of substrate.

The previous operations may be repeatad as many times as required in
order to obtain the expected extraction vield and this will depend on
the characteristics of each particular system, whether the substrate is

a mineral ore or a concentrate.

Finally the bio-oxidated solid products must be separated by washing or
by other methods such us screenirg, when & concentrate is subjected to
bio-oxidation. If solubilization is used, the pH of the washing

solutions will depend of the solubility of the oxidized compounds

involved. e
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Considering that the solubility of metal can also take place indirectly,
that is the ferriec iron resulting from microbial oxidation, can react
chemically with sulphides oxidizing them to soluble forms, the
convenience of maintaining for a certain time the washing solution in
contact with the mineral for a certain time, in order to permit eventual
increases of the extraction ylelds by the indirect way, must be analyzed

for each particular case.

In the case of metals bioleaching processes, the washing solutions will
carry the products of interest, whereas the solids will constitute the
residuum. In the case of microbijal purification processes, for example
the desulphuration of coal or the purification of precious metals, the
washing solutions will carry the residuum, while the solids will

constitute the product of interest.




EXAMPLES

The performance of this invention is demonstrated with the following

examples, which are not limitative :

Examples I and II ilustrate the quantitave differences of biological
activity of the oxidation of metallic compound in liquid media and in

conditions of low water contents.

Example III explains the application of the invention to a mineral ore.

EXAMPLE I

A natural pyrite specimen (FeSZ), with & high degree of purity
containing 43.5% Fe; 49.67% sulphur and 6.83% impurity, crushed to
-100 mesh and sterilized in three consecutive days by flowing steam, was

used as substrate.

An inoculum corresponding to the CMl strain previously adapted to growth

in pyrite was used. In all cases, the corresponding sterile controls

were carried out simultaneously.

The biological oxidation was tested in a conventional liquid system,
with or without the addition of emmonia, and in a system of low water

content in accordance with the principles of the present invention.

The, binlogical activity was determined by measuring of soluble iron by
absorption spectrophotometry. The number of cells was determined by

recount in plate in agarized ferrous medium.

In the liquid medium, test were carried out in 300 ml erlenmeyers
containing 5 g of pyrite, 95 ml of sulphuric acid solution, with or

without the addition of 0.3 g of ammonia sulphate and adjusted to

9 -
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pH=1.7. It was {inoculated with 5ml of a culture of the CH1 strain
containing 2x108 cells/ml. In sterile controls, 100ml of solution was
added instead of 95 ml. The erlenmeyers were incubated in a shaker at

30°%¢.

Iron solubilization kinetics was followed by periodic determinations of

soluble iron concentration in aliquots taken from the leaching solution.

The rate of iron extraction was estimated from the linear part of a plot_

representing the total biologically disolved iron as a function of time

and refering this value to each inoculated cell in the system.

The rate of iron solubilization was expressed as solubilized iron
milligrams per hour and per inoculated cell. In the test with ammonia

nitrogen, this value was 1.68 x 10.9 mg/h _cell. 1In the test without

ammonia nitrogen there was basically no difference with the sterile

control.

For the test in dehydrated solid medium, the most convenient volume and
acid concentration were previously determined. The best volume was the
one corresponding to a ratio of 1:1 pyrite weight in grams to acid
solution volume in mililiters. The most convenient acid concentration

was 0.45 N.

In order to follow up the kinetics for soluble iron, polystyrene plates,
5.5 cm in diameter were used, each containing 0.5 g of pvrite and 0.5
microliters of a suiphuric acid solution 0.45 N. By rotational
movements a fine film was spread all over the surface. Each plate was .
incculated with 360 cells of the CMl strain contained in 20 microliters
of a sulphuric solution 0.06 N. The number of cells was determined by
count of colonies in plate in an agarized ferrous medium and coincided,
with a mistake of + 7% with the colonies which can be counted in pyrite
plates. These plates after reaching the highest development were of a

similar appearance to the one shown in Figure 23. 20 microliters of a




sterile sulphuric acid solution 0.06 N were added to the corresponding

sterile controls . All the plates were incubated at 30°C.

Periodically, one sterile and one inoculated plate were subjected to
soluble iron determination by absorption spectrophotometry. Solubilized

iron by biological oxidation was plotted as a function of time.

After twenty two hours, when the plates had acquired a dry appearance,
biological oxidation was initiated. Starting from twenty six hour and
for a period of eight hours, the highest bilological oxidation rate was

obtained, which was of 8.79 x 10-6 mg/h cel.

Comparising this value with the cne obtained from the liquid medium with

ammonia, results a difference of five orders of magnitude.

EXAMPLE II

Synthetic CuS was used as substrate. It was inoculated with the BA1

strain.

Just like in example I, the biological oxidation in conventional liquid
medium was carried out with and without ammonia aggregate, and in a
deliydrated solid medium according to the criteria alrea-y described. 1In
all cases, corresponding sterile controls were conducted simultaneosly.
Soluble copper was determined by absorption spectrophotometry. The
biological oxidation was determined in each case as the difference of
solubilized ccpper between the inoculated system and the corresponding

sterile contrel.

The liquid medium leaching was carried out in erlenmeyers containing 5 g
of CuS and 95 ml of sulphuric acid solution, with and without the
addition of 0,3 g of ammonia sulphate. The pH of the solution was
adjusted to 2. It was inoculated with 5 ml of an active culture of the

BA1 strain, containing 2 x 108 cel/ml. In sterile controls, 1C0 ml of
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acid solution were added instead of 95. The erlenmeyers were incubated

in a shaker at 30°C.

The copper solubilization kinetics was followed up by periodical
determinations of soluble copper in aliquots taken from the leaching
solution. The rate of copper biological solubilization corresponding to
the lineal part of a plot representing the biologically solubilized
copper, as a function of time was determined. It was expressed in
milligrams of solubilized copper per hour and per inoculated cell. 1Ip
the test with ammonia nitrogen this value was 5.1x10-9 mgr/hr cel. 1In
the test without ammonia nitrogen there was basically no difference with

the sterile control.

For the test in dehydrated solid medium, plates, 9 cm in diameter, were
prepared by adding to each cne 2 g of CuS and 2 ml of HZO' A pulp was
formed and by rotational movements it was homogenously distributed all
over the surface of the plate. The plates were dried in a laminar flux
hood untill attaining constant weight. To each plate, 0,5 ml of a
sterile 0.3 N solution of sulphuric acid was added distributing it drop
by drop so as to acidify homogenously. Each plate was inoculated with
approximately 40 cells of the BA1 strain, contained in 20 microlitars of
a 0.96 N solution of sulphuric acid. The number of cells contained in
the inoculum (2,000 cel/ml) was by ccunt of colonies in ferrous agarized
medium end if coincided, with a mistake + 8% with the number of colonies

that were obtained in the plates with CuS at the end of development.

To the sterile controls, 20 microliters of a sterile acid 0,06 N
solution were added. All the plates were incubated at 30°C.

Soluble copper was analyzed periodically from a sterile plate and from
an  inoculated plate. After 18 hours, when the plates had a dry
appearance, the biological oxidation was initiated and continued with an
almost constant velocity during eight hours. At the end of this stage
the maximum development in terms of the size of the colonies constituted

by solid crystal-iike copper sulphate, was achieved.
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The biological oxidation rate during this period expressed as

solubilized copper per hour and per inoculated cell was 0.319 mg/h cel.

This value should be compared with the ccrresponding one obtained from a

liquid medium.

NOTE : When a bacterial colony constituted by a solid crystal-like
product is suspended in a solution, even when subjected to vortexing and
is then examinated with a microscope, it is possible to observe forms
like the ones shown in the schematic drawing of Figure 35: Small mobile
cells, intermediate and very long non-mobile cells, and groups of cells
that appear 1liked to each other by a very thin filament. As a
consequence, that at the time of determining the number of cells present
in an inoculum by count of colonies in plate, it is uncertain whether
each colony originates from a cell or from a group of cells.
Nevertheless, considering that the applied inocula in the corresponding
liquid and solid medium have the same origin and have been treated in
the same way, the biological activity values referred to inoculate cells
are valid for comparison purposes, although they should not be

considered as absolute values.

EXAMPLE III

The bio-coxidation of a copper mineral ore was tested, in order to de-
termine the copper extraction yield and the necessary time to achieve it

by application of the principles of the invention.
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Characterization of the Mineral Ore

8.- Chemical Characterization

Total Copper 1.25 %
Soluble Copper 0.15 %
Total Iron 2.66 %
Total Sulphur 1.78 %
Insoluble Material 78.50 %

b.- Mineralogic Characterization

The main species resulting from mineralogic analysis are listed
below. The percentage of each one is expressed with reference to

100% mineral ore.

Specie Weight S Cu Fe
Chalcocite 1.26 0.25 1.01 --
Chalcopyrite 0.13 0.05 0.04 0.04
Ccvellite 0.06 0.02 0.04 --
Bornite 0.01 << o0.01 <0.01 << 0.01
Pyrite 2.71 1.45 -- 1.26

It will be seen that the predominant copper specimen is chalcocite;

chalcopyrite, covellite and bornite follow in order of importance.

c.- Granulometric Analysis

Triturated mineral to 1/4 inch was subjected to granulometric
analysis using the 4, #8, #16, #40, #65, #100 screens of the Tyler

series. The granulometric distribution is indicated below :




Granulometric Distribution Weight Retention Accumulated

Tyler Series in the Fraction Weight

+44f 2.6 2.6

-4 +8i} 36.7 39.3
-8 +164# 34.4 73.7
-16##  +40f) 9.1 82.2
484 +654 5.3 88.1
-654# +1004 2.2 90.3
-1004# 9.7 100.0

d.- Natural Humidity Determination

Natural humidity was determined by loss of weight of the mineral at

1002C until constant weight was achieved. Corresponds to 1.5%.

e.- Acid Consumption Test

By a standard test the sulphuric acid consumption of the mineral
ore was determined. Such value corresponds to 9.9 g of acid by

kilogram of mineral.

Test: Bio-oxidation on Tray

Two parallel tests were carried out on 35 x 45 cm stainless steel trays.
Each tray was loaded with 1 kg of mineral and it was treated as

indicated below.

The tests took place in a closed room, with a sealed door containing a
dehumidifier. Water condensed by the dehumidifier was drained outside

with a hose. Thus, the mineral dehydration was facilitated.
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The room temperature was maintained between 28 and 32°C during the test.

The mineral, homogenously distributed on each tray was acidified with
800 ml of solution containing the amount of acid determined by the

consumption acid test, that is, 9.9 g of sulphuric acid.

Each tray was inoculated with 10 ml of an inoculum of the CM2 strain.
The inoculum was prepared by suspension in a 0.06 N solution of
sulphuric acid of the white zinc sulphate development, corresponding to
the culture of this strain in zinc sulphide. The inoculum was prepared
at the moment of inoculation and was distributed homogenously by drops
all over the tray. The trays were incubated in the above described

conditions.

After twenty six hours, the mineral presented a dry aspect and a strong
bacterial development associated to little 1light blue crystals.
Basically it was observed on the surfaces and on the sections of the
mineral more exposed to air. As shown previously, the microorganisms

move towards the areas which are more quickly dehydrated.

At the end of this stage, and at the end of each of the following ones,
samples of 30 g of mineral were taken from each tray in order to analyze
soluble copper by absorption spectrophotometry. The samples were taken
with a spoon; trying to comprise all the strata established through the

thickness of the mineral, in order to get a representative sample.

Subsequently, three stages of humidification and dehydration were
carried out. The added acid solution in each stage was homogeneously

distributed with a sprinkler.

Finally, the mineral was washed keeping it in contact with the solution
during six hours to enable eventual indirect increases of copper
recovery. Soluble copper was determined in the filtered supernatant and

the final extraction was calculated.




Table IV indicates relevant {Information concerning the operative

conditions and required times in each stage, and also the resultant

copper extraction from each stage, for the two trays.

Table IV also indicates the volume of the acid solution and the quantity
of acid added in each stage per kilogram of mineral. In practice, it
was added a proportional volume of acid, corresponding to the real
quantity of remanent mineral, taking into account mineral samples

previously removed.

It could be seen that operating under the conditions indicated in Table
IV it is possible to achieve a copper extraction between 66 and 68% in
about three days. It is known that with conventional systems operating

at similar scales, the necessary time to reach equivalent extraction

yields ranges from seventy to ninety days.
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TABLE IV : Operations Conditions and Results of Example III

Stage Volume of H2806 stoa Time Time Copper Extrac
Acid Sol. Partial Accum Partial Accum ) 4
(m1) () (2) (h) (h) Tray A Tray B
1.-
Conditioning 800 9.90 9.90 26 26 26.97 26.10

and dehydrat.

2.-
Humidification 400 1.50 11.40 13 39 36.10 35.23

and dehydrat.

3.-
Humidification 400 1.25 12.65 13 52 53.90 52.70
and denydrat.

4, -
Humidification 400 1.00 13.65 13 65 - -
and dehydrat.

5.
Washing 1,000 1.80 15.45 6 71 68.10 66.35
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CLAIMS

l.- A Bio-metallurgical process that applies in the metals
extraction from ores or concentrates, coal desulphuriza-
tion and precious metals purification, by which mineral
compounds constituting substrates for microorganisms,
are bio-oxidized to allow solubilization and separation
thereof, CHARACTERIZED BY the following steps:

a) Conditioning the mineral ore or the concentrate with the
quantity of acid which {s determined before-hand as the most
convenient in crder to neutrslize the mineral ore or the
concentrate, prevent compaction and provide the proper acidity for
the microorganisms, safd quantity of acid being preferably
conteined in thé minimum possible volume of a solution, or
contacting the mineral ore or the concentrate as acid vapours so as
to homogeneously acidify the substrate while introducing the
‘minimum possible amount of water into the system; b) adding a
microbial {noculum capable of oxidating the mineral compound of
interest, or entiching the mineral ore's own microbial flore,
either simultaneously with or independently from step a); «c)
enabling the spontaneous or induced loss of the excess of water
that may be present in the system by evaporation or by drying with
flowing air until the thermodynamically available water s
sufficiéh:ly low for obtaining the bio-oxidation products in solid
State, said bio-oxidation products, in turn. constituting microbial

colonies; and d) separating the bio-oxidaticn products.

2.« A process according to Clalm !, characterized in that condit{oning

of mineral ore or concentrate may include the addition of compounds

|4

“which are determined before-hand to be necessary for enabling the -
microbial development and bio-oxidation of the substrate, such
addition depending on the microbial strain and the composition of

the mineral ore or concentrate in question.




.-

‘

A procnss nccording to Claim 1, characterized in that the volume of
the conditloning solutfon may be diminished by tha addition of

surfactants which also Improve microbial development.

A process according to Claim 1, characterized {(n that blo-oxidat{on
activity {s enhanced by decreasing the thermodynamically available

water by the addition of chemical compounds.

A process according to Clajm 1, characterized in that the
microorganisms used thereln develop at temperatures ranging from 5
to 100°C.

A process according to Claim 1, charascterized in that the
thermodynamically available water {s incressed and decreased
alternately in order to solubilize at least partiaslly the
bioxidized particle thus teleasing the microorganims contained
therein, whereby said mlcroorganisms, in & humid environment, may
reach new substrate particles and oxidize these particles after the
subsequant decrease of water activity, and repesting these

operations a&s required to obtain the expected yfeld.

A process according to Claim 1, characterized in that the
bio-oxidation products are separated by washing, screening or other

suitable methods.

Dated this 6 Day of November .1991.
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