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Abstract

Different toxic wastes are disposed of in our surroundings and these will ultimately threaten the existence of living organisms.
Biohydrometallurgy, which includes the processes of bioleaching and bioremediation through the activities of microorganisms
such as bacterial or fungal species, is a technology that has the potential to overcome many environmental problems at a rea-
sonable economic cost. Bioleaching were carried out for dissolution of metals from different materials using most important
metal mobilizing bacteria such as Thiobacillus ferrooxidans, Thiobacillus thiooxidans and Laptospirillum ferrooxidans. Accord-
ing to the reaction, bioleaching is parted as direct and indirect mechanism. In direct mechanism the bacteria oxidize the sulphides
minerals by accepting electron and producing sulphuric acid in leaching media for their growth and metabolism. In other hand
the indirect bioleaching is demonstrated as the oxidation of sulphides mineral by the oxidant like Fe** produced by the iron oxi-
dizing bacteria. Through this process, substantial amount of metal can be recovered from low-grade ores, concentrates, industrial
wastes like sludge, tailings, fly ash, slag, electronic scrap, spent batteries and spent catalysts. This may be alternative technology
to solve the high deposition of waste, which moves toward a healthy environment and green world.
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1. Introduction

A feature of the present developed world is that
humans purchase an increasing number of new
products to maintain a sophisticated life and this
causes waste products to be discarded near residential
areas. To maintain this demand for new products,
industries have accelerated rates of production and this
has resulted in huge deposition of industrial wastes that
must be disposed of in large waste dumps near the
industrial area. The result of this ‘consumer culture’
and increased waste disposal is pollution of the basic
resources that a society requires. Very often this
pollution appears first in the fresh water, lakes rivers
and ground-water, required by all people in a society.
Another feature of increased consumption appears in
mine sites where the depletion of concentrated ores has
become a challenging issue to supply of the required
quantity of the crucial raw material for almost all
industries, metals. Wastes, such as house-hold wastes,
electronic wastes, secondary minerals, low grade ores,
industrial sludge have become the challenging issue
for the environment. If the accumulation rate of waste
materials continues to increase then within a short
time, the environment will not be able to supply the
basic necessities for human society.

The accumulation of waste material does however
present a challenge and an opportunity to researchers.
If these low value wastes can be utilized in an
economic way, the environment can be safeguarded and
economic opportunities can be realized. Biohydro-
metallurgical processes will certainly have a role in
solving the problem created by wastes. Biohydro-
metallurgy is a new technology developed in this
century. Many researchers have worked in this field
which requires a knowledge and understanding of the
industrialization through biological and chemical
processes. The technique requires harnessing the meta-
bolic activities of suitable strains and optimizing, their
growth conditions, such as pH of solution, temperature
and material concentration so that the microbes
multiply spontaneously and bring the desired changes
into effect. In recent years, bioleaching has been shown
to be a potential way to remove heavy metals from metal
contaminated materials such as anaerobically digested
sewage sludge, contaminated river sediment, spent
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batteries and incinerator fly ash!".

Due to depletion of concentrated ore bodies the
present situation demands the development of new
technology for mineral processing. Biohydrometallurgical
approaches are considered to be a ‘green technology’
with low-cost and low-energy requirements. Because
of these advantages of which also include better
efficiency, bioleaching technology has been a notable
success for the mining industry®. Microbial
bioleaching is based on the ability of microorganisms to
transform solid compounds to a soluble and extractable
form. This may involve enzymatic oxidation or reduction
of the solid compound, or an attack on the solid
compound by metabolic products”. Extraction of metals
from low-grade ores, mining wastes, sewage sludge,
secondary raw materials and industrial intermediate
products using microorganisms have all been reported ®.

Bioleaching is very effective for recovery of gold from
refractory gold pyrite and copper from chalcopyrite.
Because of the low energy input required in bioleaching
processes, they are a feasible and economical technique
to recover metals from low-grade ores. Since significant
quantities of metals are now found in low-grade ores and
mining residues, these are potentially viable sources of
metals if low cost extraction techniques can be applied.
Biohydrometallurgy can also be applied to other waste
materials such as a coal fly ash (CFA), which is
produced by coal-operated power plants worldwide. In
this application, CFA can be used as a source for metal
extraction within appropriate economical constraints'®.
Mine tailings are similar to these materials with respect
to the physical and chemical characteristics and bio-
hydrometallurgy is potentially applicable for treatment of
these materials. Sediment contaminated by heavy metals
is also a growing environmental problem and the need
for sediment dredging creates sediment dumps adversely
affecting the local environment'".

Biohydrometallurgy can be applied to all of these
environmental problems because they are efficient in
their use of energy and cause less environmental
problems than chemical methods!?. The industry sectors
are seeking an eﬁicient, economic technique to handle
these wastes'”. Pyrometallurgical and hydrometallurgical
techniques are either very expensive, energy intensive or
have a negative impact on the environment. For these
reasons, interest in biohydrometallurgical techniques is
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becoming intense.

The bioleaching process may be defined as the
solubilization of metals from solid substrates either
directly by the metabolism of leaching bacteria or
indirectly by the products of metabolism. The interac-
tions between bacteria, metabolic products, CFA
particles, and leaching products have been studied'?. It
has been demonstrated that bacterial growth and the
amount of metals leached from the CFA residues are
coupled through biological and chemical interactions
which involve the various components in this system.
Oxidation of sulfur in mineral compounds by air
naturally results in the formation of sulfuric acid and
the subsequent release of toxic metals into the water
phase. However, the microbial oxidation of reduced
inorganic sulfur compounds, increases the natural
spontaneous rate and serves to mobilize metals under
controlled conditions, e.g. by bioleaching of low-grade
ores, or removal of heavy metals from contaminated
soil, sediment, and sewage sludge. Thus, a remediation
process for heavy-metal contaminated sediments is
being developed and tested on a pilot scale!>. The
effectiveness of bioleaching is highly dependent on the
physical, chemical and biological factors in the system.
These include (i) carbon source and oxygen supply, (ii)
pH, (iii) temperature of leaching environment, (iv) pre-
culture period and inoculum used, (v) resistance of
microorganisms to metal ions, (vi) physical and
chemical states of the solid residue, (vii) liquid to solid
ratio and (viii) bioleaching period '®. The maximum
rate and yield of metal leaching may be achieved when
these parameters
collectively.

are considered and optimized

2. Metal Mobilizing Microorganisms

Wastes utilization and transformation by biohydro-
metallurgical processes are based on the ability of
microorganisms to transform solid compounds and
result in the dissolution of extractable elements which
can be recovered'”. Three key groups of microorganisms
have been used for bioleaching process; these are
autotrophic bacteria (e.g. Thiobacilli spp.), heterotrophic
bacteria (e.g. Pseudomonas spp., Bacillus spp.) and
heterotrophic fungi (e.g. Aspergillus spp., Penicillium
spp-)?. Among the variety of microorganisms those are

known to facilitate metal bioleaching reactions, the
autotrophic thiobacilli species are perhaps the most
common'®, Bioleaching of aluminum and iron from coal
fly ash (CFA) by Acidithiobacillus thicoxidans bacteria
has been considered. The bacterium Acidithiobacillus
thiooxidans is active at low pH and can endure harsh
conditions that exist in concentrated solutions of
metals'®. These particular characteristics make it a
suitable microorganism for bioleaching. Specific
examples of Acidithiobacillus thiooxidans growth in
environments containing high concentration of metals
are: Zn and Cd up to 600 and 400 mM respectively 22,
As* and As™ 67 and 534 mM, respectively, iron: Fe?*
537 mM and Fe** 180 mM, and AI*3: 370 mM have
been reported . In the case of zinc and cadmium,
specific proteins were produced, which were capable
of binding these metals?”. Changes in microbial
populations during bioleaching of mineral tailings
were determined using terminal restriction fragment
length polymorphism (T-RFLP) analysis, and by plating
of samples on selective solid media. Both techniques
confirmed that Acidithiobacillus thiooxidans was
present throughout culture incubation but, although the
other bacteria identified were iron/sulfur-oxidizing
bacteria, the exact identity of these strains varied with
the technique used?”. While the microorganisms
associated with mine drainage itself are relatively well
documented, those associated with the solid mine wastes
are less so. Studies have indicated that Acidithiobacillus
ferrooxidans and Leptospirillum ferrooxidans are the
major mineral-oxidizing prokaryotes present in some
leached copper ore or spoil heaps, while other reports
on commercial bioleaching operations suggest
Sulfobacillus spp. are important in self-heating heaps
where temperatures have been measured at around 50
oCBM 1t is generally considered, however, that the
Gram-negative Leptospirillum /Acidithiobacillus iron-
oxidizers are the principal organisms responsible for
mineral leaching in most cases. As environments become
more extreme in terms of acidity and/or temperature, the
diversity of indigenous acidophilic prokaryotes is
reduced, for example thermotolerant Ferroplasma spp.
(iron-oxidizing Archaea) and Leptospirilium ferriphilum
become increasingly dominant 29, Metal solubilization
from solid wastes or other solids is achieved through a
variety of acidophilic and chemoautolithotrophic bacteria
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Table 1. Microorganisms used for different types of materials> 27,
Materials Major Toxic Metals Process Name of Organism
f;ﬁ;saag‘;m municipal Al, Pb, Zn and Cu Bioremediation | A.niger
Low-grade ore Cu, Zn and Ni Bioleaching A.niger
Coal fly-ash Al Bioremediation Tt
Tannery sludge Cr Bioremediation Tt
gj;gs:]al waste Zn and Al Bioremediation Tf.
Low-grade ZnS concentrate Zn Bioleaching Tf. and S.ts.
Incinerator fly-ash Al, Zn, Pb and Cu Bioremediation A.niger
Mineral tailing of copper mines Cu Bioleaching Tt
Sulfidic mine waste S Bioleaching Tf + SDS
Mine tailing Zn, Cu and Pb Bioleaching T
Contaminant sediments Cd, Cr, Cu, Ni, Pb and Zn Bioremediation Tt
Chalcopyrite Cu Bioleaching Tf+ Tt + Lf + Ag
Low-grade complex sulfidic ore Zn, Cu and Fe Bioleaching Tf+ Tt + Lf
Batteries Ni, Cd, Li and Co Bioleaching Tf
Electronic scrap Cu, Al Ni, Pb and Zn Bioleaching ff i iﬁ;l;’lfs l_"::’fe’
e ol S kg | o
Spent catalyst Ni, AL, V, Sb and Mo Bioleaching A.niger

Abbreviation: Thiobacillus ferrooxidans — Tf, Thiobacillus thiooxidans — Tt., Laptospirillum ferrooxidans — L.f., Aspergillus
niger — A.niger, Sulfobacillus thermo sulfidooxidans — S.t.s., Penicillum simplicissimum — P.simplicissimum, Chromobacterium

violaceum — C.v., Pseudomonas fluorescens — P. fluorescens

such as Acidithiobacillus thicoxidans and Acidithiobacillus
ferrooxidans. Other bacteria such as Leptospirillum
ferrooxidans were reported to bioleach zinc from the
marmatite flotation concentrate effectively?”. The
microorganisms utilized in bioleaching for particular
metals from different specific materials are reported in
Table 1.

3. Mechanism of Bioleaching

Two mechanisms have been proposed, the direct and
indirect mechanisms, to explain the process of
oxidation of solid metal sulfides by Acidithiobacilli
species. The direct biooxidation of metal sulfides
occurs when microbial cells are attached to the surface
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of a solid sulfide particle. The name of this mechanism
is based on the direct attack on the crystal structure of
sulfide by attached microbial cells as part of their
metabolism 2®. The attached microbe oxidizes the
sulphides at the area of contact between the microbial
cell and the sulfide surface. The overall biochemical
reaction for direct metal sulfides oxidation can be
demonstrated by the following equation (equation 1):

MS + 0.50,+ 2H* = M* + H,0 + S )

This overall reaction may be separated into two
electrochemical half-reactions (equations 2 and 3):

MS — M*+S+2¢ @)

Which are carried out on the surface of the sulfide
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crystal, and
0.50,+ 2H* + 2¢ — H,0 3)

in the cytoplasmic membrane respectively. The electrons
are transferred from the surface of the sulfide crystal
through the cell wall by means of a chain of several
redox proteins such as rusticianin and cytochrome ¢. In
addition to this process, oxidation of sulphides minerals
by extracellular metabolism can’t be ignored because
sulfur oxidizing bacteria excrete organic acids such as
those found in the TCA cycle, ethanolamine, amino
acid and lipids® 3.

The indirect bioleaching mechanism is a two step
process based on the chemical oxidation of sulfide
minerals by the dissolved ferric ion and itself reduced
to ferrous ion during the process (equation 4). The
ferrous ions produced by reaction can be reoxidized by
microorganisms such as A. ferrooxidans according to
the biochemical reaction {equation 5). The oxidation of
sulphides minerals by ferric iron via this mechanism is
regarded as a two step indirect bioleaching process.

MS + Fex(SO,); — MSO, + S + 2FeSO, @)
2FeSO, + H,80,+ 0.50,— Fey(SOy);+ H,0. (5)

The dissolved iron in solutions cycles between the
ferric and ferrous forms according to reactions

Thiosulfate
mechanism

Fe” ~ \
(]’ f, Lf
Fe”ﬂ-/ l
M* + S,0,*

(T, Tt)

[ S

SO% + H'

Fig. 1. Two different indirect mechanisms i.e. thiosulfate and polysulfides

(equation 4 and 5)3V. The indirect mechanism is quite
complex and reaction is assumed to be the sum of two
pathways i.e. thiosulphate pathway and polysulfide
pathway. The importance of the two processes depend
on the acid solubility the metal sulphides. Thiosulphate
mechanism is important during the oxidation of the
metal sulfides FeS,, MoS, and WS, by ferric iron. The
reaction proceeds through the formation of thiosulphate
as an intermediate product. The polysulfide mechanism
proceeds by an attack of protons on sulphides®?. The
reactions are as following:

Thiosulfate mechanism (FeS,, MoS, and WS,)
FeS, + 6Fe*> + 3H,0 = $,0, + TRe** + 6H*  (6)
$,0,7 + 8Fe* + 5H,0 — 250, + 8Fe? + 10H*(7)

Polysulfide mechanism (ZnS, CuFeS, or PbS)

MS + Fe** + H" = M*+ 0.5 HyS, + Fe** (n=2) (8)
0.5 H,S, + Fe** — 0.125S3+ Fe** + H* )
0.125Sg + 1.50, + H,0 — SO,> + 2H* 10)

From the above equations, it was concluded that the
function of bacteria was to produce sulfuric acid and to
oxidize minerals by the attack of either ferric iron or by
proton. The model of this model is shown in Fig. 1.

Polysulfide
mechanism

Fe* ‘ H*
0 L N

Fe"ﬂ—/

M*+ 8
VT TY
]

v
S,
™ Tt

SO

32)
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4. Bioleaching of Different Wastes

4.1. Low-grade ore

The extraction of metals from low grade ores and
refractory gold ores is a multi-billion dollar business
worldwide®® but these refractory, low-grade ores and
secondary minerals have problems for mining com-
panies. The use of micro-organisms to recover metals
from low-grade ores and mineral concentrates has
developed into a successful and expanding area of
biotechnology. Bioleaching of base metal sulfides is in
use commercially and offers many cost advantages
over other techniques such as pressure oxidation.
Bioleaching involves the use of iron and sulfur-
oxidizing micro-organisms to catalyze the dissolution
of the valuable metal species from sulfide ores or
concentrates**®, In one study, low-grade sphalerite
was treated using native cultures of Acidithiobacillus
Jerrooxidans and Sulfobacillus thermosulfido-oxidans
in order to determine the ability of these bacteria to the
leaching of zinc. The effects of bacterial strain, pH,
temperature, pulp density, iron precipitation, and initial
concentration of ferric iron on the zinc leaching were
evaluated®”. Bio-oxidation of complex zinc-lead sulfides
has been widely investigated using samples of sulfide
concentrate, pure galena, or sphalerite minerals®4?,
Among the bacteria involved in bacterial leaching,
Acidithiobacillus ferrooxidans has been studied the
most intensively and has been the most important in
commercial operations treating lead-zinc sulfides.

The increasingly important role of biohydrometallurgy
in modemn mineral extraction is due to both economic
and environmental factors. Bioleaching processes have
been investigated as a means of treating copper ores.
Chalcopyrite is the most important and abundant
copper mineral but it is relatively recalcitrant to
chemical and microbiological oxidation due to its
special crystal structure and electrochemistry 4% It is
essential to find some desirable methods to enhance
chalcopyrite bioleaching. It has been reported that
some as Ag*, Sn*Z, Bi*3, Co*?, Hg*? and Mn*?, exert a
catalytic effect and accelerate copper dissolution from
chalcopyrite in the presence of Acidithiobacillus
Sferrooxidans. Silver ion appears to have the best effect
4447 The positive catalytic effect of silver ions on the
bacterial leaching of chalcopyrite containing ores in
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both shake flasks and column reactors has been
studied. The mechanism of silver catalysis *® indicates
that Ag* jon rapidly reacts with chalcopyrite as
following reaction (equation 11)

CuFeS, + 4Ag* = Cu* + Fe?* + Ag,S an
The Ag* ion can be regenerated through the
oxidation of Ag,S by Fe**

Ag,S + 2Fe** — 2Ag* + S + 2Fe? (12)

4.2. Waste batteries

Microorganisms including the chemoautotrophic,
acidophilic, iron and sulphur-oxidizing bacteria
Acidithiobacillus ferrooxidans and Acidithiobacillus
thiooxidans use CO, as the sole carbon source and
ferrous and reduced inorganic sulphur compounds as
the energy source . Microorganisms catalyse changes
in metal speciation and mobility and are fundamental
components of metal biogeochentical cycles, as well as
having a role in the cycling of other elements including
carbon, nitrogen, sulphur, and phosphorous. Their
impact on plant productivity and human health can not
be understated. These unique type of life-forms are very
important from environmental and economic points of
view. It is necessary to find an economic and environ-
mentally friendly process to recycle dry batteries in
developing countries. Bioleaching is one of the few
techniques applicable to the recovery of the toxic metals
from hazardous spent batteries. Its principle is the
microbial production of sulphuric acid and simultaneous
leaching of metals. A system consisting of a bioreactor,
settling tank and leaching reactor was developed to leach
metals from nickel-cadmium batteries. Indigenous
Acidithiobacilli, proliferated by using nutritive elements
from sewage sludge and elemental sulphur as substrates,
were employed in a bioreactor to produce sulphuric
acid. The overflow from the bioreactor was conducted
into the settling tank and the supernatant of the settling
tank was then conducted into a leaching reactor
containing anode and cathodic electrodes from nickel—
cadmium batteries®.

The results showed that this system was able to
leach metals from nickel-cadmium batteries while the
sludge drained from the bottom of the settling tank
could satisfy the requirements of environmental
protection agencies regarding agricultural use. Biolea-
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ching of spent lithium ion secondary batteries, con-
taining LiCoO,, was also investigated. The study was
carried out using the chemolithotrophic and acidophilic
bacteria Acidithiobacillus ferrooxidans, which utilized
elemental sulfur and ferrous ion as the energy source to
produce metabolites like sulfuric acid and ferric ion in
the leaching medium. These metabolic products
dissolved metals from spent batteries. Based on the
EDX and quantitative data bio-dissolution of the cobalt
was found to be faster than that of the lithium 3%,

4.3. Electronic scrap

The relatively short lifetime of electrical and electronic
equipment (EEE) results in the production of significant
amounts of waste and discarded materials. In Switzer-
land, approximately 110,000 tons of electrical appliances
are disposed of annually, while in Germany these
quantities are 10 times bigger reaching 1.5 million tons
D Specialized companies have been formed to be
responsible for the recycling and disposal of EEE and
the disposal strategy is shown in Fig. 2. The resulting
material is subjected to a mechanical separation
process after dismantling and manual sorting. Dust-

used electronic
equipment

shredding

circuit boards
picture tubes

iron metals

magnetic separation

metal separation

like material is generated during the shredding and
separation steps and approximately 4% of the 2400
tons of scrap treated yearly by a specialized company
is collected as fine-grained powdered material.
Whereas most of the electronic scrap can be recycled
e.g. in metal manufacturing industries, the dust residues
have to be disposed of in landfill or by incineration.
However these dust residues can contain metals in
concentrations which might be of economical value and
options for reclamation have been investigated. It has
been reported that after a prolonged adaptation time,
fungi as well as bacteria grew also at concentrations of
100 g L. Two fungal strains were able to mobilize 65
% of the Cu and Sn present and more than 95% of the
Al, Ni, Pb, and Zn. At scrap concentrations of 5-10 g
L!, Thiobacilli were able to leach more than 90% of
the available Cu, Zn, Ni, and APP?. Pb precipitated as
PbSO, while Sn precipitated probably as SnO. For a
more efficient metal mobilization, a two-step leaching
process was proposed where biomass growth was
separated from metal leaching.

Different cyanogenic bacterial strains (Chromobac-
terium violaceum, Pseudomonas fluorescens, and

l copper, aluminum {

cyclone separation

| metals, plastics ,

Fig. 2. Schematic treatment process for waste electronic equipment’.
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Bacillus megaterium) were cultivated under cyanide-
forming conditions in the presence of metal-containing
solids such as nickel powder or electronic scrap. All
microorganisms were able to form water-soluble metal
cyanides, however, with different efficiencies. C.
violaceum was able to mobilize nickel as tetracyano-
nickelate [Ni(CN),)? from fine-grained nickel powder.
Gold was microbially solubilized as dicyanaoaurate
[Au(CN),] from electronic waste. Additionally, cyanide-
complexed copper was detected during biological
treatment of shredded printed circuit board scrap>. C.
violaceum was more effective than P. fluorescens or B.
megaterium at the formation of the tetracyanonickelate
complex. Apart from a few previous reports on gold
solubilization from gold-containing ores or native gold
by C. violaceum, these findings demonstrate for the
first time the microbial mobilization of metals other
than gold from solid materials and represent a novel
type of microbial metal mobilization based on the
ability of certain microbes to form HCN. Results from
the bioleaching of some electronic scrap are given in
Table 2 and demonstrate that these types of microor-
ganisms can mobilize metals from different waste
electronic scrap. Pulp density was shown to be an
important variable in this study>?.

4.4. Spent refinery catalyst

The distillation of crude oil is an essential step in
petroleum refining operations. The yield and properties
of produced distillates depend on the properties of
crude oil, distillation conditions and the type of
distillation column. Primary distillates can be subjected
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to an additional treatment to meet the environmental
requirements and the performance specification of
fuels produced®®. The four most important catalytic
processes are reforming, hydrocracking, hydrotreating,
catalytic cracking and alkylation.

The residue from atmospheric distillation may be
subjected to additional distillation under a vacuum to
obtain valuable lubricant fractions which also require
catalytic hydrotreatment. Non-conventional refineries
can process heavy oils and distillation residues. In this
case, the catalytic hydrocracking of the heavy feed is
usually the first step, followed by hydrotreating of the
synthetic distillates. Light hydrocarbon fractions,
which are byproducts of several refinery units, can be
converted to high octane fractions by catalytic alkylation
and polymerization. Thus, several operations employing
a catalyst may be part of the one petroleum refinery. The
development of refining is closely connected with the
growth of the use of catalysts®. In the past, refining
catalysts accounted for more than half of the total
worldwide catalyst consumption. Today, because of the
importance of environmental catalysis, refining catalysts
account for about one third of the total catalyst consump-
tion.

The Ni-Mo catalyst used in coal liquefaction was
also bioleached using T. ferrooxidans, denitrifiers,
Sulfolobus and thermophilic cultures for the recovery
of the metal values>®®. Vanadium has also been
recovered from spent vanadium-phosphorous catalysts
using Acidithiobacillus thiooxidans™. A spent refinery
processing catalyst was physically and chemically
characterized, and subjected to one-step and two-step

Table 2. Percentage of metal mobilized and metal content of leaching solution (g/L) from different concentrations of electronic

52)

scrap
Scrap concentration, g/L
Elements 1 10 50 100
% Metal, g/L % Metal, g/L % Metal, g/L % Metal, g/L
Aluminum 62 0.15 57 1.28 42 498 43 102
Copper 85 0.07 86 0.69 70 2.80 8 0.6
Lead 100 0.02 92 0.18 99 0.99 97 19
Nickel 100 0.02 100 0.15 100 0.75 100 1.5
Tin 100 0.02 100 023 100 1.15 100 2.3
Zinc 100 0.03 100 0.26 100 1.30 100 2.6

J. of Korean Inst. Resources Recycling Vol. 17, No. 2, 2008
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bioleaching processes using Aspergillus niger. The
leach liquor from this process was analyzed for
excreted organic acids along with heavy metal values
extracted from the catalyst. Chemical characterization
of the spent catalyst confirmed the presence of heavy
metal including Al (30-35%), Ni (3-7%), Mo (8-12%)
and V (5-10%). In general, the presence of the spent
catalyst caused a decrease in the biomass yield and an
increase in oxalic acid secretion by A. niger. Spent
medium of A. niger grown in the absence and presence
of 2-(N-morpholine)-ethane sulphonic acid (MES),
buffer were found to leach almost similar amounts of
Al and Ni, while Mo extraction in buffered culture was
significantly more effective than the non-buffered
culture®,

In summary, this study showed the potential for use
of bioleaching for the extraction of metal resources
from spent catalysts. It also demonstrated the
advantages of buffer-stimulated excretion of organic
acids by A. niger in bioleaching of the spent catalyst.
Spent refinery processing catalyst is listed as a
hazardous waste because the extracts of the catalyst are
found to contain heavy metals at concentrations
exceeding the regulated levels. One-step bioleaching
experiments with 1 wt% spent catalyst (of particle size
<37 um) were carried out using un-adapted and
various adapted fungal strains. In contrast to the
adapted strains, the un-adapted strain showed no
growth in the presence of the catalyst over 30 days of
reaction time®V,

5. Bioremediation of Toxic Metals From
Industrial Wastes

A consequence of industrial expansion is that large
quantities of industrial wastes are accumulating in
many countries and cannot be disposed without prior
special treatments. In particular, waste products from
the mining and metal refining industries, sewage
sludges and residues from power station and waste
incineration plants can contain heavy metals at high
concentrations. For this reason this cannot be disposed
into landfill and must be submitted to special treatment
in order to reduce metals content. It is now regarded as
desirable to consider waste products containing high
concentration of metals (copper, zinc, lead, chromium,

etc.), as a secondary source of metals. Generally, the
metal removal from wastes has been carried out by
chemical methods, prevalently acid treatments, at very
low pH (1.5-2.0). Recent technologies enabling the
removal of heavy metals, namely Pb, Cd, Cr, Ni,
contained in dusts coming from electric arc furnaces
have been investigated®?. Such treatments can be
favourably employed when the metals are present in
significant amounts provided that continuous process
control is achieved %3,

Biological solubilization of heavy metals contained
in two different kinds of industrial wastes was performed
in batches employing a strain of Acidithiobacillus
Jerroxidans. The wastes tested were: a dust coming
from the iron-manganese alloy production in an electric
furnace (sludge 1) and a sludge coming from a process
treatment plant of aluminum anodic oxidation (sludge
2)%.

The incineration process generates bottom-ash and
fly-ash as combustion residues. Bottom-ash is the non-
combustible material remaining in the bottom of
incinerator furnace and constitutes about 10% of the
total volume of the waste. Fly ash refers to particles
that are retained in the flue gas cleaning system. It is
recognized that municipal solid wastes(MSW)
incinerator fly ash is more hazardous than bottom ash
since it easily becomes airborne and contains high
concentration of volatile elements and often includes
hazardous heavy metals (e.g. Zn, Cu, Pb, Mn, and
Fe)®>. The high cost and the negative environmental
impacts of conventional methods for fly ash treatment
have led to the investigation of bioleaching technology
as an alternative in the removal of heavy metals from
fly ash® 57, Compared with conventional treatment of
fly ash, bioleaching confers several advantages such as
low capital cost, low energy requirement, reduced
landfill space, as well as possible resource recovery.

A mixed culture, obtained from the tailings by
enrichment, was shown to leach virtually all the acid-
extractable iron from the tailings when augmented
with inorganic nutrients. Whereas pure cultures of At.
Jerrooxidans isolated from the tailings was ineffective
at enhancing metal mobilization from the mineral
waste, in cultures amended with either inorganic or
organic (yeast extract) nutrients. Mixed populations of
isolates from the Sao Domingos tailings were more
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effective in leaching the residual sulfide minerals in the
tailings, but were again less effective than the mixed
enrichment culture. Microbial activity within exposed
mine spoil and tailings can result in the mobilization of
metals previously bound within the mineral matrix.
These solubilized metals can then be washed into local
soil and watercourses. Mining of mineral ore and
disposal of resulting waste tailings pose a significant
risk to the surrounding environment. The objective of
this work was to remove heavy metals from mine
tailings with the use of bioleaching and meanwhile to
investigate the effect of solids concentration on removal
of heavy metals from mine tailings by indigenous
sulfur-oxidizing bacteria and the transformation of
heavy metal forms after the bioleaching process®®.

The multi-stage process based on the bioleaching of
heavy metals using microbially produced sulfuric acid.
In the core stage, solid-bed leaching of sediments
supplemented with elemental sulfur (S°) was performed.
The acidophilic bacteria oxidize the S to sulfuric acid,
which intern dissolves the heavy metals. The final pH
resulting from the addition of 2% S° was found to
ensure sufficient removal of the target heavy metals
from the sediment but to suppress the mobilization of
mineral components . The application of microbially
produced sulfur (biological sulfur) may offer advantages.
The sulphides material appears as a waste product
during the microbial treatment of sulfide-containing
waste waters, e.g. from metal refineries, and the
biotechnological desulphurization of flue-gases from
coal-fired power plants or of H,S-rich digestion gases
from sewage sludge treatment. Its price is marginal
compared to the costs of elemental sulfur and other
substrates often used in bioleaching’?. If this waste
product can be used as a substrate for the sulfur-
oxidizing bacteria, the costs for bioleaching treatments
could be considerably reduced and the deposition as a
chemical waste will be avoided.

6. Conclusions

From the article it can be demonstrated that
bioleaching is an advanced technology to extract
valuable metals from wastes. There are different types
microorganisms that can be used for different waste
sources. Use of the chemoautotrophic bacteria Acidithio-
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bacillus ferrooxidans, Thiobacillus thiooxidans and
Leptospirillum ferrooxidans is more common that the
use of heterotrophic bacteria such as Sulfobacillus and
Pseudomonas species. Use of heterotrophic fungal
strains such as Aspergillus and Penicillum species have
an important role for treatment of fly ash, electronic
scrap and spent catalyst.

Two types of mechanisms are proposed for biolea-
ching. The direct mechanism deals with acceptance of
electrons directly from reduced minerals by 1 attachment
of bacterial cells to the mineral surface; hence electron
can easily transfer from metal surface to different
proteins and enzymes of the living organism for the
growth and metabolism ultimately oxidized metal
transfer to leaching medium. The indirect mechanism
is the reaction between ferric iron and/or proton
produced by the microorganism with the target minerals.
There are two pathways proposed to define indirect
leaching and their relative importance varies with the
solubility of the raw material. The bacterial strains are
mostly iron and sulfur oxidizing bacteria, which
produce sulphuric acid and ferric iron in leaching
medium. However the bioleaching action depends on
various parameters such as pulp density, pH, inoculums
volume, particle size, and percolation of leach liquor. As
the process catalysts, the microbes, reproduce naturally
often using the waste as a substrate, the operating cost
can be reduced dramatically when compared to the
conventional process. Biological processes can be
economically feasible even when applied to low-grade
ores of metal content less than 1%. Not only this is
valuable for application to low-grade ore but also to
wastes such as electronic scrap, spent batteries, spent
catalyst, industrial tailing, river sediments and fly ash.
By-products from biological processes are usually
much less than those produced by alternate processes
and adverse environmental effects are minimized.

The quantity of waste is increasing day by day in the
modern societies. Bioscientists need to exercise more
regarding the sustainability of zero waste in the
environment. In 21¥ century pollution is already proving
to be the major drawback for industrial development.
Governments of developed countries are encouraging an
integrated approach for ideas to treat the waste materials
for betterment of the society. Industries in the developed
societies will come under increasing pressure to be more



adventurous and willing to consider alternative tech-
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nologies for waste control. We can confidently say that
the application of biotechnology to degrade wastes will
help in environmental protection in various ways.
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