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ABSTRACT

In the present paper, the efficiency of adsorbents and biosorbents for the removal of metal ions and the
clean up of leachates, generated at two Romanian mine waste disposal sites is examined. Several
adsorbents such as activated charcoal, molecular sieve, shell sand, diatomite, bentonite, kaolin, as well as
biosorbents such as xanthan biopolymer and waste biomasses are assessed, in terms of metal ion removal
efficiency, in laboratory glass columns, comprising layers of coarse sand and 3 layers of each
adsorbent/biosorbent. The effect of immobilized bacterial cells (naturally occurring consortia of acidophilic
heterotrophic and chemolithotrophic bacteria) was also studied. The experimental results show that shell
sand, molecular sieve and waste biomass have a relatively high efficiency in removing most heavy metal
ions present in low pH leachates. Regarding shell sand and for the experimental conditions used, the
selectivity follows the order Pb>As>Cd>Ni>Cu>Zn>Al>Co>Mn. From the two types of the isolated from
leachates inoculum used as immobilized biomass, only heterothrophic acidophilic bacteria had a positive
effect on metal uptake in contrary to chemolithotrophic acidophilic bacteria. The sufficient metal removal
efficiency attained even without the use of immobilized bacteria, is mainly due to the stimulation of
naturally occurring microbiota by addition of culture media; this stimulation may be considered as a feasible
alternative to the use of immobilized cells in biosorption applications, regardless of the type of
adsorbent/biosorbent used and the metal ion in concern. © 2002 SDU. All rights reserved.
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1. INTRODUCTION

Intensive mining and processing activities at the Black Sea Coast and the West Carpathian
Mountains in Romania, have resulted in the production of large volumes of mine wastes and
tailings, which due to oxidation of the residual sulphide compounds exhibit a high potential of
generating leachates with low pH (<2) and high concentration of heavy metals and other
hazardous ions. A complex environmental characterization and risk assessment study (Petrisor
et al, 1998, Komnitsas et al, 1998) has shown that leachates generated at both areas severely
contaminate soils, surface- and groundwater.

At Baia, a small village on the Romanian Black Sea Coast, 65km north of the main harbor of
Constanta, copper sulphide ores are processed and, as a result of these activities, wastes have
been disposed of in three dumps occupying more than 1km? of land, part of which has been
used for agricultural activities. These wastes are characterized by high acid generating potential
due to their residual content of sulphide compounds. Due to a number of physico-chemical
mechanisms, heavy metals are solubilized and leachates are produced, posing a high risk for
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contamination of soils and groundwater. Indeed, after periods of heavy rains acidic ponds are
formed at the base of the dumps with a very low pH and elevated heavy metals concentration.
Analysis of the sludge collected from the bottom of these ponds shows the presence of sulphate
(jarosite type) compounds with elevated concentration of heavy metals.

Rosia Poieni is a vast mining area located in West Carpathian Mountains in Romania. As a
result of mining activities over a period of 25 years, tens of millions of tons of sulphide wastes
have been disposed of in several dumps; in addition, due to processing activities, a large tailings
pond, with a depth of 126m and occupying an area of 3km? has been constructed to receive
the produced low pulp density tailings. Leachates generated from the dumps, with a very low
pH (1.5-2.0) and high concentration of heavy metals, flow directly into the tailings pond.
Leakage from this pond, due to improper slope formation and non-impermeable base,
contaminates severely Aries River (pH 3.5-4.0), a main Romanian water stream.

The metal uptake ability of several types of biomass to bind and remove reactive hazardous
ions from waste streams has been known for some time and is referred to as biosorption (Hunt,
1986; Volesky, 1987 and 2001; Jain, 1990; Kratochvil and Volesky, 1998). This ability may
provide the key to clean up, in a number of cases, leachates generated at mine waste disposal
sites that are contaminated with heavy metals and other hazardous ions. Biosorption is
considered as a potential alternative to conventional treatment methods (precipitation,
oxidation, filtration, ion exchange, etc.) used for the removal of metal ions and the clean up of
large volumes of industrial waste streams and contaminated waters.

The feasibility of biosorption as a cost effective process is mainly justified by the use of
wastes, and therefore cheap materials, resulting among others from water purification
installations, industrial and agricultural activities. Additional advantages include recovery of
metals and reduction of the final waste volume after burning the exhausted biomass. The
selectivity of the adsorbent depends mainly on the properties of the active sites at the
material’s surface. Since most of these materials are characterized by low density and poor
mechanical properties immobilization, despite its potential disadvantages, is required prior to
use in conventional fixed bed columns (Veglio, 1998).

Several metal binding mechanisms for the immobilization of metals on biosorbents, such as
surface micro-precipitation, ion exchange, complexation and physical adsorption, have been
already described by a number of researchers (Kuyucak and Volesky, 1986; 1988; Brierley et
al, 1989; Veglio and Beolchini, 1997). pH is one of the most important parameters related to
biosorption of heavy metals, since it affects solution chemistry and therefore hydrolysis,
complexation, precipitation and redox reactions as well as speciation and biosorption tendency
of heavy metals (Yang and Volesky, 1999).

The use and efficiency of both living and dead bacteria, fungi and algae for biosorption and
recovery of heavy metals, such as Cu, Cd, Hg, Ni, Au and Zn from aqueous streams,
wastewaters and industrial effluents has been demonstrated in the number of studies (Ross and
Townsley, 1986; Gadd, 1986; Ahlf, 1988; Brierley et al, 1989; Falbo and Weaks, 1990;
Turnquist et al, 1990; Summers, 1992; Wilde and Benneman, 1993; Davis et al. 2000; Esposito
et al, 2001). The metal uptake efficiency may vary, depending on the type of the adsorbent, the
quality of the contaminated stream, the retention time, the interactions between various metal
ions present and the pH. Klimmek et al (2001) have tested 30 strains of algae for the
biosorption of Cd, Pb, Ni and Zn from aqueous solutions and stated that cyanophyceae Lyngbya
taylorii exhibits the highest uptake capacity for all four metal ions studied, in the order of
Pb>Ni>Zn>Cd. Biosorption may be benefited by the use of immobilized recombinant bacteria
containing efficient metal binding proteins such as MT (Butt and Ecker, 1987; Gadd and White,
1989; Lodewyckx et al, 2001).

Although the efficiency of biosorption has been demonstrated in a number of cases, there is
still a need for research aiming to establish its potential regarding detoxification of metal
bearing effluents in large-scale applications (Volesky, 2001). The use of new biosorbents, the
potential of combining the adsorptive ability of some cheap compounds available in nature with
the biosorption capability of microorganisms and the use of membrane reactors is one aspect
that still remains to be evaluated (Barba et al, 2000).
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The present study investigates, in laboratory columns, the potential of biosorption for the
clean up of leachates generated at two mine waste disposal sites in Romania and contaminated
with heavy metals. Clean up efforts were focused on the use of several adsorbents and
biosorbents as bio-filters, with and without the use of immobilized bacterial cells. The potential
of combining surface retention and chemical precipitation of metal ions with the biosorption
potential of existing and/or immobilized microorganisms is investigated. The stimulation of
indigenous microbiota from adsorbents/biosorbents by the addition of culture medium as a
cost-effective alternative to the use of immobilized bacterial cells was also examined.

2. MATERIALS AND METHODS
2.1. Leachates quality
Leachate samples from Baia were mainly collected after periods of heavy rains, while from

Rosia Poieni just prior to the discharge point into the tailings pond. Leachates (chemical analysis
seen in Table 1) were used, apart from biosorption studies, for bacterial isolation.

Table 1
Chemical analysis of leachates generated at Baia and Rosia Poieni
Ion Baia (mg/I) Rosia Poieni (mg/I)
Fe 9600 6705
Cu 462 941
Zn 173 288
Pb 0.80 0.91
Cd 0.40 1.87
As n.d 8.63
Al 1620 2620
Mn 75 53.50
Ca 290 544
Mg 980 465.50
Co 6.37 5.56
Ni 4.30 6.70

n.d: not detected
2.2. Adsorbents/Biosorbents

A number of adsorbents and biosorbents, seen in Table 3, obtained from several Romanian
industrial plants (cement plant, antibiotic plant providing the waste biomass of Penicillium sp.,
citric acid plant providing the waste biomass of Aspergillus niger, etc.), except for shell sand
that was collected directly from Black Sea beaches, were used in the biosorption experiments.

2.3. Cells immobilized on adsorbents/biosorbents

For the biosorption experiments with Baia leachates, two types of bacterial inoculum were
used, namely:

e Bacterial inoculum 1: acidophilic heterotrophic bacterial consortium represented by a mixed
culture (natural consortium) of heterotrophic acidophilic bacteria, isolated from Baia acidic
leachates and sludges;

e Bacterial inoculum 2: acidophilic heterotrophic and chemolithotrophic bacterial consortium
consisting of a mixture of bacterial inoculum 1 and a mixed culture (natural consortium) of
chemolithotrophic acidophilic bacteria isolated from Baia acidic leachates and sludges.

For the biosorption experiment with Rosia Poieni leachates, only one type of inoculum was
used consisting of heterotrophic acidophilic bacteria isolated from these leachates.
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For inoculum preparation, 750ml flasks incubated for 7-10 days on rotary shakers at
150rpm and 28°C. At the end of incubation period, the pH of the medium was lowered to 1.5-
1.0 and the density of the cells varied between 4.5x103 and 2.5x10'°cells/ml. The culture
media used for isolation of all types of bacterial inoculum, as well as the predominant bacteria
species and the pH of the culture media are seen in Table 2.

Table 2
Characteristics of bacterial inoculum used in biosorption tests

pH of culture

Physiological group Predominant bacterial Culture media used . ~
of bacteria genera or species (Karavaiko et al, 1988) / pH m::;;?;gztlﬁ;gorllo
- Sulfobacillus sp. Golovacheva / 2.5 1.0
Heterotronhi - Sulfidobacillus sp.
_ eterotrophic. - Acetobacter acidophilum Brierley / 2.0 1.0
acidophilic bacteria .
- Alcaligenes entrophus .
- Pseudomonas putida Manning / 2.8 1.5
- Thiobacillus ferrooxidans 9K /2.5 1.5
Chemolithotrophic - Leptospirillum ferrooxidans
acidophilic bacteria - Thiobacillus thiooxidans Waksman / 4.0 1.0
- Thiobacillus thioparus March / 2.5 1.5

2.4. Trickling filter system

The trickling filter system used for all experiments performed comprised glass columns with
a diameter of 35mm and a length of 300mm; a drop by drop flow rate was applied. Coarse
sand that was intensively cleaned, washed with 0.1N HCI and distilled water and then dried at
105°C was added in the columns as an inert material. Each column comprised 3 layers of
adsorbents/biosorbents; the thickness of each layer was 35mm and the weight varied between
5-10g depending on the type of the material used. Leachates were percolated through these
columns three to five times using adequate pumps.

2.5. Experimental procedure

In order to pre-screen adsorbents/biosorbents, in terms of their metal uptake efficiency,
leachates from Rosia Poieni, due to their higher metals content were used in the first series of
experiments, where only a number of heavy metal ions were taken into account and no
immobilized bacteria were used. 1 liter of leachates was percolated through each column three
times. The adsorbents/biosorbents exhibiting the highest metal removal efficiency were
selected and used, in the experiments that followed.

In the tests performed, with the use or without using immobilized bacteria, the trickling filter
columns were initially flooded with 250ml of bacterial inoculum and left for 24 hours at 28°C in
order to enable immobilization of bacteria on column fillings; then the liquid in excess was
removed. The bacterial inoculum used had a high cells concentration, ranging between 10° and
10''cells/ml. Then, all trickling filter columns were flooded with 250ml of pH 2.8 Manning
medium and incubated for another 24 hours at 28°C, followed by removal of the liquid in
excess. Finally a five time percolation of both Rosia Poieni and Baia leachates was initiated. In all
tests performed, the initial leachates pH increased slightly from 1.5 to values close to 2.

Before and after the biosorption tests, all leachates were analyzed in terms of heavy metal
content using Atomic Absorption Spectrophotometry (AAS). On this basis, the metal uptake was
calculated and the biosorption efficiency of each material used was determined.

All tests were performed in duplicate, and analyses of metal ion concentration before and
after the tests in triplicate.
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3. RESULTS AND DISCUSSION
3.1. Pre-screening of adsorbents/biosorbents

Cheap and easy to procure adsorbents/biosorbents, such as shell sand, xanthan biopolymer
or waste microbial biomass derived from industrial processes were compared, in terms of
biosorption efficiency with well established materials such as activated charcoal and molecular
sieve (Creek and Davidson, 2001). The data seen in Table 3 derive after three leachates
percolations.

Table 3
Pre-screening of adsorbents and biosorbents

. % metal uptake
Adsorbent / Biosorbent

Cu Zn Pb Fe Al
Activated charcoal 28.5+0.3 0 37.840.3 30+0.3 17.1+0.2
Molecular sieve 22.6+0.3 23+0.3 19.6+0.2 25.5+0.3 0
Shell Sand 38.5+0.4 29.5+0.3 61.5+0.6 60+0.6 23.5+0.3
Diatomite 22.6+0.3 0 45.3+0.5 27.5+0.3 10+0.1
Bentonite 0 3.8+0.1 36.2+0.1 50.3+0.5 29.5+0.3
Kaolin 0 0 0 17.5+0.2 0
Vulcan tuff 0 7.5+0.1 17.5+0.2 34.9+0.3 0
Xanthan biopolymer 10.0+0.1 4.5+0.1 50.5+0.5 17.3+0.2 5.9+0.1
Waste biomass of Penicillium sp. 28.5+0.3 0 30.8+0.3 27.5+0.3 5+0.1
Waste biomass of Aspergillus niger 28.5+0.3 20+0.3 37.4+0.4 32.5+0.3 5+0.1

From these preliminary experimental results the following conclusions can be drawn:

The innovative experimental set up is considered adequate and effective. This system was
designed in such a simple way, by placing layers of adsorbents/biosorbents acting as filters over
the stream of metal laden leachates, so that it can be easily transferred in larger scale
experiments. Thus, drawbacks encountered in most basic biosorption studies, carried out in
flasks on rotary shakers by using an artificially contaminated with a specific ion solution, are
easily overcome. Similar column installations are mentioned in the literature, for the study of the
biosorption efficiency of Acacia nilotica bark, but they are not identical to the one used in this
experiments series, since in that case the entire column was packed with bark powder (Prasad
et al, 2001). This specific experimental setup with only three layers of adsorbent/biosorbent, is
considered more convenient from a practical point of view.

The adsorbents/biosorbents tested exhibited a varying efficiency in removing hazardous ions
from leachates, which was a function of the type of the material used and the ion in concern
(Klimmek et al, 2001). Some of them exhibited sufficient metal uptake efficiency for more than
one ion. The results were quite surprising regarding the high efficiency of shell sand, which
proved the most efficient from all materials tested while it is hardly mentioned in the literature
for such purposes; metal uptake regarding Pb and Fe exceeded 60%. The metal uptake
efficiency of shell sand is due to a combination of physical adsorption of ions through surface
binding forces, with chemical precipitation caused by its high calcium carbonate content. The
potential of shell sand for large-scale applications increases by considering the large availability
of this material in many coastal areas in Romania. Good metal removal efficiencies were also
displayed by the 2 waste biomasses examined and by the typical adsorbents activated charcoal
and molecular sieve. However, all these materials exhibited lower metal removal efficiencies
compared to shell sand. Bentonite, although used in a low pH system, exhibited a relatively high
metal uptake, regarding Pb, Fe and Al, while diatomite showed a relative preference to Pb.
Xanthan biopolymer, with a complicated biosynthesis and isolation process, was also quite
efficient in removing Pb but exhibited a limited efficiency in the removal of all other metal ions.
The least efficient material was kaolin, capable of only removing iron partially (17.5%).
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Similar poor results were obtained when volcanic tuff was used. This low metal removal
efficiency was expected though, since these materials are not considered as typical adsorbents,
although they may display some surface-retention properties.

Therefore, based on parameters such as efficiency, availability and purchase cost, only shell
sand, molecular sieve, activated charcoal and waste biomass of Aspergillus niger were used in
the following experiments.

3.2. Assessment of adsorbents and biosorbents

In order to assess the pre-screened materials, in terms of their biosorption efficiency,
additional experimental studies were performed with the use and without using immobilized
bacterial cells; in both cases the indigenous microbiota was stimulated with the addition of
culture medium. The use of living microorganisms (inoculum) was considered by taking into
account their increased metal uptake potential compared to dead microbial biomass (Voicu et
al, 1999).

In this series of experiments, the metal laden leachates were percolated five times through
each experimental column, in order to study also the effect of the increased retention period.
The experimental results regarding clean up of Rosia Poieni and Baia leachates are seen in
Tables 4 and 5 respectively.

Based on these data the following main conclusions can be derived:

1. All selected adsorbents and biosorbents were efficient, to a lesser of higher extent, in

removing heavy metal ions present in leachates, with shell sand being the most efficient.
The high metal uptake attained for a number of extremely hazardous ions, such as Pb, Cd,
Ni and As confirms the potential of shell sand. In addition, the high metal uptake
observed for Fe from both leachates confirms the potential of this treatment. Regarding Fe,
although not listed as a hazardous ion, its removal from leachates is considered crucial.
When present in high concentrations in wastewaters or leachates, it usually precipitates
as hydroxide or jarosite, blanketing the bed of the streams and therefore causing serious
impacts to aquatic life. Molecular sieve exhibited also sufficient metal uptake efficiency,
however its use in field applications may be hindered due to its high purchase costs.
Increased retention periods, in comparison to the initial experimental series, resulted in
increased metal uptake. These experimental results are in conformity with previous
studies, underlining the effect of heterotrophic acidophilic bacteria in biosorption studies
(Avakyan, 1988; Johnson, 1998; Voicu et al, 1998; 2000).

2. When immobilized bacterial cells were used (acidophilic heterotrophic bacterial
consortium) a slight increase in metal uptake was recorded for most ions present. The
average metal uptake was increased from 3.2%, for shell sand, to 8.5% for activated
charcoal and molecular sieve. However, this increase, bearing in mind the cost of
immobilisation, was not considered significant to justify the use of immobilised bacteria.
On the contrary, average metal uptake was decreased by 3.1% in the case of biomass
(Table 4). This may be explained by the incapacity of waste biomass to serve as
immobilization support for bacteria, as well as by the presence of a rich indigenous
microbial community in such biosorbents. Addition of culture medium in the columns
with biomass may increase biosorption efficiency. It has to be mentioned though that Ca
and Mg were not included in the calculations, since they are not considered as hazardous
ions; besides the solution is enriched in Ca due to its solubilization from shell sand.

3. The mixture of acidophilic heterotrophic and chemolithotrophic bacterial consortia, used
only for the clean up of Baia leachates (Table 5), had a detrimental effect on metal uptake.
This is probably due to aggregation phenomena occurring at varying biomass
concentration and to complexation of the organic compounds released, in relation with
the presence of chemolithotrophic bacteria of Thiobacillus type.

4. One of the most important findings of this study is the stimulative effect of the acidophilic
bacteria used for the clean-up of leachates at low pH, where biosorption rates usually
decrease (Klimmek et al, 2001). As demonstrated though, the use of acidophilic
microbiota can increase biosorption efficiency even at low pH values.
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The next step of this biosorption study is the use of shell sand, or other low cost
adsorbents/biosorbents, in field applications in order to examine their in situ efficiency for the
clean-up of leachates generated at mine waste disposal sites. A feasible set up may include the
installation, along the leachates route, of a system of biofilters comprising a number of layers of
the selected materials, without supplementary addition of bacterial inoculum, but with previous
addition of adequate culture media to stimulate acidophilic bacteria. The number of biofilters
used can be determined by taking into consideration the optimum retention period required to
maximize metal uptake, so that the treated leachates comply with the environmental
regulations for safe disposal.

In addition, proper management of the metal laden biofilters is required in order to recover
the adsorbed metals and reuse the regenerated materials, as demonstrated in Cr (VI) removal
studies (Low et al, 1997; 1999).

4. CONCLUSIONS

The present study investigates the clean-up of leachates generated at mine waste disposal
stites, by combining the adsorptive ability of inexpensive and largely available compounds
(shell sand, biopolymers, waste biomasses, etc.), used as barrier filters, with the biosorprion
potential of microorganisms immobilized on such filters. Established adsorbents, such as
activated charcoal and molecular sieve were also tested for efficiency comparison.

From the adsorbent and biosorbent materials tested, sand shell, molecular sieve, activated
charcoal and waste biomass of Aspergillus niger were efficient in removing most heavy metal
ions from contaminated leachates. However, only shell sand shows an increased potential for
field applications due to its large availability at no cost and high metal removal efficiency when
used with or without immobilized bacteria. Regarding shell sand and for the experimental
parameters used, in terms of quality of leachates and pH, the selectivity follows the order
Pb>As>Cd>Ni>Cu>Zn>Al>Co>Mn.

When immobilized bacterial cells were used (acidophilic heterotrophic bacterial consortium)
a slight increase in metal uptake was recorded for most ions present. However, this increase,
bearing in mind the cost of immobilisation, was not considered significant to justify the use of
immobilised bacteria.

The heterotrophic acidophilic bacterial consortium isolated from the examined leachates was
effective in increasing metal uptake for all adsorbents/biosorbents tested, while the addition of
chemolithotrophic bacteria decreased metal uptake to values lower than those seen in the
control tests (without immobilized bacterial cells).

Stimulation of the indigenous microbial community from the adsorbents/biosorbents with the
addition of culture medium increases metal uptake and can be considered as a cost-effective
alternative to the use of immobilized bacterial cells. This stimulation has a beneficial effect on
metal removal at low pH values, regardless of the type of adsorbent/biosorbent used and the
metal ion in concern.

The simple and effective experimental set up used in this experimental study comprising
several layers of materials in percolating column systems may be easily transferred in the field
for large-scale applications, by installing a number of required Dbarriers of
adsorbents/biosorbents along the flow of leachates.

REFERENCES

Ahlf, W., Recovery of metals from acid waste water by Cyanidium caldarium. Applied Microbiology and
Biotechnology, 1988, 28, 512-513.

Avakyan, Z.A., Biosorption of metals. Biogeotechnology of Metals — Manual, (Eds.G.I. Karavaiko, G. Rossi,
A.D. Agate, S.N. Groudev, Z.A. Avakyan), Centre for International Projects GKNT, Moskow, 1988, 340-
350.

Barba, D., Beolchini, F., Veglio, F., A simulation study on biosorption of heavy metals by confined biomass in
UF/MF membrane reactors. Hydrometallurgy, 2000, 59(1), 189-199.

165




I.G. Petrisor et al. / The European Journal of Mineral Processing and Environmental Protection
Vol.2, No.3, 1303-0868, 2002, pp. 158-167

Brierley, C.L., Brierley, J.A., Davidson, M.S., Applied microbial process for metal recovery and removal from
waste water. Metal lons and Bacteria (Eds. Beveridge T.J. and Doyle R.J.), New York, John Wiley, 1989,
359-382.

Butt, T.R., Ecker, DJ., Yeast metallo-thionein and applications in biotechnology. Microbiological Review,
1987,51, 351-364.

Creek, D.N,, Davidson, J.M. Granular, Activated Carbon for MTBE Removal from Water. Contaminated Soil
Sediment and Water, Spring 2001, 59-60.

Davis, T.A., Volesky, B., Vieira, R.H.S.F,, Sargassum seaweed as biosorbent for heavy metals. Water Research,
2000, 34(17),4270-4278.

Esposito, A., Pagnanelli, F., Lodi, A., Solisio, A., Veglio, F., Biosorption of heavy metals by Sphaerotilus natans;
an equilibrium study at different pH and biomass concentrations. Hydrometallurgy, 2001, 60(2), 129-
141.

Falbo, M.B., Weaks, T.E., A comparison of Eichhornia crassipes (Pontederiacea) and Sphagnum quinquefarium
(Sphagnaceae) in treatment of acid mine water. Econ. Bot., 1990, 44, 40-49.

Gadd, G.M,, The uptake of heavy metals by fungi and yeasts: the chemistry and physiology of the process
and applications for biotechnology, Immobilization of lons by Biosorption (Eds. Ecdes H. and Hunt S.),
Chichester, Ellis Harwood, 1986, 135-148.

Gadd, G.M., White, C., Heavy metal and radionuclide accumulation and toxicity in fungi and yeast, Metal-
Microbe Interactions (Eds. Poole R.K. and Gadd G.M.), Oxford L.R.L. Press, 1989, 19-38.

Hunt, S., Diversity of biopolymer structure and its potential for ion binding applications, Imobilisation of lons
by Biosorption (Eds. Ecdes H. and Hunt S., Chichester), Ellis Harwood, 1986, 15-46.

Jain, K.R., Copper-resistant microorganisms and their role in the environment. World Journal of Microbiology
and Biotechnology, 1990, 6, 356-365.

Johnson, D.B., Biodiversity and ecology of acidophilic microorganisms. FEMS Microbiology Ecology, 1998,
27,307-317.

Karavaiko, G.I, Rossi, G., Agate, A.D., Groudev, S.N., Avakyan, Z.A., Biotechnology of Metals, United Nations
Environment Programme (UNEP) Commission for UNEP, 1988, 47-86.

Klimmek, S., Stan, HJ., Wilke, A., Bunke, G., Buchholz, R, Comparative Analysis of the Biosorption of
Cadmium, Lead, Nickel, and Zinc by Algae. Environ. Sci. Technol,, 2001, 35, 4283-4288.

Komnitsas, K., Kontopoulos, A., Lazar, I. Cambridge, M., Risk assessment and proposed remedial actions in
coastal tailings disposal sites in Romania, Minerals Engineering, 1998, 11(12), 1179-1190.

Kratochvil, D., Volesky, B., Advances in the biosorption of heavy metals. Trends in Biotechnology, 1998,
16(7), 291-300.

Kuyucak, N., Volesky, B., Recovery of gold by a new biosorbent. Precious Metals (Ed. Rao V.V.), Allentown:
I.P.M.L, 1986, 211-216.

Kuyucak, N., Volesky, B., Biosorbents and recovery of metals from industrial solutions. Biotechnology Letters,
1988, 10, 137-142.

Lodewyckx, C., Taghavi, S., Mergeay, M., Vangronsveld, ]., Clijsters, H., van der Lelie, D., The Effect of
Recombinant Heavy Metal-Resistant Endophytic Bacteria on Heavy Metal Uptake by Their Host Plant.
International Journal of Phytoremediation, 2001, 3(2), 173-187.

Low, K.S,, Lee, CK., Ng, A.l, Chromium (VI) sorption on quaternized rice hulls. ]. Environ. Sci. and Health., Part
A, 1997, 32, 1849-1860.

Low, K.S. Lee, CK. Ng, A.l, Column study on the sorption of Cr (VI) using quaternized rice hulls, Biores.
Technol., 1999, 68, 205-208.

Petrisor, 1.G., Komnitsas, K., Lazar, I, Application of a vegetative cover for remediation of sulphidic tailing
dumps on a Romanian Black Sea Coastal area. Proceedings of the 4™ International Symposium and
Exhibition on Environmental Contamination in Central and Eastern Europe (on CD-ROM), Warsaw,
Poland, 15-17 Sep. 1998.

Prasad, M.N.V,, Greger, M., Landberg, T., Acacia nilotica L. Bark Removes Toxic Elements from Solution:
Corroboration from Toxicity Bioassay Using Salix viminalis L. in Hydroponic System. International Journal
of Phytoremediation, 2001, 3(3), 289-300.

Ross, LS., Townsley, C.C, The uptake of heavy metals by filament fungi. Immobilization of lons by
Biosorption (Eds. Ecdes H. and Hunt S.), Chichester, Ellis Harwood, 1986, 49-58.

Summers, A.O., The hard stuff: Metals in bioremediation. Curr. Opin. Biotechnol., 1992, 3, 27 1-276.

Turnquist, T.D., Urig, B.M., Hardy, ]J.K., Nickel uptake by the water hyacinth. Environ. Sci. Health, 1990, A25,
897-912.

Wilde, E.W., Benneman, J.R., Bioremoval of heavy metals by the use of microalgae. Biotech. Adv., 1993, 11,
781-812.

Veglio, F., Beolchini, F., Removal of metals by biosorption. A review, Hydrometallurgy, 1997, 44, 3(1), 301-
316.

Veglio, F., Beolchini, F., Toro, L., Kinetic modeling of copper biosorption by immobilized biomass. Industrial &
Engineering Chemistry Research, 1998, 37(3), 1107-1111.

166




I.G. Petrisor et al. / The European Journal of Mineral Processing and Environmental Protection
Vol.2, No.3, 1303-0868, 2002, pp. 158-167

Voicu, A., Petrisor, .G, Lazar, I, Dobrota, S., Stefanescu, M., The Use of Some Microbial Products for
Decreasing the Metallic lons Concentration in Mining Effluents. Proceedings of the Scientific Symposium
Technologies for Mineral Processing of Refractory Raw Materials and for Environmental Protection in
Areas with Extractive Industry, Baia Mare, Romania, 27-29 Oct. 1998, 192-197.

Voicu, A, Lazar, I, Petrisor, 1.G, Dobrota, S., Stefanescu, M., Cismasiu, M., Lazaroaie, M. The removal of
metallic ions from mine effluents by microorganisms, Proceedings of the Romanian Institute of Biology,
(Eds. G. Zarnea and M. Falca), 1999, Vol.2, 189-195.

Voicu, A., Cismasiu, C., Dobrota, S, Stefanescu, M., Petrisor, I.G., Resistance of several microorganisms to Cu?*
ions and their role in biohydrometallurgical applications. Proceedings of the Institute of Biology of
Romanian Academy (G. Zarnea and M. Falca, Eds.), 2000, Vol.3, 295-304.

Volesky, B., Biosorbents for metal recovery. Trends in Biotechnology, 1987, 5, 96-101.

Volesky, B., Detoxification of metal-bearing effluents: biosorption for the next century. Hydrometallurgy,
2001, 59(2-3), 203-216.

Yang, ], Volesky, B., Modeling uranium-proton ion exchange in biosorption. Environmental Science and
Technology, 1999, 33, 4079-4085.

167




