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Due to the cumulatively toxic and environmen-
tally detrimental effects of toxicm metals, as well
as the increasing value of the traditionally impor-
tant gold and platinum, a number of studies of
metal accumulation from the viewpoint of metal
recovery and removal from solution are under
way. Conventional methods for removing metals
from ore processing solutions include chemical
precipitation, chemical oxidation or reduction, ion
exchange, filtration, electrochemical treatment,
membrane technology, and evaporation recovery.
However these processes may be ineffective or
expensive, especially when the metals are present
in low concentrations (e.g. 1 mg/L-100 mg/L).

Some microorganisms, including actinomycetes,
cyanobacteria, and other bacteria, algae, fungi, and
yeasts, can accumulate and retain relatively high
quantities of heavy metals and radionuclides from
their external environments (1-4). Both living and
dead cells can be used for biosorptive metal/ra-
dionuclide removal from solution. Thus microor-
ganisms and products excreted by or derived from
microbial cells (2) may provide an alternative or
adjunct to conventional techniques of metal remo-
val and recovery.

Recent approaches have separated the microbial
growth and metal removal process to manipulate
production of metal-adsorptive capacity of bacteria
and metal removal process. If pre-grown cells are
immobilized and used for metal removal, mathe-
matical modeling can be applied to predict immo-
bilized cell reactor behavior under specific process

conditions. Waste and microbial adsorbent could
be separated from the treated flow in one step.
Once treated, the metal waste is concentrated in
a small volume of sorbed form for easy metal dis-
posal or recovery.

Mechanisms of microbial metal accumulation

For the removal of heavy metals variety of me-
chanisms exist in microorganisms. These range
from physico-chemical interactions such as adsor-
ption to cell walls and other constituents, to me-
chanisms dependent on metabolism such as trans-
port, internal compartmentation and extracellular
precipitation by excreted metabolites (3). Although
the mechanisms and capacities may vary widely
in different microorganisms, microbially-mediated
metal removal processes fall into two types ie.
biosorption and bioaccumulation. Biosorption and
bioaccumulation have often been combined into
the single heading of metal uptake or metal remo-
val because the predominant mechanism in effect
is not known. These two phases of uptake may
not be seen in all microorganisms, and for some
elements, e.g. lead, uranium, and thorium, most
accumulation in living or dead cells appears to
involve surface phenomena with little or no intra-
cellular uptake unless by diffusion (3).

Biosorption is a process which is responsible
for binding and accumulation of positively charged
metal ions to functional groups on the cell enve-
lope or within extracellular layers and secretions
even though the cells are no longer metabolically



active or dead. This is thus a passive metal se-
questering capacity of the cells caused by a num-
ber of different mechanisms (adsorption, comple-
xation, coordination, chelation of metals, ion ex-
change, and inorganic microprecipitation). This is
generally rapid and depends on a number of exte-
rnal factors (temperature, pH, redox potential and
the presence of complexing anions) as well as on
the type of metal, its ionic form in solution, and
on the type of a particular active binding site of
the cells responsible for sequestering the metal.
The decoupling of the growth and propagation of
the biomass from its subsequent function as a me-
tal-sorbing material is one major advantage of bio-
sorption. This allows the independent culture of
microbial biomass in a separate fermentation pro-
cess and use in a separate biosorptive process.
Following metal desorption the biomass can be
reused.

Bioaccumulation can be defined as an active
metal accumulation by living cells, and is often
dependent on metabolic activity, which in turn can
be significantly affected by the presence of the
metallic ions. In some cases intracellular uptake
is a result of permeation and diffusion due to inc-
reased membrane permeability especially if toxi-
city is manifest (3). Bioaccumulation, which has
traditionally been more studied by researchers for
its toxicological importance, is less desirable than
biosorption for metal removal because it requires
that the cells should be actively metabolizing un-
der physiologically permissive conditions.

Extracellular binding of metals

Many studies have shown or implied that metal
accumulation occurs at the cell surface or within
the cell wall matrix. This surface accumulation
has generally been assumed to result from comp-
lexation reactions between metal ions and charged
receptor cell wall components. Other extracellular
metal binding mechanisms include precipitation
followed by deposition at the cell surfaces, and
complexation with extracellular polymers.

Cell surface binding may constitute a resistance

mechanism as well as a mechanism of metal up-
take, compartmentalizing toxic elements to regions
of the cell where their toxicity can not be manife-
sted. Extracellular binding is more important than
intracellular uptake for the recovery and removal
of metals, especially when they are likely to he
encountered at toxic levels.

Metal uptake experiments are generally perfor-
med by incubating microorganisms in an aqueous
solution of a soluble metal salt. Therefore the
chemistry of the metals (metal speciation) may
be important and quite complex, depending on
the solution environment.

Bacteria

The microbial cell wall composition differs con-
siderably between Gram negative and Gram posi-
tive bacteria, veasts, filamentous fungi, and algae.
The wall composition is not only species depen-
dent but is also subject to the influence of enviro-
nmental growth conditions (5). Baldry and Dean
(6) suggested that nutrient limitation had probably
affected wall composition and biosorption, since
for both Pseudomonas fluorescens and Bacillus
subtilis subsp. niger, copper uptake increased with
the limiting nutrient in the order C<Mg<N<K.

A study of the binding of metal ions to purified
cell envelopes of E. coli K12 showed that the pri-
mary sites of metal adsorption were the polar
head groups of phospholipids, the available anionic
sites of lipopolysaccharides and the acidic groups
of exported polypeptides (7). For E. coli, an affi-
nity sequence of Zn*' =Cd*' >Mn?' =Co*' =Ni*’
>Mg?' =Ca® was indicated (8).

When the precipitation of cadmium salts at the
surface of Klebsiella aerogenes was examined
using electron microscopy, dense granular depo-
sits of cadmium sulfide were found in the extra-
cellular matrix (9). In glucose-limited chemostats,
cadmium (3.3% w/w of the bacterial dry weight)
was accumulated primarily as the sulfide, while
sulfate-limitation produced accumulation of 5.8%
(w/w) cadmium mainly as a phosphate precipitate.
Phosphate limitation sensitized Klebsiella aeroge-
nes cells to 0.6mM cadmium, but when the conce-



ntration of cadmium in the growth medium was
reduced to 0.2 mM, electron-dense granules of
cadmium sulfide were observed (10). Two mecha-
nisms of cadmium detoxification were subsequen-
tly demonstrated in this organism (11). In addition
to sulfide formation, increased accumulation of
inorganic phosphate has been postulated as a me-
chanism of resistance to, and biosorption of cad-
mium. Cells grown in the absence of cadmium
contained polyphosphate but this was undetectable
when cadmium was present.

In Thiobacillus ferrooxidans, uranium removal
was dependent on the external concentration of
uranium. Previous growth in the presence of 1
mM Fe?', Fe’~, Ni#', Co**, Zn*', or Cd*' did
not affect uptake, and most of the uranium was
associated with the cell wall and membrane frac-
tions (12).

The walls of Gram positive bacteria are also
efficient metal binding sites. Marquis et al. (13)
showed that the binding of metals was in the or-
der La* >Cd?' >Sr**>Ca?' >Mg>* >K*>Na* in
Streptococcus mutans, Micrococcus lysodeikticus, and
Bacillus subtilis. The primary site of metal deposi-
tion was identified in isolated walls of Bacillus
subtilis as the carboxyl groups of glutamate in
the peptidoglycan layer (14,15). Teichoic and tei-
churonic acids were major metal binding sites in
walls of Bacillus licheniformis (16). Various metals
competed for binding sites on Bacillus subtilis wa-
lls, so it was suggested that the metals were com-
plexed by identical sites (15). In two strains of
Bacillus subtilis, differing in Cd** sensitivity, the
distribution of Cd*' was similar; about 86~90%
of the Cd?* taken up was associated with the cell
wall, 3~4% with the membrane fraction, and 6~7
% in the soluble fraction (17). Streptomyces long-
woodensis accumulated uranium maximally at pH
4.6, with a simple stoichiometric relationship bet-
ween uranium uptake and phosphorus content;
here phosphodiester residues were proposed to
be the main sites of UO,*' binding (18).

Algae

The relative capacity of metal uptake, and metal

deposition sites vary between different algal spe-
cies. In Chlorella vulgaris, most of the metal up-
take occurred on the cell wall (19). Biosorption
of metals can be affected by the presence of other
ions. In Chlorella regularis Cd?~ uptake was reta-
rded by Ca*", Mg?*, Na*, Mn?*, Co®", and Ni**,
but not by K* (20) while Cd** interfered with
Mn?* binding (21). However uranium uptake by
Chlorella regularis was unaffected by Na', K*,
NH*", Ca*', Mg*', Mn*", Co?*, Ni?*, Zn**, NO;~
or SO , but was affected by PO#~, COs*", and
HCO;™ (21). The biosorption of uranium from sea
water by algae was low, in contrast to fresh water
or decarboxylated sea water. This was thought
to be due to interference by COs®~ which results
in the formation of UOx(COs),*~ and UQx(COy)s*~
complexes which are not taken up by cells (3).

Yeasts and fungi

Copper binding sites in walls, membranes, and
cytoplasm of Saccharomyces cerevisiae were formed
by an amide and an amine. Their configuration
depended on the pH. In acidic conditions copper
was bound by the oxygen of the amide, while in
basic conditions NHCO became deprotonated and
the metal was bound to the negatively charged
N (22). Rothstein and Hayes (23) suggested phos-
phate and carboxyl groups as an initial binding
site of UO2" to S. cerevisiae walls. Cell bound
uranium comprised 10%-15% of the dry weight,
but only about 32% of the cells had measurable
quantities of uranium associated with them (24).
Because simple adsorption to phosphate and car-
boxyl groups could not explain such a large quan-
tity of uranium, it was suggested that uranium
crystallized on already bound uranium molecules
(24). The treatment of S. cerevisiae cells with for-
maldehyde increased the rate of uranium uptake,
presumably by decreasing the repulsive force of
the positively charged amino groups of surface
proteins (24).

Adsorption of metals to Rhizopus arrhizus was
related to the atomic radius for La’*, Mn?", Cu?',
Zn?', Cd?*, Ba®*, Hg?', Pb**, UO,*", and Ag" but
not Cr** or the alkali metal cations, Na*, K*, Rb*,



and Cs~ which were not adsorbed (25). Studies
using electron microscopy, energy dispersive X-
ray analysis and IR spectroscopy showed that ura-
nium was complexed within the chitin cell-wall
matrix of Rhizopus arrhizus (26). This uranium
adsorption involved at least three processes, inc-
luding uranium coordination with the amine nitro-
gen of chitin, the adsorption of additional uranium
in the cell-wall chitin structure, and the precipita-
tion of uranyl hydroxide within the cell-wall mat-

rix at a slower rate (26).

Intracellular uptake of metals

Microorganisms have evolved many highly spe-
cific, active transport systems which permit selec-
tive uptake of metals from their environment. This
metabolism-dependent intracellular uptake of me-
tal ions is usually a less important process for
biotechnological application than biosorption. For
microorganisms possessing extracellular polysac-
charide, slime, or mucilage high biosorptive capa-
cities may mask low rates of intracellular uptake.
Metabolism-dependent metal bioaccumulation is
inhibited by low temperatures, metabolic inhibi-
tors, uncouplers, and the absence of an energy
source (3).

Weinberg (27) reviewed magnesium, calcium,
manganese, iron and other metal transport in mic-
roorganisms. In E. coli magnesium is accumulated
via two uptake mechanisms. One is a constitutive,
low-affinity system which also transports manga-
nese, cobalt, nickel and zinc. The other is an in-
ducible, high-affinity, specific system for magne-
sium.

Cadmium was accumulated in E. coli via an
energy-dependent, temperature sensitive Cd*’
transport system which was competitively inhibi-
ted by cobalt (28). When E. coli was grown in
the presence of a low concentration of Cd*', syn-
thesis of a 39 KDa cytoplasmic protein was indu-
ced (29).

Strandberg et al. (24) observed that uranium
uptake in Pseudomonas aeruginosa was rapid and
intracellular, and that the metal was highly locali-

zed inside the cell. Their hypothesis was that the
metal became bound to a protein, analogous to
a metallothionein.

In Bacillus subtilis (30) and Staphylococcus au-
reus (31) Cd*" was transported via a Mn®" trans-
port system. The Cd®" resistant strains of B. sub-
tilis (30) showed less Cd®' uptake than Cd*  sen-
sitive strains. An energy-dependent Cd*  efflux
system was found in Cd*  resistant strains of S.
aureus, which may prevent high internal Cd*" co-
ncentration (31) and may be encoded by a plasmid
(32).

Factors affecting metal removal

Although it is usual to define the metal removal
capacity by cells in terms of mg (metal)/g (bio-
mass), this is misleading and it would be advisable
to present in terms of moles of metal, especially
for high atomic weight elements.

Since biosorption process is a kind of ion-ex-
change, the products excreted by or derived from
microbial cells, e.g. metal binding proteins and si-
derophores, biopigments, capsular and exopolyme-
ric material, and cell wall polymers can be used
for metal removal (2). However, the efficiency is
not always the same and in some cases whole-cell
biomass may he necessary for maximal uptake e.g.
extracted chitin alone was less efficient as a ura-
nium adsorbent (33).

Adsorption of cationic metal to an anionic bac-
terial substances is pH-dependent. Since various
metals e.g. Cu, Fe, Mn, and Al form insoluble oxi-
des or hydroxides at neutral or alkaline pH, their
free ions are not available for binding. At acidic
pH, metal binding is often limited by the increa-
sing tendency of H' to compete for anionic bacte-
rial binding sites (34). This dependency on pH
varies with the affinity of the particular metal and
the nature of the cell adsorption sites. For exam-
ple, the pH optimum for different metals with a
single strain {Citrobacter sp. versus Cd and Sr;
Rhizopus arrhizus versus Ra, Th and U) are diffe-
rent possibly due to different speciation characters
of each metals (Table 1). Similarly the pH opti-



Table 1. pH optima for metal removal by microorganisms

Metal Organism Optimum pH Reference

Cd Citrobacter sp. 6.5~8 Macaskie and Dean. 1984
Sr Citrobacter sp. above 9 Macaskie and Dean, 1985
Ra Rhizopus arrhizus 7~10 Tsezos and Keller, 1983
Th Rhizopus arrhizus 4~5 Tsezos and Volesky. 1982a
U Rhizopus arrhizus 4~5 Tsezos and Volesky, 1982b
U Saccharomyces cerevisiae 3~4 Strandberg et al., 1981

U Aspergillus niger 5.8 Yakubu and Dudeney, 1986
Zn Aspergillus niger increase as pH increased Luef et al., 1991

Cu Zoogloea ramigera above 5 Norberg and Rydin, 1984

Table 2. Effect of other cations on metal removal

Metal Organism

Inhibiting metal Reference

Cd (surface biosorption)
Cd (influx)

Aureobasidium pullulans
Aureobasidium pullulans

Saccharomyces cerevisiae

Hg, Co, Mg, Mn, Cu Mowill and Gadd, 1984

U (surface adsorption)
U (surface adsorption)

U (surface adsorption)

Saccharomyces cerevisiae
Rhizopus arrhizus

Streptomyces levorts

Ca Mowill and Gadd, 1984
Ca Kessels et al., 1985
Ca Strandberg et al., 1981

Zn, Cu, Fe(D)
Co, Cu, Ni, Zn, Fe(Il)

Tsezos, 1983
McGready and

Lakshmanan, 1986

mum for one metal (e.g. uranium) uptake is orga-
nism dependent possibly due to different adsorp-
tive sites of each organisms (Table 1). As with
surface binding, pH can affect intracellular uptake.
In Aureobasidium. pullulans, both surface binding
and rates of intracellular uptake of Cu and Cd
were markedly decreased at pH values less than
6.5 (35). The pH can also affect the precipitation
of metal ions. The copper removal by Zoogloea
ramigera is increased as pH increased above 5
(Table 1). However only part of the copper remo-
ved is due to adsorption to bacterial biomass since
the formation of copper hydroxide is initiated
above pH 5 and then be trapped within polymer
matrix (36).

Competition between metal ions can also reduce
the metal removal efficiency (Table 2). Intracellu-
lar cadmium accumulation in A. pullulans is inhi-
bited by Ca. However surface biosorption of Cd
in the same organism was inhibited by Hg, Co,

Mg, Mn and Cu while Ca and Zn had no effect
(35). Uranium uptake by S. cerevisiae was affected
by Ca while Pseudomonas aeruginosa was not affe-
cted (24). Uranium uptake by R. arrhizus was inhi-
bited by Zn, Cu, and Fe (II) (33) although thorium
uptake in this organism was unaffected by Zn or
Fe (II) (37).

Further complication arise in the presence of
anionic species such as CN , EDTA, Cl-, CO;®",
and HCO;™ since chelated or complexed metals
are a major problem in metal removal by microor-
ganisms. For example, cadmium adsorption by an
immobilized Citrobacter sp. was similarly inhibited
by 5 mM CN  and 250 mM CI~. At these concen-
trations, the molar ratio of CN:Cd and Cl:Cd
were 2.8:1 and 140: 1, respectively (38). Thus,
even though the metal-removal mechanism was
largely cyanide resistant, cyanide was 50 times
more inhibitory than chloride under these condi-
tions. This result could be explained in terms of



stability of Cd(CN);  and Cd((Cl); formation.

Traditional biosorption process

Traditional metal removal process using micro-
bial biosorbent relies on a solid-liquid contact pro-
cess consisting of the metal sequestering and me-
tal deposition cycle. Two distinctive types of reac-
tor, classified according to the nature of bacterial
growth in them, have been used: activated sludge
process and trickling filters.

The activated sludge process depends on floc-
culated bacteria which are grown in suspension
in aerated tank reactors. The flocculation of the
microorganisms within microbially produced ext-
racellular polymers results in coprecipitation of
microbial cells and metals (39). Although metal
desolubilization is basically a fortuitous process
onto the extracellular polymers and cell surfaces,
the microbial metabolic functions of the reactor
are sensitive to metal toxicity; even the main floc-
culative organism, Zoogloea ramigera, was inhibited
at 10 mg/liter of heavy metals (40). Since in a
continuous treatment process the input flow com-
position vary unpredictably, the nature of ill-defi-
ned mixed culture of this system is somewhat
unpredictable and is difficult to reproduce, and
makes it questionable to apply to specific metal
pollution control.

Trickling filter system relies on the growth of
bacteria as biofilm on the surfaces of solid sup-
port.

The biological fluidized bed (BFB) process is
a hybrid of the activated sludge process and the
trickling filter process. It is an attached-growth
process in which the bacteria are self-immobilized
on fluidized suspended particles (41). This process
provides large surface/unit volume, enables to use
reduced plant size. However, with an aerobic BFB
reactor, the oxygen demand per unit volume is
accordingly increased such that air alone can not
provide sufficient oxygen and commercial oxygen
must be supplied. It is also difficult to recycle
the bacterial and the metal components of sludge.

Process using defined immobilized bacteria

Microorganisms are small particles with low de-
nsity and low rigidity. The use of such small par-
ticles in the CSTR (continuous stirred tank reac-
tors) with a large volume of metal-containing so-
lution makes the rapid and efficient separation
using techniques such as filtration, sedimentation
or centrifugation difficult. If biosorbent (biomass)
are modified to have a particle size in the range
of commercial adsorbents (0.5~1.5 mm), it would
have an increased mechanical strength, high par-
ticle porosity, hydrophilicity and increased resista-
nce to aggressive chemical environments (42).
This will be substantial advantages in terms of
efficiency and operation cost. These modification
of biomass is usually achieved by immobilization
of microorganisms. The speed and efficiency of
metal uptake may vary depending on the quantity
of biomass, methods of immobilization, flow rate,
and concentration of input metal. Some examples
of the use of immobilization for metal removal
are shown in Table 3. Several methods of immo-
bilization are in use. These includes cross-linking
with a bifunctional reagent (e.g. formaldehyde),
entrapment into inorganic material (e.g. silica gel,
polyacrylamide) or into organic ones (e.g. synthetic
resing), and biofilm formation on support material
(e.g. polyester foam, sand, polyviny! chloride). Si-
mple adsorption to carrier surfaces relies on cell
surface/carrier electrostatic interactions and is
week and pH-dependent, while chemical coupling
to supports presents toxicity problems. Entrap-
ment within gels gives a low mechanical strength
in addition to diffusional limitations. Thus biofilm
formation (auto immobilization) on the surface of
a solid carrier has been used for large-scale metal
waste treatment.

Because both nonliving (nonmetabolizing) bio-
mass and living cells accumulate metals, either
type of material can be immobilized for metal re-
moval. Each method has its own advantages and
disadvantages (Table 4). By using the immobilized
nonliving biomass, there are no toxicity limitations
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Table 4. Comparison of immobilization of nonliving biomass and living cells.

Nonliving biomass

Living cells

Growth independent dependent
Pregrowth important less important
Nutrient unnecessary necessary
Metal complexation with nutrients no possible

or metabolic products

Metal toxicity less important important

Choice of immobilization technique many
Potential for metal recovery good
Mathematical modeling possible
Potential for altering metal valency state yes
Sensitivity to external factors sensitive

pH, metal speciation)

few {governed by toxicity limitations
or thermal inactivation)

limited (metals may be intracellularly
bound)

difficult

no

less sensitive

since cell growth and metal response are decoup-
led. The use of nonmetabolizing cells removes in-
terference of metabolic end products with soluble
metal speciation. In general, metal removal occurs
rapidly and efficiently since metal uptake rely on
the ion exchanger characteristics of cell surface
polymer. However the biological use may be limi-
ted to the choice of growth conditions since pre-
growth conditions are important for biomass and
biosorbent production (43).

The use of living cells has a potential for a
long-term continuous process in which desorption
is unnecessary. Metal detoxification by degrada-
tion, oxidation, or reductive processes are also po-
ssible ie. the potential to alter the metal specia-
tion to suit the need is possible. However indust-
rial waste may be so polluted as to be lethal to
living microorganisms. The presence of toxic me-
tals and surface-active agents together with the
variability of pH and salt concentrations in indust-
rial wastes make it difficult to use living system.
Moreover, need for the nutrients to maintain mic-
robial viability in waste treatment plant is imprac-
tical unless readily available cheap nutrient source
are used. This nutrients addition may also result
in the contamination of unwanted bacteria.

Metal desorption and biomass recycling

One critical factor in the evaluation of economic
feasibility and technical applications of immobili-
zation is the metal desorption and biomass recyc-
ling. Desorption of metal permits production of
a small volume of concentrated metal when com-
pared with the initial large volume, dilute inflow.
For maximum benefit, desorption techniques
should be efficient, economical, and result in mi-
nimal damage to the biomass.

Although dilute acid (0.1 M HNOy) is effective
desorption agent (44,45), nitrogenous waste is en-
vironmentally unacceptable. Organic acid (0.5 M
citrate, pH b) was used successfully to desorb Cd
from metal-londed Citrobacter sp. (46). Although
EDTA appeared to have potential and apparently
did not have adverse effects on the biomass (47),
final disposal of chelated wastes could be problem.

Carbonates are also efficient and perhaps have
the most commercial potential. Sodium carbonate
(Na,COy) is efficient, but the equilibrium elution
pH 1s too high {(pH 11~12) and may result in
some damage to the biomass (48). Among several
elution systems examined for U desorption form
R. arrhizus, sodium bicarbonate (NaHCQO;) appea-
red the most promising, and gave the least da-
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mage to the biomass, thus allowed the biomass
uranium uptake capacity to remain near 90% of
the original value following multiple adsorption-
desorption cycles (48).

Conclusion

Two types of research on metal removal are
underway. One is the continuing search for new
potent biosorbent materials or finding the growth
conditions of the cells to give optimal biosorbent
quality. The other is to derive further knowledge
of the biosorbent phenomenon as well as the
scale-up parameters for the biosorption process.

Living cells, dead biomass, and derived produ-
cts can be effective in the removal of metals and
radionuclides, but - for industrial application any
biomass-related process must be economically co-
mpetitive with existing technologies. Microorgani-
sms are highly efficient at dilute metal solution
and therefore may not completely replace existing
technologies, but it may be needed after an exis-
ting treatment that is not completely efficient for
low concentrations of metal solutions. The current
trend is the use of immobilized preparations with
recovery of the concentrated metal in small vo-
lume using an inexpensive desorption agent. The
advantages of immobilized cell systems are enor-
mous including high biomass concentration in
reactor, easy separation of liquid and biomass etc.
However other variables such as anions, cations,
organic compounds, and pH should be considered
when immobilized cell system is used. It is to
be hoped that there will be successful use of mic-
roorganisms in the near future to give economic
and environmental benefits. More basic and app-
lied researches are required in order to make be-
tter and more efficient use of the biosorption phe-
nomenon and its potential.

References

1. Aiking, H,, A. Stijnman, C. Garderen, H. van
Heerikhuizen, and J. van’t Reit: Inorganic

phosphate accumulation and cadmium detoxi-

10.

11.

12.

fication in Klebsiella aerogenes NCTC 418
growing in continuous culture. pl. Environ.
Microbiol. 47: 374-377 (1984).

. Aiking, H., H. Govers, and J. van't Riet: deto-

xification of mercury, cadmium and lead in
Klebsiella aerogenes NCTC 418 growing in
continuous culture. Appl. Environ. Microbiol.
50: 1262-1267 (1985).

. Aiking, H., K. Kok, H. van Heerikhuizen, and

J. van’'t Reit: Adaptation to cadmium by Kleb-
siella aerogenes growing in continuous culture
proceeds mainly by formation of cadmium sul-
fide. Appl. Environ. Microbiol. 44: 938-944
(1982).

. Baldry, M.G.C. and A.C.R. Dean: Environmen-

tal change and copper uptake by Bacillus sub-
tilis subsp. niger and by Pseudomonas fluore-
scens. Biotechnol. Lett. 3: 142-147 (1981).

. Beveridge, T.J., and R.GE. Murray: Sites of

metal deposition in the cell wall of Bacillus
subtilis. J. Bacteriol. 141: 876-887 (1980).

. Beveridge, T.J. and S.F. Koval: Binding of me-

tals to cell envelopes of Escherichia coli KH2.
Appl. Environ. Microbiol. 42: 325-335 (1981).

. Beveridge, T.J., C.W. Forsberg, and RJ. Doyle:

Major sites of metal-binding in Bacillus liche-
niformis walls. ] Bacteriol. 150: 1438-1448
(1982).

. Cooper, P.F.: Biological fluidized bed reactors

for treatment of sewage and industrial efflue-
nts. In Comprehensive biotechnology vol4 (M.
Moo-Young, ed.), New York: Pergamon, p
993-1006 (1985).

. Costa, A.CA. and S.G.F. Leite: Metals biosor-

ption by sodium alginate immobilized Chlorella
homosphaera cells. Biotechnol. Lett. 13: 559-562
(1991).

Cotter, CM., J.T. Trevors, and G.M. Gadd:
Decreased cupric ion uptake as the mecha-
nism for cupric ion resistance in Escherichia
coli. FEMS Microbiol. Lett. 48: 299-303 (1987).
Dispirito, A.A., J.W. Talnagi, and O.H. Tuovi-
nen: Accumulation and cellular distribution of
uranium in Thiobacillus ferroxidans. Arch. Mic-
robiol. 135: 250-253 (1983).

Doyle, RJ., T.H. Mathews, and UN. Streips:



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Chemical basis for selectivity of metal ions
by the Bacillus subtilis cell wall. ] Bacteriol.
143: 471-480 (1980).

Ellwood, D.C. and D.W. Tempest: Effects of
environment on bacterial wall content and co-
mposition. Adv. Microbiol. Physiol. 7: 83-117
(1972).

Friis, N. and P. Myers-Keith: Biosorption of
uranium and lead by Streptomyces longwooden-
s1s. Biotechnol. Bioeng. 28: 21-28 (1986).
Gadd, G.M.: Accumulation of metals by mic-
roorganisms and algae. In Biotechnology wvol.
6b, Special Microbial Processes (H.J. Rehm, ed.),
Weinheim: VCH Verlagsgesellschaft, p401-433
(1988).

Gadd, G.M.: Microbial control of heavy metal
pollution. In Microbial control of pollution (J.C.
Fry, G.M. Gadd, R.A. Herbert, CW. Jones, and
LA. Watson-Craik, ed.), Society for general mi-
crobiology symposium series 48, p59-88 (1992).
Galun, M., P. Keller, H. Feldstein, E. Galun,
S. Siegel, and B. Siegel: Recovery of uranium
(VI) form solution using fungi. I1. Release from
uranium-loaded Penicillium biomass. Water
Air Soil Pollut. 20: 277-285 (1983).

Gould, M.S. and EJ. Genetelli: Heavy metal
complexation behavior in anaerobically diges-
ted sludges. Water Res. 12: 505-512 (1978).
Holan, ZR., B. Volesky, and 1. Prasetyo: Bio-
sorption of cadmium by biomass of marine al-
gae. Biotechnol. Bioeng. 41: 819-825 (1993).
Kessels, B.GF., PJM. Belde, and G.W.F.H.
Borst-Pauwels: Protection of Saccharomyces ce-
revisige against Cd*' toxicity by Ca?'. J. Gen.
Microbiol. 131: 2533-2537 (1985).

Khazaeli, M.B., and R.S. Mitra: Cadmium-bin-
ding component in Escherichia coli during ac-
commodation to low levels of this ion. Appl.
Environ. Micvobiol. 41: 46-50 (1981).

Kiff, R.J., and D.R. Little: Biosorption of heavy
metals by immobilized fungal biomass. In Im-
mobilization of tons by bio-sorptson (H. Eccles,
And S. Hunt, eds.), Chichester: Ellis Horwood,
p71-80 (1986).

Kihn, J.C., M.M. Mestdagh, and P.G. Rouxhet:
ESR study of copper (II) retention by entire

24.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

11

cell, cells walls, and protoplasts of Saccharom-
yees cerevisige. Can. | Microbiol. 33: 777-782
(1987).

Laddaga, R.A,, and S. Silver: Cadmium uptake
in Escherichia coli K12. ]. Bacteriol. 162: 1100-
1105 (1985).

Laddaga, RA,, R. Bessen, and S. Silver: Cad-
mium-resistant mutant of Bacillus subtilis 168
with reduced cadmium transport. J. Bacteriol.
162: 1106-1110 (1985).

Luef, E,, T. Prey, and C.P. Kubicek: Biosorp-
tion of zinc by fungal mycelia wastes. Appl.
Microbiol. Biotechnol. 34: 688-692 (1991).
Macaskie, LE., and A.CR. Dean: Cadmium
accumulation by immobilized cells of a Citro-
bacter sp. Environ. Technol. Lett. 5: 177-186
(1984).

Macaskie, L.E. and A.CR. Dean: Metal-seque-
stering biochemicals, In Biosorption of heavy
metals (B. Volesky, ed.), CRC Press, p199-248
(1990).

Macaskie, L.E., and A.CR. Dean: Strontium
accumulation by immobilized cells of a Citro-
bacter sp. Biotechnol. Lett. 7. 627-630 (1985).
Macaskie, LE., and A.CR. Dean: Use of im-
mobilized biofilm of Citrobacter sp. for the re-
moval of uranium and lead from aqueous
flows. Enz. Micvobiol. Technol. 9: 2-4 (1987a).
Macaskie, L.E., J.M. Wates, and A.CR. Dean:
Cadmium accumulation by a Citrobacter sp.
immobilized on gel and solid supports: appli-
cability to the treatment of liquid wastes con-
taining heavy metal cations. Biotechnol. Bioeng.
30: 66-73 (1987h).

Macaskie, L.E.: The application of biotechno-
logy to the treatment of wastes produced from
the nuclear fuel cycle: biodegradation and
bioaccumulation as a means of treating radio-
nuclide-containing streams. Crit. Rev. Biotech-
nol. 11: 41-112 (1991).

Mahan, C.A. and J.A. Holcombe: Immobiliza-
tion of algae cells on silica gel and their cha-
racterization for trace metal preconcentration.
Anal. Chem. 64: 1933-1939 (1992).

Marquis, R.E., K. Mayzel, and E.L. Cartenson:
Cation exchange in cell walls of Gram-positive



12

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

bacteria. Can. J. Microbiol. 22: 975-982 (1976).
McGready, R.G.L., and V.I. Lakshmanan: Re-
view of biosorption research to recover ura-
nium from leach solutions in Canada. In Im-
mobilization of ions by bio-sorption (H. Eccles,
and S. Hunt, eds.), Chichester: Ellis Horwood,
p219-226 (1986).

Mowill, J.L. and G.M. Gadd: Cadmium uptake
by Aureobasidium pullulans. ]. Gen. Microbiol.
130: 279-284 (1984).

Nakajima, A., T. Horikoshi, and T. Sakaguchi:
Recovery of uranium by immobilized microor-
ganisms. Eur. J. Appl. Microbiol. Biotechnol. 16:
88-91 (1982).

Nakajima, A., T. Horikoshi, and T. Sakaguchi:
Studies on the accumulation of heavy metal
elements in biological systems. 17. Selective
accumulation of heavy metal ions by Chlorella
regularis. Eur. J. Appl. Microbiol. Biotechnol.
12: 76-83 (1981).

Nakajima, A., T. Horikoshi, and T. Sakaguchi:
Studies on the accumulation of heavy metal
elements in biological systems. Part XII. Up-
take of manganese ion by Chlorvella regularis.
Agric. Biol. Chem. 43: 1461-1466 (1979).
Norberg, A. and S. Rydin: Development of a
continuous process for metal accumulation by
Zoogloea ramigera. Biotechnol. Bioeng. 26: 265-
268 (1984).

Norberg, A. and N. Molin: Toxicity of cad-
mium, cobalt, uranium and zinc to Zoogloea
ramigera. Water Res. 17: 1333-1336 (1983).
Norris, P.R. and D.P. Kelly: Accumulation of
metals by bacteria and yeast. Dev. Ind. Micro-
biol. 20: 299-307 (1979).

. Rothstein, A., and A.D. Hayes: The relation-

ship of the cell surface to metabolism. XIII
The cation-binding properties of the yeast cell
surface. Arch. Biochem. Biophys. 63: 87-99
(1956).

Sakaguchi, T., T. Tsuji, A. Nakajima, and T.
Horikoshi: Accumulation of cadmium by green
microalgae. Eur. | Appl. Microbiol. Biotechnol.
8: 207-215 (1979).

Scott, J.A,, S.J. Palmer, and ]J. Ingham: Micro-
bial metal adsorption enhancement by natura-

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

lly excreted polysaccharide coatings. In Immo-
bilization of ions by bio-sorption (H. Eccles, and
S. Hunt, eds.), Chichester: Ellis Horwood, p
81-88 (1986).

Sterritt, RM. and J.N. Lester: Heavy metal
immobilization by bacterial extracellular poly-
mers. In Immobilization of ions by bio-sorption
(H. Eccles, and S. Hunt, eds.), Chichester: El-
lis Horwood, pl121-134 (1986).

Strandberg, G.W., S.E. Shumate, and J.R. Par-
rott: Microbial cells as biosorbents for heavy
metals: Accumulation of uranium by Seaccharo-
myces cerevisige and Pseudomonas aeruginosa.
Appl. Environ. Microbiol. 41: 237-245 (1981).
Surowitz, K.G., J.A. Titus, and M. Pfister: Ef-
fects of cadmium accumulation on growth and
respiration of a cadmium-sensitive strain of
Bacillus subtilis and a selected cadmium resis-
tant mutant. Arch. Microbiol. 140: 107-112
(1984).

Tengerdy, RP., J.E. Johnson, J. Hollo, and ].
Toth: Denitrification and removal of heavy
metals from waste water by immobilized mic-
roorganisms. Appl. Biochem. Biotechnol. 6: 3-13
(1981).

Tobin, JM., D.G. Cooper, and RJ. Neufeld:
Uptake of metal ions by Rhizopus arrhizus bio-
mass. Appl. Environ. Microbiol. 47: 821-824
(1984).

Treen-Sears, M.E., SM. Martin, and B. Vole-
sky: Propagation of Rhizopus javanicus biosor-
bent. Appl. Environ. Microbiol. 48: 137-141
(1984).

Tsezos, M. and B. Volesky: The mechanism
of thorium biosorption by Rhizopus arrhizus.
Biotechnol. Bioeng. 24: 955-969 (1982a).
Tsezos, M. and B. Volesky: The mechanism
of uranium biosorption by Rhizopus arrhizus.
Biotechnol. Bioeng. 24: 385-401 (1982b).
Tsezos, M. and D.M. Keller: Adsorption of ra-
dium-226 by biological origin adsorbents. Bio-
technol. Bioeng. 25: 201-215 (1983).

Tsezos, M.: Adsorption by microbial biomass
as a process for removal of ions from process
or waste solutions. In Immobilization of ions
by biosorption (H. Eccles, and S. Hunt, eds.),



57.

58.

59.

Chichester: Ellis Horwood, p201-218 (1986).
Tsezos, M.: Recovery of uranium from biologi-
cal adsorbents-desorption equilibrium. Biotech-
nol. Bioeng. 26. 973-981 (1984).

Tsezos, M.: The role of chitin in uranium ad-
sorption by Rhizopus arrhizus. Biotechnol.
Bioeng. 25: 2025-2040 (1983).

Tynecka, Z., J. Zajac, and ]. Zajac: Reduced
cadmium transport determined by a resistance

60.

61.

13

plasmid in Staphylococcus aureus. J. Bacteriol.
147: 305-312 (1981).

Weinberg, E.D.: Microorganisms and minerals.
Marcel Dekker. New York (1977).

Yakubu, N.A,, and AW.L. Dudeney: Biosorp-
tion of uranium with Aspergillus niger. In Im-
mobilization of ions by bio-sorption (H. Eccles,
and S. Hunt, eds.), Chichester: Ellis Horwood,
p183-200 (1986).



