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Summary. Bacteria, and other microorganisms, exhibit a number Of metabolism-dependent and -independent pro- 
cesses for the uptake and accumulation of heavy metals and radionuclides. The removal of such harmful substances 
from effluents and waste waters by microbe-based technologies may provide an alternative or additional means of 
metal/radionuclide recovery for economic reasons and/or environmental protection. Both living and dead cells as well 
as products derived from or produced by microorganisms can be effective metal accumulators and there is evidence 
that some biomass-based clean-up processes are economically viable. However, many aspects of metal-microbe 
interactions remain unexploited in biotechnology and further development and application is necessary, particularly 
to the problem of radionuclide release into the environment. 
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Bacteria (including actinomycetes), cyanobacteria, algae, 
fungi and yeasts are able to remove heavy metals and 
radionuclides from their external environment by means 
of mechanisms that may be physico-chemical, e.g. ad- 
sorption, or dependent on metabolic activity, e.g. trans- 
port 2, 7.13-16, is. 31, 34, Some physico-chemical interac- 
tions may be indirectly dependent on metabolism via the 
synthesis of particular cell constituents or metabolites 
that may act as efficient metal-chelators or the creation 
of a particular microenvironment in the vicinity of the 
cell that facilitates deposition or precipitation 22. Thus, 
living or dead microbial biomass is capable of metal 
accumulation as well as products produced by or derived 
from microbial cells 1~, 15, is, 31 (fig.). 
These processes are of interest and application to a vari- 
ety of  industries, including those concerned with the pro- 
vision of nuclear power. The removal of harmful heavy 
metals and radionuclides from effluents and waste waters 
by microbe-based technologies may provide an addition- 
al or alternative means of detoxification to existing treat- 
ments while metal recovery is possible after appropriate 
treatment of loaded biomass. The latter is relevant to the 
reclamation of valuable metals, e.g. gold, and the further 
containment of  hazardous radionuclides. There are indi- 
cations that clean-up processes based on microbial tech- 
nology can be more economical than existing treatments 
and some are in commercial operation s, z~. 

Mechanisms of microbial metal accumulation 

Although living and dead cells are capable of metal/ra- 
dionuclide accumulation, there may be differences in the 
mechanisms involved in either case, depending on the 
extent of  metabolic dependence. Despite many metals 
being essential for microbial growth at low concentra- 

tions, e.g, Cu, Zn, Mn, Co, many others have no essential 
biological function, e.g. Au, As, Cd, Pb, Sn. All these, as 
well as elements such as uranium and thorium, can exhib- 
it varying degrees of toxicity towards living cells. Thus 
the choice of living or dead biomass is important for any 
envisaged process el. Problems of toxicity obviously do 
not occur with dead biomass or derived products and 
such materials may also be immune to other adverse 
conditions such as elevated temperature or nutrient limi- 
tation. Living cells have advantages in their variety of 
accumulation mechanisms, and the relative ease of mor- 
phological, physiological and genetical manipulation. 
Certain cell types or forms may be more efficient accu- 
mulators than others while resistance is a widely encoun- 
tered property i s. 
A wide range of uptake capacities are found in microor- 
ganisms (table). Metabolism-independent binding of 
heavy metals to cell walls, extracellular polysaccharides, 
or other materials occurs in living and dead cells and is 
generally rapid. Metabolism-dependent intracellular up- 
take or transport occurs in living cells and may be accom- 
panied by toxic symptoms. In some cases intracellular 
uptake is due to increased membrane permeability aris- 
ing from toxic interactions. With several metals, e.g. lead, 
uranium and thorium, most accumulation in microbial 
biomass is surface-based with little or no intracellular 
uptake unless by diffusion. Once inside cells, metal ions 
may be preferentially located within specific organelles 
and/or bound to proteins such as metallothionein. In 
growing cultures of microorganisms, metabolism-inde- 
pendent and -dependent phases of metal uptake can be 
affected by changes in medium composition and excre- 
tion of metabolites that can act as metal chelators. Thus, 
in a given microbial system, several mechanisms of up- 
take may operate simultaneously and/or sequentially 15. 
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Accumulat ion of heavy metals and radionuclides by microorganisms" 

Organism Element Uptake 
(% dry weight) 

Streptomyces sp. 12,15 Uran ium 2 - 1 4  

Citrobacter sp. 2s, 26, 2v Lead 34-40  
Cadmium 13.5 

Thiobacillus ferrooxidans 2, 22.31 Silver 25 
Bacillus cereus 2, 22, 34 Cadmimn 3 .9-  8.9 
Escherichia cob z, 22, 34 Cadmium 0.16 - 0.98 
Zoogloea sp. 2,1 s, 22, 31 Cobal t  25 

Copper 34 
Nickel 13 

Chlorella vulgaris b 19 Gold 10 
Chlorella regularis b ~ 9 Uran ium 15 
Chlorella regularis 2s'29 Uranium 0.39 

Manganese <_ 0,8 

Scenedesmus obliquus 15, 28 Cadmium 0.3 

Phoma sp. is, 2s Silver 2 

Rhizopus arrhizus 33, 36, 37 Copper 1.6 
Cadmium 3.0 
Uran ium 19.5 
Lead 10.4 
Thorium 9,7 

Saccharomyees cerevisiae t s Cadmium 0.24-3.12 
Zinc 0.45 
Uran ium 10-15 
Thorium 11.6 

Data  extracted from the various sources listed. Consultat ion of original 
references is recommended for full details of experimental procedures. 
b Immobilized cells. 

Metabolism-independent biosorption 
The term 'biosorption' is now frequently used to describe 
non-directed physico-chemical interactions betweefi met- 
al species and microbial biomass 31. 

a) Bacteria. The walls of  gram positive bacteria are effi- 
cient metal chelators and in Bacillus subtilis, the carboxyl 
group of the glutamic acid of peptidoglycan was the 
major site of metal deposition. Teichoic and teichuronic 
acids were important binding sites in Bacillus licheni- 
formis 3. In many bacteria, initial binding is followed by 
inorganic deposition of increased amounts of metal 
which leads to the accumulation of greater than stoichio- 
metric amounts of metals, even to levels approaching 
50 % of the dry weight. 
Envelopes of  gram negative bacteria consist of two dis- 
tinct membrane bilayers which sandwich a thin peptido- 
glycan layer between them in the periplasmic space. With 
purified cell envelopes of Escherichia coli K-12, most 
metal deposition occurred at the polar head group re- 
gions of constituent membranes or along the peptidogly- 
can layer 3. 
Biosorption of radionuclides, e.g. uranium, may be high 
in actinomycetes, e.g. Streptomyces longwoodensis, and 
maximal at acidic pH values. It is believed that phospho- 
diester residues are the main sites of UO~ + binding 12. 
Biosorption of metals and radionuclides has been 
demonstrated in the cyanobacterium Synechococcus sp. 
with concentration factors ranging from 0 (Cs and Np) 
up to 306 (Sn, Hg, Pu), the sequence of accumulation 

efficiency being Pu, Hg, Sn >_ Am > Ag > Zn > Co 
> Mn > Cs, Np 1~ S. elongatus can remove uranium 
from seawater, optimally at pH 5, and this was inhibited 
by excess CO~- and increasing cell suspension density 2o, 
Most uranium was located intracellularly, despite the 
lack of metabolic dependence, which is similar to urani- 
um accumulation in Pseudomonas aeruginosa 3 t 
In several bacteria, metabolism-independent biosorption 
may be the most significant proportion of total uptake 
and may be affected by the previous growth history of the 
cells, particularly nutrient limitation which may result in 
changes in wall composition. 

b) Algae. Algal cell walls and extracellular materials are 
good biosorptive agents. Both ionic- and covalent bind- 
ing are involved in biosorption with proteins and 
polysaccharides playing important roles. In several spe- 
cies, cell walls function as a weakly acidic cation ex- 
changer though some metals, e.g. cadmium, may be tak- 
en up as neutral complexes. This may be important under 
marine conditions where cadmium may exist as CdCl 2 
and CdC13 34 
A linear equilibrium relationship between bound metal 
and the metal concentration in solution is frequently 
observed 23. For Chlorella vulgaris, the order of bind- 
ing capacities was UO~ +>>Cu z + >>Zn 2 + >_ Ba 2+, 
Mn 2 + > Co 2 +, Cd 2 + > Ni 2 +, Sr 2 +. Other reported se- 
quences are Cu 2+ > Sr 2+ > Zn 2+ > Mg 2+ > Na + for 
Vaucheria and Hg 2+ > Ag + > Zn 2+ > Cd 2+ for several 
marine algae 15. Au 3 +, Au + and gold complexes may be 
bound by algae, optimally at acidic pH values. A u  3 + may 
be reduced to Au + and then to colloidal Au ~ which may 
comprise up to 10 % of the dry weight 10 
In some algae, biosorption may be a significant propor- 
tion of total uptake, particularly where toxicity leads to 
non-specific intracellular accumulation. For radionu- 
clides, such physico-chemical interactions comprise the 
majority of total uptake. In Chlorella, uranium uptake is 
optimal at pH 5 and reduced by PO,  z - ,  CO z-  and 
HCO~. UO~ + and UOzOH + were the main species tak- 
en up in exchange for H + 29. Little uranium is taken up 
in marine conditions because of interference by CO32- 
which leads to the formation of UOz(CO3)~- and 
UO2(CO3)3"- complexes. Marine algae are also capable 
of passively accumulating Am, Po, Pb, Pu and Cf with 
concentration factors ranging from 5 x 10 a to 
4 x 10 5 xl 

c) Fungi and yeasts. Because of wide variation in the 
chemical composition of fungal cell walls, there can be 
considerable variations in uptake capacities between dif- 
ferent species 15. In Rhizopus arrhizus, biosorpfion was 
related to ionic radii for La 3+, Mn 2+, Cu 2+, Zn 2+, 
Cd 2+, Ba 2+, Hg ;+ Pb z+ UO~ + and Ag + but not Cr 3+, 
Na  +, K +, Rb + or Cs + 33. In R. arrhizus, uranium bio- 
sorption comprised at least 3 processes involving rapid 
and simultaneous coordination of uranium to the amine 
nitrogen of chitin and adsorption to cell wall chitin, fol- 
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lowed by the slower precipitation of uranyl hydroxide 38. 
Phosphate and carboxyl groups may be involved in 
UO22+ binding to walls of yeast followed by deposition of 
uranium as needle-like fibrils. This can lead to large levels 
of accumulation with average values approaching 15 % 
of the dry weight 32. 
Over modest ranges of temperature, e.g. 4-30 ~ fungal 
biosorption is relatively unaffected though uranium up- 
take was enhanced at 50 ~ in a variety of species is. Low 
external pH generally decreases the rate and extent of 
metal biosorption. A reduction in solubility may accom- 
pany a rise in pH which favours biosorption. For exam- 
ple, at pH values > 2, Th(OH)~ + is taken up more effi- 
ciently than Th 4+ which is the major Th species at pH 
values _< 2 37. Low pH reduces uranium uptake because 
of competition by H30 + for binding sites and effects on 
the species present. At pH < 2.5, UO 2+ is the principal 
cation but > p H 2 . 5 ,  hydrolysis products include 
(UO2)z(OH)~ +, UOz(OH) + and (UO2)3(OH)~ which 
are more readily absorbed 3s. Other anions and cations 
may also affect metal biosorption by e.g. precipitation or 
competition for binding sites 1 s. 
As well as dissolved metal species, particulate material 
may also be absorbed by fungal biomass, e.g. copper, 
lead and zinc sulphides, zinc dust and ferric hydroxide 
('ochre') 39 

Extracellular precipitation, complexation, and crystalliza- 
tion 
Many bacterial extracellular polysaccharides are efficient 
metal binding agents and such materials are of major 
importance in metal removal from solution by activated 
sludge biomass 2~. 
With regard to metal crystallization on microbial sur- 
fades it is often difficult to ascertain whether metabolism 
is involved in all cases. Microbes are implicated in ferro- 
manganese nodule formation on ocean floors and a vari- 
ety of bacteria, algae and fungi can become encrusted 
with manganic oxides 22. Crystalline deposits of many 
other elements, e.g. Au and U, have been observed in a 
variety of microbial types as. 
Hydrogen sulphide production can lead to precipitation 
of metal sulphides within and on cell surfaces. Cd-grown 
Klebsiella aerogenes contained 2 - 4  % of the dry weight 
as cadmium and large numbers of electron-dense gran- 
ules of CdS occurred on outer cell surfaces 1. Such sul- 
phide precipitation can also occur in algae, yeasts and 
fungi as well as metal precipitation as phosphates or 
oxalates 1 s 

Many organisms release high-affinity iron-binding 
molecules called siderophores, the synthesis of which 
may be stimulated by iron deficiency. Siderophores are 
also able to bind other metals, e.g. Ga, Ni, U, Th and 
C u  15, 18 

Biosorption by derived microbial products 
Compounds from fungal biomass have received most 
attention, probably because waste fungal biomass can 

arise in quantity from several industrial fermentations. 
Potential biosorptive agents in fungal walls include 
mannans, glucans, chitin, chitosan and melanin. Phos- 
phorylated derivatives of chitin and chitosan were more 
efficient biosorptive agents than non-phosphorylated 
chitin and chitosan, orders of biosorption efficiency be- 
ing UO2 z+ >) C u  2+ > C d  2+ > M n  2+ > Zn 2+ > Mg 2+ 
> C o  z+ > N i  2 + > C a  2+ and UO 2+,>Cu 2+ > Z n  z+ 
> Mn z+ > Co 2+ > Ni ~+ > Mg 2+ > Ca 2+ respective- 
ly 3~ Fungal phenolic polymers and melanins contain 
phenolic units, peptides, carbohydrates, aliphatic hydro- 
carbons and fatty acids. Melanins in particular are good 
biosorptive agents whether in purified form or associated 
with wall material 17, 18 

Metabolism-dependent intracellular accumulation 

Metabolism-dependent uptake of metal ions is usually a 
slower process than biosorption although greater 
amounts of metal may be accumulated by this means in 
some organisms, e.g. yeasts. Transport of metal ions into 
microbial cells is inhibited by low temperatures, metabol- 
ic inhibitors and the absence of an energy source. Rates 
of uptake are influenced by the metabolic state of cells 
and the composition of the external medium. Transport 
systems encountered in microorganisms are of varying 
specificity and both essential and non-essential elements 
may be taken up. Most mechanisms of metal transport 
appear to rely on the electrochemical proton gradient 
(A~n+) across the cell membrane which has a chemical 
component, the pH gradient, (ApH) and an electrical 
component, the membrane potential (A 70, each of which 
can drive transport of ionized solutes across membranes. 
The membrane potential appears to be responsible for 
electrophoretic mono- and divalent cation transport in 
fungi although other gradients, e.g. K +, may also be 
involved s, ~5,1~. It should be stressed that in several or- 
ganisms, notably filamentous fungi, transport may not 
be as significant a component of total uptake as general 
biosorption. In addition, in some cases, intracellular up- 
take may occur by diffusion, particularly where toxic 
effects lead to changes in membrane permeability 15 
Metal resistance may often be associated with decreased 
uptake and/or impermeability. In addition, those exter- 
nal factors which reduce uptake often result in reduced 
toxicity 13, 15. In contrast, there is an example of a Mn 2 +- 
resistant strain of S. cerevisiae which accumulates consid- 
erably more Mn z+ than the sensitive parental strain, 
probably by more efficient internal sequestration 4. 

IntracelluIar localization and deposition 
After uptake into cells, metals may be compartmental- 
ized and/or converted to more innocuous forms by bind- 
ing or precipitation. Dense intracellular deposits of ura- 
nium were observed in Pseudomonas aeruginosa 32, while 
other electron-dense bodies, including polyphosphate, 
have been associated with intracellular metal accumula- 
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tion in several bacteria, algae and fungi t 5. In eukaryotic 
microbes, e.g. yeasts, a majority of intracellular Co 2+, 
Mn 1+, Zn a+, Mg 2~ and K + is located in the vacuole 
where there may be binding to low molecular weight 
polyphosphates t 8. 
Another common microbial response is the synthesis of 
intracellular metal-binding proteins and these have been 
recorded in bacteria, cyanobacteria, algae, fungi and 
yeasts. Metallothioneins, and other metal-binding 
proteins, may have relevance to metal recovery since they 
can bind valuable metals, e.g, Au and Ag, as well as those 
of low value, e.g. Cu, Zn and Cd. Future work may lead 
to the engineering of different metal-binding proteins 
with specific affinities for different metals 9. 

MetaI/radionuclide recovery from loaded biomass 
Metabolism-independent biosorption is often reversible 
by simple non-destructive physical/chemical treatments 
whereas intracellular accumulation may be irreversible 
and necessitate destructive recovery, e.g. incineration or 
dissolution in acids or alkalis. Technological applications 
of microbial metal removal systems may depend on the 
ease of metal recovery either for reclamation or for 
biomass regeneration. If  cheap, waste biomass is used to 
reclaim valuable metals, then destructive recovery may 
be economically feasible. However, most attention to 
date has focussed on non-destructive desorption from 
loaded biomass. It is therefore obvious that the choice 
between living or dead cell systems is important because 
of the implications for metal recovery 14, 15. 
Dilute mineral acids can be effective desorption agents 
but high concentrations may damage the biomass. Ma- 
nipulation of the pH of desorbing solutions may be a 
good method for selective removal of  metal ions. Some 
metal ions, e.g. Cu and Zn, were desorbed by lowering 
the eluant pH to 2 yet Au, Ag and Hg were strongly 
bound at this pH value. Au 3 + was selectively eluted using 
mercaptoethanol 19. 
Carbonates and/or bicarbonates appear to have poten- 
tial for non-destructive recovery. The solid:liquid ratios 
that can be used for bicarbonate elution can exceed 120:1 
(mg:ml) for a IM NaHCOa solution with -~ 100 % ura- 
nium recovery 3s. The biosorption capacity of  the 
biomass may be increased after bicarbonate treatment * 5. 

Biotechnology of microbial metal/radionuclide removal 

a) Living cell systems. These have received application in 
the decontamination of sewage and waste waters where 
metal concentrations may be below toxic levels. Tailings 
ponds and artificial stream meanders containing photo- 
synthetic microbes have been used to treat mining efflu- 
ents while algal blooms, that can be encouraged by nutri- 
ents in sewage effluent, can also serve as biosorptive 
agents 6. Where such algae die in the presence of toxic 
metal concentrations, decomposition of settled biomass 
can lead to the production of H2S by sulphate-reducing 
bacteria and metal precipitation as sulphides ~. Activated 

sludge microbial biomass is also of applied potential, 
particularly where there is extensive production of extra- 
cellular polymers 24. 

b) Immobilized cell systems. For rigorous industrial ap- 
plication, microbial biomass has a number of disadvan- 
tages which include small particle size, low mechanical 
strength and low density, which can make biomass/efflu- 
ent separation difficult 36. For use in packed-bed or flu- 
idized-bed reactors, pelleted biomass appears of greater 
potential. Benefits of  immobilization include easy sepa- 
ration of cells and effluent, high biomass loadings, mini- 
mal clogging and better capability for re-use. Particle size 
can be controlled and high flow rates achieved in a vari- 
ety of reactor configurations. 
Polyacrylamide-immobilized Streptomyces removed ura- 
nium, copper and cobalt, the order of selectivity being 
UO 2 + >> Cu 2 + > Co 2 +, and desorption was achieved 
using 0.1M Na2CO 3 . Such preparations could be used in 
repeated biosorption-desorption cycles 28. Immobilized 
Citrobacter can remove a variety of metals from solu- 
tions supplemented with glycerol-2-phosphate. The up- 
take mechanism involved phosphatase-mediated cleav- 
age of glycerol-2-phosphate which released HPO 2- and 
this precipitated metals extracellularly as insoluble phos- 
phates, e.g. CdHPO 4 26, 27. The biomass could be regen- 
erated and repeatedly used over extended time periods 
and a temperature range of 2 -45  ~ Polyacryl- 

UO 2+ Au 3+, amide-entrapped Chlorella can remove 2 , 
Cu 2 +, Hg 2+ and Zn z + and these cations be selectively 
eluted ~ 9. Other systems in commercial operation use var- 
ious kinds of immobilized microbial biomass which can 
be used in multiple cycles. High metal loadings are possi- 
ble, e.g. (all in mmol g-~) Ag, 0.8; Cd, 1.9; Cu, 2.4; Pb, 
2.9; Au, 2.0 and Zn, 2.1. Metal removal from low con- 
centrations (10-100 mg 1-l) exceeds 99 % and the gran- 
ules can be used in fixed-bed or fluidized-bed reactors zl 
A further means of cell immobilization involves the use 
of biofilms on inert matrices. A biofilm of Citrobaeter 
exhibited uptake capacities similar to those of  gel-immo- 
bilized cells 25. 
Both living and dead biomass can be used in immobilized 
systems. I f  living cells are used, there may be possibilities 
for removal of other pollutants from effluents. There are 
examples of  simultaneous denitrification and metal re- 
moval using mixed bacterial cultures grown as a film on 
anthracite coal particles or immobilized on polyvinyl 
chloride (PVC) or polypropylene webs al. A large-scale 
(5.5 x 106 gallons effluent per day) commercial process 
uses rotating-disc biological-contacting units to simulta- 
neously degrade cyanide, thiocyanate and ammonia 
from gold mining and milling effluents. Metals are re- 
moved by biosorption onto the microbial biofilm 21. 

Conclusions 

The future development of microbial metal/radionuclide 
removal/recovery systems depends on such factors as 
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uptake capacities, biosorbent selectivity, ease of recovery 
and equivalence to existing treatments in performance, 
economics and insensitivity to adverse operating condi- 
tions. For full competition, it has been stated that re- 
moval efficiencies should be > 99 % with loading capac- 
ities > 150 mg metal g-1 7, 8. However, it should be 
stressed that microbe-based methods may not necessarily 
replace existing treatments but may be used as a supple- 
ment or polishing system to existing processes that are 
not fully efficient. There is no doubt that many kinds of 
biomass, or derived products, are highly efficient with. 
high uptake capacities. Selectivity may be a problem but 
this can be enhanced by strain selection or in systems 
where metals vary widely in their affinities for the 
biomass. Recovery may also be selectively controlled by 
appropriate choice of elution protocols. 
In a general sense, it seems dead biomass, or derived 
products, has advantages over living material. However, 
many attributes of living cells remain unexploited in an 
industrial context, including metallothionein production, 
particulate metal accumulation, extracellular precipita- 
tion and complex formation, and these are all worthy of 
further attention since they may be of use for specific 
applications. 
A general consensus is that for improved industrial use, 
immobilized or pelleted preparations should be used with 
recovery involving a cheap stripping agent. Some de- 
scribed processes are competitive in cost and operational 
characteristics with existing treatments 8, 31, 36. However, 
most attention has focussed on economically-valuable 
elements. The situation is less clear for non-precious 
metals or radionuclides, although their removal is more 
important because of environmental considerations. 
With continued pollution of the biosphere with toxic 
heavy metals and radionuclides, it is clear that microbe- 
based technologies may have an important role in envi- 
ronmental protection. 
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Microbial dissolution and stabilization of toxic metals and radionucfides in mixed wastes 

A. J. Francis 
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Summary. Microbial activity in mixed wastes can have an appreciable effect on the dissolution or precipitation of 
toxic metals and radionuclides. Fundamental information on microbial dissolution and stabilization (immobilization) 
of toxic metals and radionuclides, in particular actinides and fission products, in nuclear wastes under various 
microbial process conditions, e.g., aerobic, denitrifying, iron-reducing, fermentative, sulfate-reducing, and 
methanogenic conditions is very limited. Microbial transformations of typical waste components such as metal 
oxides, metal coprecipitates, naturally occurring minerals, and metal organic complexes are reviewed. Such informa- 
tion can be useful in the development of 1) predictive models on the fate and long-term transport of toxic metals and 
radionuclides from waste disposal sites, and 2) biotechnological applications of waste treatment leading to volume 
reduction and stabilization as well as recovery and recycling of radionuclides and toxic metals. 
Key words. Toxic metals; radionuclides; natural radioactive mineral deposits; metal oxides; carbonate complexes; 
organic complexes; coprecipitates; uranium; plutonium; low-level radioactive wastes; transuranic wastes; coal 
wastes. 

Introduction 

Microorganisms, which are ubiquitous throughout na- 
ture, have long been recognized for their ability to bring 
about transformations of organic and inorganic com- 
pounds. Such microbial processes have not been fully 
exploited in the treatment and management of nuclear 
and fossil-energy wastes, particularly in regulating the 
mobility of toxic metals and radionuclides or in the 
biodegradation of organic constituents to innocuous 
products. The contaminants in wastes may be present 
initially as soluble forms or they may be formed after 
disposal by chemical or microbiological processes. The 
organic compounds and inorganic elements (major and 
minor metals and radionuclides), depending upon their 
chemical forms, may react with each other to varying 
degrees in the waste. These include organic-inorganic 
complex formation, precipitation reactions, coprecipita- 
tion of metals and radionuclides with Fe- and Mn-ox- 
ides, and formation of minerals. In figure 1, the interac- 
tions between the organics, inorganics, radionuclides and 
microbes are depicted. Because of the complexity of the 
system, it is often difficult to elucidate clearly the exact 
mechanisms involved in the transformation of mixed 
wastes. Nevertheless, studies with pure or model com- 
pounds under defined conditions should provide infor- 
mation on the mechanisms involved in the transfolrna- 

Figure 1. Interactions of organics, inorganics, radionuclides, and mi- 
crobes in mixed wastes. 

tions of such mixed wastes. There is a paucity of 
information on the fate and long-term transport of toxic 
metals and radionuclides present in energy-related wastes 
disposed of in subsurface environments. Of particular 
concern is the lack of information on specific microbial 
processes and the biochemical mechanisms involved in 
the dissolution (mobilization) or stabilization (immobi- 


