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Microbial dissolution and stabilization of toxic metals and radionuclides in mixed wastes

A. J. Francis
Department of Applied Science, Brookhaven National Laboratory, Upton (New York 11973, USA)

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 transforma-

MICROBIAL
PROCESSES

RADIONUCLIDES

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-
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lization) of toxic metals and radionuclides in mixed
wastes.

The microbial effects on low-level radioactive wastes
disposed of in shallow-land burial grounds**:7° and
the potential effects in the deep geological forma-
tions 1% 12° have been previously reviewed. A wide vari-
ety of microorganisms have been identified in coal
wastes8:55.36.85.90,95 454 in low-level radioactive
wastes *>+ 4% which can affect the integrity and the long-
term stability of wastes. Leachate generation is a com-
plex process involving physical, chemical, and biological
actions. Microbial transformations of the waste at the
disposal site may significantly influence the composition
of leachates. Comprehensive information of the transfor-
mations of wastes under different microbial process con-
ditions will be useful in developing predictive models on
the fate and transport of toxic metals and radionuclides
in the environment®%°% 7% It will also provide useful
information for biotechnological applications in waste
treatment such as recovery and recycling of elements,
waste volume reduction and minimization, and waste
stabilization as well as better waste management meth-
ods. The purpose of this paper is to review the relevant
information available on the microbial processes in-
volved in mobilization and immobilization of toxic
metals and radionuclides present in mixed wastes.

Experientia 46 (1990), Birkhduser Verlag, CH-4010 Basel/Switzerland 841

1. Microbial processes

Mobilization and immobilization of radionuclides and
toxic metals under acrobic conditions, by the activities of
autotrophs in the case of inorganic wastes, and hetero-
trophs in mixed wastes containing organics, could be
significant. Similarly, under anaerobic conditions hetero-
trophic microbial activity which is influenced by the pres-
ence and type of electron donors and acceptors in the
waste can affect the mobility of radionuclides and toxic
metals. Several of the key microbial processes which af-
fect mobilization or immobilization of toxic metals and
radionuclides under aerobic and anaerobic conditions
are summarized in figure 2. Microorganisms under ap-
propriate conditions bring about metal dissolution and
mobilization or immobilization by one or more of the
following mechanisms: 1) oxidation-reduction of metals
which affect solubility; 2) changes in pH and Eh (which
affect the valence or ionic state of the metals and enhance
or retard their mobility in the subsurface environment);
3) solubilization and leaching of certain elements by mi-
crobial metabolites or decomposition products, alkyl-
ation, chelation or production of specific sequestering
agents; and 4) immobilization leading to formation of
stable minerals or biosorption by cells and biopolymers
and, 5) release of biosorbed metals due to remineraliza-
tion elsewhere in the environment.
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The form in which the metal occurs (e.g., elemental, ox-
ide, sulfide, ionic, inorganic complex, organic complex,
or organometallics), the availability of electron donors
and nutrients (carbon, nitrogen, phosphorus), the pres-
ence of alternate electron acceptors (Fe3*, Mn**, Nojy,
SO2~ organic compounds), and the environmental fac-
tors (pH, Eh, temperature, moisture) will affect the types,
rates, and extent of microbial activity and microbial
transformation of metals. The oxidizing and reducing
conditions which prevail at the disposal sites to a large
extent influence the mobilization and immobilization of
radionuclides and metals. Eh levels have little direct in-
fluence on the mobility of the metal, but if the environ-
ment becomes reduced due to increased microbial activ-
ity, then certain metals can undergo reduction either
chemically or enzymatically from higher oxidation state
to lower oxidation state. For example, reduction of Fe**
to Fe?™ increases the solubility of iron while reduction of
UVI) to U(IV) or Cr(VI) to Cr(III) decreases their solu-
bility. Further, the mobility of soluble metal-organic
complexes in the environment is dependent upon the
biological stability of these complexes. Biodegradation of
the metal organic complexes and subsequent release and
fate of the metal are important but least under-
StOOd 21,43, 44-

Transformations of toxic metals and radionuclides in
mixed wastes containing organic compounds by hetero-
trophic aerobic and anaerobic microorganisms could be
significant. We have little information on cither leachate
production or the extent and mechanism of metal trans-
formations due to the activities of the heterotrophs in
mixed wastes. The presence of organic materials in low-

Table 1. Chemical and microbiological analyses of leachate samples collected from low-level radioactive waste digposal sites
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level radioactive waste is a major concern because they
are responsible for most of the environmental contami-
nation problems encountered in and around the disposal
areas. Many of the organic compounds are capable of
forming stable complexes with heavy metals and ra-
dionuclides or increasing their solubilization and leach-
ing*? 43 Likewise, microbial metabolites and waste de-
gradation products or intermediates may be an impor-
tant source of agents that affect the long-term solubility
characteristics of heavy metals and radionuclides.

There are a few reported studies on microbial activity
associated with the disposal of radioactive waste . For
example, Francis et al. ** studied the microbial activity of
trench leachates collected from the commercial low-level
radioactive waste disposal sites. Aerobic, anaerobic, de-
nitrifying, methane-producing, and sulfate-reducing bac-
teria were detected in leachate samples (table 1). About
75 organic compounds consisting of several straight and
branched chain aliphatic acids, aromatic acids, alcohols,
aldehydes, ketones, amines, aromatic hydrocarbons, es-
ters, ethers, and phenols were identified in the leachate
samples *¢. Some of the organic compounds were biode-
graded under anaerobic conditions**. At the shallow-
land, low-level radioactive waste disposal sites, in addi-
tion to synthetic chelating agents, the presence of
solubilized organoradionuclide complexes, most probab-
ly of microbial origin, is a possible contributing factor to
mobilization of radionuclides which might otherwise be
expected to be precipitated or absorbed on clay and soil
particles. Further, radioactive (tritiated and carbon-14)
methane was produced by anaerobic microbial activity in
the leachate*’. The levels of radioactivity and radio-

45,122

Chemical Microbiological
Sample pH Eh DOC  Gross Gross Tritium Aerobes Anaerobes Denitrifiers Sulfate- Methano-
(mV,  (mg/l) alpha beta (pCi/l) (CFU/ml) (CFU/ml) (MPN/ml) reducers gens
NHE) ®Ci/h ®Cih) © (MPN/ml) (MPN/ml)
Maxey Flats (5/78)
Trench 195 6.9 25 500 1.7 x 10° 64 x 105 68x 107 22x 10 32x10> 32x10> 40x10° 49 x10°
Well UB1-A 6.6 274 8§ <10 31 x 102 58x10° 34x10° ND 4.6 x 10> ND 1.0 x 10°
West Valley (10/78)
Trench 3 73 —3.4 1700 7.3 x 10? 29 x 10° 48 x 1058 S4x10° 40x10° 13 x10* 7.0 x10* 23 x 10t
Trench 4 6.5 54 630 1.4 x 10° 1.7 x 107 3.0x 108 23 x103 33 %107 23x10° 49x10* 17x 10°
Treach 5 6.7 40 2900 8.9 x 10? 4.7 x 10° 23 % 10° 1.6 x10° 35x162 33x10*> 11x10' ND
Trench 8 6.9 —63 2900 13x10° 47 x 105 37x10° 14x10® 76x10* 17x10*° 10x 10° 1.0 x 10°
Trench 9 6.7 18 1700 12x10° 12x10° 46x10° 50x 10> 73 x10° 13 x10%2 35x 102 45x 10°
Barnwell (3/79) .
Trench 8D2 NA 308 170 <9 7.9 x 10? 10 x 102 2.0 x 108 1.0 x 10* 23 x10° 1.1 x 10° 08 x 10
Trench 6D1 5.9 358 2 1.6 x 10* < 28 57 %105 23 x10° 1.3x102 1.1x10®° ND ND
Trench 25/21-D1 5.9 538 12 < 14 1.0 x 102 37 %105 35x10* 12x10° 13 x10* 13x10* 02x 10°
Trench 3D1 5.8 225 7 < 14 <28 12 x10* 15x10° 12x10* 54x10* ND ND
effield (4/79
"S[?ench 14(A/ ) 5.0 143 100 8.6 x 107 5.6 x 10* 62 x 105 1.7 x10° 44 x10* 24x10° ND 0.2 x 10°
Trench 18 6.8 181 50 <9 4.5 x 102 20x10° 74 x10% 69x10' 9.5 x 10> 49 x 10! ND
Well 525 7.5 1.9 3 <14 <28 <62 % 10° 63 x 102 42x 102 1.7x10° 23x 10° ND
137CS, 60C0.

ND, not detected; NA, not analyzed. The radionuclides detected in the leachate include: 99Sr, 238puy, 239-240py, 241 Am, 5°Co, *3*Cs,

Field measurements of redox potential (Eh) are reported relative to the normal hydrogen electrode.
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nuclides present in the leachate samples did not have any
significant effect on bacteria. These bacteria were able to
bioaccumulate %°Co, 3#Cs, 137Cs, and °°Sr to varying
degree 4343,

Scientific information on the microbially catalyzed trans-
formations (dissolution and immobilization) of radionu-
clides and metals in wastes in the subsurface environ-
ments is, however, very limited.

2. Dissolution of metals and radionuclides by autotrophs
under aerobic conditions

Much of the information on the microbial dissolution of
toxic metals deals with oxidation of inorganic com-
pounds, primarily from ore leaching by autotrophic mi-
croorganisms under aerobic conditions. The responsible
microorganisms, the chemical and the biochemical mech-
anism involved in the microbial leaching or biomining of
metals, have been extensively studied 18- 32,64, 83,108,128
Consequently, such microbiological processes are now
being exploited on a commercial scale for extraction of
copper and uranium from ores and recovery of strategic
metals from wastes.

In many respects, the microorganisms and the basic prin-
ciples involved in bioleaching would be operative in
wastes containing inorganic compounds®®. In general,
solubilization and leaching of metals from ores are
principally brought about by the activities of auto-
trophic iron and sulfur-oxidizing bacteria. Bacterial oxi-
dation of pyrite and metal sulfide minerals by T, ferroox-
idans and T. thiooxidans has been extensively stud-
ied®**?® Torma and Sakaguchi'!? investigated the
oxidation of several metal sulfides by T ferrooxidans
and found that the rate of metal dissolution was directly
proportional to the initial surface area of the substrates.
The highest rate was obtained with the substrate having
the highest solubility product and they reported the
following order of the rate of metal dissolution
NiS > CoS > ZnS > CdS > CuS > Cu,S.

Inorganic components in coal and nuclear wastes, in-
cluding uranjium mill tailings, may undergo a series of
biochemical and chemical reactions which result in the
solubilization of many minerals. This dissolution process
may be brought about by direct or indirect bacterial
action. Direct bacterial action entails an enzymatic at-
tack by the bacteria on components of the mineral that
are susceptible to oxidation. In the process of obtaining
energy from the inorganic material, the bacteria cause
electrons to be transferred from iron or sulfur to oxygen.
In many cases, the more oxidized product is more solu-
ble. On the other hand, indirect leaching is the oxidation
of soluble ferrous iron to ferric iron which is a powerful
oxidizing agent that reacts with other metals, transform-
ing them into the soluble oxidized form in a sulfuric acid
solution. In this reaction, ferrous iron is again produced
and is reoxidized by the bacteria. Bacteria (7. ferrooxi-
dans) can accelerate such an oxidation reaction by a fac-
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tor of more than a million !3. In nature, both direct and
indirect leaching by bacteria take place.

2.1 Dissolution of metals from coal waste

Microbial dissolution of toxic metals from two types of
coal wastes, one high in pyrite and trace metals ahd low
in organic carbon (fines fraction), and a second lower in
trace metals and higher in organic carbon (filter cake)
were investigated*®. Under aerobic conditions, native
autotrophic bacteria solubilized varying amounts of As,
Cr, Cu, Mn, Ni, Pb, and Zn from the filter cake and fines
fraction. Dissolution of the above metals was increased
by severalfold when the inorganic nutrients N and P were’
supplemented. Selective chemical extraction analyses in-
dicated that most toxic metals were associated with py-
rite, ferric oxides and a soluble phase, possibly ferric
sulfate. The predominant mechanism of dissolution of
metals from coal wastes under aerobic conditions was
due to bacterial oxidation of pyrite. In a similar study,
As, Cr, Cu, Mn, Ni and Zn were solubilized from core
samples collected from a reclaimed coal mine site in West
Virginia by aerobic autotrophic microbial activity. The
concentration of solubilized metals varied with depth of
the core sampled (Francis et al., unpublished results).
Reduced sulfur (0.3 to 4.1) present in the ash/slag of the
coal gasification waste were readily oxidized by au-
totrophic microorganisms but the extent of metal disso-
lution from the waste was not investigated *°7.
Anaerobically or microaerophilically, Sulfolobus and T.
Jerrooxidans can oxidize sulfur with the coupled reduc-
tion of ferric to ferrous iron as an alternative to the
reduction of oxygen. No anaerobic iron-oxidizing bacte-
ria have yet been found. The chemoautotrophic
thiobacilli, the facultative T, denitrificans, can oxidize
sulfide, sulfite and thiosulfate anaerobically with nitrate
as the electron acceptor. In leach dumps, the internal
temperature rises as a result of bacterial and chemical
mineral oxidation to between 54 °C and 80 °C.

2.2 Dissolution of uranium

The iron and sulfur oxidizing bacteria play a significant
role in the solubilization of uranium from ores, in mill
tailings and coal wastes. The biogeochemistry of urani-
um has been intensively studied in light of the recovery of
U from ores and bacterial leaching of pyritic uranium ore
is both feasible and economical”3>37. The role of
Thiobacillus ferrooxidans in the extraction of uranium
from ore is primarily indirect and confined to the gener-
ation of the oxidizing agent, ferric sulfate, and the solvent
sulfuric acid. The indirect involvement of Fe?*/Fe? in
cyclically mediating the oxidation of the insoluble urani-
um -oxide (UO,) has been documented:

UO, + Fe** - UO2* + 2 Fe2*

It has now been demonstrated that T ferrooxidans can
directly oxidize reduced compounds of uranium (ura-
nous sulfate and UQ,) to its hexavalent form without the
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involvement of extraneous Fe3"/Fe?™ complex as the
chemical electron carrier >% 119,

2U* + 0, +2H,0 »2U0Z" +4H*

In these studies, uranium sulfate which is soluble as tet-
ravalent uranium was used as a substrate.

Jayram et al. >® investigated the possible role of the mi-
croflora in the mobilization of uranium from rocks and
its subsequent immobilization. The presence of bacteria
(2.3 x 108 cells/g dry wt), higher radon values, elemental
sulfur, soluble sulfates, and high leachable uranium led
the authors to conclude that uranium was mobilized
from the carbonaceous phyllites and was redeposited.
Iron and sulfur oxidizing bacteria 1. ferrooxidans and
T. thiooxidans were isolated from several uranium
ores'® %% and it has been suggested that microbial oxi-
dation of pyrite is involved in the mobilization of U from
the mine at Pocos de Caldas, Brazil *2*. The role of mi-
croorganisms in the solubilization of thorium is not
known.

3. Dissolution of metals and radionuclides by heterotrophs
under aerobic conditions

An increase in heterotrophic microbial activity due to
biodegradation of organic constituents of the waste can
affect the mobilization of toxic metals and radionuclides.
Heterotrophic bacteria and fungi under aerobic and
anaerobic conditions are able to release metals from var-
ious materials including copper-nickel concentrates, low-
grade copper ore, uranium from granites, manganese ore
and potassium from leucite. Several mechanisms for het-
erotrophic aerobic microbial solubilization of insoluble
metals have been proposed. These include organic acid
production *°, formation of chelating agents'®°, and
metabolism of the metal-associated anion®. Leaching
by heterotrophic organisms is entirely due to chemical
reaction of excreted microbial metabolites and decompo-
sition products **. In many cases, a combination effect is
important, for example, when the organism secretes or-
ganic acids which may have a dual effect of increasing
metal dissolution by lowering pH and increasing the load
of soluble metal by complexation. Heterotrophic leach-
ing could occur in an acid environment (pH 2-4) be-
cause of organic acid production or in an alkaline envi-
ronment with no acid production.

3.1 Organic acid metabolites and complexing agents

Complexes of radionuclides and toxic metals may also be
formed before waste burial as a result of laboratory pro-
cedures, process operation, decontamination activities
due to microbial action, or at the burial site when species
interact with buried or soil-derived organic matter. Mi-
crobially generated dicarboxylic acids, ketogluconic acid,
polyhydroxy acids, and phenolic compounds such as
protocatechuic acid, and salicylic acid are effective
chelating agents of heavy metals and are known to accel-
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erate the movement of metals in soils 3% ?¢. Cole?” re-
ported that several heterotrophic bacteria under aerobic
conditions solubilized PbS, ZnS, CdS, and CuS but had
no activity against PbSO,, PbO, or Pb,0,. However, the
solubilizing agent produced in the culture media was not
identified. Bolter et al. '* found that organic acids from
decaying leaf litter in soil increased the solubility of
heavy metals deposited from smelters. Complexation of
cadmium by organic components of sanitary landfill
leachates was attributed to low- and high-molecular-
weight compounds representing simple carboxylic acids
and compounds containing hydroxyl groups é°. Wildung
et al. 124 reported that many fungi produced low-molecu-
Jar-weight ligands and extracellular complexes that sub-
stantially increased the solubility of Ni in soil. Similarly,
Chanmugathas and Bollag?® found that mobilization of
strongly bound or fixed Cd was due to microbially medi-
ated processes and was affected by soil environmental
factors. Extraction of Zn from industrial waste by citric
acid produced by a Pencillium sp. has been reported,
suggesting use of such systems for recovery of metals
from wastes ?2.

Several heterotrophic bacteria Bacillus sp., B. luteus, B.
subtilis, B. cerens, B. pumilis, Pseudomonas striata, P.
viscosa, P. perolens, P. chlororaphis, Achromobacter xero-
sis, A. stoloniferum, A. healii, and Desulfovibrio desulfuri-
cans were identified in uranium ores’®. Heterotrophic
microorganisms are able to solubilize uranium from rock
materials (granitic rock) where uranium is generally pres-
ent as oxide ® 1. Such solubilization is due to production
of organic acid metabolites. Munier-Lamy 8> has shown
that microbial solubilization of uranium from rocks
(syenite and aplite) was due to the formation of soluble
low-molecular-weight organo-uranyl compounds. The
metal-organic complexes were formed under aerobic
(Eh + 300 to + 500 mv), acidic (pH 2.5-5) conditions
by an association of metallic cations (UO3*, Cu®",
Fe?*, Fe*, Al®*) with simple organic acids, i.e., oxalic,
isocitric, citric, succinic, hydroxybenzoic, and coumaric
acids via their carboxylic and phenolic groups.

In addition to the use of synthetic chelating agents, com-
plexing agents are also found in decomposing organic
matter introduced as waste, and soil organic matter. The
soil organic ligands humic and fulvic acids, and decom-
posing organic wastes contain complex mixtures com-
posed of oxygenated organic degradation products. Hu-
mic substances have an appreciable exchange capacity
due primarily to carboxyl and phenolic hydroxyl groups,
and can form stable water soluble and insoluble complex-
es with metals. Soil organics are generally composed of
amino acids, polysaccharides, polyfunctional aromatic
compounds, and porphyrins. The most abundant and
well-characterized fraction of soil fulvic acid is composed
of a mixture of organic acids such as formic, acetic, ben-
zoic, 3-hydroxy-5 methylbenzoic, p-hydroxybenzoic,
protocatechuic, vanillic, gallic, propionic, citric, fumaric,
malic, oxaloacetic, butyric, glycolic, lactic, and tartaric
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acids 77 %3, These compounds are generally excellent bi-
and polydentate chelating ligands for a variety of metals.

3.2 Siderophores and other specific chelators

Specific chelating agents are produced by microorgan-
isms that require iron or other essential metals for
growth. When microorganisms are grown in an iron-defi-
cient medium, they elaborate specific iron chelators such
as siderochrome and siderophore in the medium 281,
Siderophore production by soil bacteria in soils has been
reported ®7-87-%%_ Since a variety of microbial types are
active in the waste and waste leachate, it is possible that
these microorganisms may elaborate specific or non-
specific compounds capable of complexation with the
radionuclides. Iron sequestering agents could play an
important role in the complexation of Pu and other
metals and thus increase their bioavailability. For exam-
ple, dissolution of plutonium dioxide was enhanced in
the presence of Desferol, a polyhydroxamate chelate pro-
duced by microorganisms®. Wildung and Garland 123
found that microorganisms grown in the presence of Pu
produced complexing agents of higher molecular weight
than that of diethylentriaminepentaacetic acid (DTPA).
Many of the cultures tested were capable of transporting
Pu into the cell, and the role of complexing agents with
such a transport has been suggested but was not identi-
fied> 123, Likewise, Pseudomonas aeruginosa isolated
from a plutonium-contaminated pond *® known to bio-
accumulate uranium '3 elaborated several new chelating
agents for thorium and uranium when grown in the pres-
ence of these metals 8% 8. This clearly indicates the po-
tential of U, Th and Pu and other metals present in the
waste for complexation by microbially produced chelat-
ing agents, and thus an increased bioavailability and mo-
bilization of radionuclides and toxic metals due to micro-
bial activity. Additional information on microbial
complexing agents is discussed by Birch and Bachofen,
this issue.

In addition to the metabolites, microbial exopolymers
may form strong complexes with metals and radionu-
clides. Microbial polysaccharides which are present in
biofilms often play a major role in the removal of metals
from waste streams and in some instances form soluble
complexes and enhance mobilization. The persistence of
complexing agents in the disposal environment is a major
concern because of the potential of increasing the trans-
port and bioavailability of radionuclides and toxic
metals.

4. Dissolution of metals and radionuclides under anaerobic
conditions

Anaerobic conditions are common at most of the waste
disposal sites and anaerobic microbial activities may sig-
nificantly affect the transport and transformations of
organic compounds, radionuclides, and toxic metals.
There is a paucity of information on the anaerobic micro-
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bial transformations of toxic metals and radionuclides
under various process conditions such as denitrification,
iron reduction, fermentation, sulfate-reduction, and
methanogenesis. The behavior of radionuclides and toxic
metals is significantly affected by anaerobic bacteria in
organic matter-rich flooded soils and sediments, but little
is known of the processes and mechanisms involved, in
particular, of the range and nature of bacterial effects in
anoxic environments 1% 57:62.63.86,126  Tncreased solu-
bilization of heavy metals from soils and sludges incubat-
ed under anaerobic conditions has been reported 1% 63,
Under anerobic conditions, fermentation products such
as organic acids and amino acids accumulate and may
serve as ligands.

The predominant forms of toxic metals and radionu-
clides found in low-level radioactive and fossil-energy
wastes can be divided into the following general cate-
gories: oxides (simple and complex oxides including fer-
rites), coprecipitates (metals coprecipitated with oxides
of iron, aluminum), carbonate complexes, naturally oc-
curring minerals, and organic and inorganic complexes.
There is, however, very limited information on the
specific characteristics of wastes disposed of in the sub-
surface. The available information on the anaerobic mi-
crobial transformations of the various forms of the
metals and radionuclides is summarized in the following
sections.

4.1 Dissolution of lead compounds

Lead is present in nuclear and coal wastes *°°, and is also
released into the atmosphere from fossil-fuel combustion
and from lead smelters. Although the speciation of lead
is not fully known, it is believed to be in the oxidized
form, most probably as lead oxide, because of the oxidiz-
ing conditions. It has been estimated that 20 % of the
emitted lead is in the oxide form®*. Lead oxide is quite
insoluble in water and the fate of PbO in wastes is not
fully understood. Bruland et al. 2° and Burrows and Hul-
bert?® noted that contaminated sediments released a
greater fraction of their lead content under anaerobic
conditions than unpolluted sediments. Wong et al. 12°
reported that microorganisms in sedimenis from several
Canadian lakes could transform certain inorganic and
organic lead compounds into tetramethyl lead. Kee and
Bloomfield °* found that lead dioxide (PbO,) was mobi-
lized from soils under anaerobic conditions when amend-
ed with plant residues. Francis and Dodge*! reported
that the anaerobic bacterium Clostridium sp., isolated
from coal cleaning waste, solubilized a significant
amount of lead oxide (PbO) and to a lesser extent PbSO,
but not Pb®, PbS, and galena. Dissolution of PbO by the
bacteria was due to production of organic acids and
lowering of pH of the growth medium. The solubilized
metal was bioavailable to the organism as evidenced by
lead associated with cell biomass as well as immobiliza-
tion by a polymer-like substance produced by the organ-
ism. The solubilized lead affected the growth of Clostrid-
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ium sp., as well as the metabolic end products of glucose
fermentation shifting from acetic and butyric acid fer-
mentation to predominantly lactic acid production. Solu-
ble lead in the culture medium interfered with the iron
metabolism of the organism, possibly affecting the syn-
thesis of iron-containing proteins involved in the electron
transport system *°,

4.2 Dissolution of metal oxides

Oxides of metals are present in soils, ores, and residues
generated from fossil- and nuclear-fuel cycles. The metal
oxides are usually in crystalline forms and are insoluble
in water; their fate after disposal in the environment is
not known. Organic compounds present in the energy
residues and the natural environment can have a signifi-
cant effect on the solubility and mobility of the metal
oxides due to chemical and microbiological action.
Under anaerobic conditions, organic compounds can
bring about reductive dissolution of metal oxides from a
higher to a lower oxidation state*®!:*4, This reduction
has a dramatic impact on the solubility and speciation of
metals. For example, oxides of Mn(IIl, IV), Fe(IIl),
Co(1II), and Ni(I1I), when reduced to divalent ions under
anoxic conditions, show an increase in solubility by sev-
eral orders of magnitude *°*-*°2, Humic substances, cat-
echols, hydroxyquinones, methoxyphenols, resorcinols,
ascorbate, pyruvic acid, oxalic acid, amines, anilines, and
other naturally occurring organic compounds, including
microbial metabolites, have been shown to have redox
reactivity 1017103, 110.117 Dyjgsolution of cobalt, copper,
lead, nickel, and zinc oxides by organic compounds from
decomposing plant materials has been reported °2.
Microorganisms also play an important role in the disso-
lution of metal oxides by direct or indirect action. Direct
action involves enzymatic reductive dissolution of the
metal oxide, wherein the oxide is used as the terminal
electron acceptor; whereas indirect action involves disso-
lution due to production of metabolites, such as organic
acids and chelating agents, and lowering of the pH of the
medium. Microbial reduction and dissolution of iron and
manganese oxides under anaerobic conditions have been
extensively studied >!. Most studies deal with the micro-
bial dissolution of amorphous forms of oxyhydroxides of
Fe and Mn, and studies with crystalline forms have been
very limited 60- 68 80-81. 113 Angerobic microbial dissolu-
tion of several crystalline, water-insoluble forms of metal
oxides are summarized in table 2. An anaerobic N ,-fix-
ing Clostridium sp. solubilized Fe,0; and MnO, by di-
rect enzymatic reduction; CdO, CuO, PbO, and ZnO
were solubilized by indirect action due to the production
of metabolites and the lowering of the pH of the growth
medium. Although Mn,0;, Ni,O;, and PbO, may un-
dergo reductive dissolution from a higher to a lower
oxidation state, dissolution by direct or indirect action
was not observed. Also, Cr,05 and NiO were not solubi-
lized by direct or indirect action. Significant amounts of
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Table 2. Mechanism of dissolution of metal oxides by Clostridium sp. >°

Metal Ogxidation Mechanism of action®
oxide state of Expected Observed
metal used
Cdo 2% Indirect Indirect
Co,0, 37 Direct (Co®* — Co?™*) 7
Cr,0, 3t Indirect None
CuO 2+ Indirect Indirect
FE,O, 3* Direct (Fe®* - Fe?™) Direct
MnO, 4* Direct (Mn** — Mn?*) Direct
Mn,0, 3* Direct (Mn** — Mn?*) None
NiO 27 Indirect None
Ni,0, 3* Direct (Ni** — Ni2™) None
PbO 2% Indirect Indirect
PbO, 4% Direct (Pb** — Pb**) None
Zn0O 2+ Indirect Indirect

aIndirect, dissolution due to microbial metabolites or lowering of pH of
medium; direct, enzymatic reductive dissolution of metals from higher
oxidation state or lower oxidation state; none, no significant dissolution
of metals detected.

solubilized Cd, Cu, and Pb were immobilized by the
bacterial biomass.

4.3 Dissolution of metals coprecipitated with iron oxides
Iron oxides scavenge transition and heavy metals in soils,
sediments, and energy wastes. Sorption and coprecipita-
tion are the predominant processes by which most of the
metals are retained by iron oxide. Toxic metals such as
As, Cd, Co, Cr, Cu, Hg, Ni, Pb, Se, U, and Zn from
fossil- and nuclear-fuel cycle waste streams, geothermal
fluids, and electroplating wastes are removed by copre-
cipitation with ferric iron. The removal of toxic metals
from waste streams by coprecipitation with iron seems to
be a very efficient and economically feasible method, but
problems remain with the disposal of the coprecipiated
metals in the environment. Significant dissolution of
metals from the coprecipitate can be brought about by
chemical and microbiological action. In general, solubil-
ity of iron oxide depends upon the degree of crystallinity.
Amorphous iron oxides are orders of magnitude more
soluble than a well-crystalized geothite or hematite.
Metals Cd, Cr, Ni, Pb, and Zn coprecipitated with
goethite (¢«-FeOOH) were solubilized by Clostridium
sp.*?. Dissolution of the metals was caused by a) direct
enzymatic reduction of ferric iron and the release of
metals associated with iron, and b) indirect action due to
the production of metabolites. The extent of dissolution
depended upon the nature of the association of the
metals with goethite. In the presence of bacteria, substan-
tial amounts of Cd and Zn which were closely associated
with iron were released due to reduction of ferric iron.
The dissolution of Ni was due to direct and indirect
actions, while a small amount of Cr was solubilized only
by direct action. Lead was solubilized predominantly by
indirect action. In the presence of bacteria, the concen-
tration of Pb decreased due to biosorption.

Silver and Ritcey °® studied the effects of sulfur-oxidizing
bacteria on the release of 22°Ra** from uranium mine
mill wastes which contained 0.72 % pyrite. They showed
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that bacterial oxidation of the pyrite increased the
amount of sulfate and decreased the amount of 2*°Ra**
in the effluent. At many uranium mining and milling
sites, soluble radium is removed as a coprecipitate with
BaSO, by the addition of BaCl, to sulfate-rich tailing
effluents. The resulting (Ba,Ra)SO, precipitate is al-
lowed to settle, yielding a supernatant which is sufficient-
ly low in 226Ra?* for discharge to the environment and
a radioactive sludge. The disposal of radioactive sludges
must ensure that 22Ra?* does not leach into groundwa-
ters because the stabilized radioactive wastes may be
transformed into mobile compounds due to microbial
activity. For example, radium coprecipitated with bari-
um sulfate was solubilized by sulfate reducing bacteria
under anaerobic conditions >3, Bolze et al. 1> showed that
under anaerobic conditions, BaSO, can be dissolved by
microbial action. High Ba?* concentrations in aquifers
have been attributed to sulfate reduction by Desulfovibrio
yulgaris ™. McCready et al.”® prepared a (BaRa)SO,
sludge and showed that D. vulgaris could release
H,S, ??5Ra**, and Ba®" from the sludge. Studies of
(Ba,Ra)SO, sludges from two Canadian uranium mine
and mill sites showed that with the addition of usable
carbon, SO;~ was reduced to S?~ with a concurrent
release of 2*°Ra?*, Ba?", and Ca®* due to enhanced
anaerobic microbial activity. Levels of dissolved
226Ra?* reached approximately 400 Bq/l after 10 weeks
of incubation. These results suggest that the ultimate
disposal of these sludges must maintain conditions to
minimize the activity of the indigenous sulfate-reducing
bacteria to ensure that 2?°Ra®" is not released to the
environment.

4.4 Dissolution of metals coal wastes

The extent of dissolution of metals from coal waste under
aerobic and anaerobic conditions by the indigenous mi-
croflora is shown in figure 3. The metals As, Cd, Cr, Cu,
Mn, Ni, Pb and Zn were associated with carbonates,
Fe-Mn oxides, coal-organics, pyrite, and silicates to
varying degrees. The mechanisms of dissolution of
metals under aerobic conditions by autotrophic bacteria

[] AEROBIC. INITIAL/FINAL pH = 453/2.15
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Figure 3. Microbial mobilization and immobilization of toxic metals
from coal waste.
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have been discussed in the previous section. Under anaer-
obic conditions, concentrations of Fe, Cr, and Mn in-
creased due to native anaerobic bacterial activity from
filter cake amended with carbon and nitrogen. Concen-
trations of soluble Ni and Zn in filter cake decreased due
to sulfate-reduction and formation of insoluble metal
sulfides. Also, dissolution of As, Cu, and Pb was not
observed under anaerobic conditions. Similarly, core
samples collected from a reclaimed coal mine site in West
Virginia showed that, anaerobic microorganisms present
in the core samples solubilized Fe?*, Cr, Mn, and Zn.
Addition of C and N to the cores enhanced the rate of
dissolution of these metals (Francis et al., unpublished
results). Under anaerobic conditions, dissolution of
metals was due to the direct bacterial reduction of iron
and manganese oxides and the release of trace metals
coprecipitated with the oxides38.

5. Immobilization of toxic metals and radionuclides

Immobilization of toxic metals and radionuclides in
wastes and waste streams by microbial action is primarily
due to bioaccumulation by microbial cells and biopoly-
mers, reduction and/or precipitation of metals, forma-
tion of insoluble metal sulfides and minerals. There is a
vast body of literature available on this topic and only
the relevant information is summarized in this section.
Of the various inorganic and organic metal complexing
agents such as hydrous metal oxides, clays, and humic
substances, microrganisms and their constituent poly-
mers are among the most efficient scavengers of metallic
ions. Bioaccumulation by microorganisms has been re-
ported for such metals as lead * #1113, silver 2°, plati-
num, palladium, gold, mercury 24, gallium ’°, cadmium,
copper, nickel by bacteria, fungi and algae; and radio-
nuclides such as %°Co, !37Cs, #%Sr#® 3% urani-
um °7 193106114 thoriym 14, radium '°%, americium 5°,
and plutonium * *°. The potential use of microorganisms
in metals and radionuclide removal from waste process
streams has been described 1%-°7:19¢ Such a biotreat-
ment process has not received much attention at the
commerical scale, most probably because of higher oper-
ating costs.

Microbial biofilms are not only capable of binding sig-
nificant quantities of metallic ions under natural condi-
tions but they also serve as templates for the precipitation
of insoluble mineral phases. Ferris et al. 3® reported that
Fe, Mn, Ni, Cu and Co were concentrated in biofilms
and that the extracellular polymers often contained iron
oxide precipitate resembling ferrihydrite (F e,05 - H,0).
The mechanisms and the biochemistry of the interactions
of metal ions with the bacterial cell walls, extracellular
biopolymers, and microfossil formations as means of im-
mobilization of toxic metals, are described in detail by
Beveridge and coworkers 793435

The microflora in the waste. disposal sites and contami-
nated areas can indeed preferentially bioaccumulate cer-
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tain radionuclides and toxic metals*>. It is possible then
that these microorganisms, when transported by water
and in the subsurface, may deposit the contaminants
elsewhere in the environment upon cell lysis. Microbial
transport processes in the subsurface environments are
receiving much attention in light of the in situ bioremedi-
ation of contaminated aquifers.

Reduction of an element from higher oxidation state to
lower oxidation state or to clemental forms affects the
solubility of the metals. For example, conversion of sele-
nate, selenite, tellurate, tellurite, to elemental forms, van-
adate to a vanadyl compound, molybdate and molybde-
num trioxide to a molybdenum blue compound, arsenate
to arsenite, mercuric chloride to elemental mercury,
chromate ions to chromic ions which precipitates at neu-
tral pH, pentavalent and trivalent bismuth to elemental
form, lead dioxide to divalent state, osmium tetroxide to
osmate ion; osmium dioxide and trivalent osmium to the
metal and uranyl uranium to tetravalent state by mi-
crobes have been reported * 18127,

Microbial reduction of sulfate in wastes containing toxic
metals and radionuclides may result in the formation of
metal sulfides. In general, most of the metal sulfides ex-
hibit low solubility in aqueous medium. Reduction of
uranium (UO3* to UQ,) under anaerobic conditions by
sulfate-reducing bacteria has been reported '.

UOZ* + H,S - UO, + 2H" +§°

West et al. *2! noted that immobilization of uranium was
due to reprecipitation of uranium in the reducing front of
a uranium mine in Pocos de Caldas, Brazil. They attrib-
uted this to the activities of sulfate-reducers. Whether
iron reducers play a role in the reduction of uranium is
not known. The important parameters for the solubility
of uranium species are Eh, pH, temperature, pressure,
and uranium concentration. A change in redox potential
can result in a change in valence of uranium. Percolation
of uranium mine discharge water through soil lowered
selenium, uranium, molybdenum and sulfate concentra-
tions in the mine waters by the activities of Clostridium
sp. and sulfate-reducing bacteria. The hydrogen sulfide
produced by sulfate-reduction by Desulfovibrio reacted
with uranyl and molybdate ions to form insoluble urani-
um and molybdenum species®'. Uranium mill effluents
containing toxic amounts of Mn?* and **°Ra were treat-
ed with Arthrobacter sp., which precipitated Mn*" as
hydrous oxide of manganese and along with it, **°Ra
was coprecipitated. About 92 % of Mn>* and 95% of
226R 3 were removed from the effluent by this biogenic
treatment 2. However, Mn and 22°Ra can be remobi-
lized due to bacterial reduction of Mn** under anaerobic
conditions.

Francis et al. *® investigated anaerobic microbial trans-
formations of uranium and toxic metals present in de-
pleted uranium wastes. In addition to the high concentra-
tions of uranium (3000 ppm), the wastes contained high
levels of toxic metals As, Cd, Cr, Cu, Hg, Pb, Ni and Zn.
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A substantial amount of uranium, associated with the
exchangeable carbonate and iron-oxide fractions, was
released into the medium due to enhanced indigenous
anaerobic microbial activity, but little uranium was de-
tected in solution. The authors suggest that the uranium
released from exchangeable, carbonate, and iron oxide
fractions was subsequently immobilized due to a) bio-
sorption by bacterial biomass, and b) reduction and pre-
cipitation of uranium under reducing conditions brought
about by microbial action. Under reducing conditions,
U(VI) can be reduced to insoluble U(IV) by chemical
reduction or by microbial enzymatic action. The mecha-
nisms of chemical reduction of U(VI) have been docu-
mented in the literature, while microbial enzymatic re-
duction of U(VI) has not been clearly established.

6. Biodegredation of organic complexes of radionuclides
and metals

Chelating agents are widely used in the nuclear industry
for decontamination of reactors and equipment, and in
cleanup operations. Several metal complexing agents,
along with solvents such as decalin, diisopropylbenzene,
are used in the separation chemistry of the radionuclides
and metals. Examples of the types of complexing agents
used are polyphosphates, mono-, di-, and tributyl-phos-
phates, amino carboxylic acids such as ethylenedi-
aminetetraacetic acid (EDTA), diethylenetriaminepen-
taacetic acid (DTPA), nitrilotriacetic acid (NTA), and
N-hydroxyethylenediaminetriacetic acid (HEDTA), di-
hexyl-N,N-diethylcarbamyl methylene phosphonate
(DHDECMP), and carboxylic acids such as citric, hy-
droxy-acetic, oxalic, and tartaric acids. Although these
multidentate chelates are effective in the decontamina-
tion of radionuclides by complexation, by virtue of the
chemical reaction, they increase the solubility of the
metals, are easily transported in the environment, and are
readily bioavailable.

In general, information on microbial degradation of
chelating agents is scarce. Many of these chelates either
are poorly biodegraded under aerobic conditions or are
found to undergo little biodegradation under anaerobic
conditions 2% 78111118 T eachates from sanitary land-
fills incubated aerobically and anaerobically with clay
loam, calcareous clay loam, and CaCOj;, showed a sig-
nificant reduction in chelation potential only in samples
incubated under aerobic conditions. The chelating agents
which had accumulated in the landfill as by-products of
anaerobic fermentation seem to be stable in anaerobic
systems, while under aerobic conditions relatively rapid
decomposition of these compounds occurred ?. The de-
gradation of citrate complexes of Cd**, Cu®*, Mg?"
and Zn2* by a Klebsiella sp. at naturally occurring low
carbon (10 pg/l) concentrations was investigated by
Brynhildsen and Rosswall*'. A marked inhibition was
observed when Cd2*, Cu®* or Zn?* was bound to the
organic anion. These results suggest that metals com-
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plexed with low-molecular weight organic acids, such as
citric acid, are persistent in the environment.

In addition to the organic acids, many of the microbial
polymers form strong complexes with metals and ra-
dionuclides. Microbial polysaccharides which are present
in biofilms often play a major role in the removal of
metals from waste stream and in some instances form
soluble complexes and enhance mobilization. Degrada-
tion of microbial polysaccharides has been studied under
aerobic conditions’!. The rate of decomposition of the
metal-polysaccharide complexes or salts and the bacteri-
al polysaccharide were determined in surface soils under
aerobic conditions. Some or all of the metals exerted
marked effects on the decomposition rate and percent
decomposition of the polysaccharide tested. Specific ef-
fects of the metals depended on the polysaccharide. Zinc
and Al exerted little influence on decomposition of Azo-
tobacter chroococcum polysaccharide, for example, while
Cu and Fe reduced decomposition by about 50 % 7°,
Since these compounds can be utilized by microorgan-
isms as carbon source and recycled, the metals associated
with the polymers may also be affected.

Degradation of metal complexing agents may result in
precipitation of the released ion as water-insoluble hy-
droxides, oxides, or salts, thereby retarding metal migra-
tion. The chemical and biological stability of the synthet-
ic {decontamination agents), naturally occurring and
microbiologically synthesized complexing agents of ra-
dionuclides and toxic metals are among the critical fac-
tors which determine the mobility of the radionuclides
from the burial environment into the biosphere. Lack of
such information often complicates studies that deal with
prediction of soil retention characteristics of radionu-
clides.
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