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Abstract

Bacteria are capable of chemically oxidizing or reducing inorganic compounds as a means of
producing energy for growth. This process can be used to change the solubility, hence the
bioavailability, of various elements such as heavy metals or selenium. Sulfur compounds are also
readily oxidized or reduced by bacteria, which can be the basis of H2S odor control systems or,
through the formation of sulfide ion, as way of easily precipitating heavy metals from solution.
Bacteria can also produce organic compounds that act as chelators for ions such as uranium. This
paper reviews the redox reactions that bacteria can do and describes several projects at the Idaho
National Engineering and Environmental Laboratory to illustrate the versatility of microorganisms
in treating inorganic materials.

Introduction

The use of bacteria to degrade organic wastes is well known, with treatment plants for sewage and
for industrial waste water streams having been built for well over 100 years. In the last twenty
years, biotreatment has been extended to organic materials in the environment. Bioremediation was
initially applied to petroleum spilled in tanker accidents, but rapidly spread to leaking gasoline
storage tanks and then to all manner of organic materials, especially solvents and pesticides. Now
biological treatment is a well accepted technology for many kinds of organic spills or process
streams that must be treated before discharge into the environment.

Less generally known though is the ability of microorganisms to convert inorganic species. This
ability originates from competition in nature: organisms able to adapt themselves to an unoccupied
ecological niche can prosper there. Many of these niches have severe conditions, and the
organisms that live there have been described as extremophiles. As examples, microorganisms
have been found in environments ranging from ocean thermal vents at temperatures of 100°C
(thermophiles) to glacial ice at 0°C (psychrophiles), in acidic mineral heaps at pH 1.5 (acidophiles)
to alkaline desert lakes at pH 10.5 (alkalophiles), and living their lives suspended in the
atmosphere to being found hundreds of meters underground in solid rock. They have also adapted
to live in environments where organic molecules and/or oxygen are absent - often as a consequence
of extreme physical conditions - by being able to use inorganic chemical species as sources of
energy.

In addition to adapting to unusual or severe environments, bacteria can also locally modify their
environment. This is not a concious activity, but rather the incidental effect of secreted metabolic
products such as organic acids, chelating agents, surfactants, polysaccharides, or even
antimicrobial compounds. These products can make nutrients more available or reduce the
competition for those nutrients, so even though the synthesis and secretion of these materials
initially appears to be a waste of cellular resources, in the long run it does help the cell survive.

This wide range of unusual chemical abilities is being explored in many different laboratories for
potential waste treatment technologies. This paper explains the underlying biochemistry of some of
these processes, then presents a variety of examples of how inorganic materials are being
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biologically treated in projects at the Idaho National Engineering and Environmental Laboratory.
INEEL is a United States national laboratory that is part of the Department of Energy. It is
managed and operated under contract by Lockheed Martin Idaho Technologies Company.

Chemistry of biological redox reactions

Bacteria need two things from externally supplied nutrients: carbon compounds to convert into
more cells (also called biomass), and a source of energy to drive that conversion and maintain
cellular activity. Most commonly, an organic compound such as glucose, a simple sugar, serves
both purposes. Some of the glucose, plus small amounts of nitrogen compounds and phosphate, is
chemically converted into protein, lipids, DNA, and other cellular material. The energy to do this
comes from oxidation of the remaining glucose to carbon dioxide, a process that requires oxygen
to act as an electron acceptor for the electrons produced by the oxidation of the glucose. In another
common example of these metabolic requirements, plants use carbon dioxide as the carbon source
to synthesize more plant tissue and obtain the necessary energy from light rather than chemical
energy, but the two needs are still the same. At night though, without light for energy, plants take
up oxygen and oxidize some of their stored sugar to CO2 to supply energy for their ongoing
cellular processes.

Carbon for biomass can only be obtained from organic compounds or from carbon dioxide and its
derivatives such as bicarbonate ion. On the other hand, energy is quite transmutable from one form
to another, and bacteria have taken advantage of this to extract energy from all manner of chemical
reactions or, in some bacterial species, from sunlight like plants. These chemical reactions are all
redox reactions in which one compound is oxidized while another is reduced. The material being
oxidized becomes the electron donor in these reactions, while the reduced material is the electron
acceptor. Because these reactions occur using a number of intermediate compounds, the phrase
"terminal electron acceptor" is often used to distinguish the final one that is not regenerated in the
redox cycle, hence must be supplied from outside the cell. The ability of different types of bacteria
to use unusual electron donors and terminal electron acceptors makes feasible the biological
treatment of various inorganic ions and compounds.

Because of the enviromental and ecological importance of this issue, bacteria have been subdivided
into several broad categories based on what they use as a terminal electron acceptor. These are
functional categories only, and many bacteria can switch between two entirely different electron
acceptors depending on the local conditions. By far the largest group is aerobes, bacteria which can
use oxygen as the electron acceptor and form H2O from it. Although electrons are being
transferred, to maintain charge neutrality protons (H+) follow, leading to what looks like an
addition of hydrogen atoms to the electron acceptor. When oxygen is present in only low or trace
concentrations, nitrate-reducing bacteria (also called denitrifiers) become active. These bacteria
reduce nitrate ion, NO3\ to nitrogen gas N2 by adding electrons to it, forming water as a
byproduct. When the environmental conditions are even more reducing, meaning that oxygen is
even less available, sulfate-reducing bacteria (frequently called SRBs) can begin their metabolic
activity of reducing sulfate SO4

2" to sulfite SO3 and ultimately to hydrogen sulfide, H2S, the well
known rotten egg odor of swamps. At very low levels of reduction potential, some kinds of
bacteria are capable of donating electrons to carbon dioxide CO2 to form methane, CH4. Methane is
not water soluble and is the gas occasionally seen bubbling up from lake bottom sediments where
the required very reducing conditions can easily occur.

These are the major kinds of biological redox reactions. However, scientists have found many
analogous reactions in which bacteria can reduce inorganic ions such as selenate or chromate to
other ionic forms. The advantage of using these reactions for environmental remediation or treating
process streams is that the more reduced forms of the element may be less toxic, less soluble in
water, or easier to remove from solution than the original oxidized form.
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Applications

Uranium in soil

The Fernald Materials Production Center (Fernald, Ohio, USA) produced uranium and thorium
metals beginning in the late 1940s. It ceased operation in 1989 and became the Fernald
Environmental Management Project because of its extensive soil contamination with uranium.
INEEL researchers tested bacterial and fungal methods of treating that soil to remove the uranium
[Delwiche et al. 1994, Delwiche and Matthern 1995].

The bacterial process used Thiobacillus ferrooxidans, a well known acidophile which oxidizes Fe+2

to Fe+3 as its electron donor. Ferric ion (Fe+3) is a strong oxidizer which can oxidize hexavalent
uranium (as soluble UO2

+2) to the insoluble tetravalent form (UO2). Soil samples were slurried in
water and acidified to about pH 2.5 to provide an acceptable environment for these bacteria. After
inoculation with bacteria, the flasks were incubated for 10-15 days. Although uranium was well
extracted, up to 100% in the runs at pH 2.0, the results were inconclusive because of scatter in the
results which was attributed to heterogeneity in the soil samples used. The control runs at low pH
without bacteria showed no apparent difference in activity from those with bacteria. However, the
soil samples used contained mainly soluble UO2

+2 so any beneficial effect of the ferric ion on UO2
would not have been as apparent.

The fungal results were clearer if not as effective as the low pH of the bacterial runs. Two species
of fungi were used: Aspergillus niger and Penicillium simplicissimwn. Two different types of
treatment were tested too. The first grew the fungi in a slurry of the contaminated soil, while the
second grew the fungi in a separate vessel and used the filtered and sterilized fermentation broth to
extract uranium from the soil. Both fungi performed fairly well in each test (Table 1). In the first
test, roughly 30% of the uranium on the soil was extracted, with about one third of that amount
ending in solution and two thirds binding to the fungal biomass where it can be easily collected.
Using the fermentation broth alone, slightly under half of the uranium was recovered from the soil.
A control run using fresh fermentation medium with no fungi removed no uranium. Analysis of the
fermentation broth suggests that the fungi produce several organic acids which may chelate the
uranium to improve its solubility. These include citric, oxalic, malic, and gluconic acids, with
uranium removal correlating best with the gluconic acid and total acid contents.

Table 1. Uranium extracted (mg/kg contaminated soil) using fungal treatments. All numbers are
averages of duplicates, and the initial contamination level was 490 mg/kg soil.

Fungi and soil slurry Fermentation broth Control
P. simp. A. niger P. simp. A. niger

In solution 40 112 225 233 0
In fungal biomass 93 42 - -
Total removed 133 54 225 233 0
pH 4.7 4.4 4.5 3.9 7.2

While not optimized, the fungal process offers a mild treatment of the soil which does not sterilize
the soil or radically change it as acid treatment would. Later work raised the extraction efficiency to
84-88% of an initial 500 mg/kg contamination by using three extraction steps. This suggests that a
two stage process, fungal extractions at pH 5-7 followed by bacterial treatment at pH<2.5, may
have some advantages in providing easy recovery of most of the uranium followed by thorough
extraction of the remaining few percent if necessary.
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Chromium in soil and waste water

Hexavalent chromium [Cr(VI)], in the forms of chromate CrO4
2" and dichromate Cr2O7

2', has been
widely used as a biocide, a tanning agent, in metal plating, and for other purposes. However,
Cr(VI) is both highly toxic and water soluble, creating a significant problem at the sites where it
has been released into the environment. This problem is not as severe though for the reduced form
Cr(III), which exists as the cation Cr3+, because this ion is less soluble hence less bioavailable.
Under environmental conditions, these two forms are distinct because the kinetics of oxidation of
Cr(HI) to Cr(VI) are negligibly slow.

The INEEL has been working on a biological approach to reducing Cr(VI) to Cr(III) both for
discharge treatment as well as for remediation of existing spill sites. In the last two decades
researchers in a number of locations have found that some bacteria are not only resistant to the
toxic effects of Cr(VI) but in fact use this ion as a terminal electron acceptor. This in principle
provides them a selective advantage for growth in a Cr contaminated environment. However,
studies of soils from a number of contaminated and noncontaminated "sites [Turick et al. 1996]
showed that these bacteria are widely distributed in natural environments.

These bacteria, which have been tested as pure isolates as well as in mixed cultures, have been
shown to reduce Cr(VI) in a variety of reactor configurations. Initial testing was done in small
batches in serum vials, but continuous stirred tank reactors and packed beds with the bacteria
growing on porcelain saddles have also been demonstrated at the lab scale [Turick and Apel 1997].
These tests have also allowed the generation of the kinetics of reduction (Figure 1), demonstrating
that even though these cultures do reduce Cr they are still susceptible to its toxic effects at higher
concentrations, above about 200 ppm in this case. Further work has shown that entrapping the
cells in porous hard polymer beads leads to a 65-fold increase in volumetric productivity compared
to saddles, most likely because of the increase of biomass density [Turick et al. 1997]. This work
has been successfully applied in the construction of a 30,000 liter pilot scale mixed bioreactor for
treating Cr-containing runoff water from a fines heap at a Swedish ferrochrome production plant.
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Figure 1. Kinetics of reduction of Cr(VI) to Cr(III) by a mixed culture.
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Heavy metals in acid rock drainage

Coal and metal ore mines produce large heaps of waste material and low grade ore known as
tailings. These heaps contain frequently contain pyrite (FeS2) and are open to rainfall and the
atmosphere, which supplies oxygen and carbon dioxide. This combination of conditions supports
the growth of Thiobacillus thiooxidans, a common bacterium which oxidizes pyritic sulfide S2' to
sulfate SO4

2" for energy. This frees ferrous ion Fe+2, which a related bacterium Thiobacillus
ferrooxidans oxidizes to ferric ion Fe+3 for energy. Both these species use carbon dioxide as their
carbon source to grow more biomass. In the course of oxidizing the sulfide to sulfate, a mole of H+

is generated for each mole of sulfate, making the system acidic. Moreover, the microbially
produced ferric ion can itself chemically oxidize more sulfide to sulfate, creating more protons in
the process. The overall chemistry makes two moles of sulfuric acid H2SO4 for each mole of pyrite
converted. The resulting acid rock drainage is a problem both for its direct effect on streams into
which it runs and because the low pH enhances leaching from the tailings pile of toxic heavy
metals such as Ni, Pb, Cr, Zn, Cd, and Hg.

To address this problem, ENEEL engineers have developed a simple metals precipitation system for
use in remote locations like mine sites. The basis of the system is the biological conversion of the
sulfate in these streams to sulfide, which forms essentially insoluble compounds of the toxic heavy
metals. This conversion is accomplished in a three stage process (Figure 2). The ARD stream
enters the top of the reactor and trickles over a bed of old, decomposing sawdust which is exposed
to air. In this aerobic zone of the reactor fungi develop which degrade the cellulose in the sawdust,
releasing sugars into the water stream. This mixture flows downward into a water-flooded zone
which excludes air and oxygen. Here bacteria consume the sugars and the available oxygen but,
because of the limited amount of oxygen, produce mainly organic acids such as acetic acid as the
metabolic end product. This mixture continues downward through a layer of mud recovered from
an ARD runoff stream which contains microbes already acclimated to this heavy metal mixture. In
this anaerobic zone sulfate-reducing bacteria consume the organic acids (their preferred carbon and
energy source) and use sulfate, originally from pyrite in the mineral ore, as the electron acceptor to
produce sulfide ions. The sulfide immediately precipitates heavy metals in this mud layer. As
additional sulfide is produced beyond the stoichiometric requirement of the metals, it ties up
protons to form HS" and H2S, raising the pH to values near neutral. The final product stream has
lower metals and sulfate concentrations and a pH more acceptable to aqueous organisms.

ARD feed

ARD
distribution

header

water level

Overflow to
control liquid
level in the
bioreactor

Figure 2. Schematic of ARD bioreactor

Although a variety of chemical and biological processes occur in this system, they are largely self-
regulating. The system does require time, on the order of 10-100 days, to become acclimated to the
feed and for a stable bacterial consortium to develop. Figure 3 show results with ARD collected
from a cobalt mine. The metals in the effluent drop significant by about twenty days of run time.
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Shortly after that at day 25, the pH rises from about 3.5 to about 7. There can be problems with
these systems, including toxicity if the metals content is too high and a long startup time if fresh
sawdust is used. But they make feasible the construction of relatively small, contained systems for
remediating heavy metals in remote locations where operator attention may not be practical.
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Figure 3. Performance of ARD reactor on cobalt mine drainage

Selenium in surface and groundwater

Selenium, a naturally occurring element in groundwater, is an essential nutrient mineral that is toxic
in higher concentrations. The United States Environmental Protection Agency limit on its
concentration in drinking water is 10 jxg/L, and in parts of the American West this limit is being
exceeded, especially in areas of extensive use of groundwater for irrigation. Selenium is toxic
because it behaves chemically like sulfur and becomes incorporated into sulfur-containing amino
acids, rendering the proteins using those amino acids dysfunctional. In the environment, selenium
can have several oxidation states. Selenium (VI) exists as selenate (SeO4

2), Se(IV) as selenite
(SeO3

2), Se(0) as the free element, and Se(-II) as selenide. Selenate and selenite are quite water
soluble, elemental selenium is essentially insoluble in water, and selenide is rapidly oxidized to
elemental selenium by exposure to atmospheric oxygen.

To treat selenium in water, INEEL researchers have an ongoing project with three parallel efforts:
the use of phytoremediation in wetlands, the use of constructed wetlands in bioreactors, and
biosorption in alginate beads. The phytoremediation work compares the use of the water plant
cattails (Typha latifolia) to the terrestrial plant locoweed (Astragalus sp.) to collect selenate ions
from water. Locoweed hyperconcentrates selenium in its leaves where it can be easily collected for
landfill or incinerator disposal. The plant acquired its name because cattle that eat it can suffer from
selenium poisoning, one symptom of which is unusual behavior. Cattails are not as effective at
concentrating selenium, but they are prolific growers well suited to treating large water streams.

Second, INEEL researchers have shown that selenate can be reduced to selenite and elemental
selenium [Maiers et al. 1988, Barnes et al. 1991]. This bacterial activity is common in nature,
being found in 4% of water sample, 92% of sediment samples, and 100% of soil samples collected
at a California site with known high levels of selenium. Lactate, glycerol, and glucose were tested
as carbon sources in these studies; lactate produced the fastest rates of reduction. This is perhaps
not surprising since in the anaerobic environments where selenate reduction occurs lactate and
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other fatty acids would be a typical end product of fermentation reactions and so would be available
as a naturally occurring carbon source. This process is being tested in the acid rock drainage
reactors already described to see whether selenate and heavy metal cations can be simultaneously
removed from mine runoff water.

The third effort is in its early stages now, and involves sorption of selenate into algae-containing
alginate beads originally developed for removal of heavy metal anions [Jang et al. 1991]. In that
earlier work it was noticed that selenate, although it is an anion, was removed by the anionic
alginate polymer matrix. One hypothesis is that divalent cations provide a bridge to tie soluble
selenate ions to the immobile polymer. Microcystis algae is being added to the beads to improve
their total ion exchange capacity of the beads throught the action of the charged biopolymer
produced on the surface of this organism.

Radionuclides in concrete

Within the United States Department of Energy facilities there are an estimated 73 km2 of
radionuclide contaminated concrete surfaces, primarily floors and walls of operations facilities. The
poroous nature of concrete makes cleanup of these surfaces difficult. Physical operations such as
sandblasting present a large problem controlling operator exposure, while other techniques such as
acid etching create a voluminous waste stream or cause movement of the contaminants further into
the concrete.

Microbial etching of concrete is known to occur in bridges and especially in sewer systems where
H2S is present. Bacteria on the concrete, exposed to both air and H2S, oxidize the sulfur
compound to H2SO4, sulfuric acid, which attacks and dissolves the concrete. The process and its
result are quite similar to acid mine drainage. This process is being developed at the ENEEL as an
intentional way of cleanly loosening the upper contaminated layers of concrete surfaces.
Thiobacillus thiooxidans bacteria are inoculated onto the surface along with a reduced sulfur
compound such as H2S, elemental sulfur, or S2O3

2. A gel is used to hold these ingredients in place
while oxygen diffuses into the gel from the atmosphere. The process occurs slowly, but over the
course of a year the top 4-8 mm of concrete can be removed. This distance is sufficient to treat
most contamination sites. This project is to the stage of doing field tests at a decommissioned
nuclear reactor building at the INEEL. Additional lab work is continuing to improve the gel used to
supply the microbial nutrients.

Volatile sulfur species from asphalt processing

The processing of asphalt to make road paving materials is done in small plants. These tend to be
located near population centers because that is where the greatest demand for paving is. However,
the odors from hot asphalt and the polymer additives used to improve the asphalt's properties can
create a significant nuisance. These odors contain hydrocarbon species and sulfur compounds,
particularly hydrogen sulfide and various mercaptans. These sulfur species have detectable odors at
concentrations in air of 1 ppm or less.

In collaboration with a local asphalt supplier, INEEL biotechnology researchers have developed a
biofilter to treat the offgas at a local asphalt processing plant. A biofilter is a large bed of compost,
peat, soil, tree bark, or similar material through which contaminated air is passed. Bacteria native
to the bed material will, after an acclimation period, degrade the contaminants and cleaning the air
in a process that operates at ambient temperature and pressure. The overall process is shown in
Figure 4. From the batch blending tank, odorous air has steam injected and then is passed through
an air-cooled condenser to drop its temperature to a biologically tolerable range of about 35-40°C.
This cooling of humid air assures that the exiting gas is 100% saturated with water to prevent
drying of the bed. The air then flows into a perforated pipe distribution manifold buried in crushed
rock at the bottom of the biofilter and rises through a 0.9 meter depth of compost where the
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conversion occurs. The deodorized air is then vented straight to the atmosphere. The biofilter bed
itself is contained in a small enclosure measuring 3.6 x 9.6 x 2 meters.

steam for humidity control

LJ
deodorized air

Air cooled condenser

T
water

Gas distribution manifold

Figure 4. Biofiltration process flowsheet for asphalt odor treatment

This system has been quite successful at removing H2S, but less so with hydrocarbons. The
biochemistry being done is the oxidation of hydrogen sulfide to sulfuric acid for energy. This acid
would raise the pH of the bed material and inhibit the bacteria, so crushed limestone [CaCO3] was
added the bed while it was being constructed to neutralize the acid as it forms. Figure 5 shows data
from a period when a high-sulfur additive was being added to a batch of asphalt. The condensation
step removed a large fraction of the water-soluble H2S fed to it, between 86-92%, while the
biofilter removed about 300 ppm of H2S continually and was an effective polishing device when
the influent to it was below about 400 ppm. In that later stage, the biofilter had no detectable H2S
in the effluent.

2000-r T 8 0 0 0

Biofilter inlet

Biofilter effluent

Cond. inlet

15

Figure 5. Performance of a biofilter removing H2S from an asphalt plant air
stream during feed of a high-sulfur additive to the asphalt blend tank. The

condenser effluent is the biofilter inlet stream.
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Conclusions

Bacteria are capable of performing a wide variety of chemistries useful in treatment of inorganic
materials. Some of the most interesting and unusual chemistry is done by extremophiles,
organisms which have evolved in severe environments. The most specific actions they can perform
are direct oxidation or reduction of an atom, with sulfates, nitrates, and some metal oxyanions
being the major targets. Bacteria can indirectly affect the treatability of inorganics by increasing or
decreasing their solubility through modification of the local environment, often by pH changes but
also through the production of chelating or precipitating agents. These broad abilities, which have
not been comprehensively explored, suggest that biological methods should be among the options
when evaluating how to handle a waste stream or a spill site contaminated with metals or other
inorganic ions.
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Test Cell Displaying Biologically Treated Nuclear Reactor
Building Concrete Surface with a Sampled Area Removed to

Average Depth of 2mm after 6 Months Treatment
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Relative Cost and Worker Radiation Exposure Estimates for
Alternative Concrete Decontamination Methods

Water Hand-held 7-piston Concrete Biodecontami nation
cannon scabbier scabbier spaller

Decontamination method E97wm
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Uranium extracted (mg/kg contaminated
soil) using fungal treatments

In solution
In fungal biomass
Total removed
pH

Fungus/soil slurrv
P. simp. A. niger

40 112
93 42

133 154
4.7 4.4

Fermentation broth
P. simp. A. niger

225 233
-

225 233
4.5 3.9

Control

0
-
0

7.2

P. simp. = Penicillium simplicissimum; A niger = Aspergillus niger
Initial contamination level was 490 mg/kg soil.
All numbers are averages of duplicates.
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