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OBJECTIVE

The goal of this technical effort is the development of biosorption technology for the selectiv
removal of uranium and other designated metals from uranium mining and milling wastewaters. Thi
work will lead to a field-scale demonstration of biosorption technology for the restoration of sites i
eastern Germany with substantial ground and surface water contamination.

TECHNOLOGY DESCRIPTION

The technology developed here wil! exploit the ability of microorganisms to remove dissolved metal
from aqueous solutions. Microbial sorbents for uranium will be immobilized within polymeri
matrices also possessing sorptive activity toward uranium. The immobilized biosorbents will to
deployed ex situ within flow-through reactors for the continuous or semicontinuous treatment c
recovered wastewaters (Figure 1).

NEED

This activity addresses the specific need for improved technologies for restoration of uranium
contaminated sites. It also addresses the generic need for technologies for the removal of uraniun
present at low concentrations. Technologies of the latter type are currently lacking.

APPLICATION

The proposed technology will primarily be applied within a pump-and-treat process using .Jimobilizec
biosorbents for the large-scale, long-term remediation of uranium-laden surface water or groundwatei
impoundments (environmental restoration). The technology may be equally useful as an "end-of-pipe
treatment of process effluents (waste management). Successful operation of this process will achieve
immobilization of the targeted waste and accompanying volume reduction.
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COMPETING TECHNOLOGIES

Conventional technologies for the stated need include alkaline precipitation, extraction with tributyl
phosphate, or adsorption onto activated carbon. None of these technologies is suitable for use at low
uranium concentrations. These technologies are moreover expensive and nonspecific, and generate
toxic or otherwise environmentally unacceptable waste streams (including large amounts of sludge
and/or mixed wastes) that require further treatment and may be difficult to discard.

BENEFITS

"Better." The proposed process, which will be specifically designed for the treatment of low
concentrations of dissolved uranium, will achieve reductions in concentration from part-per-million
to part-per-billion levels. (This level of effectiveness has previously been demonstrated in other metal
biosorbent processes and in current preliminary reactor tests with uranium.) The technology is also
sufficiently generic for use in site-specific environmental restoration efforts or in waste management
throughout the DOE system (EM-40: UMTRAP, FUSRAP; EM-30; Fernald; Oak Ridge Y-12 Plant;
etc.).

"Fasier." The kinetics of uranium biosorptic.i are in many cases very fast {i.e., <15 sec), allowing
rapid treatment of the waste. The deployment of immobilized biosorbents within flow-through
systems will permit continuous process operation, decreasing overall time requirements.

"Cheaper." The proposed process will be based on the use of inexpensive, readily-available biosorbent
materials. The aforementioned selectivity of the biosorbents will reduce the material requirements,
further decreasing the initial cost. The biosorbent can be regenerated for reuse, lowering overall
material requirements even further. The use of selective biosorbent materials will minimize the
amount of waste biomass (sludge) for secondary treatment. Spent biosorbent materials are readily
compacted {e.g., by dewatering), decreasing their volume and minimizing storage or transportation
costs; or they may be easily destroyed by incineration, generating a small volume of inorganic ash for
ultimate disposal. The effluent produced by the biological process will contain no unacceptable
organic residues requiring secondary treatment.

"Safer." Microorganisms contained within the biosorbent material will be nongenetically-e^gineered,
nondisease-causing species, decreasing risk, minimizing regulatory requirements, and enhancing the
perception of the technology as "natural." The latter perception will increase public acceptance of
the technology. Deployment in immobilized form within bioreactors will avoid the issue of deliberate
release.

COOPERATIVE/COLLABORATIVE EFFORTS

This project represents a collaboration between ORNL and Ogden Energy and Environmental
Services, a U.S.-based company with extensive knowledge of environmental restoration needs in
eastern Germany. The effort is to be carried out via a Cooperative Research and Development
Agreement (ORNL CRADA No. 91-0075). Ogden will act as liaison to the site operator and will
mediate the exchange of relevant technical data. ORNL will develop new and existing technology
for this specific application, and will demonstrate the technology in the U.S. on a pilot scale Ogden
will construct and operate equipment needed for the field scale demonstration, witn extensive
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consultation with ORNL.

PROJECT STATUS

Problem definition. Wismut, the former East German enterprise established to carry out uranium
mining and milling activities, has identified the Ronneberg site (near Gera) for the technology
demonstration. A review of extant site and waste stream characterization data has been initiated.
The total volume of contaminated water at Ronneberg is approximately 80 x 106 m3. Aqueous wastes
contained within a surface impoundment (open-pit mine) and an excavated underground mine have
been targeted for remediation. These wastes contain dissolved uranium at a concentration of 1.24
to 15.5 ppm (mg/L), along with significant amounts of dissolved sulfates, magnesium, iron, and
aluminum. The pH of the waste ranges from 2 to 3. Extant regulations promulgated by the German
government, the European Economic Community, and the World Health Organization require that
the concentration of uranium in the final effluent be decreased to 0.080 ppm, and that the pH fall
within the range of 6.5 to 9.5.

The technology under development here will be integrated into site activities as a unit operation
specifically for uranium removal. Addition of fly ash to the pond is under consideration to achieve
pH adjustment. Biosorption technology would thus be deployed for treatment of a less acidic waste
(and potentially slightly alkaline) waste stream. Thus the immediate project goal was the
identification of biosorbents capable of removing dissolved uranium (as uranyl ion) present at low
concentrations (10 ppm range) in a neutral to alkaline waste stream that also contained dissolved
metals and sulfate.

Biosorbcnt development and evaluation. An exhaustive survey of the microbiological literature on
uranium biosorption (Le., the binding of uranium to biological tissues - incorporating adsorption,
chelation, ion-exchange, etc.) was carried out. Approximately 60 papers describing this phenomenon
in microbial systems were obtained. Assessment of this database, which was composed of both
empirical studies and practical evaluations, led to the identification of seven common, nongenetically
engineered organisms of potential utility.

Screening tests were carried out in uranyl nitrate solutions buffered to pH 8.0. Uranium
concentrations of 10, 95, and 200 ppm were utilized in order to assess the range o'rsr which the
sorbents were effective. The lowest concentration tested, 10 ppm, was chosen as an analogue of the
wastewater at the German site. Testing was carried out at slightly acidic and slightly alkaline pH (5.5
and 8.0, respectively). The amount of uranium removed from solution was measured, as was the
amount of uranium bound to biomass on a dry weight basis. Metal loading data of this type were
needed for a preliminary assessment of material requirements in subsequent process development.
P. aeruginosa, a common soil and water bacterium, and Saccharomyces cerevisiae, also known as
baker's yeast, were the superior sorbents for uranium present at low concentrations under the test
conditions used here. P. aeruginosa was perceived as the more useful organism due to its more rapid
uranium removal kinetics. Indeed, >80% of the uranium binding by this organism occurred within
5 min. The preliminary estimate of loading capacity, obtained by treatment at high uranium
concentrations, indicated that P. aeruginosa was capable of binding an amount of uranium equivalent
to approximately 11.5% of the cell's dry weight (but see below). This value compared especially
unfavorably to that observed for R. arrhizus or JR. oligosporus. The latter organism was also of great
interest due to its relatively constant level of binding across the concentration range tested, suggesting
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a relatively high selectivity at very low concentrations (below 10 ppm).

The superior binding kinetics exhibited by P. aeniginosa suggested it as a candidate for further
examination. A true equilibrium isotherm developed for P. aeruginosa indicated a loading capacity
of 10.3% on a dry veight basis. This value compared favorably to activated carbon and to Amberlites
340 and 347, all of which exhibited loading capacities that were less than half that of P. aeruginosa.
These inorganic materials have been used in uranium removal processes at the Oak Ridge Y-12 Plant
and elsewhere in the DOE complex. However, P. aeruginosa exhibited an unacceptably low loading
capacity. The cost-effectiveness threshold for biosorbent-based processes has been defined by the
ability to load 15% of cell dry weight as the metal of interest. Thus, methods for increasing this
organism's loading capacity formed a subsequent focus.

There was some concern over the choice of P. aeniginosa as a potential candidate for process
development due to the fact that it is an opportunistic pathogen. However, P. aeruginosa may be
acceptable for use in the stated application if killed cells were used. Developmental work with this
organism -- specifically, the creation of methods for increasing its loading capacity - proceeded.

Growth of P. aeniginosa on a defined microbiological medium led to an increase in loading capacity
to >25%, i.e., a significant increase. Pretreatment of cells with various inorganic reagents had little
effect. A possible exception was hydrogen peroxide, an oxidizing agent, which may have increased
uranium removal and hence loading slightly. However, oxidizing acids uld not show an analogous
effect when compared to a nonoxidizing acid. Pretreatment of cells with organic solvents significantly
increased uranium removal and loading. This effect appeared to parallel solvent polarity. This
finding suggested a solubilization of cell membranes (outer, cytoplasmic, or both) by the solvent.
However, treatment of cells with specific cell envelope reagents, such as lipase, alkaline phosphatase,
lysozyme, etc. had no effect on uranium removal or binding. The potential for synergism between
individual beneficial pretreatments, such as growth on defined medium followed by exposure to
solvent, has not yet been determined. However, most of these pretreatments led to cell death,
satisfying the stated need for use of killed cells.

Electron microscopy indicated that bound uranium is associated with the cell surface, perhaps in
direct association with outer and cytoplasmic membranes. The presence of biologically-bound
uranium was confirmed by energy dispersive spectroscopy. The chemical nature of this bound
uranium was assessed by electron spectroscopy for chemical analysis, and x-ray diffraction
spectroscopy. Results indicate that uranium associated with cells was present in the reduced form,
uranium (IV), as an amorphous material. This finding suggests that P. aeniginosa is capable of
reducing uranium (VI). Intracellular precipitation of uranium (IV) has not yet been described in the
literature. Efforts to elucidate the mechanism of uranium binding by P. aeruginosa continue.

A preliminary experiment has been conducted to determine the effect on uranium binding by P.
aeruginosa of metals also present in authentic waste streams. Magnesium was not inhibitory toward
uranium binding. However, iron (II) and (III), copper (II), aluminum (III), chromium (III), and lead
(II) inhibited uranium binding. Indeed, Iron (III) causes a severe abatement of uranium removal,
which is consistent with a competition between the two metals for reducing equivalents. This
possibility will be explored further. Sodium, a cation present at high concentration within the
wastewater, and/or chloride interfered with uranium binding at high concentrations. However, it is
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important to note that binding was not completely inhibited even when sodium chloride was present
at a concentration of 10%, or 100,000 ppm. The effect of sulfate has not yet been studied.

These efforts have resulted in the identification of at least three organisms of potential promise for
use under realistic conditions of low uranium concentrations and moderately alkaline pH: P.
aeruginosa, S. cerevisiae, and R. oligosporus. P. aeruginosa was clearly superior with respect to binding
kinetics. However, its loading capacity was initially unacceptably low, but could be improved by 100%
through pretreatments. Its pathogenic potential was moreover significantly reduced by the
pretreatment methods employed. S. cerevisiae was shown to exhibit removal ability that is superior
to that of P. aeruginosa, but inferior binding kinetics. It is, however, completely nonpathogenic and
thus could be considered for use as a safe substitute for P. aeruginosa, albeit necessitating a longer
residence time. R. oligosporus was a mediocre performer with respect to binding kinetics, but is
nonpathogenic, exhibited a high loading capacity for uranium, and may be highly selective for uranium
(i.e., a high-Kj candidate), suggesting its utility within a polishing step to achieve quantitative removal.
Subsequent work will focus on P. aeruginosa and R. oligosporus, specifically on their implementation
in tandem to meet the stated performance criteria.

Engineering studies have proceeded in tandem with biosorbent characterization. A literature survey
resulted in the identification of a number of polymeric immobilization matrices potentially useful in
the stated application. Assessment of these matrices with respect to mechanical stability, availability,
compatibility with the cellular biosorbent, cost, and inherent uranium-binding capability led to the
selection of calcium alginate, a biopolymer derived from algae. Alginate was shown to bind uranium,
exhibiting a loading capacity of 21.3%. In preliminary tests, P. aeruginosa was immobilized within a
matrix of calcium alginate, in the form of 2-mm gel beads. Each solid was present within the gel at
a concentration of 2% (w/v). The combined biosorbent was packed within a flow-through columnar
system for use in the continuous treatment of uranium-laden solutions. An artificial waste stream
containing 10 ppm uranyl nitrate was used for this test as a proof of principle. Results of a
preliminary column test indicated excellent binding characteristics. Specifically, the column, which
contained less than 1 g of dry material, was capable of treating nearly 350 column volumes of a
simulated wastewater. However, the calcium alginate-based beads were not stable in the presence
of chlorides and sulfates, which are contained in authentic wastewaters. Developmental efforts at
present focus on identification of a suitable substitute.

FUTURE WORK

Optimization and characterization of the uranium-binding abiolity exhibited by P. aeruginosa will
continue, as will development of a suitable immobilization matrix (and requisite specific
immobilization methods) for use with this organism. Other microbial chandidates will be studied only
in the context of increasing biosorbent specificity for uranium relative to other metals present in the
waste stream (particularly iron and aluminum). Column test will continue, using realistic conditions
of uranium concentration and pH. More complex simulated wastewaters will be tested. The
optimized biosorbent will be compared to other new or conventional treatments.

FIGURE 1. Biosorption for treatment of surface water. Recovered surface or groundwater is passed
through a precipitation unit to remove dissolved sulfates. Uranium is extracted within a series of
packed-bed bioreactors containing biosorbent beads. Treated water is discharged to the environment.
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