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1. ABSTRACT 

This Cooperative Research and Development Agreement ( C W A )  encompassed the Oak 
Ridge National LaboratoryLockheed Martin Energy Research Corporation. (ORNLkMER) and 
Scientific and Commercial Sytsems Corporation (SCSC) efforts to develop and demonstrate a new 
bioreactor technology that could be deployed in biological wastewater treatment. The efforts of 
ORNL were supported by the ORNL Laboratory Technology Transfer Program. 

In this task, a novel biosorbent consisting of bacterial biomass immobilized within a 
polyurethane hydrogel matrix (previously developed by ORNL with support from the US-DOE’S 
Office of Technology Development, EM-50) was fully characterized at OWL,  on a bench scale 
within batch and flow-through systems, The biosorbent was shown to be mechanically and 
chemically stable, durable, compatible with materials used for bioreactor construction, and 
regenerable. These characteristics allowed SCSC to design two novel, auger-based reactor systems 
for continuous operation. The biosorbent could be readily optimized for use in these reactors. 
Ultimately, a unique bioreactor system was developed jointly by ORNL and SCSC. This bioreactor 
system consisted of a U-shaped tube with an auger (which facilitated continuous movement of 
hydrated biosorbent particles through the system) and a sieve (which allowed escape of treated 
wastewater from the system). 

The new bioreactor system forms the basis of an original process for continuous treatment 
of wastewaters containing dissolved metals andor radionuclides. To date, most metal biosorption 
demonstrations have been conducted in the laboratory, on a bench scale within packed-bed 
columnar reactors. This CRADA represents one of the first efforts to combine the emerging 
biosorption technology with a continuous delivery mechanism in order to obtain an integrated 
system capable of addressing very large volumes of contaminated water. The continuous-bioreactor 
concept herein means that the process will not be interrupted for operations such as recharging, 
emptying, or cleaning. The design will accommodate continuous contaminated-water input, 
automated continuous bead supply, and a continuous highly reliable technique for bead separation 
and disposal. Technology derived from this task is potentially suited for the management of process 
effluents and stored wastes and for the remediation of environmental media such as groundwater, 
surface water, and spent soil- washing media. This bioreactor development effort is, therefore, 
consistent with the objectives of the US-DOE’S Office of Environmental Restoration and Waste 
Management (DOE-EM). 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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2. INTRODUCTION 

2.1 BACKGROUND 

ORNL/LMER, with support from DOE-EM, had previously defined a specific waste 
management and/or environmental restoration problem located within the DOE complex. This 
problem involved the contamination of aqueous wastes with dissolved uranium that was present at 
concentrations below 100 mg/L. Wastes of this type can be found throughout the DOE complex, 
particularly at inactive sites such as Fernald, Ohio or Weldon Springs, Missouri; at sites undergoing 
remediation, such as Rocky Flats, Colorado, or locations included in the Uranium Mill Tailings 
Remedial Action and the Formerly Utilized Sites Remedial Action Programs; and at active sites such 
as the Oak Ridge Reservation. Some locations represent direct contamination, while others are 
simply maintaining stored waste materials that are awaiting decontamination. The volumes of 
material at these sites are very large in comparison to the capacities of current, demonstrated 
technologies (e.g., precipitation or extraction) to decontaminate them. Biosorption appears to be a 
realistic candidate for the development of an approach to decontamination since it has the large 
throughput necessary for the task. Thus, O W L  considered biosorption technology a viable strategy 
for treatment of the wastes at the above sites; however, technology development to date has been 
focused on improvement of the biosorbent material itself. Much work remains to be done to design 
a reactor that will adapt such technology to a continuous type of operation, which is necessary to 
process the large volumes of contaminated water at these sites. 

LMER was approached by SCSC (a small disadvantaged business that was founded in 1983 
to provide high-quality goods and services to government and private-sector clients involved in 
environmental technology development efforts) following a conference on opportunities for 
collaboration. SCSC presented an existing reactor system concept to ORNL and suggested the 
potential of this concept for supporting enhanced utilization of ORNL/LMER's biosorption 
technology for the treatment of uranium-contaminated wastewaters. 

A CRADA-ORNL 93-0229, "Design and Testing of a Continuous Metal Biosorption 
System" - was developed to support refinement and customization of the respective technological 
concepts of ORNL and SCSC to allow their synergistic use. 

No Notice of Invention Disclosures were filed as a result of work performed under this 
C W A .  

2.2 OBJECTIVES OF THE CRADA 

The following paragraphs were taken from the Statement of Work for CRADA No. O W L  
93-0229, which was signed by ORNL/LMER and SCSC at US-DOE headquarters on December 7, 
1993. 

The purpose of CRADA No. ORNL 93-0229 is the design, development, 
fabrication, and bench-scale demonstration of an innovative bioreactor system that 
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will form the basis of an original process for continuous treatment of wastewaters 
containing dissolved metals andor radionuclides. 

ORNL is responsible for defining a specific waste management problem 
within the DOE complex. ORNL will develop and demonstrate biological materials 
capable of removing contaminants via biosorption, biotransformation, or a 
combination of the two technologies. ORNL will carry out preliminary bench-scale 
demonstration of the biological treatment technology within conventional reactor 
systems in order to establish a baseline. ORNL will work with SCSC to develop a 
reactor technology adaptable to the targeted problem via generation of a parametric 
database. This work will be carried out within the Chemical Technology Division 
at ORNL in Oak Ridge, Tennessee. 

SCSC will be responsible for matching an existing system concept to 
parametric data provided by ORNL. SCSC will design, develop, and fabricate a 
functional bench-scale reactor system. This work will be carried out at SCSC's 
facilities in Beltsville, Maryland. SCSC will then work with ORNL to demonstrate 
the new reactor technology at the bench scale, and will collect and analyze 
operational performance data. This work will be carried out in the Chemical 
Technology Division at ORNL. 

At the conclusion of the project, a final report outlining the benefits to be 
realized by the new reactor technology will be prepared. This report will include a 
recommendation for follow-on work, specifically addressing manufacturing, process 
optimization, and scale-up issues. 

3. TECHNICAL APPROACH 

3.1 TECHNICAL OVERVIEW 

The research pursued in this project consisted of two portions that were conducted with 
constant coordination to allow the ultimate merger of research results. ORNL, was assigned the task 
of developing the biomass portion of the bioreactor, while SCSC was responsible for the mechanical 
portions of the bioreactor. 

This report describes the technical aspects of a novel biological sorbent, consisting of 
microbial biomass immobilized within a polyurethane gel matrix, that was developed and 
characterized (on a bench scale, within batch and flow-through systems) for use in a novel, 
continuous-flow bioreactor system. The report also addresses an initial effort to develop a delivery 
technology that takes advantage of the specific characteristics of the biosorbent material to permits 
its deployment against contamination problems. The report concludes with recommendations for 
hture work that would allow the designated wastes to be treated on a large scale. 
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3.2 BIOSORBENT DEVELOPMENT AND CHARACTERIZATION 

3.2.1 Biomass Selection 

The application of biosorption technology to the treatment of radionuclide-containing or 
nuclear waste streams has been given considerable attention by the research community (Macaskie, 
1991 ; Ashley and Roach, 1990). Uranium is one of the most important contamination concerns due 
to its radioactivity and heavy-metal toxicity. Uranium biosorption by various microorganisms and 
related biopolymers has been reported and summarized repeatedly (Macaskie, 1991; Gadd, 1988, 
1 990% 1 990b, and 199 1 ; McEldowney, 1990; Macaskie and Dean, 1 989). Filamentous fungi such 
as Aspergillus niger, Rhizopus oryzae, and Penicillium sp.; yeasts such as Saccharomyces cerevisiae; 
algae such as Chlorella regularis; actinomycete bacteria such as Streptomyces longwoodensis and 
S. viridochromogenes; and unicellular bacteria such as Citrobacter sp., Zoogloea ramigera, and 
Pseudomonas aeruginosa have all demonstrated uptake or binding of uranium to an extent greater 
than 15% of dry weight of the biomass. A metal loading capacity of greater than 15% of biomass 
dry weight has been defined as an economic threshold (Macaskie, 199 1) for practical applications 
of biosorption when compared with alternative methods such as traditional adsorption, ion exchange, 
chemical precipitation, solvent extraction, and reverse osmosis (Brierley et al., 1986). However, it 
should be noted that the values and comparisons reported in the literature for uranium-loading 
capacity have only a relative meaning because of different testing conditions (e.g., temperature, pH, 
wastewater composition) and methods. In addition, the mechanisms of uranium biosorption by the 
various biosorbents may be different. Processes such as complexation, ion exchange, coordination, 
adsorption, chelation, or microprecipitation may be synergistically or independently involved in 
metal biosorption (Volesky, 1987). 

Previous experimenters (Strandberg et al., 198 1) reported that at acidic conditions (PH 2.0 
to 6.0), Pseudomonas aeruginosa CSU biomass showed superior uranium-binding capacity and 
affinity relative to many other biosorbents and ion-exchange/chelation resins. Their results were 
subsequently verified in more recent research at ORNL (Hu et al., 1995). P. aeruginosa CSU 
biomass was found to remove uranium from solution quite rapidly with sorption equilibrium being 
reached in minutes. The biomass showed a uranium binding capacity of approximately 100 mg U 
per gram of dry biomass at pH 3.5. (Note that the sorption isotherm is a function of pH, 
temperature, and composition of uranium-containing wastewater.) The pH of the solution 
significantly affected both uranium sorption dynamics and equilibrium uranium loading capacity, 
while temperature did not. As the pH from 2 to 5, the uranium-binding capability almost doubled 
(Hu et al., 1995a). 

In the current work, P. aeruginosa CSU was obtained from the ORNL Culture Collection. 
The M9 growth medium contains (per liter): Na,HPO,, 6.8 g (anhydrous); KH,PO,, 3.0 g; NaC1, 
9.5 g; and NH,Cl, 1.9 g. After sterilization at 121°C for 20 to 30 min, the following volumes of 
filter-sterilized aqueous solution were added: 2 mL of 1 M MgSO,, 0.1 mL of 1 A4 CaCl,, and1 0.0 
mL of 40% (v/v) C,H,N,O, solution. P. aeruginosa CSU was routinely maintained on M9 slants 
(containing 1.5 wtY0 Bacto-Agar) and stored at 4°C. Every 2 to 4 weeks, cultures were transferred 
from the old slant to a fresh slant and incubated at 30oC for 1 to 2 days. Twenty milliliters of M9 
liquid medium in a 1 00-mL Erlenmeyer flask was inoculated with a loopful of cells from the slant 
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and incubated on a rotary shaker at 200 rpm and 30°C for 24 to 30 h. Next, 5 mL of the growing cell 
culture in the flask was aseptically transferred to 2L of M9 media in a 3-L Erlenmeyer flask, which 
was incubated on a rotary shaker at 200 rpm and 30°C for 24 to 30 h. This 2-L growing culture was 
then aseptically transferred to 300 L of sterilized M9 media (containing 15 to 17% AntiFoam B 
Silicone Emulsion) in a 500-L New Brunswick Model IF-500 fermentor. After approximately 30 
h of fermentation (culture ODmm -->0.55), the cells were collected by following the culture through 
a Sharplesm type AS26NF continuous-spinning-bowl centrifuge system. The paste was resuspended 
and washed with distilled deionized H,O, centrifuged, and lyophilized in a Labconco LYPH LOCK 
4.5 freeze-dry system (Labconco Corporation, Kansas City, Missouri). The yield was approximately 
9.5 g of lyophilized biomassk growth medium. The biomass was stored in a freezer (-1 5°C) until 
use. 

3.2.2 Biomass Immobilization 

Typically, sorptive biomass in powdered form may be utilized either as an additive in a 
stirred mixing-tank reactor (followed by separation) or in immobilized biomass form packed in a 
columnar reactor (Volesky, 1987). Microbial biomass in its native form is not suitable for large- 
scale process utilization because of its small particle size, low mechanical strength, and relatively 
low density (Tsezos, 1986). Immobilized biomass has many advantages over native biomass. It 
appears to have greater potential in packed- or fluidized-bed reactors, with benefits including control 
of particle size, more effective regeneration of biomass, easy separation of biomass and effluent, 
high biomass loading, and minimal clogging under continuous-flow conditions (Gadd, 1991). 

Some previous efforts have been made to develop immobilization matrices or supports for 
use in metal biosorption. Other than the immobilized living-cell film system employed for the 
Citrobacter sp. enzyme-mediated metal removal process (Macaskie et al. 1987,1989), most of the 
work has been focused on biomass entrapment. Polyacrylamide gels have been used extensively as 
model systems (Nakajima et al., 1982,1986; Brady and Duncan, 1994), but the application of gel- 
immobilization techniques without appropriate hardening agents is limited due to the low mechanical 
strength of the polymer formed (Macaskie, 1991). Pelletized and immobilized (in alginate) yeast 
and fungal biomass were tested for heavy metal and radionuclide recovery in various types of small 
batch and columnar reactors (White and Gadd, 1990; Rome and Gadd, 1991). Silica gel is the 
material on which a proprietary, nonliving immobilized algal biomass (termed AlgaSORB) is based. 
This biologically derived resin has shown promise for selectively removing chromium, mercury, and 
uranium from contaminated groundwaters (Feiler and Darnall, 199 1). Polysulfone-entrapped 
biomass (mostly sphagnum peat moss) has been successful in removing heavy metals from 
wastewaters (Seidel et al., 1991; Trujillo et al., 1991). However, the polysulfone-based biosorbent 
has not been tested for treatment of wastewater contaminated by radionuclides such as uranium. 

Most biosorbent immobilization techniques are proprietary. An immobilized biosorbent 
consisting of MSR particles, was produced from the biomass of the fungus Rhizopus arrhizus using 
a proprietary technique (Tsezos et al., 1988a, 1990). Uranium biosorption with the immobilized 
inactive biomass of R. arrhizus was modeled using a mass transfer kinetic model in a batch reactor 
(Tsezos et al., 1988b, 1992). The immobilized R. arrhizus biosorbent has been successfully used 
for radium and uranium recovery from process streams on a pilot-plant scale (Tsezos et al., 1987, 
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1989a, 1989b). A commercial biosorbent based on a proprietary, granulated immobilized biomass, 
AMT-BIOCLAIM, seems to be the only available immobilized biomass-based biosorption 
technology in the United States (Brierley et al., 1986) at present. 

A number of immobilization matrices-calcium alginate, polyacrylamide, polysulfone, 
polyurethane solid, polyurethane hydrogel, polyurethane foam, and two novel polyurethane foam 
blends-were previously tested at ORNL (Hu et al., 1995a); and polyurethane hydrogel was selected 
for immobilization of P. aeruginosa CSU based on cost, ease of manufacture, and preservation of 
the uranium-binding capacity of the biomass. 

3.2.3 Biosorbent Characterization 

3.2.3.1 Biosorption/desorption kinetics 

Kinetic data are important in determining the utility of a newly developed biosorbent. “Fast” 
kinetics refers to a short residence time of the liquid waste stream in the reactor. In the current work, 
a 50-mL volume of biosorbent beads (2 mm in diameter and approximately 25% biomass loading 
on a dry-weight basis) was contacted with 500 mL of a lOO-mg/L uranyl nitrate solution (PH 4.7) 
in a 1 -L vigorously-stirred tank reactor at 22°C. The uranium concentration in the external solution 
was monitored over time. M e r  24 h, the biosorption experiments were terminated by collecting the 
uranium-rich beads using a screen-sieve basket. The external surface liquid on the beads was dried 
with a paper towel. The beads were then contacted with 500 mL of 0.1 A4 sodium carbonate solution 
to desorb bound uranium in preparation for a kinetic regeneration study. The increase in the uranium 
concentration of the solution was measured with time (Fig. 1). 

The objective of this kinetic study was to determine the uranium transport coefficient through 
the gel matrix. Uranium biosorption and desorption reached their equilibria within approximately 
1 h. For a volumetric ratio of 1 : 10 (beadswastewater), the uranium concentration could be reduced 
fiom 100 mg/L to less than 50 g/L. Nearly 90% of the uranium bound to the beads was thus eluted 
by sodium carbonate. A pore-diffusion model using the same set of model parameters (p= 0.95, 
= 0.1 g (dry weight)/cm3, q,,,= 59.74 mg/g dry weight, Jd= 0.009325 mg/cm3, De = 2.0 x 1 Oa cm2/s) 
simultaneously gave a good fit to uranium concentration-vs-time data for both biosorption and 
desorption. 

3.2.3.2 Biosorbent regeneration studies 

Regenerability of biomass as a sorbent is a key factor for process economics. Our 
preliminary studies based on electron microscopy and X-ray photoelectron spectroscopy have 
demonstrated that at least two mechanisms are involved in uranium biosorption by P. aeruginosa 
CSU (data not shown). Uranium was bound to the cell surface rapidly, followed by a slow uranium 
intracellular uptake process. Interestingly, the biomass-retained uranium could be recovered (Table 
1). Mineral acids (sulfuric, hydrochloric, and nitric acids), sodium carbonate, and EDTA in NaOH 
showed equivalent elution efficiencies, based on their capability to remove uranium fiom biosorbent 
beads. Although sodium bicarbonate has been reported to be the best candidate for fungal 
biomass regeneration (Tsezos, 1984), it was not effective in regenerating the biomass tested in our 

, 
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work. Mineral acids have been reported to cause some cellular damage to fungal Rhizopus arrhizus 
biomass (Tsezos, 1984), which reduces ik  reusability. EDTA is an expensive organic reagent, and 
its use may cause further environmental contamination problems. Sodium carbonate, on the other 
hand, is cheap, mild to the biomass, and effective as a good complexing agent for uranium; thus, 
it is the chosen candidate for biosorbent regeneration. 

3.2.3.3 Multiple-cycle biosorption-desorption experiments 

Biosorbent reusability directly affects the economics of biosorption technology. The 
capability for repeated biosorption-desorption cycles with immobilized biomass would make the 
biosorption process more economical and competitive. In the current work, multiple cycles of 
biosorption-desorption were carried out with 0.1 M sodium carbonate as the regeneration agent 
(Table 2). After ten sorption-desorption cycles, the biomass-containing polyurethane gel beads 
consistently maintained their uranium-binding capability and always decreased uranium levels fkom 
approximately 100 ppm to 1-3 ppm. The beads sorbed uranium across a wide pH range (i.e., from 
2.5 to 7.3). Some bead shrinkage was observed in 1 Msodium carbonate solution (pH 1 1-12) during 
the desorption process; however, the shrunken beads could be swollen back to their normal size in 
the biosorption solution. The shrinkage and swelling did not affect bead integrity. 

3.2.3.4 Biosorption and elution within columnar reactors 

One set of typical data for column loading and elution is summarized for purposes of 
illustration. Detailed experimental results from upflow, packed-bed column tests can be found 
elsewhere (Hu et d., 1995a). 

A bench-scale, packed-bed column operated in upflow mode was utilized for subsequent 
flow-through testing. The loading-elution experiment was carried out with a 3.0-cm-diam (inner) 
by 90-cm-long column loosely packed with biosorbent beads (25-30 wt % biomass, 2-mm diam). 
At room temperature, a solution containing 150 mg U L  was pumped through the column at a flow 
rate of 5.0 mL/rnin. Each 10-mL volume of eluate was collected and analyzed. After being loaded, 
the column was eluted with a 0.1 M sodium carbonate solution at a flow rate of 5.0 mL/min. 

The column released an undetectably low level of uranium before breakthrough was 
observed, and the breakthrough exhibited a large slope (Fig. 2). Approximately 4.5 L of a solution 
containing 150 mg U/L was treated completely within a 0.4-L bead bed (equivalent to approximately 
26.9 g of dry beads). In the loading stage, a total of 78 1.5 mg of uranium was accumulated in the 
column. Thus, the uranium biosorption capacity of the beads was 29.1 mg U/g (dry weight). No 
significant loss of uranium-binding activity was observed (i.e., non-immobilized biomass bound 
approximately 100 mg U/g dry weight), indicating that the immobilization process does not 
significantly inactivate or interfere with the uranium-binding activity of the biomass. The elution 
curve (Fig. 3) shows that uranium was concentrated up to 4000 ppm in the sodium carbonate 
solution and that 739.1 mg of uranium, or 95% of the amount originally bound, was eluted from the 
column by 0.1 M sodium carbonate solution. 
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3.2.4 Biosorbent production 

A novel rotating-nozzle column system was developed, allowing massive production of 
spherical P. aeruginosa-containing polyurethane hydrogel beads for further characterization (Fig. 
4). The biosorbent bead production system consists of two stirred mixing tanks, a rotating nozzle 
atop a mineral oil column, a beads collection unit, and a used oil recycle tank. One of the mixing 
tanks contains the biomass aqueous slurry, and the other contains organic mixtures, including 
polyurethane prepolymer and acetone as a dilution reagent. The two streams fiom the mixing tanks 
are combined into a single stream, instantly homogenized through a static mixer, and squeezed out 
of the rotating nozzle. The oil in the column is used as a dispersing phase for droplet formation as 
the mixture streams out of the nozzle. Various sizes (0.5 to 8 mm in d im)  of monodispersed 
spherical gel beads have been successfully produced by controlling the tip pore size of the nozzle, 
stream flow rate through the nozzle, viscosity of the oil, and rotational speed of the nozzle. In this 
work, biosorbent beads with an average diameter of 2 to 3 mm were preferred for use in 
characterization studies. 

Detailed descriptions of the apparatus, polymer formulation, and polyurethane prepolymer 
gelling kinetic studies are included in a patent application that is pending through LMES (Hu et al., 
1995). Biosorbent bead production has also been discussed elsewhere (Hu et al., 1995a). 

4. BIOREACTOR DEVELOPMENT 

4.1 ENGINEERING CONCEPT 

Several considerations guided our initial ideation of the bioreactor concept, as follows: 

1. The biosorbent would be immobilized in bead-like spheres, in order to maintain 
a unit size which would be relatively convenient to handle without significant 
losses. 

2. The gel beads would initially consist of propylene glycol alginate-modified bone 
gelatin. 

3. The beads would be fragile and would require a particularly gentle processing 
technique. 

4. The spent (uranium-saturated) biomass must be separated fiom the subject waste 
water. 

5. The operation would be continuous. 

4.1.1. Technology Search 

The initial concept for development of a continuous bioreactor was based on the use of an 
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inclined auger that would mechanically raise the beads slowly while the water flowed down inside 
the tube, in fidl contact with the beads. Therefore, the Thomas Register of American Manufacturers 
was consulted to identify sources of appropriate conveyor systems. Various devices for moving 
small granules were found to be available. Some devices permitted flexibility, while others were 
"centerless" (i.e., open through the center of the tube)- in opposition to traditional auger conveyors, 
which are basically a flat spiral wound around a central tube. 

4.1.2 Evolution of the Design Concept 

Conveyors were available with precise speed controls that would permit adjustment of the 
rotational rate to match the biosorbent bead flow with the rate at which it became saturated with 
uranium. The angle of inclination of the auger could also influence rate; thus, the combination of 
the two approaches was judged adequate to set an experimental bead flow rate. An initial conveyor 
concept was developed (Fig. 5), as were speculative methods by which to apply the concept to 
present objectives (Fig. 6). 

The centerless auger conveyor, which originally seemed most desirable, was eliminated from 
consideration once it was determined that centrifugal force was applied to move the material. This 
approach would not be feasible at the relatively slow flow rates anticipated for the bioreactor. 

Ultimately, all consideration of auger conveyors was abandoned because of the vulnerability 
of the beads and their susceptibility to crushing and shearing between the auger screws and the tube 
surrounding them. An impossible degree of precision for this interface would be required, making 
such an approach economically infeasible for large-scale operations. 

Elimination of the original approach of using augers required a complete technical 
reconsideration of just how to move the beads through the water wash and, subsequently separation 
without shearing or abrading them. The ultimate choice was the Archimedes tube, which offered 
the advantage of no shearing surfaces. Much of the subsequent mechanical effort was based on that 
concept. 

ORNL's concern for the integrity of the beads resulted in a specific developmental path for 
the Archimedean reactor concept. The initial plan focused on application of standard auger conveyor 
technology to the problem. The process was based on a downward flow of contaminated water, with 
the biomass being slowly propelled by the conveyor in a direction counter to that of the water. By 
this action, the water would be purified through measured contact with the biosorbent prior to exit 
of the treated water through the bottom of the conveyor. The biomass, which would become 
saturated with uranium by that same contact, would meanwhile exit at the top of the inclined auger. 
This concept was abandoned in the early stages because of ORNL's expressions of concern that the 
auger would shear and crush the biosorbent beads, reducing their effective size to a point where they 
could escape with the treated water. 

The potential bead damage problem led SCSC to adjust its approach to employ an original 
Archimedes spiral "conveyor". (Fig. 7). Rather than adapting the "screw" type of Archimedean 
conveyor, SCSC opted for a "tube" type, which eliminated all shearing or rubbing surfaces. Clearly, 
such a spiral would pump fluids by trapping them in the lower half of each coil of the spiral and 
raising them by rotation of the spiral. SCSC regards the beadwater mixture as a fluid, which, 
therefore, should be pumpable. Small working models were constructed to demonstrate that solid 
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polystyrene beads (of the type used in injection molding) could, in fact, be raised via an inclined 
Archimedes tube or spiral and that this mechanism could be used to separate the beads from the 
water just before discharge (Fig. 8). A functional prototype model was then designed and assembled 
(Fig. 9). While the size and specific gravity of the polystyrene beads closely resembled those of the 
postulated biosorbent, the simulation may have been flawed because the styrene is hydrophobic and, 
thus, does not form a good working fluid with water. The result of the hydrophobic condition was 
that the beads tended to clump and form a blockage at any curve in the system, since the water failed 
to lubricate them adequately to support free flow. 

The selection of polyurethane hydrogel as the optimal biosorbent immobilization matrix had 
a significant impact on bioreactor design. At this point, bead fragility ceased to be an issue and the 
unique difficulties of handling the fragile propylene glycol alginatehone gelatin beads were 
avoided. As a result, development of the beadwater interfaces within the Archimedes model was 
abandoned in favor of a simpler bench-test model. At the same time, the improved lubricity of the 
polyurethane hydrogel beads relieved somewhat the fiction-based problems of clumping, which had 
been observed in the styrene simulation. A simplified U-shaped bioreactor was assembled for the 
bench test, using a small two-revolution auger to assist in bead movement. Bead fragility was no 
longer a serious consideration. 

4.2 FINAL REACTOR TEST CONFIGURATION 

The bench-test model was essentially a U-shaped tube with a sieve section for escape of 
processed water (Fig. 10). The sieve consists of a section of tube that has been drilled with a number 
of 1/16-in. holes around its circumference and has been wrapped with a fine-grade nylon mesh filter. 
The function of the sieve is to permit escape of water that has traveled the measured length of the 
bead-filled column, while simultaneously preventint the escape of any beads along with the water. 
Any escaping beads would actually pose little danger since they would be the freshest beads of the 
system, having most recently entered from the top and, thus, encountering the cleanest water. The 
sieve section also regulates the operating level of the water within the tube. The design includes an 
auger to ensure continuous movement of the biosorbent beads through the system. The auger, a two- 
revolution spiral driven by a controllable-speed AC motor, can be accelerated or slowed down to 
match bead throughput so as to optimize the saturation performance of the system. 

In operation, the entire U would be filled; clean beads would enter on the left of the diagram 
and would interact with contaminated water in the vertical section of the left side of the U. The 
spent (uranium-saturated) biosorbent beads would then be pushed out the top of the right side of the 
column. The auger in the sieve section would assist gravity (due to the head created by the taller 
input tube) in pushing the oldest beads out. Since the sieve would establish the working water level 
below the exit point of the beads on the right, all exiting beads would be relatively dewatered. Clean 
water escaping the sieve would be collected in a cylindrical vessel, which could be drained in any 
of several ways, depending on the actual installation. 
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4.3 REACTOR DEMONSTRATION 

The bench-scale continuous wastewater treatment reactor (Fig. 11) was fabricated at SCSC 
and delivered to ORNL. for testing on March 1,1995. Two experiments were performed, one in the 
static-bed mode and the other in the renewed-bed mode. Wastewater containing a relatively high 
initial Uranium concentration was employed to minimize liquid waste generation. A 16.8-L volume 
of a uranyl nitrate solution containing 220 mg U/L was pumped through the reactor (0.87-L bed 
volume) at 20 ml/min. In the static-bed mode, the residence time was approximately 15 min and 
4.2 L of the uranium-containing waste was successfully treated before column breakthrough 
(Fig. 12). In the renewed-bed mode (Fig. 13), a 0.72-L bed volume of fresh biosorbent beads 
replaced the used beads in the reactor just before the furst-run loading breakthrough time, which was 
approximately 7 h. Renewed-bed operation prolonged the total breakthrough time fiom 7 h to 12 h, 
therefore, increasing the capability of the reactor to treat large amounts of wastewater on a 
continuous basis. 

It was observed that the auger sometimes failed to drive the used beads out of the column or 
to feed fksh beads into the column. Biosorbent beads tended to stick inside the U-shaped column 
no matter how fast the auger was rotated. Instead of continuously feeding of beads into the reactor, 
we found that the used beads could be renewed or replaced with fi-esh beads in a semi-batch mode 
at every breakthrough time (-7 h) via a low-speed andor intermittent rotation of the auger. Such 
a renewal operation would eventually prevent the occurrence of breakthrough. 

5. CONCLUSIONS AND BENEFITS OF RESEARCH PERFORMED 

A novel biological sorbent, consisting of microbial biomass immobilized within a 
polyurethane gel matrix, was developed and characterized (within batch and flow-through systems, 
on a bench scale) for use in a novel, continuous-flow bioreactor system. Early tests focused on the 
use of expanded-bed columnar reactors. The sorbent was shown to be mechanically and chemically 
stable, durable, compatible with materials used for bioreactor construction, and regenerable. These 
characteristics allowed two novel, auger-based reactor systems to be designed for continuous 
operation or for use in a semibatch mode. The sorbent could be readily formulated in a size range 
optimal for use in these reactors. System filters, tubes, and other portions of the reactor could be 
designed and fabricated using conventional techniques. Biosorption was successfully demonstrated 
within the auger-based reactor specifically designed for use with this technology. 

While several mechanisms have been designed and demonstrated to support bead immersion 
and movement, one approach has emerged as the focus for future development. This approach 
involves matching the input water flow rate to that of the output, as measured at the point where 
clean water is separated fi-om the biomass. A new design for the exit area will be required. 

All objectives of the CRADA as stated in the original document were met. 
It is concluded that this design concept for a novel bioreactor system deploying state-of-the- 

art biosorbents has excellent commercialization possibilities, dependent on the outcome of a 

At this time there are no f m  plans for further collaboration between ORNL researchers and 
SCSC; however, continuation of such a collaboration would be most appropriate and desirable 
should a Phase I1 project be funded. 

recommended Phase I1 research program outlined below. t-l 
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The research performed under the auspices of this CRADA was very important in terms of 
benefits to the overall biosorption research program within the ORNL Bioprocessing Research and 
Development Center, to further development of the Laboratory's core competency in environmental 
biotechnology, and to the development of technologies relevant to solving the DOE'S environmental 
problems. Primarily this program provided leverage with another program, funded by the DOE-EM 
Office of Technology Development (EM-50), on development of novel uranium biosorbents. 
Conducting the two programs in tandem allowed maximum gain from each through this leveraging 
effect. 

6. RECOMMENDATIONS 

Based on technical staff observations throughout the performance period, evolution of the 
biomass and the bioreactor, and interpretation of the bench test results, the recommendations listed 
below are offered for Phase I1 study. Essential to the value of these recommendations is a realization 
that the intended application of the ultimate system must be prepared for the enormous volumes of 
contaminated water that must be processed. 

1. A Phase I1 development program should be pursued to take advantage of the 
results of Phase I, through optimization of the biosorbent: counterflow bioreactor 
system and scale-up (by a minimum factor of 5) to indicate potential performance 
in a real-life wastewater situation. 

2. A standard biosorbent bead size should be set (at no less than 3 mm) to maximize 
the use of standard manufacturing techniques for recovering spent beads from the 
treated water. 

3. O W ' S  focus should be on the continued development of the bead manufacturing 
technique and equipment to emphasize the economical, very high-volume 
production that is realistically essential for useful full-scale operation of the 
bioreactor. 

4. SCSC's focus should be on continued refinement of the bioreactor design (which 
should employ few or no moving parts) to emphasize very large throughputs of 
wastewater (and, by inference, correspondingly large volumes of biomass beads) 
and the dynamics of the separation of cleaned water from the apparatus. 

5. An operational counterflow bioreactor should be designed and built, based on 
some of the concepts developed in this phase of work (in particular, the U-shape 
approach), and the possibility of its scale-up for continuous processing should be 
explored. 
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6. A large-scale preproduction prototype counterflow bioreactor should be 
fabricated, upon design fieeze, and the resulting system should be operated with 
very large throughputs at an actual site contaminated with aqueous uranium- 
bearing waste. Ideally, this would lead to a 3-month continuous operating test to 
be conducted under field conditions. 
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9. FIGURE LEGENDS 

Fig. 1. Uranium biosorption and desorption kinetics by immobilized P. aeruginosa CSU in 
spherical (2-mm-dim) polyurethane hydrogel beads. 

Fig. 2. Continuous treatment of uranium-containing wastewater in a columnar reactor packed with 
biosorbent beads. 

Fig. 3. Column regeneration by elution with 0.1 M sodium carbonate solutions. 

Fig. 4. Schematic drawing of a novel process for biomass-containing polyurethane bead 
production. 

Fig. 5. Schematic of a continuous biosorption system. Here, biosorbent beads are referred to as 
"gelcaps". 

Fig. 6. Representative biosorption pilot plant. 

Block diagram of Archimedes tube. Fig. 7. 

Fig. 8. Schematic of Archimedes spiral. 

Fig. 9. Functional model of Archimedean spiral bioreactor. 

Fig. 10. Schematic of U-shaped test bioreactor. 

Fig. 11. Bench-scale bioreactor test equipment. 

Fig. 12. Uranium extraction test in continuous static-bed operating mode. 

Fig. 13. Uranium extraction test in continuous renewed-bed operating mode. 
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10. TABLE LEGENDS 

Table 1. Screening of reagents for regeneration of immobilized biomass. 

Table 2. Repeated cycles of uranium biosorptiodregeneration with biomass-containing 
polyurethane hydrogel spherical beads in a batch stirred-tank reactor. 
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Table 1. 
Screening of reagents for regeneration of immobilized biomass". 

Biosorbent regeneration 
reagent 

Amount of uranium desorbed into 
regeneration reagents 

(mg U L  reagent) 

Distilled and deionized water 

1 .O M sulfuric acid 

1 .O M hydrochloric acid 

1 .O M nitric acid 

0.5 M acetic acid 

0.5 M citric acid 

0.01 Mammonium phosphate, monobasic 

0.01 M sodium phosphate, dibasic 

0.01 M sodium phosphate, monobasic 

0.01 Mammonium sulfate 

0.01 M sodium bicarbonate 

0.01 M sodium carbonate 

0.1 MEDTA in 0.1 MNaOH 

12.7 

93.0 

90.2 

87.5 

67.8 

49.5 

1.3 

0.8 

1.7 

7.8 

18.2 

90.1 

106.2 

* Experimental conditions: Biomass-containing (33 dry wt % biomass) polyurethane hydrogel beads (500 mL) 
were soaked with uranium first by contacting with approximately 500 mL of 100O-mgL uranyl nitrate solution for 24 
h. Same volume of the uranium-loaded beads was contacted with same volume of various reagents in different 50-mL 
tubes (beadreagent ratio: 0.61 g wet beads per mL of reagent). The uranium desorbed from beads into solution was 
measured after 24-h contact. 
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Table 2. 
Repeated cycles of uranium biosorption/regeneration with biomass-containing polyurethane hydrogel spherical beads in a 

batch stirred-tank reactoP. 

Cycle 
number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

~~ ~ 

Biosorption cycle 
(with uranyl nitrate solution) 

Uranium Conc. in solution 
(mgnJ 

Solution pH 
at the end of the 

biosorption cycle 
Initial Final 

97.2 

109.4 

103.2 

105.9 

116.7 

114.2 

105.6 

107.2 

58.1 

83.5 

1.10 

2.3 1 

1.82 

0.80 

3.17 

1.26 

0.86 

1 .oo 
1.71 

2.28 

~~ 

2.5 

5.9 

5.4 

3.6 

7.3 

3.0 

3.1 

2.9 

5.5 

N/D 

Regeneratioddesorption cycle 
(with 0.1 MNa2CO3 aqueous solution) 

Solution pH 
(mgW at the end of 

Uranium Conc. in solution 

desorption cycle 
Initial Final 

1.14 

0.32 

1.46 

1.30 

0.74 

1.01 

0.75 

0.63 

0.80 

0.84 

75.2 

75.4 

79.3 

128.1 

85.3 

97.4 

90.9 

75.9 

78.5 

64.8 

12.6 

12. I 

11.5 

11.6 

11.6 

11.6 

11.6 

11.8 

12.0 

12.1 

a In this experiment, beads (22.0 g wet) were reused 20 times for biosorptiodregeneration stability tests. After each run, beads were 
collected and dried. For the biosorption cycle, the pH of the uranium solution was adjusted to approximately 2.5 with 1 M nitric acid at 
the begining of beads-solution contact. 100 mL of uranium solution or sodium carbonate solution was used to contact with beads in a 125- 
mL flask which was shaken on an orbital shaker at 200 rpm, 22 "C. Contact time for both biosorption and regeneration was ca. 24 h. 
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