
O R N L / T M — 7 5 9 9 

DE82 018605 

Contract No. W-740.rj-eng-26 

ORNL/TM-7599 

CHEMICAL TECHNOLOGY DIVISION 

ACCUMULATION OF URANIUM, CESIUM, AND RADIUM 
BY MICROBIAL CELLS^—^BENCH-SCALE STUDIES 

G. W. Strandherg 
S. E. Shumate II 

Date Published: July 1982 

D I S C L A I M E R 

This report was prepared » an account of work sponsored by an agency ot the United States Government. 
Neither the United State! Government not any agency thereof nor any of their employees, malmsany 
warranty, enprew m implied. or assumes any legal liability or responsibility for the accuracy. 
Completeness, or usefulness of any information, apparatui, (Jfoduct or process disclose*. or 
represents that its use would not infringe privately owned rights Releience herein to any specific 
commercial product, process, or service Dy trade name, iraderTOtk. manufacturer, or OthwwiS", IOCS 
not necessarily constitute or imply us endorsement, recomrrendation, 0r favoring by the United 
States Government ut any agency thereof. The v iew and opinions ol authors expressed herein do rot 
necessarily state or reflect those ol the United States Government or any agency thereof. 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 37830 

operated by 
UNION CARBIDE CORPORATION 

for the 
DEPARTMENT OF ENERGY 

DISTRIBUTION OF THIS DOCUMENT IS M P h 



CONTENTS 
Page 

ABSTRACT 1 

1. INTRODUCTION 1 

2. MICROBIAL ACCUMULATION OF URANIUM 3 
2.1 Experimental Procedure 3 

2.1.1 Uranium uptake experiments 3 
2.1.2 Electron microscopy 5 
2.1.3 Calcium and potassium effects 5 
2.1.4 Complexation of uranium by amino acids 6 

2.2 Survey of Microbial Species for Ability to 
Accumulate Uranium 6 

2 . 3 Characterization of the Uranium Uptake Phenomenon in 
Microbial Cells 8 
2.3.1 Rate of uranium accumulation 8 
2.3.2 Equilibrium distribution of uranium between 

cell and solvent phases 11 
2.3.3 Location of accumulated uranium 11 
2.3.4 Effects of environmental parameters on 

uranium accumulation 16 
2.3.5 Role of cellular metabolism in uranium 

accumulation 19 
2.3.6 Cellular constituents responsible for uranium 

complexation 20 
2.3.7 Uranium accumulation in the presence of other 

metal ions 29 
2.4 Development of Process Design Principles 29 

2.4.1 Conceptual flow sheet 29 
2.4.2 Biosorbent recovery and preparation 32 
2.4.3 Evaluation of biosorbent 34 

2.4.3.1 Effect of storage conditions on 
biosorbent activity 34 

2.4.3.2 Effect of environmental parameters 
under potential process conditions . . . . 34 

2.4.3.3 Equilibrium isotherms 36 
2.4.4 Mass transfer studies 40 

2.4.4.1 Freely suspended cells in a stirred-
tank reactor 40 

2.4.4.2 Fixed film of cells in inert particles 
in a columnar reactor 44 

3. MICROBIAL ACCUMULATION OF CESIUM-137 46 
3.1 Experimental Procedure 46 
3.2 Results 49 

4. MICROBIAL . UMULATION OF RADIUM-226 50 
4.1 Experimental Procedure 50 
4.2 Results 50 

iii 



Page 
5. ACKNOWLEDGMENTS 52 

6. REFERENCES 52 

iv 



1 

ACCUMULATION OF URANIUM, CESIUM, AND RADIUM 
BY MICROBIAL CELLS - BENCH-SCALE STUDIES 

G. W. Strandberg and S. E. Shumate II 

Chemical Technology Division 

ABSTRACT 

This report describes bench-scale studies on the 
utilization of microbial cells for the concentration and 
removal of uranium, radium, and cesium from nuclear 
processing waste streams. Included are studies aimed 
at elucidating the basic mechanism of uranium uptake, 
process development efforts for the use of a combined 
denitrification-uranium removal process to treat a 
specific nuclear processing waste stream, and a prelim-
inary investigation of the applicability of micro-
organisms for the removal of *37Cs and 2 2 6Ra from 
existing waste solutions. 

1. INTRODUCTION 

Programs for evaluating biological systems for the treatment of 
aqueous waste streams from energy production processes have been under 
way for quite some time in the Chemical Technogy Division of Oak Ridge 

1-4 
National Laboratory (ORNL). This report specifically addresses the 
potential utilization of microorganisms for the removal and/or recovery 
of select heavy metals (i.e., U, Ra, Cs) from aqueous nuclear processing 
wastes. 

Conventional methods for removing heavy metals from aqueous streams 
include chemical precipitation, chemical oxidation or reduction, ion 
exchange, filtration, electrochemical treatment, and evaporative recovery. 
These processes may be ineffective or extremely expensive when the initial 
metal concentrations are in the range 10 to 100 g/m3; environmental regula-
tions require the discharge concentrations to be less than 1 g/m3. Another 
processing method that may be considered is the sorption and/or complexation 
of dissolved metal species by microorganisms. 
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The ability of microorganisms to interact with and concentrate a 
variety of metals is well known. Such interactions include those which 
are metabolically mediated or growth associated and the less-specific 
adsorptive complexation of metals with various cellular components. 
Proposals for the use of such phenomena to treat wastewater and/or to 
recover valuable heavy metals have been put forth. As early as 1949, 
Ruchoft^ described the removal of 2 3 9Pu from water by activated sludge. 
More recently, Jilek et al.^ investigated the use of a dried, irreversibly 
degraded fungal mycelial preparation as an effective sorbent for the 
removal of metal radionuclides from aqueous streams. Other more general 
schemes have been considered.^ The specific biosorptive extraction 

12 13 
of uranium from natural waters has been proposed as well. ' 

Our bench-scale studies on metal accumulation by microorganisms have 
included both process development efforts directed at specific waste 
streams and an investigation of the fundamental mechanism(s) of metal 
uptake. We felt that an understanding of the mechanisms involved would 
provide a better rationale for process design and would potentially enable 
the enhancement of metal uptake through environmental or genetic manipu-
lation of the microorganisms being utilized. The results of these studies 
are described in the following sections of this report. 
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2. MICROBIAL ACCUMULATION OF URANIUM 

2.1 Experimental Procedure 

2.1.1 Uranium uptake experiments 

The microorganisms used in this study and their sources are shown in 
Table 1. Details of the methods for culture maintenance, cell production, 

14 
and uranium assay are described by Shumate et al. The organisms were 
routinely cultured in a rich medium consisting of (in g/L) glucose, 10.0; 
yeast extract, 3.C; malt extract, 3.0; and peptone, 5.0.^ The uranium 
uptake ability of Saccharomyces cerevisiae cultured in the sucrose—mineral 
salts—vitamin medium described by Winge and Roberts'^ was also examined. 

Additionally, a mixed culture of denitrifying bacteria was studied. 
This material was obtained from an operational fluidized-fixed-film deni-2 
trification bioreactor under development at ORNL. 

In brief, to determine uranium uptake, a suspension of washed cells 
from a 24-h culture was added to a uranyl nitrate hexahydrate solution 
(M.00 g/m3 U) equilibrated to the desired temperature (40°C unless other-
wise noted). The cell suspension was prepared to provide about 0.4 mg 
cells (dry wt) per milliliter in the uranyl nitrate cell mixture. Dry 
cell weights were obtained by air drying (100°C) known volumes of the cell 
suspensions before exposure to uranium. Additions or adjustments to the 
uranyl nitrate solution were made prior to cell addition. In those 
instances where the cells were chemically treated, the washed cells were 
exposed to the chemical agent at room temperature for a given time and 
were then rewashed three times in deionized, distilled water before con-
tact (or in specific cases, recontact) with uranyl nitrate. The uranyl 
nitrate cell mixture was shaken at 100 rpm in a 2.54-cm stroke, rotary 
shaker. At the desired time interval, cells were removed from aliquots of 
the primary suspension by centrifugation (^2500 G, 3 to 5 min). The re-
maining soluble uranium was assayed spectrophotometrically using Arsenazo 
III reagent.* Cell-free controls were run concurrently in all 
experiments. 

We tried methods other than centrifugation to obtain a more rapid 
separation of Pseudomonas aeruginosa cells from the uranium solution. 
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Table 1. Microorganisms used in this study and their sources 

Microorganism Source Culture medium 

Saccharomyces cerevisiae 
NRRL Y-2574 

ARS Culture Collection, 
Peoria, 111. 

YMG
 b 

Synthetic 

Pseudomonas aeruginosa 
CSU 

H. R. Meyers and S. Johnson, 
Colorado State University, 
Fort Collins, Colo. 

YMQ 

Ashbya gossypii 
NRRL Y-1056 

ARS Culture Collection, 
Peoria, 111. 

YMa 

Penicillium chrysogenum 
NRRL 807 

ARS Culture Collection, 
Peoria, 111. 

YMa 

Chlorella pyrenoidosa 
ATCC 7517 

American Type Culture 
Collection, 
Rockville, Md. 

WS pond water 

WS algae Natural bloom of blue-green 
and green algae from pond 
water 

WS pond water 

Mixed culture of 
denitrifying 
bacteria 

C. W. Hancher, Chemical 
Technology Division, 
ORNL 

Denitrifying 
medium^ 
SRSSW 

aL. Wickerham, Taxonomy of Yeasts, Tech. Bull. 1029, U.S. Department 
of Agriculture, Washington, D.C., 1951. 

^0. Winge and C. Roberts, "Yeast Genetics," p. 127 in The Chemistry 
and Biology of Yeasts, A. H. Cook, Ed., Academic Press, New York, 1958. 

°C. W. Hancher et al., Biotechnol. Bioeng. Symp. 8: 361 (1978). 
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Filtration under positive or negative pressure through 0.22-, 0.45-, and 
1.2-pm Millipore filters (Millipore Corp., Bedford, Mass.) and a variety 
of sintered glass filters proved unsatisfactory because the cells rapidly 
plugged the filters and the filters themselves adsorbed some uranium. Some 
success was obtained in preliminary experiments where the cells were passed 
rapidly (under to 2 psi air) through a small (^1 cm ID) glass column 

© 
containing a 2-cm-deep bed of Bio-Rad AG 50W-X12 ion exchange resin (200-
400 mesh, hydrogen form, Bio-Rad Laboratories, Richmond, Calif.) to adsorb 
the remaining soluble uranium. The resin bed was then washed thoroughly 
with water to remove remaining cells. Uranium was eluted from the resin 
bed with 1.0 M nitric acid and analyzed by the standard Arsenazo III assay 
after the pH of the eluate was adjusted to 4.0 with NaOH. 

2.1.2 Electron microscopy 

Transmission electron photomicrographs and energy dispersive x-ray 
data were obtained by L. K. West (Department of Biochemistry, University of 
Tennessee, Knoxville), J. Bentley (Metals and Ceramics Division, ORNL), and 
F. Ball (Analytical Chemistry Division, ORNL). The general procedure in-
volved a 3.5-h fixation of uranium-exposed cells with 1% osmium tetroxide 
in 0.1 M cacodylate buffer (pH 7.2), dehydration in a graded series of 

19 acetone solutions, and embedment in plastic. Energy dispersive x-ray anal-* 
ysis of 100- and 250-nm sections was used to verify the location of uranium. 

2.1.3 Calcium and potassium effects 

To determine the effect of calcium on uranium uptake, the uranyl nitrate 
solution (100 g/m" U) was supplemented with 8 * 10~2 Ci/m3 ttSCaCl2 and 100 
g/m3 unlabeled CaCl2« After contact with the cells, soluble uranium was 
measured using the standard Arsenazo III assay, except that 8 x 10 - 4 M 
ethylenediaminetetraacetic acid (EDTA) was included in the assay mixture 
to complex calcium.^ Soluble and cell-bound (sulfuric acid digest) cal-
cium were determined by standard liquid scintaillation counting techniques. 

* 

JEM-100CS and Phillips EM 400T. FEG analytical electron microscopes, 10-
to 100-nm variable beam size. 
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In the case of potassium, 100 g/m3 K + (as KCl) was added to the uranyl 
nitrate solution before cell addition. Soluble uranium was measured by the 
standard Arsenazo III assay. 

2.1.4 Complexation of uranium by amino acids 

Amino acids (0.1 w/v %) were added to the uranyl nitrate solution, 
and the pH was adjusted to 4.0 with NaOH. Uranium uptake was followed as 
described previously. 

Phosphomannans from Hansenula holstii NRRL Y-2448 and H. capsulata 
NRRL Y-1842 were dissolved in deionized distilled water and mixed 
individually with uranyl nitrate hexahydrate solutions to give final 
uranium concentrations of either 478 or 1044 g/m3 and a final phosphomannan 
concentration of 0.2 w/v %. After stirring for 1 h at room temperature, 
the phosphomannans were precipitated by the addition of 1.5 volumes of 95% 
ethanol containing 0.1 w/v % KCl. The precipitates were removed by centri-
fugation at 7000 x G for 20 min, and soluble uranium was determined in the 
supernatant by the Arsenazo III assay. A uranyl nitrate hexahydrate solu-
tion was treated in the same manner as a control. 

2.2 Survey of Microbial Species for Ability 
to Accumulate Uranium 

Initially, equilibrium metal-isolation tests were conducted using 
six strains of microorganisms representing disparate microbial taxa. The 
purpose of this survey was to ascertain if microbial uranium accumulation 
was a general phenonenon, to determine the extent of uranium accululation, 
and to identify species deserving further study. The results of this 
preliminary survey are given in Table 2. Considerable differences were 
observed in the uranium distribution coefficients, even within the 
taxonomic groups. 

Two organisms, Saccharomyces cerevisiae and Pseudonomas aeruginosa, 
were selected for a detailed characterization of uranium uptake. Both had 

10 20-22 
been used in previous metal uptake studies, ' and many aspects of 
their physiology and chemical structure are documented in the literature. 
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Table 2. Isolation of uranium from solution by microorganisms 
during resuspended contact0 

Microorganism 

Cell concentration, 
Removal dry basis 

(%) (g/L) 

Metal 
distribution 
coefficient^1 

Pseudomonas aeruginosa 92 
(bacterium) 

Zoogloea ramigera 72 
(bacterium) 

Paecilomyces marquandii 94 
(fungus) 

Penicillium chrysogenum 97 
(fungus) 

Ashbya gossypii 73 
(yeast) 

Saccharomyces cerevisiae 95 
(yeast) 

1.2 

1.0 

1.2 

3.1 

7.0 

1.3 

9,600 

2,730 

13,100 

10,300 

390 

15,000 

a Initial uranium concentration, 20 g/m3; temperature, 25°C. 
&Metal distribution coefficient: g metal/g cells (dry) ^ g metal/g solvent 
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2.3 Characterization of the Uranium Uptake Phenomenon 
in Microbial Cells 

2.3.1 Rate of uranium accumulation 

The microbial cells used in these experiments were cultured in the 
absence of uranium. Additionally, they were washed free of extraneous 
nutrients before exposure to uranium. Therefore, the measured uranium 
uptake is considered to be an inherent property of the cells and not one 
associated with cell growth. This is further emphasized by the rapid 
rates of metal uptake by Ŝ . cerevisiae and P_. aeruginosa as illustrated 
in Fig. 1. The rate of uptake by P. aeruginosa is extremely rapid. This 
rapid rate, while attractive for process application, has hampered studies 
of the effects of environmental conditions on uranium uptake by this 
organism. Although used routinely in our experiments, centrifugation to 
separate the cells from the metal solution significantly extends the 
time of exposure. Throughout this study, we examined alternative separa-
tion techniques. Filtration proved impractical because the cells rapidly 
plug membrane and glass filters, and the filter materials themselves 
adsorb some uranium. Using an ion exchange separation technique 
(Sect. 2.1), we have recently obtained preliminary evidence that uranium 
is associated with _P. aeruginosa cells within 5 to 10 s after initial 
contact. Thus, as a consequence of this rapid uptake rate, the apparent 
lack of an effect of imposed conditions on uranium uptake by P̂ . aeruginosa 
in the experiments presented below may be due to our inability to detect 
it within the time frame of the measurements. However, uranium accumula-
tion by Si. cerevisiae is sufficiently slow so that the time required for 
centrifugation (3 to 5 min) is a less significant fraction of the total 
time before an equilibrium is reached between soluble and cell-bound 
uranium. 

The mixed culture of denitrifying bacteria examined was composed 
primarily of pseudomonad-like organisms taxonomlcally related to P̂ . 
aeruginosa. The rate of uranium accumulation was also quite rapid 
(Fig. 2). Because this was a mixed culture, it was felt that a detailed 
study of it would add undue complexity to our attempt to elucidate the 
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Fig. 1. Removal of uranium from aqueous solution by S_. cerevisiae 
and aeruginosa. 
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Fig. 2. Removal of uranium from aqueous solution by a mixed culture 
of denitrifying bacteria. 
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mechanism of uranium uptake. However, as will be discussed in later 
sections, this culture was attractive for process application. 

2.3.2 Equilibrium distribution of uranium between 
cell and solvent phases 

Despite differences in the rates of uranium uptake, the total capacity 
for metal accumulation, 10 to 15% of the original dry cell weight, was the 
same for both Ŝ . cerevisiae and JP. aeruginosa. 

Results indicating the equilibrium distribution of uranium between 
S_. cerevisiae cells and the aqueous solvent phase are presented as a 
sorption isotherm in Fig. 3. Identical sorption isotherms were obtained 
when either the cell (sorbent) concentration was held constant and the 
uranium (sorbate) concentration varied or vice versa. This is consistent 
with a sorption/ion exchange-type phenomenon. Although a similar sorption 
isotherm was obtained with P. aeruginosa, we must be cautious in inter-
preting such data for both organisms based on the data presented in 
subsequent sections. 

2.3.3 Location of accumulated uranium 

Electron microscopic examination and energy dispersive x-ray analysis 
showed that uranium accumulated as needle-lilce fibrils in a layer approxi-
mately 0.2 ym thick on the surface of _S. cerevisiae (Fig. 4). Little or 
no uranium was found within these cells or in cells without visible 
extracellular uranium deposits. In contrast, uranium formed dense intra-
cellular deposits in _P. aeruginosa (Fig. 5). This is surprising in view 
of the rapid rate of metal uptake. Similarly, the mixed culture of 
denitrifying bacteria also exhibited internal uranium accumulation (Fig. 6). 
The cells shown in Fig. 5 were exposed to uranium for 2 h. We have not 
attempted electron microscopic examination of these cells during shorter 
exposure times. Although we lack visual evidence of immediate intracellular 
deposition of uranium, we do know that uranium is, as noted earlier, firmly 
associated with the cells within a few seconds. 

It is evident in Figs. 4 and 5 that not all of the cells possessed 
visible uranium deposits. Averages from several fields of view of 20 to 
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ORNL Photo 2192-82 

Fig. 4. Electron micrograph of _S. cerevisiae showing surface 
accumulation of uranium, (x 35,000) 



Fig. 5. Electron micrograph of _P. aeruginosa showing intracellular 
accumulation of uranium, (x 27,000) 



Fig. 6. Electron micrograph of the mixed culture of denitrifying 
bacteria showing intracellular accumulation of uranium, (x 42,000) 
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30 cerevisiae cells and about 100 aeruginosa cells revealed that 
32% of the _S • cerevisiae cells, which included both budding and nonbudding 
types, and of the aeruginosa cells contained uranium deposits. No 
apparent structural differences weire detected between the utrani.u.ni~'beairing 
and non-uranium-bearing cells. 

A technique was developed' whereby uranium-exposed cells of both 
species could be separated into two bands by light centrifugation (2000 to 
3000 x G, 5 to 10 min) after layering on 40 w/v % CsC.l. As indicated by 
reaction with Arsenazo III reage't, the heavier cell band contained the 
bulk of the sorbed uranium. We were able to culture a few viable cells 
from the separated bands on streak plates, but there was no difference in 
uranium uptake by isolates of either species as compared to the parent 
cultures. 

2.3.4 Effects of environmental parameters on uranium accumulation 

The difference: in physical location of accumulated uranium as well au 

the uranium uptake characteristics of the two species in response to 
environmental parameters demonstrated that uranium uptake by Ŝ . cerevisiae 
and _P. aeruginosa differ in many respects. The surface-associated accumu-
lation of uranium exhibited by jS. cerevisiae is consistent with the view 
that metal biosorption occurs by the complexation of positively charged 
metal ions with negatively charged reactive sites (e.g., R-C000", PO42-) 

21 23—25 8 on cell surface ' or in extracellular polymers. 
Temperature and the initial solution pH had a dramatic effect on metal 

uptake by_S. cerevisiae. As shown in Fig. 7, the rate of uptake increased 
with temperature between 20 and 50°C. Although the initial uptake rate 
increased as the pH was raised from 2.5 to 5.5, maximal equilibrium dis-
tributions were obtained between pH 3.0 and 4.0 (Fig. 8). P. aeruginosa 
did not respond discernibly to temperature or pH although it must be 
remembered that we were unable to observe the transient between the initial 
and equilibrium stages. Since the normal pH of the uranyl nitrate solution 
was about 4.0, no routine pH adjustment was necessary. 

Technique developed by R. McKracken, an ORNL summer student from the 
University of Vermont. 
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Fig. 7. The influence of temperature on uranium uptake by j5. cerevisiae. 
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Fig. 8. The effect of initial pH on uranium uptake by 53. cerevisiae. 
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The conditions used to culture the cells can affect uranium uptake. 
16 

cerevisiae grown on a synthetic medium had an uptake rate 2.5 times 
faster than that grown on a rich organic medium. Although not quantitated, 
the growth rate and cell yield were reduced in a synthetic medium. The 
fact that yeast cells grown on a synthetic medium showed enhanced uranium 
uptake rates might be due to an increase in the phosphate and protein 
content of the cell wall, which is known to occur in yeast cultured at 26 
reduced growth rates. On the other hand, there was no difference in 
metal uptake between aerobically and anaerobically growr* yeast cells. 

In interpreting the above results, it is important to consider that 
the solution chemistry of uranium is quite complex. In the pH range of 
optimal uranium uptake, 3.0 to 4.5, soluble uranium exists as U02

2+ and 
other hydrolysis products [(U02)2(0H)22+, U02(0H)+, (U02)3(OH)5+],27 Since 
carbon dioxide was not excluded in our experiments, carbonate complexation 
reactions with the uranyl ion could also take place. Attempts to determine 
the chemical state of uranium as it exists on the cell surface have been 
unsuccessful. We have observed that as uranium is taken up by the cells, 
the pH rises from about 4.0 to about 5.5 to 6.0, possibly due to a release 
of free hydroxyl ions. This suggests that U02

2+ readily complexes with a 
28 variety of anions. 

2.3.5 Role of cellular metabolism in uranium accumulation 

Published reports of metal biosorption and our own experience with S_. 
cerevisiae indicated that uranium uptake did not require cellular metabo-
lism. However, the rapid intracellular uptake of uranium by _P. aeruginosa 
suggested the possible involvement of metabolically mediated active trans-
port. Cells of both organisms were separately exposed to uranium in the 
presence of the metabolic inhibitors, 2,4-dinitrophenol (5 x 10"3 M) or 
sodium azide (1 x 10-lt M) or were pretreated for 5 to 10 min with 1.0% 
HgCl2 solution or 10% formaldehyde solution before exposure to uranium. 
These latter two compounds were lethal for both species in that no 
organisms could be cultured from the treated cell preparations. Uranium 
uptake by both organisms was not affected by either metabolic inhibitor. 
Although formaldehyde and HgCl2 treatment had no apparent effect on 
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P. aeruginosa, the rate of uranium uptake by Ŝ  cerevisiae increased 
(Fig. 9). The cellular mercury concentration was not determined before 
or after exposure to uranium. 

2.3.6 Cellular constituents responsible for uranium complexation 

In general, our investigations have been directed at the use of 
microbial biosorption of metals for the removal of radionuclides (e.g., 
uranium) located at waste streams from the nuclear fuel processing 

1 4 14 29 
industry. ' ' ' Although the emphasis has been on process development, 
we also desired an understanding of the mechanism of uranium uptake to 
determine if it could be enhanced through environmental or genetic manipu-
lation of the microbial cells. Our interest in the mechanism of uranium 
complexation was further stimulated by the relatively large total amounts 
of uranium accumulated (10 to 15% of the dry cell weight) and the fact 
that only a fraction of the cell populations evidenced visible uranium 
deposits. 

The large amounts of uranium accumulated by S_. cerevisiae and P̂ . 
aeruginosa were similar to those obtained for the mixed culture of 30 
denitrifying bacteria (Sec. 2.4.3.3) and Rhizopus arrhizus. However, 
particularly for jS. cerevisiae, it was difficult to imagine that there 
were sufficient binding sites to account for this much metal. Actually, 
since only 32% of the cells possessed measurable uranium, the metal concen-
tration on that fraction of the cells approached 50% on a dry weight basis. 

23 
Beveridge also observed a nonstoichiometric accumulation of metals on 
isolated cell walls of Bacillus subtilis. He suggested that metal 
complexes with existing reactive sites and that additional metal 
"crystallizes" on the bound molecules. 

Because no genetic basis for the distribution of metal uptake in the 
cell population has been found to date, we attempted to gain some knowledge 
of the surface components of cerevisiae that are active in uranium 
complexation. As noted in Sect. 2.3.3, the cell fraction that accumulates 
uranium could be isolated by CsCl centrifugation. We considered the 
possibility of analyzing the surface composition of the binding and non-
binding cells to determine differences and hence components responsible 
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Fig. 9. The effect of HgCl2 and formaldehyde pretreatment on uranium 
uptake by S. cerevisiae. 
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for the complexation reaction. However, we felt that the uranium would 
have to be removed from the cells before compositional analysis could be 
carried out. 

Water washing was ineffective in removing uranium from the cells. 
Several agents that solubilize or complex with uranium were used to treat 
uranium-exposed cells of S^ cerevisiae. A 16-h suspension in 0.1 M nitric 
acid, 0.1 M disodium EDTA, and 0.1 M ammonium carbonate removed only 59.3, 
72.3, and 83.5%, respectively, of the bound uranium. To determine if 
surface binding sites were altered by these treatments, the treated cells 
were washed and reexposed to uranium. As shown in Fig. 10, all three 
treatments enhanced the initial rate of uranium uptake, but nitric acid 
and disodium EDTA greatly reduced the concentration of uranium on the cells 
at equilibrium. Two other agents, 0.1 M sodium citrate and 1.0 M potassium 
oxalate, removed 57 and 14%, respectively, of the bound uranium and resulted 
in an increased rate of metal uptake similar to that of ammonium carbonate. 
Whereas ammonium carbonate treatment before or after the initial exposure 
to uranium increased the metal uptake rate, sodium citrate and potassium 
oxalate were effective only when the cells had first been exposed to 
uranium. Disodium EDTA and nitric acid were not tested in this regard. 

Our inability to remove uranium from the cells without affecting the 
cell surface (as evidenced by changes in subsequent metal uptake) prevents 
us from directly determining differences in the surface components of the 
two types of cells in the population. However, it is worth noting from 
these experiments that chemical treatment can be used to increase the rate 
of uranium complexation, which would be important to process application. 

We plan to pursue the identification of metal binding sites in _S. 
cerevisiae along with the question of why only certain cells complex 
uranium. In this regard, we will examine, in both batch and continuous 
culture, the effects of growth conditions and nutrient limitations on the 
cell wall composition of metal-binding and non-metal-binding yeast cells. 

21 Rothstein and Meier gave evidence that polyphosphate groups of S_. 
cerevisiae complex uranium. Phosphorylated polysaccharides (phosphomannans) 
compromise a portion of the cell wall of several species of yeast, including 

31 
S_. cerevisiae. We were able to obtain samples of purified and well-
characterized (particularly with regard to phosphate/mannose ratios) yeast 
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Fig. 10. Uranium uptake by _S. cerevisiae (preexposed to uranium) 
after treatment with nitric acid, disodium EDTA, or ammonium carbonate. 
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phosphomannan from two species of Hansenula. As shown in Table 3, uranium 
complexation by these phosphomannans was related to their phosphate content. 
These results support the role of phosphate groups in metal complexation 
by yeast. 

Carboxyl groups are also active in metal complexation by microbial 
25 28 32 28 cells. ' ' Additionally, it is known that insoluble complexes of 

proteins, such as casein, occur with uranium. Interestingly, we found that 
A 

soluble casamino acids also exhibited this phemonenon. Amino acid analysis 
of a casamino acid solution before and after exposure to uranium tentatively 
implicated cystein and glutamic acid as the amino acids involved in the 
complexation and precipitation of uranium. To determine if these and other 
amino acids were strong enough complexing agents to compete with cells for 
uranium, they were incorporated individually (0.1 w/v %) into the pH 4.0 
uranyl nitrate solution prior to cell addition. The presence of several 
amino acids had no effect on uranium uptake by ]?. aeruginosa. While 
glutamic acid and aspartic acid (dicarboxylic amino acids) strongly 
inhibited uranium uptake by _S. cerevisiae (Fig. 11), none of the mono— 
carboxylic amino acids, including the sulfur-containing cysteine and 
methionine, had any effect. Substitutions on the amino group (e.g., 
N-roethylglycine, N^N-dimethylglycine, and glycylglycine) of a monocar-
boxylic amino acid did not result in interference, whereas the correspond-
ing organic acids (e.g., acetic acid) did interfere with metal uptake. 28 

Dounce and Flagg carried out extensive studies on the complexation 
of uranium with organic acids, proteins, and a few individual amino acids 
through use of a titration technique. Organic acids and proteins were 
very effective in complexing with uranium. Although they concluded that 
free carboxyl groups of proteins are the active site of uranium complexa-
tion, they were unable to explain the very limited interaction between 
uranium and the monocarboxylic amino acids serine and glycine. Rothstein 

21 
and Meier considered these studies in interpreting the results cf their 
own equilibrium dialysis experiments, which measured the affinity of 
various complexing agents, including proteins, for uranium. They observed 
that the maximum amount of uranium bound by a protein accounts for only 

Obtained from Difco Laboratories, Detroit, Michigan. 



25 

Table 3- Complexation of uranium by yeast phosphomannans 

Pho sphomannan 
Mannose/phosphate 

ratio^ 

Solution uranium Phosphomannan 
concentration (g/m3) uranium 

concentration 
(%)c Initial Final 

Hansenula holstii 
NRP.L Y-2448 

478 
1044 

224 
754 

12.7 
14.5 

Hansenula capsulata 
NRRL Y-1842 

^2.5 478 
1044 

48 
432 

21.4 
30.6 

Final concentration, 0.2 w/v %. 

Supplied by M. E. Soldki, Northern Regional Research Center, Peoria, 111. 

(g U/g phosphomannan) x 100. 
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Fig. 11. Inhibition of ĵ . cerevisiae uranium uptake by glutamic acid 
and aspartic acid. 
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20% of the available "free" carboxyl groups. Their suggestion that " . . . 
as in the case of copper, only those carboxyl groups which have adjacent 
accessory groups such as carboxyl and hydroxyl groups can form stable 
complexes with uranyl ion" was one of their reasons for discounting yeast 
cell-surface proteins as important Lo uranium complexation. 

Our experiments on the competition between yeast cells and soluble 
amino acids for uranium showed that dicarboxylic amino acids are effective 
complexing agents for uranium. As we observed, monocarboxylic and N-
substituted amino acids were ineffective in the competition experiments. 
Molecular models indicated no basis for a steric hinderance to uranium 
complexation by these compounds. We have concluded that the positive 
charge on the amino group, which exists in the pH range of our experiments, 
is sufficient to prevent uranium from complexing with the proximal 
carboxyl group. The distant carboxyl group of the dicarboxylic amino 
acid is free to complex as are the carboxyl groups of the corresponding 
organic acids. This interpretation would explain the lack of complexation 

28 
by serine and glycine observed by Dounce and Flagg. It would also 
provide an alternative explanation for the less-than-stoichiometric 
complexation of uranium by available free carboxyl groups in a protein, 21 
as reported by Rothstein and Meier; that is, relatively few carboxyls 
(based on their proximity to an amino group) are free to complex uranium. 
Two other related points should be mentioned in regard to this general 
question. First, reducing the positive charge on cell wall components by 25 
chemical treatment (e.g., formaldehyde) can enhance metal uptake. 
Second, there is recent evidence that the most effective site for metal 
complexation on cell walls of 13. subtilis is the carboxyl group of 24 
glutamic acid in the peptidoglycan. 

With time, the competitive effect of glutamic and aspartic acids 
diminishes and the uranium becomes associated with the cells (Fig. 11). 
We considered the possibility that the cells might be metabolizing the 
amino acids, thus relieving the competitive effect, but we did not attempt 
to measure changes in amino acid concentration. However, initially there 
is a considerable amount of amino acid present (0.1 w/v %), and uranium 21 
is to some extent toxic to J3. cerevisiae. Also, as mentioned earlier, 
uranium uptake is normally accompanied by a rise in solution pH. No 
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substantial change in pH occurred in the competition experiments. These 
factors indicated that relief of the competitive effect was not due to 
amino acid depletion. The fact that uranium became preferentially 
associated with the cells cannot be fully explained at this time. The 
chemistry of uranium is quite complex, and we do not know the chemical 
nature of the bound uranium. Beveridge's theory concerning nucleation and 
crystallization of uranium on the cell surface deserves further attention. 

21 
Rothstein and Meier stated that the yeast-uranium complex was the most 
stable one they observed. 

Because the active metal-binding sites on the surface of cerevisiae 
have not been established, we have no explanation for the increase or 
decrease in uranium uptake rates resulting from chemical pretreatment (e.g. , 
with ammonium carbonate, HgCl2, formaldehyde). As noted above, formaldehyde 
could enhance metal uptake by reducing the overall positive charge of 
cationic sites on cell walls. Again, both the theoretical considerations 
and the practical benefit of increasing microbial metal uptake are of 
importance. 

The response of uranium uptake by J3. cerevisiae to pH, temperature, 
and interfering metal ions (Sect. 2.3.6) can be understood if likened to 
an ion exchange-type mechanism. How do we explain, however, the rapid 
intracellular uptake of uranium by P̂ . aeruginosa? Within the limits of 
our ability to measure uranium uptake, the process in this organism 
appeared insensitive to environmental conditions, and we do not know how 
uranium entered the cell so rapidly (metabolism has been discounted). Once 
inside the cell, uranium appeared to be localized. Perhaps the heavy 
metal-binding protein metallothionein, whose presence has now been verified 33 
in the prokaryote Synechococcus sp., is involved. 

Since only 44% of the cells in the electron micrographs of P̂ . 
aeruginosa contained visible deposits of uranium, there is again the 
theoretical and practical question of whether genetic or environmental 
factors govern metal uptake. 

We had originally hoped to extrapolate the results of our studies 
with the two organisms in order to enhance metal bisorption in a variety 
of biomass sources. That there are at least two different biosorption 
systems, subject to different parameters, precludes any generalizations. 
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Enhancement by whatever means will be dependent on the type of biosorption 
system involved. Future studies will be directed toward elucidating the 
two mechanisms observed. It is of particular interest why only a portion 
of the cells in a population take up uranium and how this proportion can 
be increased. 

2.3.7 Uranium accumulation in the presence of other metal ions 
21 

Rothstein and Meier " observed that certain divalent cations (Ba2 , 
Ca 2+) interfere with uranium uptake by Ŝ. cerevisiae, whereas monovalent 
cations have no effect. We wanted to verify this with our yeast strain 
and determine if there is a similar effect on internal uranium accumulation 
in P̂ . aeruginosa. Also, potentially interfering metals would be of concern 
in any biological treatment process for uranium removal. Potassium (100 
g/m3 K+ as KCl) had no effect on uranium uptake by either organism, nor 
did Ca2+ (100 g/m3 as CaCl2) interfere with P̂ . aeruginosa. Calcium1+5 
was taken up concomitantly with uranium in this organism. Both the initial 
rate of uranium uptake and the ultimate equilibrium distribution with Ŝ. 
cerevisiae were altered by Ca2+ (Fig. 12). Calcium was bound at a slightly 
slower rate than uranium during the first 2 h, but uranium became displaced 
from the cells as calcium uptake continued. The presence of uranium en-
hanced calcium uptake. 

2.4 Development of Process Design Principles 

2.4.1 Conceptual flow sheet 

A fixed-film fluidized-bed bioreactor for the removal of nitrate from 
wastewaters has been under development at ORNL. As indicated earlier in 
this report, the microbial population responsible for denitrification in 
this bioreactor (i.e., the mixed culture of denitrifying bacteria) was 
found to effectively remove uranium from solution. The denitrifying bac-
teria (biosorbent) are produced as a by-product of the nitrate conversion 
reaction. A conceptual process flow sheet was prepared"*" and is presented 
in Fig. 13. As envisioned, the biosorbent would be recovered from the 
denitrification reactor and subsequently used upstream from it to remove 
uranium for recovery or disposal. 
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Fig. 12. Effect of Ca2+ on uranium uptake by cerevisiae. 
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Fig. 13. Flow sheet for biological heavy metal removal-biological denitrification. Source: 
C. W. Hancher et al., Evaluation of Advanced Biological Treatment of Aqueous Effluent from the 
Nuclear Fuel Cycle, QRNL/TM-6340 (September 1978). 
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In order to use the "biosorbent," it must first be collected from the 
denitrification reactor where it is formed and transferred to the reactor 
or contactor for uranium removal. One must know the amount of biosorbent 
required to remove a desired amount of uranium. One must also know the 
contact time and the process conditions required. These topics are dis-
cussed in the following sections. 

2.4.2 Biosorbent recovery and preparation 

A mixed culture of primarily denitrifying bacteria was grown in the 
fluidized-bed bioreactor on a particulate surface of 30-60 mesh anthracite 

1 2 
coal with sodium nitrate and ethanol feed. ' The biomass loading in the 
column was controlled to 5 to 10% of the dry coal weight by directing the 
liquid stream, which contained excess bacteria-laden coal particles, from 
the top of the bed into a Sweco vibrating 30-mesh screen, recycling the 
larger coal particles, and removing the bacteria and coal that passed 
through the vibrating screen. The bacteria could be collected from this 
system either from the top of the growth column before it passed through 
the Sweco screens or from the effluent stream after the Sweco unit broke 
the cells and coal into fine particles. Previous studies for determining 
the capacity of the culture for removing uranium from solution were done 
using clean, freely suspended bacterial cells (Sect. 2.3.3). These 
bacteria were removed from the coal particles on which they were grown, 
and the floe was broken up, leaving individual and small groups of cells. 
The procedure for purifying the cells requires washing and mixing with 
water, and high-speed centrifugation. This method, when applied to the 
biomass collected from the denitrifying column, yielded only a small amount 
of clean cells; a large portion of usable cells still remained bound to 
the coal. Since the objective of a large-scale process application is to 
remove the uranium as simply yet as effectively as possible, a determina-
tion should be made of the difference in the uranium uptake activity 
between purified cells and the coal-laden biomass harvested from the growth 
stage. Experiments were performed on washed cells, resuspended biomass 
collected directly from the denitrifying column, and biomass collected 
using filtration and continuous centrifugation of the effluent stream of 
the biodenitrification system. 
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This effluent stream, at about 4 L/min, was directed into a 22-L 
plastic tank equipped with an adjustable drain set so that a constant 
liquid height could be maintained. About 700 ml/min was pumped from this 
tank through a Sharpies continuous centrifuge running at 22 psig air. 
Time, flow rates, and biomass collected were recorded for the various time 
intervals and times of day that the centrifuge was operated. Uranium 
sorption activity was tested using the resuspended sludge collected from 
this centrifuge. 

A filter was used to recover biomass from the denitrification 
bioreactor effluent. A gravel-sand medium was initially tested, but it 
proved to be inadequate to collect the biomass from the effluent because 
it clogged with the very fine coal particles. Activated coconut charcoal, 
because it could be obtained in the large particle size range of 14 to 20 
mesh, was used with fair results; enough biomass for experimental purposes 
could be collected with it. The filter was run for 1- to 2-h intervals, 
scoured with an air jet, and backwashed with water into a 22-L plastic tank. 
The charcoal medium showed resistance to the liquid flow when the entire 
column was not completely wet. If the liquid flow into the filter was 
insufficient to keep all the charcoal particles surrounded by water, the 
filter plugged. The settled solids and flocculated biomass in the backwash 
tank were collected after pouring off the excess water. These solids were 
centrifuged at 2000 to 3000 rpm for 10 min and stored in a refrigerator 
for 1 to 3 days prior co experimentation. For uranium contacting experi-
ments, a wet weight of biomass was added to distilled water, resuspended 
using a magnetic bar, and thereafter aliquoted into the reaction vessel. 

All the clean cells used were obtained by washing the biomass collected 
from the Sharpies centrifuge. The bacteria-laden coal was obtained directly 
from the fluidized-bed bioreactor subsequent to a shutdown of the denitri-
fication system. 

Several attempts were made to determine the dry ratio of cells to 
coal in the various types of biomass recovered. The total dry weight of 
the biomass mixture of cells and coal was *--\nd by drying it in a 100°C 
oven overnight. The dried samples were ti. ced separately with lysozyme-
EDTA, tissue solubilizer, HN03, and NaOH. The only method satisfactory 
for breaking up the cells in a manner that allowed the coal to be separated 
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was that using a 5 M NaOH, heat, and water washing. This method was not 
precise because a significant portion of the fine coal particles were 
washed out with the water. 

2.4.3 Evaluation of biosorbent 

2.4.3.1 Effect of storage conditions on biosorbent activity. A study 
was made to determine the best method for storing denitrifying bacteria for 
subsequent use as a biosorbent for uranium isolation. As shown in Table 4, 
preservation by freezing (-20°C) was not totally satisfactory but was sub-
stantially better than refrigeration. Although the biosorbent could be 
stored for long periods, in subsequent experiments we routinely used a 
biosorbent that had been stored at 4°C for no longer than 1 to 3 days. 

2.4.3.2 Effect of environmental parameters under potential process 
conditions. Many other metals can be present in waste streams that will 
be treated for uranium removal with use of biosorption. To determine (1) 
the effectiveness of microbial uranium uptake in the presence of other 
metal species and (2) the ability of denitrifying bacteria to remove ura-
nium from a representative waste solution, the denitrifying bacteria were 
exposed to a solvent extraction raffinate waste solution obtained from 
the Goodyear Atomic Gaseous Diffusion Plant in Portsmouth, Ohio. This 
solution was representative of the raffinate streams upon which the de-
sign of a demonstration pilot plant for denitrification and heavy metal 
removal was based."*" 

The uranium content (4 g/m3) of the waste solution was supplemented 
by the addition of uranyl nitrate to an approximate uranium concentration 
of 100 g/m3. Aliquots of the highly acidic (pH <1) waste were adjusted to 
a pH of either 1, 4, or 8 by the addition of sodium hydroxide. Precipitates 
formed as a result of pH adjustment were removed by centrifugation. Deni-
trifying bacteria were then added to the solutions (^71 mg of dry cells 
per 90 ml of pH-adjusted solution), and the mixture was shaken for 1 h at 
40°C. The bacterial cells were recovered by centrifugation and washed in 
deionized, distilled water. The cell paste — along with the original waste 
solution, precipitates, and supernatants, before and after contact with the 
bacteria — was analyzed for U, Al, Fe, Cu, and Cr. These were the predom-
inant metals in the waste solution. 
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Table 4. Effect of storage temperature on uranium uptake 
by the mixed culture of denitrifying bacteria 

Storage 
period 
(weeks) 

Assay time 
(h) 

Uranium 
solution 

concentration of 
(g/m3)a stored at Storage 

period 
(weeks) 

Assay time 
(h) 4°C -20°C 

0 0.5 3.8 3.8 

22.5 2.0 2.0 

1 0.5 33.9 5.5 

22.5 4.3 2.6 

2 0.5 17.0 5.5 

22.5 8.9 4.6 

3 0.5 21.7 6.7 

22.5 22.8 6.7 

a ^ Initial solution uranium concentration 100 g/m . 
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The results presented in Table 5 show that adjustment to pH8, followed 
by centrifugation of the precipitate, effected the greatest removal of met-
als from solution. However, at pH 4 and in the presence of high concentra-
tions of the other metals, the denitrifying bacteria were able to remove 
uranium from solution. 

2.4.3.3 Equilibrium isotherms. Results indicating the equilibrium 
distribution of uranium between biosorbent liquid phases are presented as 
a sorption isotherm in Fig. 14. Saturation of biosorbent with uranium was 
attained at a biosorbent phase uranium concentration of about 0.14 g of 
uranium per gram of dry cells. This is similar to that found with £>. 
cerevisiae and P. aeruginosa (Sect. 2.3.2) and exceeds the saturation val-

30 
ues obtained by Volesky and Tsezos for Pseudomonas fluorescens, "phenolic 
activated sludge," Ionex IRA-400 ion exchange resin, and Filtrasorb 400 
activated carbon. It is less than the value (0.185 g U/g dry cells) ob-
tained using Rhizopus arrhizus. A solution pH in the range 3 to 4 was 
found to be optimum for sorption of uranium by the mixed culture of deni-
trifying bacteria. This is in agreement with the results obtained by 30 
Volesky and Tsezos using R.. arrhizus. 

The daLa points shown in Figs. 14 and 15 represent three different 
biosorbent production periods over a span of 14 months. The fact that 
these points seem to lie about a single isotherm emphasizes the remark-
able stability of the mixed culture with respect to uranium biosorption 
characteristics. 

We initially assumed that the most effective total uranium removal 
would result from a combination of precipitation and bacterial uptake. 
Experiments at pH 9 and high nitrate concentrations caused the uranium 
concentration in the control flasks (those with no cells) to fall as 
rapidly as that in the flasks containing cells. But experiments that had 
no nitrate addition showed the bacterial uptake to be more rapid than 
precipitation, although after 22 h, both reached similar equilibrium concen-
tration. This would indicate that at low ionic strength the bacteria 
sorbed or complexed most of the uranium before precipitation could occur. 
However, further study is necessary to determine how much uranium is 
associated with the cells at high pH; it is not simply a matter of 
subtracting whatever precipitates out in the control flask. 
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Table 5. Heavy-metal uptake from Portsmouth 
waste by denitrifying bacteria 

Metal concentration in solution (g/ m3) 

Adjusted Before pH After pH Contact^ After cell 
Metal PH adjustment adjustment solution contact 

U 1 100.3 80.3 72.4 62.0 
4 100.3 19.0 17.1 3.5 
8 100.3 0.1 0.09 <0.1 

Al 1 7360 5120 4608 4500 
4 7360 821 738.9 712 
8 7360 3.6 3.2 <1 

Fe 1 1770 1170 1053 705 
4 1770 19 17.1 3.7 
8 1770 1.2 1.1 0.6 

Cu 1 258 207 186.3 (61, 127, 186) 
4 258 127 114.3 (36, 11, 36) 
8 258 <1 <1 <1 

Cr 1 38 30 27 (25, 24, 67) 
4 38 2.4 2.2 2.1 
8 38 0.6 0.54 0.6 

aAverage of three determinations. 

°Based on dilution by addition of 10 ml of cells. 
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Experiments were also run at pH 6.5. The controls also showed preci-
pitation, but they reached equilibrium concentration slightly higher than 
did the cells. For both pH 9 and 6.5, the rate of uranium uptake was 
slowed greatly from that at pH 4. Since the controls at high pH showed 
uranium precipitation nearly equal to cell uptake, it was concluded that 
for removing all heavy metals simultaneously precipitation would be 
adequate, but isolation of uranium from other heavy metals would require 
an acidic pH so that only the uranium on the cells would separate from 
solution. 

Experiments run at pH 2 and ionic strength 1.0 M showed a significant 
reduction in the affinity and capacity of the cells for uranium. Figure 16 
indicates that saturation would be less than 10% of that seen at pH 4. 
From these observations it was assumed that pH 4 would be best suited for 
uranium isolation by bacteria. A higher pH might cause uranium precipita-
tion and coprecipitation withother metals in the waste, and a lower pH 
value would cause a decrease in the amount of uranium thaf: the cell could 
remove from solution. 

2.4.4 Mass transfer studies 

2.4.4.1 Freely suspended cells in a stirred-tank reactor. A major 
problem in determining uranium concentration in solution deals with how to 
quickly separate the cells from the solution (Sect. 2.3.2) before they can 
remove any more uranium. While a sample is being centrifuged, the cells 
may still be removing uranium from solution. In the first two experiments 
for mass transfer, two samples were withdrawn at each time interval. One 
sample was filtered in a fine glass filter treated with Siliclad® to 
prevent uranium adsorption to the glass. The other sample was centrifuged 
as previously stated. The uranium concentration in the centrifuged samples 
did not differ significantly from that in the samples that were filtered 
with clean filters. However, a clean filter would be required for each 
sample because once a filter had been used, the biomass on it would affect 
the next sample filtered. Filter paper could not be used because of its 
affinity for uranium. Therefore, since many samples were taken, centrifu-
gation, although slower than filtration, was determined to be the best 
available method for separating cells from solution. 
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Initial mass transfer information was obtained with use of a New 
Brunswick fermentor equipped with a pH controller and monitor, a magnetic 
drive impeller with variable speed from 0 to 900 rpm, a temperature control 
unit, and a fully baffled 7-L cylindrical tank. The second mass transfer 
system consisted of a cylindrical, stainless steel, 7-L tank with a conical 
bottom, an air-driven two-blade propeller set at an angle in the tank, and 
resistance heating coils wrapped around the tank. For both sets of mass 
transfer experiments, the initial uranium concentration was held at about 
25 to 30 ppm, the ionic strength was adjusted to 0.0 M, the temperature 
was maintained at 40°C, and the pH was initially adjusted to 4. 

The mass transfer to particles suspended in a stirred-tank reactor is 
a complex problem as evidenced by the large number of conflicting studies 
in the chemical engineering literature. Experience has shown that the rate 
of mass transfer depends on a wide range of variables, including particle 
size and density; liquid viscosity and density; diffusivity of the solute; 
impeller size, speed, and shape; and tank geometry. Most of the studies 
in the literature use dimensionless correlations for experimental results 
from the dissolution of metal powders or pellets or from transfer to ion 
exchange particles for a wide range of the above-mentioned variables. 
Experience and theory have shown that the Sherwood number for mass trans-
fer to suspended particles can often be correlated by Eq. (1): 

Shp = 2 + f(Re,Sc) . (1) 

The first term on the right accounts for radial diffusion to a suspended 
spherical particle. The second term accounts for forced convection effects 
where a mass transfer boundary layer is formed by the motions of the par-
ticle relative to the fluid. A variety of methods has been used to deter-

34 
mine the functional form of this second term. 

Small particles in low-density-difference systems do not move much 
relative to the fluid under conditions of relatively low shear. Hence, it 
might be expected that the convective contribution to the mass transfer 
coefficient would be small, and the Sherwood number would be approximately 
2. The Sherwood number is defined as kd ID, where k is the mass transfer 
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coefficient, d' is the particle (cell) diameter, and D is the diffusivity 
of the solute spacies (uranyl ions). Reasonable parameter values are 
dp = 1 ym and D = 1 x 10~9 m2/s. For Sh= 2, this gives k = 2 x io~3 m/s 
as a lower limit for k. 

The experimental mass transfer coefficient was determined from a mass 
35 transfer model of the form 

Bulk-phase liquid uranyl concentration (C), time (t), and fluid volume (F) 
were easily determined from experimental measurements. The cell area 04) 
was estimated assuming spherical cells 1 ym in diameter. The total cell 
mass was known. 

According to Eq. (3), a plot of experimental values of In C vc t 
should give a straight line. However, it was found that the relationship 
was not linear, but rather exhibited a decreasing slope with time. In 
order to estimate the maximum value of the apparent mass transfer coefficient 
(k), a finite difference form of Eq. (2) was used in which dC/dt was 
approximated by AC/At over the first 2 min of metal uptake. The results are 
shown in Table 6. 

Because the experimental results have greater mass transfer resistance 
(smaller 7<) by 2 orders of magnitude than that predicted by chemical engi-
neering models, it would seem that transfer through the biological film 
surrounding the cell, not transfer through a hydrodynamic film, is the 
rate-limiting step for uranium sorption. Although further information on 
the molecular form of uranium complexing to the cell is needed as well as 
more accurate determinations of cell surface area, these preliminary 
experiments showed that once good mixing is provided and optimum pH and 

(2) 

which was integrated to give 

(3) 
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Table 6. Experimental mass transfer coefficients 

Experiment 
No • 

Co 
(ppm) 

C2 
(ppm) 

Volume 
(L) 

Area 
(m2) 

k 
(m/s) 

V 
V -

C - C i o 2 
A 2 min C

Q 

1 25.5 5.5 3 3.19 6.2 x 10~6 

2 24.5 18.6 3 0.34 1.8 * 10~5 

3 28.4 21.8 3 0.92 6.3 ^ 10~5 

4 29.3 19.6 7 2.0 9.7 * 10~G 

5 28.3 21.8 7 2. 7 5.0 * 10~6 

Experiments 1 through 3 run with six-blade impeller, fully baffled 
reactor; experiments 4 and 5 run with two-blade propeller, no baffles. £ 

Experiment 1, filter collected cells; experiment 2, clean cells; 
experiments 3 through 5, cells directly from bioreactor. 

temperature are set, the rate of mass transfer to the cell surface is con-
trolled, not by mixing conditions in the reactor, but by the less well 
known surface structure of the cell. 

2.4.4.2 Fixed film of cells in inert particles in a columnar reactor. 
A columnar reactor was developed in order to study continuous, steady-state 
removal and accumulation of uranium by a film of denitrifying bacteria on 
inert particles. The contactor (Figure 17) consisted of a 5-cm-ID glass 
pipe 1 m long with a liquid port 10 cm from the top. The effective re-
actor volume was 5.6 * 10-z+ m3. A solution containing soluble uranium at 
a concentration of 25 g/m3 was pumped into the lower section of the con-
tactor. Particles of anthracite coal (30-60 mesh) with an attached bac-

29 
terial film (5 to 10% of the dry coal weight) were metered into the 
upper section of the contactor at a constant rate. This was accomplished 
by pumping a controlled portion of the reactor effluent into the biosorbent 
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reservoir to serve as a suspending medium for the particules and by con-
trolling the speed of the vibrator/mixer attached to the reservoir. The 
biosorbent particles settled to the bottom of the contactor, which passed 
countercurrent to the upward flow of the liquid stream containing dis-
solved uranium. The liquid temperature was within the range 22 to 24°C. 

As indicated in Fig. 17, we tested the countercurrent contacting 
device with a solution containing 25 g/m3 soluble uranium. This device 
was able to reduce the uranium concentration in the liquid stream to 
0.5 g/m3 in a mean liquid residence time of 8 min. 

Although we now have an indication of how a film of denitrifying 
bacteria adhering to particles can be utilized for the continuous separa-
tion of uranium from a dilute aqueous solution, as noted in the previous 
section, it will be necessary to develop additional analytical techniques 
to obtain the mass transfer correlations required for the design of 
efficient unit operations using the principle of biosorption. 

3. MICROBIAL ACCUMULATION OF CESIUM-137 

3.1 Experimental Procedure 

The ability of microorganisms to remove 13/Cs from solution was 
considered in regard to a potential treatment process for a select high-
level radioactively contaminated waste solution, SRSSW. The actual 
waste solution was simulated for our laboratory studies with a mixture 
of reagent-grade chemicals. It contained several metal species other 
than cesium and high concentrations of nitrate. Unlabeled CsCl was added 
to SRSŜ ' and to the other test solutions to attain the concentrations 
shown in Table 7; also added was about 50 yCi of 137CsCl as a tracer. 
After the cells were exposed to 137Cs under the conditions indicated, 
they were removed from solution, and the remaining soluble 137Cs was 
assayed by y radiation counting. 



Table 7. Uptake of J37Cs by microorganisms 

Microorganism Cell stage Culture medium 

Cesium 
concentration 

(g/m3) 

Cell 
concentration 
(g/100 ml) 

Distribution 
coefficienta 

Pseudomonas Rest SRSSW at pH 4 0.12 0.4 11 
aeruginosa 

SRSSW at pH 7 0.12 0.4 12 

SRSSW at pH 10.2 0.12 0.4 9 

Growth Complex organic 0.017 0.2 16 

Saccharomyces Rest Water at pH 0.006 0.6 26 
cerevisiae 

Growth Complex organic 0.017 0.4 37 

Mixed culture Growth Denitrifying0 0.013 0.002, 0.003 228, 469 
of denitrifying 
bacteria Growth SRSSW 0.013 0.04 9 

0.013 0.04 15 

0.013 0.006, 0.010 95, 137 

0.013 0.03 21 

0.913 0.05 49 

distribution coefficient: c p m 137(;s p e r 6 c e l l s . 
j, cpm 137Cs per g solution 
Complex organic medium (see ref. 15). 
Ethanol (0.5%v/v) as carbon source (see ref. 2). 
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3.2 Results 

As shown in Table 7, the distribution coefficients obtained were 
relatively low, and in all cases the bulk of the cesium (as evidenced by 
soluble radioactivity measurements) remained in solution. The denitrifying 
bacteria grew little, if at all, in the presence of cesium when ethanol 
was the carbon source and the cultures were incubated anaerobically under 
a nitrogen atmosphere. 

Published reports of microbial cesium accumulation indicate that both 
growth-related and adsorptive phenomena o c c u r . ^ The growth stage 
at which maximum accumulation occurs varies in these reports. Also, it 
has been found that cesium is not permanently associated with growing 
cells and that firm binding is more significant in old cells and detritus. 

We attempted to compare our results with those in the literature. 
Notably, it has been shown that cesium accumulation factors or distribu-
tion coefficients decrease as the cesium concentration increases. For 

9 example, Fisel et al. observed that Paecillomyces marquandii exhibits 
maximum accumulation (34% of added 137Cs) at the lowest cesium concentra-

38 tion tested (^0.008 nM Cs). With Chlorella pyrenoidosa, increasing the 
cesium concentration from a tracer level (10 uCi 137Cs/L) to 0.5 ril 

39 
decreases the concentration factor by threefold. Williams also found 
that a cesium concentration of 0.15 mM significantly reduces the concen-
tration factor in Euglena intermedia. Cesium incorporation studies done 36 37 39 c by other workers ' ' involved very low 137Cs levels (2 to 20 * 10~5 
yCi/ml), and relatively high distribution coefficients were obtained. 

The results in the literature as well as our own are presented as 
distribution coefficients or accumulation factors. These values are a 
function of both the maximum cellular loading capacity for cesium and the 
solution cesium concentration. When maximum loading of the cells has been 
achieved, increasing levels of residual cesium depress the distribution 

14 
coefficient. We have observed this with microbial uranium uptake. 
Based on the available data, it would seem that high cesium levels may 
not be inhibitory but rather that the cells have a low maximum capacity, 
for cesium. Hence, when the cells have reached this maximum capacity, 
additional unbound cesium depresses the distribution coefficient or 
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accumulation factor. We were unable to deduce the loading capacity from 
the data in the literature, and our own experiments were not designed to 
obtain this value. However, a very rough estimate from our data indi-
cated a loading capacity of less than 10 pg of Cs per gram of cells. In 
all cases, the greater portion of cesium remained in solution, which 
provides evidence that the cells were saturated with cesium under the 

37 39 conditions imposed. Additionally, Plato and Denovan and Williams 
reported that cesium accumulation factors are cell-density dependent, 
and our own results (Table 3) also show this. 

4. MICROBIAL ACCUMULATION OF RADIUM-226 

4.1 Experimental Procedure 

Radium-226 incorporation by microbial cells was considered with re-
gard to another radioactive waste problem — namely, contaminated waste 
storage ponds. In addition to 226Ra, such water contains a variety of 
other metal species and 1.3% nitrate. Samples of the pond water were 
treated as indicated in Tables 8 and 9. Incorporation of 226Ra was 
determined for both resting and growing cells. After contact, the cells 
were removed by centrifugation, and the remaining soluble 226Ra was 
assayed by use of y radiation counting. 

4.2 Results 

It can be seen that some microorganisms can accumulate 226Ra under 
resting cell (Table 8) or growth (Table 9) conditions. However, the 
distribution coefficients are relatively low. 

Little is known about the microbial accumulation of radium. Jilek 
et al.^ observed the removal of 226Ra from a waste stream by chemically 
derivatized mycelia of Penicillium chrysogenum, but no distribution 

4 
coefficients or cellular capacities were reported. Another investigator, 
using the same pond water as we did and using methanol as a carbon source, 
found that 95% of the 226Ra was removed during long-term (months) growth 
of denitrifying microorganisms. In contrast, we found very little 226Ra 
removal by biosorption or during short-term (weeks) growth experiments. 
Further experimentation hopefully will resolve these differences. 
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Table 8. Uptake of 225Ra from contaminated pond water 
by resting cells'2 

k Distribution 
Microorganisms pH of solution coefficient1" 

Pseudomonas aeruginosa 4 

6.9 « 1 

Saccharomyces cerevisiae 4 

6.9 

Ashbya gossypii 7.7 344 

Penicillium chrysogenum 7.7 624 

Mixed culture of 
denitrifying bacteria 

3.9 

5.7 

7 

95 

7.7 38 

a 2 2 6Ra concentration, 345 pCi/L. 

^Cells (washed, resuspended in water) were added to the waste solution, 
and the mixture was shaken at 25 to 27°C. 

CDistribution coefficient: o u ! ^ cells ^ pCi ^2°Ra/g solution 
^pCl 226Ra/g cells essentially equivalent to background. 
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Table 9. 22GRa content of microorganisms cultured 
in contaminated pond water 

Total 226Ra (pCi) 
Distribution 
coefficient Initial Solution Cells 
Distribution 
coefficient 

Mixed culture of 
denitrifying bacteria 
nl b Glucose grown 48 41, 35 3 .5, 2.6 104, 119 

Ethanol grown^ 48 32, 34 1 .9, 3.1 124, 126 

Chlorella pyrenoidosa 
Q Shake culture 48 40 0.45 51 

Static culture0 48 56 0.63 41 

VJS algae^ 

Shake culture 48 42 0.37 46 

Static culture 48 60 0.60 32 

a Distribution coefficient: pCi 226Ra/g cells 
pCi 226Ra/g solution 

Incubated for 20 days, resulting in an approximate tenfold increase 
in cell mass. 

Incubated for 17 days. 

^Mixed algal, blue-green algal population isolated from pond water. 
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