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UNLIMITED



Summary

Contamination of soils, water, and sediments by radionuclides and toxic

metals from the disposal of uranium processing wastes is a major national

concern. Although much is known about the physico-chemical aspects of U, we

have little information on the effects of aerobic and anaerobic microbial

activities on the mobilization or immobilization of U and other toxic metals

in mixed wastes. In order to understand the mechanisms of microbial

transformations of uranium, we examined a contaminated pond sediment and a

sludge sample from the uranium processing facility at Y-12 Plant, Oak Ridge,

TN. The uranium concentration in the sediment and sludge samples was 923 and

3080 ug/g dry wt, respectively. In addition to U, the sediment and sludge

samples contained high levels of toxic metals such as Cd, Cr, Cu, Hg, Pb, Ni,

and Zn. The association of uranium with the various mineral fractions of the

sediment and sludge was determined by selective chemical extraction

techniques. Uranium was associated to varying degrees with the exchangeable

carbonate, iron oxide, organic, and inert fractions in both samples. Initial

results in samples amended with carbon and nitrogen indicate immobilization of

U due to enhanced indigenous microbial activity under anaerobic conditions.
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1. INTRODUCTION

Microorganisms play a major role in the transformation and transport of

radionuclides and toxic metals in nature. Under aerobic and anaerobic

conditions, microorganisms affect dissolution and mobilization or

immobilization of uranium from wastes by one or more of the following

processes: (i) oxidation-reduction reactions, (ii) changes in pH and Eh which

affect the valence state of U and its solubility characteristics, (iii)

chelation or production of specific sequestering agents, and (iv)

bioaccuraulation, movement and release of metals due to reraineralization

elsewhere in the environment. The role of autotrophic microorganisms (mainly

Thiobacillus ferrooxidans) and the mechanisms of uranium dissolution from ores

have been studied extensively. Consequently, bacterial leaching of pyritic

uranium is both feasible and economical, and is widely used in the commercial

recovery of uranium (Fisher, 1966; Ehrlich, 1981; Brierly, 1978; Zajic, 1969).

It has been demonstrated that T. ferrooxidans can directly oxidize UO2 and

uranous sulfate to UO2 and thus increase the solubility of uranium

(Dispirito and Tuovinen, 1981). However, the predominant mechanism of

dissolution of uranium from ores in nature is due to generation of the

oxidizing agent Fe by T. ferrooxidans by oxidation of Fe from ores.

Ferric ions oxidize UO2 to UO2 . In addition to the autotrophic bacteria, a

variety of heterotrophic bacteria belonging to the genera Bacillus.

Pseudomonas. Achromobacter. and Desulfovibrio have been identified in ore

samples (Bhurat et al. , 1973; Jayaram et al., 1974). Heterotrophic

microorganisms are involved in the dissolution of uranium from rock materials

(granitic rock) where uranium is generally present as oxide (Bloomfield and

Kelso, 1973; Berthelin and Munier-Lamy, 1983). Such solubilization is due to

production of organic acid metabolites. Munier-Lamy and Berthelin (1987) have

shown that microbial solubilization of uranium from rocks (syenite and aplite)

is due to the formation of soluble organo-uranyl compounds (M.W. ca. 2500-

3000), and simple carboxylic (oxalic, isocitric, citric) and phenolic (ortho-

and para-coumaric, isoferulic, parahydroxy benzoic) acids.

Contamination of soils, water, and sediments by radionuclides and toxic

metals from the disposal of mixed wastes is a major national concern. The

forms in which the radionuclides and metals occur (e.g., ionic, oxide,

coprecipitates of iron, inorganic complex, organic complex) strongly influence



their toxicity, bioavailability, and mobility in the environment. Although

much is known about the physico-chemical aspects of uranium, little

information exists on the effects of microbial processes, in particular, the

effects of anaerobic microbial activities on the mobilization or

immobilization of U and other toxic metals in depleted U wastes. In this

paper, we present initial experimental results of the anaerobic microbial

transformations of uranium in a contaminated sediment and sludge collected

from a uranium processing plant.

2. MATERIALS AND METHODS

Sample Source: Sediment sample from the New Hope Pond (NHP sediment),

which received uranium processing wastes, and a sludge sample from the uranium

process waste stream after denitrification of high nitrate containing U waste

at the West End "reatment facility (WETF sludge) at Y-12 plant, Oak Ridge, TN,

were used in this study. The samples were collected on October 28, 1988, in

2.5 gallon polyethylene containers equipped with airtight seals, and shipped

to Brookhaven National Laboratory (BNL) in 55 gallon drums. Upon receipt at

BNL, the samples were immediately checked by the Safety and Environmental

Protection Group and then processed. The samples were mixed well, and sub-

samples were taken for chemical and microbiological analyses. A portion of

the sediment and sludge samples were freeze-dried. The remaining samples in

the polyethylene containers were tightly sealed and stored in the

refrigerator.

Chemical Characterization: The sediment and sludge samples were

analyzed for moisture by drying overnight at 105°C. Ash and sulfate sulfur

were determined according to ASTM methods D3174-82 and D2492-80, respectively

(ASTM, 1983). Carbon and nitrogen were determined using a Perkin Elmer model

240B elemental analyzer after samples were treated with IN HNO3 and gently

heated to remove free carbonates. The metals Al, As, Ca, Cd, Cr, Co, Cu, Fe,

K, Mg, Mn, Na, Ni, Pb, Se and Zn were analyzed by atomic absorption

spectroscopy (Standard Methods, 1975; Liam and Jackson, 1982). Uranium was

analyzed by spectrophotrometric method using bromo-PADAP reagent after a

preliminary extraction with tri-n-octylphosphine oxide in cyclohexane (Johnson

and Florence, 1971). Mercury was determined by cold vapor lamp method

(Stewart and Bettany, 1982). An initial screening of the samples for the



presence of various metals was performed b, is ing X-ray fluorescence beam lino

X-26 at the National Synchrotron Light Source (NSLS).

The mineralogical associations of uranium and toxic metals in the

sediment and sludge samples were determined by a selective extraction

procedure (Tessier et al., 1979; 1985; Chidambaranathan, 1986). This included

determinations of water soluble, exchangeable, carbonate, iron-manganese

oxide, organic, inert, and residual fractions. Blanks containing no sediment

or sludge sample were carried through each extraction step.

Anaerobic Microbial Study: A 5% slurry of the sediment or sludge sample

in 100 ml of deionized water was incubated (i) as is without any additions

(unamended sample), (ii) with 0.5% glucose and 0.015% NH4CI (amended sample),

and (iii) autoclaved unamended sample (control). All samples were incubated

in triplicate except the control samples, which were incubated in duplicate.

At periodic intervals, triplicate unamended and amended samples, and duplicate

samples of the controls were analyzed for total gas production, carbon

dioxide, hydrogen, and methane (Francis and Dodge, 1986). The samples were

then opened inside the anaerobic glove box, and after measuring pH, the

samples were filtered using a 0.22 um Millex filter. A portion of the

filtered aliquot was analyzed for anions by ion chromatography using a

conductivity detector, organic acid metabolites by HPLC using a UV detector at

210nm, and alcohols and glucose by HPLC using a refractive index detector. A

portion of the aliquot was acidified with Ultrex HNO3, and analyzed for

uranium and metals as described above. The amounts of uranium and the metals

remaining in the sludge and sediment after microbial action were also

determined.

3. RESULTS AND DISCUSSION

Chemical Characterizacion: The chemical characteristics of the sediment

and sludge samples are given in Table 1. The NHP sediment had a high ash

content, and appreciable amounts of organic carbon and nitrogen. X-ray

diffraction analysis of the sediment sample revealed that it contained high

levels of SiO2- The WETF sludge was low in organic carbon and nitrogen but

high in ash and sulfate. The sulfate in the sludge resulted from the addition

of sulfuric acid and ferric sulfate in the waste treatment process.



Both sediment and sludge samples contained varying levels of major

elements, Al, Ca, Fe, Mg, K, and Na, and toxic metals, As, Cd, Cr, Co, Cu, Fb,

Mn, Hg, Ni, Se, U, and Zn (Table 1). The concentrations of uranium in

sediment and sludge samples were 923 and 3080 ppm, respectively. The sediment

contained high levels of Cr, Mn, Hg, and Zn. Compared to the sediment, the

sludge was high in Ca, low in Fe and Mn, and contained higher amounts of Cd,

Cr, Pb, and Ni. Analysis of the sediment sample by X-ray fluorescence showed,

in addition to those elements reported in Table 1, the presence of titanium,

gallium, bromine, strontium, rubidium, yttrium, and zirconium (data not

shown). Selenium was not detected in these samples.

Chemical analysis of the supernates of the NHF sediment and WETF sludge

is shown in Table 2. The WETF sludge supernate pH was alkaline, high in

dissolved inorganic carbon (D1C) and sulfate and low in nitrate. The sediment

supernate had near neutral pH, high dissolved organic carbon (DOC), and low

levels of other constituents tested.

Selective Extraction: The mineralogical association of uranium in the

sediment sample is shown in Figure 1. The inert and organic fractions

contained 301 and 293 ug of uranium/g dry wt, respectively, while the labile

carbonate fraction contained 176 ug/g of U, and the Fe-Mn oxide fraction

contained 162 ug U/g dry wt. Nearly half the total uranium in the sludge

sample (Figure 2) was associated with the carbonate fraction (1600 ug) whereas

the association of uranium with other fractions was as follows: exchangeable,

400 ug; iron oxide, 216 ug; organic, 516 ug; and inert, 80 ug/g dry wt.

The uranium found in the water soluble fraction, exchangeable fraction,

carbonate fraction, and oxide fraction must be in the U(VI) state (Taylor,

1979). Since all the extractions were performed in airtight containers under

N2 atmosphere, it was unlikely that there was any oxidation of U(IV), if

present in these samples. Furthermore, the spectrophotometric method used for

uranium analysis is specific for U(VI). Any U(IV) extracted during the

selective extraction procedure would hydrolyze immediately under these

experimental conditions and, therefore, not be detected. The speciation of

uranium associated with the organic and inert fractions is difficult because

the extractants used were very strong oxidizing agents, and by this method all

uranium is expected to be converted to U(VI). During the selective extraction

process it is possible that uranium and other metals could be redistributed

from one fraction to other fractions. Despite the drawbacks of the sequential



selective extraction procedure, it provides general information on the overall

distribution of toxic metals with the various mineral phases in the waste.

A comparison of the total uranium obtained by digestion of the entire

sample with the sum of the selective extractions showed good agreement within

+ 10% (+ 1SEM).

Anaerobic Microbial Study: Anaerobic microbial activity measurements in

the sediment and sludge samples are presented in Table 3. The control and

unamended samples showed no significant microbial activity except for small

amounts of methane in the headspace. The pH of the control samples was

slightly lower than that of the unamended samples, probably as a result of the

autoclaving process. No organic acid production was observed in the control

or in the unamendeci sample. The glucose amended samples, however, showed an

increase in total gas, CO2, H2, GH4, and organic acids. The pH of the

sediment and the sludge samples was lowered by about 2.3 and 2.5 units,

respectively. This change in pH was due to the production of organic acid

metabolites from glucose fermentation. The organic, acids consisted of acetic,

butyric, propionic, formic, pyruvic, lactic, isobutyric, valeric, and

isocaproic acids. The sludge sample produced higher amounts of total gas and

CO2 which was due to the dissolution of CaC03 in the sludge. Methane

production in the sludge was much lower than in the sediment. While sulfate

in both samples decreased only in the amended samples (data not shown), the

formation of sulfides (blackening of waste) was not evident.

Anaerobic Microbial Dissolution of Uranium from Sediment and Sludge:

Dissolution of uranium from the sediment incubated under anaerobic conditions

is presented in Figure 3. Both the control and the unamended sediment samples

incubated for 50 days under anaerobic conditions showed no increase of U in

solution. The U in the unamended sample decreased from the initial value of

25 ug/g to <5.0 ug/g (detection limit of U) at day 2, followed by a slight

increase qn day 3, and then remained below the detection limit. Similarly,

the concentration of U decreased in the amended sample from 30 ug/g at day 0

to below detection limit at day 2, followed by a slight increase on day 4, and

decreased to below the detection limit on day 9. A gradual increase in U to

18 ug/g was observed on day 23, followed by a gradual decrease to below the

detection level on uay 50. Analysis of the residue in the sample bottle after

50 days incubation showed that about 83% of the total uranium was recovered.



The dissolution profile of uranium from the sludge is shown in Figure 4.

The uranium in the autoclaved control sample showed a gradual decrease from

the initial 70 ug/g to 34 ug/g on day 51. The higher concentration of uranium

observed in the control sample may be due to the autoclaving process. Uranium

in the unamended sample also decreased during the course of incubation from 50

ug/g to 16 ug/g. In the amended sample, however, U concentration in solution

decreased much below that of the control and the unamended samples during the

entire incubation period. The only exception to the above observation was on

days 7 and 10, when the U values were slightly higher than that of the

unamended sample but much less than that of the autoclaved control sample. A

comparison of uranium in the sludge before and after microbial treatment

showed that all of the U was found in the solids.

Uranium associated with the carbonate fraction can be readily mobilized

due to microbial activity. The carbonate-associated uranium which probably

exists as the soluble U(VI) species is readily released into solution in the

amended sample due to organic acid metabolites and changes in pH of the

medium. For example, the carbonate fraction in the sediment was almost

completely dissolved judging from the release of Ca (Table 4). In that case,

it is reasonable to assume that the U (176 ug/g) associated with the carbonate

fraction also has been released into the medium. Only 17 ug of U was found in

solution on day 23 instead of 176 ug, and the concentration of U in solution

subsequently decreased to below the detectable limit. Similarly, although not

all Ca has been dissolved from the Ca-rich sludge (Table 4), at least a

fraction of the 1600 ug of U/g of sludge associated with calcium carbonate

fraction should have been released into the medium, yet only a small amount of

U was detected in solution.

Uranium associated with the iron oxide fraction can also be remobilized

due to enzymatic reduction of iron oxide to Fe(II) and the release of U

coprecipitated with the iron. Significant amounts of uranium are associated

with the oxide fraction in the sediment and sludge (Figs. 1 and 2). Increase

in concentrations of Fe(II) and Mn in solution after bacterial activity was

observed (Table 5). Furthermore, a significant amount of uranium in the

sludge is present as the exchangeable form (400 ug/g) which could be readily

solubilized due to microbial action.

These results suggest that a substantial amount of uranium associated

with the exchangeable, carbonate, and iron-oxide fractions from the sludge and



sediment, is released into the medium due to enhanced anaerobic microbial

activity, but little uranium is detected in solution. It appears that the

solubilized uranium is immobilized under anaerobic conditions. The

immobilization of uranium is probably due to (i) biosorption by biomass which

can attenuate soluble U(VI) (Strandberg et al., 1981; Ferris and Beveridge,

1985) and (ii) reduction and precipitation of uranium under reducing

conditions brought about by the microbial activity in these experiments.

Under reducing conditions, U(VI) can be reduced to insoluble U(IV) by chemical

reduction (Taylor, 1979) or by microbial enzymatic action (Woolfolk and

Whiteley, 1962). The mechanisms of chemical reduction of U(VI) have been

documented in the literature while microbial enzymatic reduction of U(VI) has

not been clearly established.
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Table 1. Characterization of Oak Ridge Sediment and Sludge
Samples

Constituents NHP Sediment WETF Sludge

Physical, %

moisture
ash

Chemical, %

organic carbon
nitrogen
sulfate sulfur

Major metals, %

aluminum
calcium
iron
magnesium
potassium
sodium

Trace metals, ug/g

arsenic
cadmium
chromium
cobalt
copper
lead
manganese
mercury
nickel
selenium
uranium
zinc

64.5+0.0*
75.5±0.0

11.3+0.1
0.42+0.00
0.94+0.03

5.08+0.19
4.66+0.02
4.72+0.04
0.79+0.01
1.19+0.02
0.09±0.01

dry wt

18.7+2.2
17.6+0.0
357+2

81.3+12.1
457+0
155+14
726+1
323±4
202±10
<1.0
923+23
1400+10

63.1+0.0
58.7+0.0

1.22±0.00
0.11±0.00
2.32+0.04

5.26±0.00
36.4±0.6
0.47±0.01
0.99±0.01
0.05±0.00
1.87+0.04

1.2±0.0
80.6+1.4
450+8
38.7+10.5
392+0
360+9
209+2
9.6+1.0
1200+10
<1.0

3080±10
703+27

* + 1 Standard error of the mean.
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Table 2. Chemical Characterization of Oak Ridge Sediment
and Sludge Supernates*

NHP Sediment

7.25

50

113

0.33

180

29.9

WETF Sludge

9.25

334

<5

14.5

1840

732

PH

DIC ug/ml

DOC "

N03~ "

S0 4
= "

Cl" "

*Supernate removed from sediment or sludge after settling
and filtered through a 0.22 urn Millex filter.
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Table 3. Metabolic Activity of Indigenous Bacteria in Wastes.

Treatment1

NHP Sediment

Control
Unamended
Amended

WETF Sludcre

Control
Unamended
Amended

pH

7.30
7.47+0.054

5.22+0.00

8.61
8.82+0.00
6.38±0.01

Total
Gas Produced

(ml)

1.4
2.0+0
26.2+0

1.0
1.2+0
41.2+6.1

C02
(umoles)

0.12
0.08+0
2.7+0

0.41
0.61+0
4.7+0.1

H2
(umoles)

0.03
0.01+0
0.20+0

0.04
0.00
0.34+0.18

CH4
(umoles)

ND3

1.6+0.06
20.6+1.7

ND
0.05+0
0.18+0.01

Total2

Organic
Acids
(umoles)

ND
ND
4490+60

ND
ND
3970+200

1 Sediment incubated for 50 days, sludge incubated for 51 days
2 Organic acid metabolites consisted of acetic, butyric, propionic, formic, pyruvic,

lactic, isobutyric, valeric and isocaproic acids
3 ND - none detected
4 + 1 SEM



Table 4. Dissolution of Calcium from NHP Sediment and WETF
Sludge Samples Due to Microbial Action

Calcium fug/g dry wt.)

Sample Total Solubilized % Solubilized

Sediment 46,600 44,000 94

Sludge 364,000 61,000 17
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Table 5, Dissolution of Fe and Mn from Sediment and Sludge

Treatment Fe(II) Mn
ug/gdw

NHP Sediment

Control 53.0 18.8
Unamended 37.7+2.2 11.1±1.6
Amended 15600+100 458±12

WETF Sludge

Control 47.1 <2.5
Unamended <5,0 <2.5
Amended 800+81 15.2+1.7
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Figure Legend:

Figure 1. Mineralogical association of uranium in NHP sediment.

Figure 2. Mineralogical association of uranium in WETF sludge.

Figure 3. Dissolution of uranium from NHP sediment incubated under
anaerobic conditions.

Figure 4. Dissolution of uranium from WETF sludge incubated under
anaerobic conditions.
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Figure 1. Mineralogical association of uranium in NHP sediment.
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Uranium in Sludge
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Figure 2. Mtneralogical association of uranium in WETF sludge.
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