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Microbial Transformation of Low-Level Radioactive Waste

Abstract

Microorganisms play a significant role in the transforma-
tion of the radioactive waste and waste forms disposed of at
shallow-land burial sites. Microbial degradation products of
organic wastes may influence the transport of buried radio-
nuclides by leaching, solubilization, and formation of organo-
radlonuclide complexes. The ability of indigenous microflora of
the radioactive waste to degrade the organic compounds under
aerobic and anaerobic conditions was examined. Leachate samples
were extracted with methylene chloride and analyzed for organic
compounds by gas chrooatography and mass spectrometry. In
general, several of the organic compounds in the leachates were
degraded under aerobic conditions. Addition of a nitrogen
source increased the rate of decomposition. Under anaerobic
conditions, the degradation of the organics was very slow, and
changes in concentrations of several acidic compounds were
observed. Several low-molecular-weight organic acids are formed
by breakdown of complex organic materials and are further metab-
olized by microorganisms; hence these compounds are in."a dynamic
state, being both synthesized and destroyed. Addition of a
nitrogen source had only a slight effect on these degradation
rates. Tributyl phosphate, a compound used in the extraction of
metal ions from solutions of reactor products, was not degraded
under anaerobic conditions. The formation of straight- and
branched-chain aliphatic acids and their long residence time
in an anaerobic environment could significantly affect the
migration of radionuclides from the disposal sites.

The chemical and biological stabilities of the synthetic
chelating and decontamination agents and of naturally occurring
and microbially synthesized radionudide complexes are among the
major factors determining the mobility of radionuclides from a
burial environment into the biosphere.



Low-level radioactive wastes generated by the nuclear
industry, universities, research organizations, and hospitals
consist of a variety of radionuclides and organic materials such
as contaminated paper, clothing, plastics, packing materials,
cleanup solutions, and carcasses of experimental animals.
Microorganisms play a significant role in the transformation of
the radioactive waste and waste forms at the disposal sites and
enhance or retard the migration of radionuclides. For example,
various microbial processes may bring about (a) changes in pH
and in Eh (oxidation-reduction reactions) which affect the
valence or ioaic state of the radionuclides and enhance their
mobility in Che environment by retarding the soil-binding char-
acteristics; (b) chelation, solubilization, and leaching of cer-
tain elements by microbial metabolites or decomposition prod-
ucts; (c) bioaccumulation, biomethylation, and production of
volatile and/or toxic alkylated metal compounds; (d) production
of radioactive, toxic, and explosive gases which result in con-
tainer pressurization and explosion in the burial sites; and (e)
enhanced radionuclide uptake by plants. Furthermore, relatively
little is known of the possible synergistic or antagonistic
effects of radionuclides and several organic compounds in the
waste.

Water leachate samples collected from low-level radioac-
tive waste disposal sites at Maxey Flats, KY, and West Valley,
NY. contained " C , 3H, 60Co, ™$r, 134,137Cs, 241tof and
238,239,240pu [1,2]. In addition to the radionuclides, sev-
eral organic compounds consisting of straight- and branched-
chain aliphatic acids, aromatic acids, alcohols, aldehydes,
ketones, amines, aromatic hydrocarbons, esters, ethers, and
phenols were identified in the trench leachate samples [3]. The
organic compounds of the waste can be degraded by microorganisms
to yield CO2, CH4, and low molecular weight organic acids,
alcohols, aldehydes, ketones, and esters in soils under anaero-
bic conditions 14,5]. The presence of electron acceptors such

^~ wilas N03~ and S0^~ will support growth of denitrifying and sul-
fate reducing bacteria. As a strict anaerobic environment
develops, CO2 and low molecular weight organic compounds will be
converted to methane by methanogenic bacteria. The presence of
several low-molecular-weight organic acids and CO2 in several
trench leachates indicates the microbial transformation of the
organic constituents of the waste. Recently, Francis et al. [6]
reported the presence of a variety of aerobic and anaerobic
bacteria in the waste leachates and observed that the radio-
activity and organic chemicals were not toxic to these bac-
teria. They also demonstrated that the bacteria play a signifi-
cant role in the generation of tritiated and carbon-14 methane
from the waste [7]. Microbial degradation products of the
organic wastes may influence the transport of buried radio-
nuclides by leaching, solubilization, and formation of organo-
radionuclide complexes. This work reported here concerns the



ability of indigenous microflora to degrade the organic com-
pounds of the radioactive waste under aerobic and anaerobic
conditions.

Materials and Methods

Leachate samples from trenches at the low-level radioactive
waste disposal sites at Maxey Flats, KY, and West Valley, NY,
were collected under anoxic conditions [2], Approximately 5
gallons of trench leachate was flushed through the collection
system before samples were taken for microbiological, inorganic,
organic and radiocheaical analyses.

Dissolved organic carbon (DOC) content and the organic
analysis of the leachate samples used in the degradation studies
were performed according to the procedure described by Francis
et al. [3]. The extraction and fractionation scheme for organic
analysis of leachate samples is shown in Figure 1.

The microbial degradation of organic compounds present in
leachate samples and selected organic compounds under eerobic
conditions was studied by monitoring CO2 production in biometer
flasks (Bellco, Vineland, NJ) as described by Eartha and Framer
[8]. Carbon dioxide produced by the samples was trapped in 0.1
N KOH and determined by addition of 1.0 ml of 2 N BaCl2 and
titrating with 0.05 N HC1, with phenolphthaltln as the
indicator.

Leachate samples collected anoxically from Maxey Flats
trench 19S and West Valley trench 5 and maintained in a N2 atmo-
sphere at 4°C were used in this study. Trench water aliquots of
50 ml each were transferred to sterile 250-ml biometer flasks
and incubated (a) as is, (b) supplemented with nitrogen (NH4NO3,
0.025 g, and (NH^SO/^, 0.02 g) or, (c) acidified with HC1 (con-
trol). Duplicate samples of each, incubated aerobically at room
temperature were monitored for CO2 production periodically.

Degradation of selected organic compounds by trench leach-
ate bacteria was studied by monitoring CO2 production in biom-
eter flasks. For this purpose, p-cresol, 2-ethylhexanoic acid,
phenylacetic acid, phenylpropionic acid, tributyl phosphate,
a-terpineol, and glucose, 0.04% vol/vol or wt/vol, were each
separately added to 50 ml of sterile mineral salts medium in
biometer flasks. The composition of the mineral salts medium
was as follows: NH4NO3, 0.5 g; (NH^SO^, 0.4 g; M g S O 2
0.2 g; NaCl, 0.2 g; CaCl2*2H2O, 0.025 g; FeSO4«7H2O, 0.005
g; K2HPO4, 4.8 g; KH2PO4, 1.2 g; distilled water 1000 ml, pH
7.0. These samples were inoculated with 0.2 ml of mixed bacte-
rial culture obtained from Maxey Flats 19S leachate. In addi-
tion, 50 ml of filter sterilized 19S leachate sample was also
inoculated with 0.2 ml of mixed bacterial culture. The control
samples consisted of media plus inoculum. All samples, in
duplicate, were incubated under aerobic conditions at room
temperature. The carbon dioxide produced by these samples was
absorbed by the alkali and determined volumetrically on a
periodic basis.



Aerobic and anaerobic degradation of specific organic com-
pounds present In the leachate samples was studied by monitoring
changes in their concentrations. One hundred millilite.rs of the
samples with or without nitrogen amendment were incubated aero-
bically or anaerobically. Aerobic samples were incubated in
500-ml sterilized Erlenmeyer flasks fitted with cotton plugs on
a rotary shaker at 28°C. Anaerobic samples were incubated in
sterilized stoppered 120 ml serum bottles in an atmosphere of
85% N2> 10% CO2, and 52 l^. Acidified control samples were
incubated under identical aerobic or anaerobic conditions. To
determine the effect of addition of nitrogen on the degradation
of organics, NH4NO3, 0.05 g and (Nfy^SO^ 0.04 g were added to
100 ml of leachate samples which were then incubated aerobically
or aerobically. At the end of the incubation period, samples
were acidified, extracted with glass-distilled methylene
chloride, and separated into acidic and neutral fractions. The
methylene chloride extracts were then concentrated and analyzed
by gas chromacography and mass spectrometry [3].

Results and Discussion

Carbon dioxide production from the degradation of organic
compounds present in the leachate samples under aerobic condi-
tions is shown in Figure 2. Leachate samples initially con-
tained dissolved CO2 primarily due to anaerobic microbial activ-
ity. These samples were collected anoxically and stored at 4°C
prior to use in the degradation studies. Leachate samples sup-
plemented with nitrogen produced more CO2 than unamended
samples. This effect was more pronounced with West Valley
trench 5 leachate than with Maxey Flats trench 19S leachate.
Differences in the rates of CO2 production by the leachates are
probably due to the nature and type of organic compounds, compo-
sition of microbial community, and concentration levels of dif-
ferent radionuclides present in the leachates. The pH of the
leachate samples was in the range of 6.7 to 7.3. West Valley
and Maxey Plats samples, when collected, contained 180 and 4
mg/i of NH3, respectively, and little nitrate. The forms of
nitrogen present in the sample have varying effects on the deg-
radation of organic compounds under different environmental con-
ditions. For example, under anaeroic conditions, in the pre-
sence of nitrate and organic compounds, denitrifying bacteria
proliferate, using nitrate as electron acceptor and the organic
compounds as carbon source. The effect of ammonia on anaerobic
degradation of organic compounds by anaerobic bacteria may be
slow, and it results in accumulation of several organic com-
pounds such as alcohols, acids, and esters. Under aerobic
conditions both nitrate and ammonia are utilized much more
rapidly, and nitrogen becomes the limiting nutrient in further
degradation of organics.



Degradation of selected organic compounds by a mixed cul-
ture of bacteria isolated from Maxey Flats 19S leachate sample
is shown in Table 1. These compounds were generally found in
many leachate samples from Maxey Flats and West Valley disposal
sites [3]. The influence of these compounds on the mobilization
of radionudides is not fully known. These compounds may have
been part of the radioactive waste or originated from microbial
decomposition of the organic constituents of the waste. Glucose
and Maxey Flats 193 leachate samples were also included in this
experiment. Since the total carbon content of each sample used
in this study is different, the results should be considered as
qualitative, showing the ability of trench leachate bacteria to
decompose various compounds. However, differences in the rates
of oxidation of several, compounds were observed. Glucose and
2-ethylhexanoic acid were utilized rapidly, followed by p-
cresol, phenylpropionic acid, and phenylacetic acid. Tributyl
phosphate (a compound used in the extraction of metal ions from
solutions of reactor products) and o-terpineol, as sole carbon
source, were not degraded by this bacterial culture.

Aerobic and anaerobic degradation of organic constituents
of leachate samples and the effect of added nitrogen on the
degradation are shown in Tables II to VI. Haxey Flats trench
19S leachate sample incubated aerobically for 21 days showed
changes in the concentrations of several compounds (Table XI).
Some compounds were degraded completely, whereas several com-
pounds showed an increase in concentrations presumably due to
breakdown of complex materials. However, samples incubated
under anaerobic conditions for 60 days showed increased concen-
trations of all constituents detected except of valeric and
hexanoic acids (Table III).

West Valley trench 3 leachate samples incubated under aero-
bic conditions for 30 days showed degradation of almost all the
compounds detected (Table IV), many of which decomposed com-
pletely. This sample, when collected, contained 300 ppm NH3,
with little NC>3~ and a pH of 7.3. Ammonia nitrogen present in
the sample may have enhanced the rate of decomposition under
aerobic conditions, but this sample was not tested for degrada-
tion under anaerobic conditions.

West Valley trench 5 leachate sample incubated under aero-
bic conditions showed reductions in many compounds (Table V),
and addition of nitrogen enhanced the degradation of all com-
pounds detected. Significant increases in the degradation of
phenylacetic acid, phenylpropionic acid, phenylhexanoic acid,
clyclobexanol, 2-ethylhexanol, tripropylene glycol methyl ester,
and tributyl phosphate were observed in samples amended with
nitrogen. Although tributyl phosphate was not degraded as the
sole carbon source by mixed-culture bacteria, possibly it is
being either metabolized as sole carbon source or cometabolized
in the presence of other organic compounds by the trench
leachate bacteria. Degradation of tributyl phosphate by natu-
rally occurring mixed-microbial populations present in activated



sludge and river water have been reported [9]. Samples incu-
bated under anaerobic conditions showed little degradation of
organics ezcspt for a few compounds (Table VI). In fact,
concentrations of several compounds showed increases due to
breakdown of complex organic materials and accumulation of their
degradation products. Production of branched-chain volatile
fatty acids such as isobutyric, isovaleric, and 2-methylbutyric
acids and phenylacetic acid by anaerobic bacteria from culture
media containing trypticase and glucose [10], production of
phenol, p-cresol, and phenylpropionlc acid from anaerobic degra-
dation of tyrosine [11], and production of cyclohexane carboxy-
lic acid and 1-cydohexene-l-carboxylic acid and a number of
volatile fatty acids such as heptanoic, butyric, propanoic, and
acetic from anaerobic breakdown of benzole acid [12] have been
reported. Addition of nitrogen to the leachate under anaerobic
conditions caused degradation of several compounds (Table VI).
Since nitrogen in the form of NH4NO3 and (Nlfy^SO^ was added to
the anaerobic samples, NO3- and S C ^ " were used as electron
acceptors during decomposition of the organic materials. Tribu-
tyl phosphate was not degraded under anaerobic conditions even
wit> the addition of nitrogen.

Chelation and solubilizatlon of metals are brought about by
the activities of bacteria in nature. Microbially generated
dicarboxylic acids, polyhydroxy acids, and phenolic compounds
such as 2-kstogluconic acid, protocatechuic acid, and salicylic
acid are effective chelating agents of heavy metals and are
known to accelerate the movement of metals in soils [13,14].
Increased solubilization of heavy metal sulfides by hetero-
trophic bacteria under anaerobic incubations of soil or sludge
[15,16], and aerobically in cultura media due to an undescribed
solubiiizing agent, have been reported [17]. Bolter et al. [18]
found that organic acids from decaying leaf litter in soil
increased the solubility of heavy metals deposited from smel-
ters. Complexation of cadmium by organic components of sanitary
landfill leachates was attributed to low- and high-molecular
weight compounds representing simple carboxylic acids and com-
pounds containing hydroxyl groups [19]. Since a variety of
organic compounds are present in the waste, and only a few have
been characterized [3], the influence of organic compounds on
the migration of radionuclides from disposal sites has yet to be
evaluated. Nevertheless, it has been shown that the chelating
agent ethylenediaminetetraacetic acid (EDTA) was the major
organic compound involved in the mobilization of ^ C o from the
radioactive waste burial grounds [20].

The persistence and behavior of the various organic com-
pounds in radioactive wastes—including synthetic chelating and
decontamination agents, naturally occurring and microbially syn-
thesized radionuclide complexes—in the disposal environment are



poorly understood and warrant further study. Lack of informa-
tion on such processes often complicates studies dealing with
prediction of the radionuclide retention characteristics of soil
or sediment*
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Table I: Degradation of Selected Organic Compounds by Trench
Leachate Bacteria.

Compound* pmol CO2

p-Cresol 660

2-Ethylhexanoic acid 603

Phenylacetic acid 603

Phenylpropionic acid 770

Glucose 490

Tributyl phosphate 0

a-Terpineol 0

Maxey Flats Trench leachate** 1*7.0

* 0.04% (vol/vol or wt/vol) of test compound added to 50 ml
of mineral salts medium plus 0.2 ml of inoculum from MF19S
leachate enrichment culture.

** 50 ml of filter sterilized MF19S trench leachate plus 0.2 ml
of inoculum from enrichment culture.



Table II: Aerobic Degradation of Organic Compounds Present in Maxey Flats
Trench 19S Leachate Sample.

Percent ChangeCompound

2-Methylpropionic acid

2-Methylbutanoic acid

3-Methylbutanoic acid

Valeric acid

2-Methylpentanoic acid

3-Methylpentanoic acid

Hexanoic acid

2-Methylhexanoic acid

Cresol

2-Ethylhexanoic acid

Cg branched a d d a

Cg branched acida

Cg branched acida

Benzoic acid

Octanoic acid

Fhenylacetic acid

Toluic acid

Phenylpropionic acid

Phenylhexanoic acid

Initial
Concentration

mg/Jl

1.1

10.4

3.7

4.0

5.3

0.9

1.3

2.0

3.0

5.1

NQ

NQ

NQ

0.13

0.5

0.93

0.77

1.3

NQ

+175
+ 46

37

- 58

+ 5

- 9

-100

- 4

- SO

- 4

-100

+ 61

+ 8

+ 80

-100

-100

- 34

0

- 17

aPercent change in concentration was determined on the basis of the ra t io
of the compound to the internal standard.

NQ - not quantified.



Table III: Anaerobic Degradation of Organic Compounds Present in Maxey
Flats Trench 19S Leachate Sample.

Compound

2-Methylpropionic acid

2-Methylbutanoic acid

3-Methylbutanoic acid

Valeric acid

2-Methylpentanoic acid

3-Methylpentanoic acid

Hexanoic acid

2-Methylhexanoic acid

Cresol

2-Ethylhexanoic acid

Cg branched acida

Cg branched acida

Cg branched acid3

Benzoic acid

Phenylacetic acid

Toluic acid

Phenylpropionic acid

Phenylhexanoic acid

Initial
Concentration

mg/X

5.9

18.3

7.2

6.7

0.9

6.3

1.7

1.9

3.0

4.5

NQ

NQ

NQ

0.5

2.0

0.6

1.6

NQ

Percent Change

+ 4

+ 3

+ 5

- 51

+ 13

+ 27

- 69

+ 23

+ 13

+ 27

+ 55

+ 62

+ 48

+ 12

+ 8

+ 8

+ 14

+ 17

aPercent change in concentration was determined on the basis of the ratio
of the compound to the internal standard.

NQ - not quantified.



Table IV: Aerobic Degradation of Organic Compounds Present: in Vest Valley
Trench 3 Leachate Sample.

Percent ChangeCompound

Propionic acida

2-Hethylpropiooic acid

2-Methylbutanoic acid

3-Hethylbutanoic acid

Valeric acid

2-Methylpentanoic acid

3-Methylpentanoic acid

Phenol

Hexanoic acid

2-Methylhexanolc acid

Cresol

2-Ethylhexanoic acid

Cg branched acid

Cg branched acid

Benzole acid

Octanoic acid

Phenylacetic acid

Nonanoic acid

Phenylpropionic acid

Decanoic acid

Phenylhexanoic acid

Initial
Concentration

mg/i

NQ

25.3

100

17.9

39.7

16.8

1.5

0.7

19.7

7.1

5.2

59.5

NQ

NQ

6.5

4.3

4.9

1.6

8.0

0.3

NQ

-100

- 97

- 76

-100

-100

- 72

-100

-100

- -100

- 84

-100

- 50

-100

-100

-100

-100

-100

- 75

- 94

-100

- 58

aPercent change in concentration was determined on the basis of the ratio
of the compound to the internal standard.

NQ - not quantified.



Table V: Aerobic Degradation of Organic Compounds Present in West Valley
Trench 5 Leachate Sample.

Compound Initial
Concentration

•g/A

Percent Change
Addition

None Nitrogen

Acetic acida

2-Methylpropionic acid

2-Methylbutanoic acid

3-Methylbutanoic acid

Valeric acid

2-Methylpentanoic acid

3-Methylpentanoic acid

Phenol

Rexanoic acid

2-Methylhexanoic acid

Cresol

2-Ethylhexanoic acid

Benzoic acid

Octanoic acid

Pheny]acetic acid

Toluic acid

Nonanoic acid

Phenylpropionic acid

Decanoic acid

Phenylhexanoic acid

p-Dioxane

Cyclohexanol

2-Ethyl-l-hexanol

Tripropylene glycol
methyl ester

Tributyl phosphate

36.8

112

38.6

82.4

20.8

2.6

6.0

83.0

15.0

5.2

67.8

16.8

26.2

13.6

2.4

4.9

10.3

1.4

NQ

NQ

1.2

2.2

NQ

0.7

+ 98
+ 1

+ 2

- 5

- 8

- 4

- 4

- 19

- 21

- 1

- 93

- 16

- 10

- 96

- 13

- 5

-100

- 13

-100

- 5

0

- 17

- 31

- 15

-100

- 18

- 4
- 13

- 17

- 10

- 15

- 22

- 28

- 10

- 28

- 24

- 19

-100

- 20

- 10

-100

- 21

-100

- 24

- 10

- 49

- 52

- 38

- 13 - 38

•Percent change in concentration was determined on the basis of the ratio
of the compound to the internal standard.

NQ - not quantified.



Table VI: Anaerobic Degradation of Organic Compounds Present in West Valley
Trench 5 Leachate Saaples.

Compound

Acetic acid*

2-Methylpropionic acid

2-Methylbutanoic acid

3-Methylbutanoic acid

Valeric acid

2-Methylpentanoic acid

3-Methylpentanoic acid

Phenol

Hexanoic acid

2-Methylhexanoic acid

Cresol

2-Ethylhexanoic acid

Cg acid

Benzole acid

Octanoic acid

Phenylacetic acid

Toluic acid

Nonanoic acid

Phenylpropionic acid

Decanoic acid

Phenylhexanoic acid

Benzene

p-Dioxane

Toluene

Cyclohexanol

2-Ethyl-l-hexanol

Tripropylene glycol
methyl ester

Tributyl phosphate

Initial
Concentration

•g/i

NQ
36.0

113

38.0

79.0

20.2

2.6

5.8

78.2

14.0

6.4

62.6

NQ

17.0

22.6

13.6

2.6

4.2

10.6

0.2

NQ
NQ
NQ

13.3

1.2

13.2

NQ

0.7

Percent Change
Addition

None

0

- 3

+ 3

0

+ 4

+ 9

+ 9

+ 13

+ 11

+ 18

- 7

+ 20

- 42

0

+ 33

0

+ 2

+ 52

+ 1

+ 66

+ 1

- 8

- 4

- 17

+ 33

+ 4

0

0

Nitrogen

- 8

- 21

- 12

- 15

- 14

- 5

- 6

- 16

- 4

+ 3

- 44

+ 5

- 48

- 17

+ 6

- 16

- 14

+ 22

- 15

+ 1

- 17

- 17

- 13

- 20

+ 10

- 5

- 6

0

•Percent change in concentration was determined on the basis of the ratio
of the compound to the internal standard.

NQ - not quantified.



SAMPLE (200 -500 Ml)

1) pH 2 (with HCI)
2) CH2CI2(30 mlx3)

I
ORGANIC LAYER

5%NaOH
(50mlx2)

ORGANIC NEUTRALS

DRIED OVER ANHYDROUS
Na 2 S0 4

CONCENTRATE IN
KUDERNA-DANISH

EVAPORATOR TO I ml

AQUEOUS LAYER

I) pH 2 (with HCI)
2)CH 2CI 2 (30mlx3)

ORGANIC
ACIDS

AQUEOUS LAYER
(DISCARD)

GC
I

GC/MS

DRIED OVER ANHYDROUS
Na 2S0 4

CONCENTRATE IN
KUDERNA-DANISH '

EVAPORATOR TO I ml

' 1
GC
I

GC/MS

TMS DERIVATIVE

e'c
GC/MS

AQUEOUS LAYER

1) pH II (with NoOH)
2) C H 2 C I 2 ( 3 0 m i x 3 )

ORGANIC LAYER

[ORGANIC BASESj

I
DRIED OVER ANHYDROUS

Na? S04

i
CONCENTRATE IN

i> KUDERNA-DANISH
EVAPORATOR TO I ml

AQUEOUS LAYER
(DISCARD)

GC/MS

1, Extraction and fractionation scheme for organic analysis of trench
leachates. •
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Microbial degradation of organics in trench leachates.


