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Biodegradation of bitumen used for nuclear waste disposal

R. Roffey and A. Norqvist

Swedish Defence Research Establishment, Department of NBC-Defence, S-901 82 Umea (Sweden)

Summary. Studies have been carried out to test microbial degradation of bitumen used for encapsulating radioactive
waste in Sweden. Microorganisms have been isolated that degrade bitumen. In long-term tests under conditions
simulating those in the silo part of the final repository for low- and intermediate-level radioactive waste, both aerobic
and anaerobic degradation of bitumen has been found, equivalent to 0.6—1.5 pmoles CO,/month - mg bitumen and

1.1-1.5 pmoles CO,/month - mg bitumen, respectively.

Key words. Microorganism; bacteria; bitumen; biodegradation; gas production; oil degradation; hydrocarbons;

radioactive waste.

Introduction

In Sweden some of the low- and intermediate-level ra-
dioactive waste from nuclear power plants will be encap-
sulated in bitumen, put into steel drums and placed in
mined rock caverns 50 m below the Baltic sea bed. After
the repository is finally closed it will be filled with water.
The question has been raised whether microorganisms
can degrade bitumen under the prevailing conditions and
contribute to increased gas production. Apart from this
direct production due to microbial decomposition of bi-
tumen, it is also assumed that the microbial activity may
decrease the pH so that hydrogen-evolving corrosion will
occur with large amounts of gas being produced. For
safety reasons it is therefore important to estimate the
microbial activity in the repository and the rate of micro-

bial degradation of bitumen!~®13717:2° This paper

summarizes experimental investigations carried out in
Sweden on aerobic and anaerobic degradation of bitu-
men used for encapsulation of radioactive waste !,
The literature available shows that the knowledge is very
limited on anaerobic degradation of hydrocarbons in-
cluding asphaltenes (bitumen). Biochemical pathways
are in most cases unknown. Most studies are limited to
single compounds and not concerned with complex mix-
tures like bitumen. It has been claimed that anaerobic
degradation of asphalt occurs, e.g., anaerobic conversion
of thiophene and other sulphur-bearing compounds of
petroleum (asphaltenes, polysulphides, heavy residues)
with production of H,S has been demonstrated °.

The growth of microorganisms on the surface of bitumen
has been shown using electron microscopy? 1319 A
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Table 1. Model systems used for long-term studies of biodegradation of
bitumen )

System  Type of water Gas phase pH

I Minimalmed-2* Air 7.0
1I Groundwater® Air 7.24
11 Groundwater Argon® 7.24
1\ Groundwater, concrete-leached © Air 11.5

The vessels of all four systems were filled with glass beads covered with
bitumen (1.8 g) resulting in a bitumen-coated surface of 2 m? and over-
layed with 2500 mt of water as specified.

*Minimal medium-2*''. ®Groundwater from Forsmark. ¢ Groundwater
as in b) but used to leach concrete before added to the system. ¢ Argon is
used to flush the system to prevent oxygen from entering. In the begin-
ning the system was flushed once a week, but as that was not sufficient
to prevent oxygen from entering the system it was later continuously
flushed with a low flow rate of argon so that a constant overpressure was
maintained.

number of bacterial cultures were isolated with the ability
to grow on different fractions of bitumen. While in one
study the asphaltic fraction was the only one that could
not support growth !, in another all fractions of bitumen
were degraded; however some isolates degraded only cer-
tain fractions*.

Experimental studies on biodegradation of bitumen

For experimental studies, bacteria were isolated and en-
riched from several environments where petroleum-de-
grading microorganisms were known to be present !,
The experimental systems consisted of glass cylinders
between two plates of stainless steel (diameter 11.4 cm,
height 30 cm), containing a bottom layer of glass beads
(1 mm diameter) covered with bitumen (1.8 g bitumen/
2 m?) a liquid layer consisting of Minimal medium or
groundwater, and a gasphase (air or argon). The vessels
were inoculated with bacteria from enrichment cultures
or sediment samples from rock caverns used for storing
heavy fuel oil. Four such systems were kept at room-tem-
perature in the dark. When samples were taken (100 ml)
this volume was replaced by sterile groundwater. The
experimental system is described in table 1.

Aerobic bacteria were counted by spread-plate technique
with Tryptone-Glucose-Extract-Agar. Sulphate-reducing
bacteria were estimated by the Most-Probable-Number
(MPN) procedure in Postgate’s medium B 1°. The MPN
was also used to estimate hydrocarbon-utilizing microor-
ganisms. Radiorespirometry was carried out for activity
measurements using **C labeled compounds !

Results

The degradation of bitumen was followed in the four
vessels over one year, and samples were analyzed every
month. The results are presented as mean values for the
whole period in table 2. No major differences are seen
between the number of aerobic and oil-degrading bacte-
ria, but the counts were slightly higher in system I with
culture medium and IV with high pH (table 2). A pH
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Table 2. Summary of mean values of parameters measured in model
systems during one year. For the oil-degrading activity the first number
gives the value for aerobic, the second for anaerobic incubation of sam-
ples with the labeled compound. Systems I to IV are as in table 1.

Parameter System
I I 1 v
pH 8.9 8.7 8.6 9.8
0, (mg/1) 5.8 7.3 0.9 5.4
SO, (mg/1) 390 249 281 158
Fungi/ml O 0 0 0
Aerob/ml 8x10* 2x10* 8x 103 1x10°
Oil-d/ml 3x10* 8 x 10° 1x103 ix10*
SuReBa/ml ] 1] [1] 0
BNP-HN (a) 8.2 3.1 44 0.5
7 -HND 10.1/6.2 2.4/1.6 3.6/3.5 0.6/0.6
" -C 29.6/27.8 4.4/1.7 13.1/15.3  0.4/0.3
K 33.8/35.6 1.4/0.9 4.8/9.8 0.5/0.3
" N 2.9/1.7 1.6/0.6 1.1/0.5 0.3/0.4
A 4.1/1.6 1.9/0.5 1.2/0.2 0.1/0.2
HA-CO, (b) 8.8 16.6 22.5 43.1
HA-I 12 6.2 8.2 6.8
SO27red. (¢)  2x107° 6x10710 1x10°° 2x1071°

(a) BNP = biodegradation potential. Percentage of '#C-labeled hydro-
carbons degraded to **C-CO, during incubation for two weeks. Abbrevi-
ations are as follows: HN, hexadecane + naphthalene; HND, hexade-
cane + naphthalene + decane; C, cyclohexyldodecane; P, pristane; N,
naphthalene; and A, anthracene.

(b) Heterotrophic activity. Percentage of '*C-labeled glutamic acid de-
graded to **C-CO, (CO,) or incorporated into cells (% I) during incuba-
tion for eight hours.

(c) Sulphate-reducing activity. Moles of *3S-H,S produced per mol
33S-labeled SO~ hour ml of sample.

around 10 did not inhibit growth of the types of microor-
ganisms present. At the beginning a few fungi were found
but later no fungi were detected. Sulphate-reducing bac-
teria were absent in the water of the systems.
Heterotrophic activity as measured by uptake and degra-
dation of labeled glutamic acid (table 2) was present in all
systems and no major changes were seen over the period.
Small variations in the number of aerobic bacteria might
have been a result of the variation in oxygen concentra-
tion during the period.

Analysis of the biodegradation potential showed that in
all systems microorganisms were present that degrad-
ed decane, hexadecane, cyclohexyldodecane, pristane,
naphthalene and anthracene (table 2). These compounds
were chosen as model substrates for bitumen in order to
test for the hydrocarbon degrading activity. Cyclohexyl-
dodecane and pristane are the most easily degraded hy-
drocarbons used. Hydrocarbon-degrading activity was
highest in the system containing Minimal medium-2. The
activity was lowest in the alkaline system but still present
at a pH between 10 and 10.5. Consistent with the varia-
tion in the amount of oil-degrading bacteria, the
biodegradation potential also varied. The levels of dis-
solved oxygen did not differ much in the systems and
only a slightly higher value in system II is observed,
which might be due to a lack of nutrients in the system.
In spite of the flushing of vessel III with argon, the con-
centration of dissolved oxygen in this system was not
zero. For accurate measurements of the anaerobic degra-
dation, samples were incubated in separate vessels under
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Table 3. Mean CO, production during aerobic incubation of bitumen
with water samples from model systems. Systems I to IV as in table 1,
incubation during S months at room temperature.

System pmoles CO,/month - mg bitumen found in
Gasphase Liquid + gas

I 2.8-59 6.9-79

11 0.4-0.7 0.8-1.8

1 0-0.5 1.1-1.6

v 0 0.6-1.5

Table 4. Mean CO, production during anaerobic incubation of bitumen
with water samples from model systems. Systems I to IV as in table 1.

System pmoles CO,/month - mg bitumen found in
Gasphase Liquid + gas

1 0.6-0.7 0-2.1

I 0 0

1 0.5-0.9 1.6-2.0

v 0 1.1-1.5

strict anaerobic conditions. No significant difference in
the hydrocarbon-degrading capacity was observed !!,
demonstrating real anaerobic hydrocarbon-degrading
activity.

For a more exact quantification, samples of water from
the four model systems were transferred to 10-ml serum
bottles containing 1 g of bitumen-covered glass beads
with an area of 10 cm? and 1 mg of bitumen. The amount
of CO, produced during a 5-month aerobic incubation
period was estimated by GC (table 3). The results of
similar anaerobic incubations (4 months) are summa-
rized in table 4.

The results indicate that anaerobic production of CO,
from bitumen occurred in three of the systems. Aerobic
systems yielded somewhat higher production rates of
CO, than the anaerobic ones.

Discussion

Recently several studies have been published, demon-
strating that various aromatic compounds including
hydrocarbons are degraded under strict anaerobic condi-
tions & 1% ** 18 1In earlier work it has often been ques-
tioned whether strict anaerobic conditions prevailed dur-
ing the experiments.

From our studies it must be assumed that anaerobic
degradation of bitumen will take place in the repository
and over the long time to be considered (up to 500 years),
it may be of great significance.

The experiments demonstrate that aerobic degradation
occurs at a rate of 0.6—1.5 pmoles CO,/month - mg bitu-
men or 7.2—18 mmoles CO,/year - m? bitumen in system
IV under conditions simulating those in the repository
(table 3). Furthermore, anaerobic degradation may take
place in some cases at lower rates of CO, production,
yielding values from 1.1-1.5 pmoles CO,/month - mg bi-
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tumen or 13-18 mmoles CO,/year - m? bitumen for sys-
tem IV (table 4).

It is concluded that bitumen will be degraded under con-
ditions similar to those in the repository under aerobic as
well as anaerobic conditions and it seems very difficult to
forsee what might happen in the final repository during
a long time span. It would thus be preferable to use a
nonbiodegradable material for encapsulating the ra-
dioactive waste.
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Summary. Bitumen is commonly employed as a matrix for the long-term storage of low and intermediate level
radioactive waste. As bitumen can be degraded by microbial activity, it is of great significance to determine the rates
at which it may occur in nuclear waste repositories.

Experiments have been carried out under optimal culture conditions using bitumen with a highly increased surface
area. The potential of different microbial consortia to degrade bitumen has been examined. The investigations showed
clearly that bitumen-degrading organisms are ubiquitous. In general the organisms formed biofilms on the accessible
substrate surface area. Under oxic culture conditions a bitumen degradation rate of 20—50 g bitumen-m™~2 - y~!
leading to a CO, liberation of 15—-40 | was observed. Anoxic conditions yielded a 100 times smaller degradation rate
of 0.2—-0.6 g bitumen - m~2 -y~ ! and a CO, production of 0.15-0.451,

Based on linear extrapolation the experimentally determined degradation rates would lead to a 25—-70% deterioration

of the bitumen matrix under oxic and 0.3-0.8% under anoxic conditions within 1000 years.
Key words. Bitumen; microbial activity; biofilm; degradation; gas production.

Introduction

Bitumen has been used by man since early times and
prehistorical findings document various applications
such as glue or mastic as surface protection material or
for tightening. The presence of asphalt mines has been
documented for ancient middle eastern civilizations and
the material has been used e.g. to isolate water pipes for
the gardens in Ninive or for proof coating the ark of
Noah. Historical details are given by Hellmuth® and
Poll *°. Todays’ use of bitumen is mainly in the construc-
tion industry, for road pavements, for protection of roofs
and pipes and in the automobile industry’3. In most
recent times bitumen is also used for the disposal of
radioactive wastes, particularly for the solidification of
low- and intermediate level radioactive wastes. This tech-
nology is documented in various publications 12-13:22,

Bitumen and bitumen-like substances e.g. tar, pitch or
asphalt, may last for long time periods'®, as seen in
remains in the caves of Lascaux in France (around 15 000
years)!? or as components of crude oil (10% years)?®.
However, under certain conditions rapid degradation has
also been observed. As early as 1935 microbial degrada-
tion of bitumen was described 2° and the phenomenon
was investigated later in more detail & 15+ 16:21.24,33,39
To determine the long-term stability of the bitumen ma-
trix used for the solidification of the waste radionuclides

it is of great importance to quantify the microbial degra-
dation and to investigate the environmental conditions
which support microbial activity on bitumen as the sub-
strate.

The mechanical, physical and chemical properties of
the type of bitumen used in nuclear waste disposal,
e.g. leaching, radiolysis and thermolysis, aging and
change in consistency have been investigated in de-
tail4’ 10,13,17,19,22,23,27,31,32, 34, 38' HOWCVer, a pOSSi'
ble influence of microorganisms on the stability of the
bitumen matrix has been considered only in recent years
although as described earlier microbial degradation of
bitumen has been known for a long time!! 13:4°, No
clear quantitative data were available which would allow
an estimation of the long-term stability of bitumen at the
sites of the waste disposal. In the present paper a quanti-
fication of the degradation rate of the water-insoluble
and recalcitrant substrate bitumen is presented and
growth on bitumen characterized. Since knowledge of
the environmental conditions in a waste repository is
minimal and since these conditions may change during
the storage period, the experiments were carried out un-
der optimal conditions. At the beginning, after closure of
the repositories, the conditions will be oxic turning later
to anoxic. Degradation studies therefore have been car-
ried out for both conditions,



