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ABSTRACT

The Nuclear Regulatory Commission stipulates in 10 CFR 61 that disposed low-
level radioactive waste (LLW) be stabilized. To provide guidance to disposal ven-
dors and nuclear station waste generators for implementing those requirements, the
NRC developed the Technical Position on Waste Form, Revision 1. That document
details a specified set of recommended testing procedures and criteria, including
several tests for determining the biodegradation properties of waste forms. Cement
has been widely used to solidify LLW; however, the resulting waste forms are
sometimes susceptibie to failure due to the actions of waste constituents, stress, and
environment. The purpose of this research program is to develop modified micro-
bial degradation test procedures that will be more appropriate than the existing pro-
cedures for evaluating the effects of microbiologically influenced chemical attack
on cement-solidified LLW. Groups of microorganisms indigenous to LLW disposal
sites are being employed that can metabolically convert organic and inorganic sub-
strates into organic and mineral acids. Such acids aggressively react with cement
and can ultimately lead to structural failure. Results over the past year on the
application of mechanisms inherent in microbially influenced degradation of
cement-based material are the focus of this annual report. Data-validated evidence
of the potential for microbially influenced deterioration of cement-solidified LLW
and subsequent release of radionuclides has been developed during this study.

FIN L1807—Microbial Degradation of Low-Level Waste
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Microbial Degradation of Low-Level Radioactive Waste
Annual Report for FY 1994

INTRODUCTION

Regulatory Background

Microorganisms have been isolated in samples
taken from low-level radioactive waste (LLW)
environments (Francis et al. 1980). This realiza-
uon, combined with scientific data that demon-
strate the existence of microorganisms under
hostile conditions once thought to exclude them,
has raised concerns that microbial activity at
LLW disposal sites could affect the long-term sta-
bility of the disposed waste. Due to apprehension
over possible microbial effects, the United States
Nuclear Regulatory Commission (NRC) requires
microbial activity be addressed as one of the
requirements for determining the stability of
Class B and C LLW [10 CFR 61.56(b)1)]. This
methodology is needed to ensure that these radio-
active wastes can be disposed of safely for 300 to
500 years. The NRC developed the Technical
Position on Waste Form, Revision | (NRC 1991),
to provide guidance for disposal vendors and
nuclear station waste generators to implement the
stability requirements of 10 CFR 61 (NRC 1987)
That document details a specified set of required
testing procedures and criteria, including several
tests for determining the biodegradation proper-
ties of waste forms,

Concerns were voiced over the appropriateness
of the Technical Position tests for microbial deg-
radation of cement containing LLW at the NRC-
sponsored “Proceedings of the Workshop on
Cement Stabilization of Low-Level Radioactive
Waste” (Tokar 1989). It became apparent during
the deliberations that improved tests would be
required if meaningful information was to be
obtained from biodegradation studies on cement
wastes. A major difficulty identified was that cur-
rent testing procedures did not adequately deter-
mine the bioeffects on cementitious materials
because the microorganisms used for the acceler-
ated testing were not associated with cement deg-
radation. Further, it was pointed out that there

were literature references that identified specific
microorganisms as the causative agents of cement
degradation. The conclusions reached by the
workshop were that “there appeared to be a clear
need to specify more appropriate microbes for
such [Technical Position] tests” and that “this
[need] might require a substantial research effort™
(Tokar 1989).

Researchers familiar with the required Techni-
cal Position biodegradation tests, American Soci-
ety for Testing and Materials (ASTM) G21 and
(G22 (ASTM 19814a; 1981b), have not found them
to be applicable for use with cement-sohidified
LLW. Doubits raised concerning the tests included
(a) the lack of demonstrable evidence that specific
microorganisms, required by the ASTM standard
tests, could promote degradation of cement waste
forms under any test conditions, (b) the lack of
flexibility in determining the duration of time
required for test completion, and (c) the lack of
flexibility in determining test specimen size and
preparation (Rogers and McConnell 1988).

The NRC's Advisory Committee on Nuclear
Waste has also raised concerns about biodegrada-
tion testing of LLW. In a letter to the NRC dated
September 6, 1990, the Committee indicated that
biodegradation testing should be specified. for
cementitious waste matrices, using bactena that
are likely to affect cement and any organic compo-
nent exposed during the decomposition process.

Based on the NRC needs, the objectives of the
program have been to (a) develop biodegradation
test procedures to determine cement waste stabil-
ity, (b) test the developed procedures on simu-
lated nonradioactive waste and, if successful,
continue with actual sohdified LLW, (¢) recom-
mend modified test procedures for consideration
as revisions to the Technical Position, based on the
best procedures developed, (d) investigate the
environment at LLW sites to determine if micro-
organisms capable of degrading waste-form
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matenals are present, and (¢) determine if micro-
bial action can promote the release of radio-
nuclides from LLW and solidified LLW.

It is anticipated that the research conducted for
this program will provide data, information, and
recommendations, which the NRC can use as a
basis for (a) the implementation of 10 CFR 6]
requirements that deal with the stability of
cementitious LLW specimens when challenged
by known cement-degrading microorganisms
under optimal conditions for cement degradation,
(b) modifications to the Technical Position test-
ing procedures to more realistically determine the
microbial effects on cement-solidified LLW,
(¢) guidance to licensees concerning a determina-
tion of the susceptibility of cement-stabilized
LLW 1o biodegradation, and (d) the determination
of microorganism-related radionuchide releases.
This work will provide a basis for including
microbial-degradation potential in predicting
overall safety and performance of new LLW
disposal facilities.

The following tasks were identified as require-
ments to reach the objectives stated above. The
status of each task is also given.

Task 1. Literature Review— A literature review
was conducted to provide information on test
sophistication, methods, and materials. Informa-
tion was gathered on the impact that biological
organisms have on cement. This included
information on conditions that promote deteniora-
tion and what organisms are responsible. Informa-
tion on the occurrence and extent of microbial
populations at LLW disposal sites tog.ther with
the prevalent type of microorganism was investi-
gated. This task resulted in the preparation of a
NUREG/CR report. This task is complete.

Task 2: Develop Program Plan—A program
plan was written that contains detailed program
requirements, including a test plan, testing proce-
dures, required equipment and facilities, waste
form composition (cement and type of LLW to be
used), identification of microbial species, and a
bibliography. Input for the plan came from past
experience, the literature review, and involve-
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ment with recognized peers. This task resulted in
a letter report. This task 1s complete.

Task 3: Develop Microbial Culture Collec-
tion—A collection of microbial cultures was ini-
tiated. The intent of this activity 1s to obtain
organisms that are expected 1o interact with the
selected cement-solidified waste material(s).
Microorganisms were obtained from other culture
collections (commercial and private) as well as
from environments where there is evidence of
natural degradation of solidification matenals.
Pure cultures of promising microorganisms were
developed and are being maintained. This task
resulted in a letter report. This task is complete.

Task 4 Determine Microorganisms Capable of
Cement Degradation—Work was conducted to
determine which microorganisms from the cul-
ture collection of Task 3 are capable of degrading
cement. This task required an in-depth study of
the biodegradation potential of the individual
microbial species. Growth of the test microorgan-
isis was monitored. and analysis was conducted
to detect the presence of microbially produced
metabolites, which could affect the test matenal.
Different methodologies that (itegrate exposure
time and microbial activity were evaluated.
Microbial isolates were classified that were deter-
mined by the screening procedures to be potential
candidates for degradation studies. A knowledge
of the types of microorganisms that promote deg-
radation was useful for comparison with microor-
ganisms endemic to existing and proposed LLW
disposal sites. Cement-degrading microorgan-
isms were determined and reported in a letter
report. This task is complete.

Task 5: Develop Procedures for Growing
Candidate Microorganisms—Media necessary
for the promotior of active growth of the candi-
date microorganisms from Task 4 were obtained
or developed. This involved determining the
appropriate energy and carbon source, mineral
nutrients, pH range, and temperature range.
Methods were developed for incubation and pres-
ervation of the candidate microorganisms. Proce-
dures such as freeze drying, low-temperature
freezing of liquid cultures, or storage on solid
media were evaluated. Procedures for growing



candidate microbes were developed and are docu-
mented in a letter report, This task 1s complete.

Task 6: Develop Initial Test Methodology for
Assessing Biodegradation—It has been suggested
by researchers at the INEL and Brookhaven
National Laboratory that standard biodegradation
tests (such as ASTM G21 and G22) are not appli-
cable for use with some materials used to solidify
LLW Concerns raised over these tests included
specimen size and preparation, the lack of demon-
strable evidence that the microorganisms required
by the standard tests stated above could promote
degradation of the matertals in question, and lack
of flexibility in determining the duration of time
requived for test completion. Cement testing
methodology was developed to answer the above
concerns. Such methods included exposure of
cement to a wide range of microbial species
(especially to those known to aftect cement);
determination of the appropriate size for test spec-
imens; use of alternative energy sources (carbon
and non-carbon) to provide opportunity for asses-
sing the effects of co-metabolism or biologically
produced chemicals on specimen structure; and
adequate tume for a reasonable interaction
between the microbial component and the test
specimen. Testing of vendor-supplied simulated
waste forms exposed to N ewropea is completed.
Analysis of samples of test lixiviant for radio-
active content has been completed. Compilation
of those data is being conducted. This task will
result in a letter report.

Task 7. Develop Criteria for Evaluation of Test
Effects—It will be necessary to designate some
occurrence as a measurable endpoint for the
cement specimen testing. Both biological and
physical parameters were investigated. For exam-
ple, effects on cement could be determined
directly by measuring metabolic activity such as
by-product production (CO», acid, etc.) or use of
consumables (oxygen, carbon, inorganic, elc.).
Some physical parameters such as specimen
weight loss or visual deterioration will also be
used. Work is being conducted on evaluation of
methods that will determine to what extent bio-
films develop on the surface of the waste forms. It
is thought that the detection of biofilm develop-

Introduction

ment can be used as an indicator of the potential
onset of cement degradation. Direct observation
of biofilm development is continuing with scan-
ning electron microscopy and light microscopy
with selective straining methodology. This task
resulted in a preliminary test evaluation method,
which is 1o be reported by letter. This task is in
progress.

Task 8: Apply Biodegradation Test to Actual
LLW-—The testing method developed in Task 6
was evaluated on actual cement solidification
LLW samples containing different types of waste,
including decontamination jon-exchange resins,
evaporator concentrates, and filter sludges. Test-
ing Thiobacillus thiooxidans using sections of
actual LLW waste forms (Peach Bottom and Nine
Miie Point) for 8 weeks has been completed.
Visual observation indicate that these waste forms
performed similarly to the simulated waste forms
in prototype testing, that is, they were in various
stages of disintegration. Photographs of the opera-
tion were taken on day 30 and again on day 60.
Radiochemical analysis of lixiviant recovered
from the test has been completed. Effects were
reported by letter. This task is complete.

Task 9: Apply Current Technical Position
(Rev. 1) to LLW Containing Decontamination
Radwaste—The effect of decontamination solu-
tions on the integrity of LLW containing them
was to be evaluated. Under current regulations,
these wastes need to be tested for biodegradation.
Selected cement-solidified wastes and decontam-
ination LLW corresponding to those tested in
Task 8 were to be examined using the current
Technical Position method of ASTM G21 and
(G22. The results of that testing were to be
compared to those obtained from the newly
developed tests (Task 8). These comparisons
could then be used by the NRC to judge the effec-
tiveness of the new test protocol. This task was
cancelled as being unnecessary.

Task 10: Determine Radionuclide Releases
from LLW by Microbial Action—Studies are
being performed to determine the releases of
radionuclides from actual stabilized cement LLW
containing ion-exchange resins, and activated
LLW materials by microorganisms. The
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investigations involve Class B low-level radioac-
tive waste obtained from operating nuclear power
stations (Peach Bottom and Nine Mile Point). The
ion-exchange resins used in this task were those
typically used in LLW applications at the nuclear
stations and focused on decontamination waste
containing chelating agents. Analytical results
from Task ¥ tests are being studied in detail. This
task is in progress.

Technical Background

Microbially influenced degradation (MID) of
concrete has been reviewed elsewhere (Rogers et
al. 1993). MID 1s thought to occur when microor-
ganisms present in the environment produce min-
eral or organic acids that dissolve or disintegrate
the cement matrix. The rate of degradation cannot
be determined by measuring the generation of
metabolically produced gases because the micro-
organisms are not metabolizing the cement
matrix. The particular mechanisms of biological
acid attack are consistent with those that have
been associated with chemical attack.

A knowledge of the types of microorganisms
that promote cement degradation 1s usetul for
selecting appropriate candidate organisms. Pre-
liminary data (Rogers et al. 1993, 1994) suggest
that the activity of three different genera ot
bacteria must be understood to provide a compre-
hensive evaluation of microbial degradation of
selected cement-sohdified waste materials. These
include organic acid-producing heterotrophic
bactena, nitrifying bacteria, and sulfur-oxidizing
bacteria. For the purposes of the work, suitable
sources, from which these microorganisms have
been isolated, include samples from sites with
natural microbial activity, actual or proposed
LLW locations, and use of iocula from existing
culture collections.

While the literature suggests that the above
microorganisms are ubiguitous in the environ-
ment, it was important in this study to demon-
strate their presence in soils representative of
present and proposed commercial LLW sites. The
sources of microorganisms, with steps for con-
firming their viability in selective environments,

NUREG/CR-618%

have been discussed previously (Rogers et al.
1994). However, by way of review, data on the
isolation as well as the activity and significance
of MID bactena have been provided.

Because of the number of individual bacterial
isolates and the complexity of the testing proce-
dures, it was necessary to use only representatives
of the three main species of microorganisms in
the actual testing procedure. It was assumed that
the action of a representative species would be
indicative of the activity of others in the group.
This premise was shown to apply for the mineral
acid-producing bacteria (nitrifying and thiobacilli
species), but not for the heterotrophs. This was
because organic acid production is not limited to
a single genera of heterotrophs. Therefore, for
this study, a known, aggressive heterotrophic bac-
terium (Pseudomonas cepacia) was selected.
Strength of acid production was determined by
the pH change of the solution in which the organ-
1sm was being cultivated.

Heterotrophic Bacteria. A diverse group of
microorganisms that degrade concrete are
included with the heterotrophic bacteria. Hetero-
trophic microorganisms, - apable of producing
organic acids through the assimilation of organic
carbon compounds, can be found everywhere,
Organic acids such as lactic, citric, gluconic,
malic, and many others are by-products of their
metabolism. Several organic acids are produced
on an industrial scale through the metabolic activ-
ity of these microbes. In addition, several types of
these organisms, collected from a wide range of
environments, are known to use an organic acid
mechanism for the active extraction of phosphate
from phosphate ores (Rogers and Woltram 1992).
They are known to promote acidic conditions that
can be less than pH 3.

In work conducted to determine the microbio-
logical parameters associated with the English
nuclear waste disposal effort (Dunk 1991), wide
diversities of heterotrophic microorganisms were
isolated from simulated, cement-solidified,
plutonium-contaminated materials. Many cul-
tured microbes could grow in alkaline conditions
(pH 11) common on the surface of concrete.
Unfortunately, the studies were not carried out




over a sufficient time to determine if growth of
the organisms influenced the integnity of the con-
crete. Studies on the effects of heterotrophic deg-
radation of cement-solidified LLW have also
been conducted by the French (N. Langomazino,
personal communication 1990, Libert et al.
1993). They used a microbial growth medium
containing concrete powder and common soil
(the initial source of microbes). Several species of
microbes were 1solated by this method and main-
tained good growth in an alkaline medium (pH 9).
Also, these microbes grew well in the presence of
cement and produced organic acids. A fungus and
the bacterium P. cepacia were selected for the
concrete degradation studies. Their data showed
that by 7 months, porosity had increased 1% in
the samples, and at the end of 11 months, there
had been a 50 to 85% loss of Ca(OH); in the
treated concrete samples, resulting in an 80% loss
of compressive strength. Further results, from a
2-year study, demonstrated that the organic acid-
producing fungi were responsible for a significant
loss of calcium from a defined leach layer of
02 cm

Though several heterotrophic bactenal species
were isolated from the collected soil samples, it
was possible to select only one as the candidate
heterotrophic bacterium for use in the testing pro-
tocol. The selection was made after several 150-
lates were screened to determine which could
produce organic acids. This was accomplished
using a bioassay that could detect bacteria capa-
ble of dissolving calcium compounds. Oniy one
or two of the 1solates exhibited the ability for
extreme dissolution of calcium compounds. Of
these, P cepacia was selected for application in
the waste form work.

Nitrifying Bacteria. The second group of
microorganisms known to promote concrete deg-
radation are the mitrifying bacteria. These bacteria
{e.g.. Nitrosomonas and Nitrobacter) are che-
moautotrophs. They obtain energy through the
oxidation of inorganic nitrogen compounds and
have been isolated from a variety of soils. Growth
of nitrifying organisms on concrete is not sequen-
tial as observed for the sulfur-oxidizing bactenia.
However, in controlled experiments (using a

Introduction

simulation chamber), it was found that mixed
cultures of Nitrosomonas and Nitrobacter inocu-
lated on concrete blocks produced about 14 mL of
65% nitric acid per block per year (Mansch and
Bock 1992). This was sufficient acid to dissolve
the concrete and produce the breakdown product
calcium nitrate. Thus, the relationship between
ammonia-oxidizing and nitrite-oxidizing bacteria
is mutualistic rather than antagonistic.

There was evidence from the soil sampling
study that representative soil samples from all
locations contained a nitrifying bacterial popula-
tion. These data show that both ammonia oxidiz-
ers and nitrite oxidizers were present in soils from
all eight of the sampling sites (Rogers et al.
1994). It was significant that nitrifying bacteria
were found in all of the surface soils and most of
the subsurface samples. Pepulations of ammonia
oxidizers were confirmed in at least one soil sam-
ple from each geographic location. The number
of ammonia oxidizers ranged from 10" to 10" per
gram of soil (wet weight) in the 17 soil samples
that hosted them. The presence of nitrite oxidizers
was confirmed at all depths for all but one soil
location. The number of these microbes ranged
from 10" to 10* per gram of soil (wet weight) in
the 21 soil samples in which they were found.

A representative of Nitrosomonas was used as
a culture for testing the effects of nitrifying
bacteria. Although species of the nitrite-oxidizing
genus Nitrobacter convert nitrite 1o nitrate as the
second step in nitrification. this i1s merely an
oxidation step. The acidification step of ammonia
oxidation to nitrite by Nitrosomonas and other
ammonia-oxidizing genera is thought to consti-
tute the step resulting in cement-based material
solubilization,

Sulfur-Oxidizing Bacteria. Sultur-oxidizing
bacteria (genus Thiobacillus) are the microorgan-
isms most often associated with the biological
degradation of concrete structures, These organ-
isms were responsible for the catastrophic, bio-
genic sulfunic-acid attack of the Hamburg sewer
system (Sand and Bock 1988) and are now recog-
nized as the causative factor in degradation of
concrete sewer pipe elsewhere (Islander et al.
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1991, Mori et al. 1992). Thiobacilli are chemoau-
totrophs that obtain energy by oxidizing reduced,
inorganic suifur sources such as elemental sulfur,
thiosulfate, and polythionates, while assimilating
05 as thetr sole carbon source.

Literature data suggest that, regardless of the
initial populations of the various species of thio-
bacilli in sotls, once the process of sulfur oxida-
tion begins, T. thicoxidans or 1. ferrooxidans
will eventually become the dominate organisms
(Rogers et al. 1993). Although dominance
depends on the environmental conditions, both
species appear 1o be appropriate choices for use in
MID evaluations. Our previous work (Rogers et
al. 1994) showed that soil from all LLW sampling
locations had the presence of sulfur oxidizers in at
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least one of the soil profiles sampled. It appeared
that these bacteria numbered approximately 107
to 10* per gram of soil.

As has been discussed, sulfur oxidation under
conditions conducive for cement degradation
(production of sulfuric acid) suggested that
T. thiooxidans and T. ferrooxidans were the
sulfur-oxidizing organisms of choice for use in
developing part of a standardized test. Accord-
ingly, an effort was made to selectively isolate
these particular sulfur-oxidizing organisms from
the collected environmental samples. Isolates
from the various environmental samples were
cultured under conditions conducive to long-term
maintenance of pure cultures,



MATERIALS AND METHODS

Prior work on this program (Rogers et al 1994)
provides information on the materials and meth-
ods that were used to develop a microbial culture
collection from disposal sites, develop procedures
for growing candidate microorganisms, determine
the microorganisms capable of cement degrada-
tion, and develop testing methodology and criteria
for evaluation of test effects. Therefore, these
details are not provided in this document. Further
work has been ongoing on the latter tests with a
focus on waste form fatlure criteria

It was necessary to designate some occurrence
or change as failure criteria for the cement

specimens. Physical. chemical, and biological
parameters are being investigated. Before speci-
mens were tested, their dry weight and
physical dimensions were determined. In addi-
tion, a total chemical analysis was performed on
INEL-fabricated and vendor-supplied simulated
waste forms. Total quantities of Ca, Al, and Si
were obtained so that the percentages of these ele-
ments leached from the waste forms during the
evaluation could be determined. Also, the
physical effects (color change, swelling,
spalling, crumbling) were documented with
photographs.
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EXPERIMENTAL RESULTS

Development of Testing
Methodology

It has been determined that standard biodegra-
dation tests (such as ASTM G21 and G22) are not
applicable for use with some materials used to
solidify LLW (Rogers et al. 1994). Therefore,
testing methods were devised and evaluated using
a selected microorganism from each of the three
ditferent genera known to degrade concrete. The
evaluations were designed using the optimum
conditions of growth, type exposure 1o the test
specimen, and reaction time 1o promote degrada-
tion of simulated, cement-solidified LLW. This
approach was used to provide the necessary flexi-
bility to be able to conduct an evaluation of micro-
bial activity, exposure methodology, specimen
size, and test duration. It was ntended that the
newly developed biodegradation tests be very
conservative. That is, they were designed to deter-
mine if microbial activity or the products of this
activity affect the integnity of cement-solidified
waste forms in a short time frame, quantifiable by
physical or chemical observations

A conservative method was developed that
provided candidate organisms with optimum

growth conditions while ensuring that the waste
forms were provided a maximum opportunity for
exposure to microorganisms and their metabolic
products. This was accomplished by using a
microbial propagation system coupled with a
specimen exposure chamber (Figure 1). The can-
didate microorganisms were intended to be
introduced to the test specimens in several ways,
including continual immersion in which speci-
mens were completely immersed in a continual
flow of solution. as well as intermittent immer-
sion and intermittent misting. The evaluation of
these methods was stated previously, and some
test results have been reported (Rogers et al
1994). Results from the remaining tests are
provided in this report.

Preliminary work with cach test method was
conducted using simulated waste-form specimens
that contained a similar mixture of cement and
waste as that of actual waste forms, but without
the radioactive contamination. This provided the
opportunity to determine. under the conditions of
the testing methodology, how candidate organ-
isms might react to actual sohidified LLW. Repre-
sentative formulations for the INEL-fabricated
simulated LLW waste-form specimens and the
control (cement mortar waste-form specimens)

Sultur Grow on Detemine type
oxichzing selected and quantity of
MICTOOIGAMISMS media produced acd

Selected Nitritying Grow on Determine type Microorganisms Classity for Permanent

Cculture =8 MICIOOrganisms selected P88 and quantity of " of interest permanant - culture
collection media produced acid from each group culture collection coliection
Heterotrophic Grow on Determine type
mMICroorganisms selected '-ﬁ and quantity of
media produced acid LFDS 0040

Figure 1. Schematic of proposed methods for testing the effects of MID on cement waste forms.
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are found m Figure 2. They were similar to those
listed by Colombo and Neilson (1979). The for-
mulation of the control cement mortar was as spe-

cified in the ASTM “Standard Test Methods of

Compressive Strength of Hydraulic Cement Mor-
tar” (ASTM 1990) and included Portland type 11
cement, quartz sand, and water mixed at a
1:2.75:0.5 ratio. For the waste containing salts,
the formulation includes sodium sulfate, ammo-
mum sulfate, and sodium chloride in water mixed
at a ratio of 1:1 Portland type 11 cement to waste
The simulated ion-exchange resin waste con-
tamned 1on-exchange resin and water mixed at a

1:1.5 ratio Portland type 11 cement to waste. All of

the simulated waste form specimens (including
the ASTM formulation) manufactured at INEL
were molded as cylinders 1.8 ¢cm in diameter by
2.2 ¢m long

Vendor-supphied. simulated waste forms were
also used. They included both ion-exchange resin
and bori¢ acid salts formulations. The vendor’s
process and formulations for waste form produc-
tion are propnetary, however, it is known that the
tormulation includes a pozzolanic cement mix-
ture. The vendor used its standard manufacturing
methods to produce simulated, sohidified 1on-
exchange resin and evaporator bottoms waste
forms molded into cylinders S cm by 10.2 ¢m.
Betore use, these waste forms were cut into pie-
shaped specimens 3 cm wide, 2.5 cm long. and
1 ¢m thick. These simulated waste-form speci-
mens were then tested in a manner similar to the
INEL-supphied simulated waste-form specimens
using the testng matrix shown in Figure 3. The
two types of simulated waste-form specimens and
the control cement mortar specimens were
exposed 1o selected MID species from the three
genera of microorganisms. Control solutions of
sterile nutrient feed were also used for each set of
experiments. The exposure time had to be deter-
mined for each testing scenano because the time
requirement for observable effects was not
known.

In a final test, radioactive waste-form speci-
mens from two actual commercial nuclear power
plant waste forms were evaluated. Those waste
forms, S ¢m in diameter by 10 ¢cm high, were

Experimental Results

obtained by INEL personnel during solidification
of the plant wastes. The first waste form was
composed of decontamination ion-exchange resin
in a proprietary formulation of pozzolanic cement
from the Peach Bottom Atomic Power Station
Unit 3. The second consisted of filter sludge in a
proprietary, pozzolanic cement mixture from the
Nine Mile Point Nuclear Plant Unit 1.

Tota!l Immersion.

Heterotrophic Bacteria. Preliminary work
has been conducted with a strain of Pseudomonas
cepacia. As mentioned earlier, it was selected as
representative of the organic acid-producing
heterotrophs. Results from this work suggested
that during the test (60 days). the buffering capac-
ity of the cement formulations was sutficient to
resist chemical attack from the organic acids
produced by Psewdomonas (Rogers et al. 1994).
Therefore, no further testing was conducted with
the heterotrophic species.

Nitrifying Bacteria. Although nitrifying
bacteria produce acidity through their metabolic
acuvity, most of these bacteria grow optimally in
buffeted systems in which the pH 1s maintained
between 7.5 and 8.5 (Schmidt and Belser 1982).
Unlike thiobacilli whose metabolic activity
results in overwhelming the buffering capacity of
cement-derived calcium hydroxide, nitric acid
formation by nitrifying bacteria is continuously
being neutralized by the loss of the calcium
constituent,

The continuous flow reactor system was
evaluated (as described in a previous section) for
application to the nitntying bacteria using mixed
cultures of Nitrosomonas and Nitrobacter
(Rogers et al. 1994). Data from this work showed
that the continuous flow reactor system was not
suitable for optimum growth of these bacteria.
Also, results showed that it was not necessary to
use mixed cultures of the ammoma-oxidizing and
nitrite-oxidizing bacteria to achieve optimum
mineral acid production. In addition, the growth
of these bacteria under continuous flow bioreac-
tor conditions required the addition of a buffer to
maintain slightly alkaline growth conditions.
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Formulation of waste cortaining resin Formulation of waste containing salt Control formulation
(solid) {liguid)

Matenal Wi Matenal Wi% Material Wit
Water a5 Water 734 Quartz sand 100
Bead resin 65 Sodium sulfate 15.0
Temperature 21°C Ammonium sulfate 96
pH 7 Sodium shlonde 20

Temperature 77°C
pH 4
Type 1l Portiand Type Il Portiand Type !l Portland
cement cement cement
T T T
1.5.1 waste/cement 1.1 waste/cement 1:2.75:0.5 cement
‘ * sand, water
Simulated Simulated Contrg waste form
sold higquid ASTM 109
LLW waste form LLW waste torm standard hydraulic
cement mortars
LF85 0041

Figure 2. Examples of possible composition of simulated low-level waste forms.

/

A

A

Intermitent
spraying

Continual
spraying

Test method

Continual
perfusion

Organisms Control
Sultur Nitriiying Heterotrophic  Nutrient solution
oxidizing minus microbes
Simulated LLW  Simulated LLW  Simulated LLW  Simuiated LLW
solid sohd solid sold
hquid liquid liquid liquid
control control control control
Simulated LLW  Simulated LLW  Simulated LLW Simulated LLW
solid solid sohd solid
liquid liquid hquid liquid
control control control control
Simulated LLW Simulated LLW Simulated LLW  Simulated LLW
selid solig solid sohd
liquid liquid hquid liquid
control control control control

Figure 3. Matrix for testing simulated low-ievel waste forms.
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Therefore, the use of the continuous flow design
for waste form exposure was discontinued for
these microorganisms and another design was
evaluated.

A bioreactor design used successfully by other
researchers to grow nitnfying bacteria was based
on a fed-batch design. Fed-batch reactor systems
are particularly sutted to the growth and monitor-
ing of slow-growing microorgamsms (Grady and
Lim 1980; Bailey and Ollis 1986). They combine
the desirable aspects of both continuous-flow and
batch reactor systems. This year, an evaluation of
the fed-batch system was initiated to determine if
it satisfied program needs. A pure culture of the
ammonia-oxidizing bacteria Nitrosomonas
europea was inoculated into nutrient solutions
(see Table 1 for content). Preliminary work with
the method was encouraging. It was possible to
monitor the solution concentrations of ammonia
and mitrite, thus providing a quantitative assess-
ment of acid production. Also, the concentration
¢ Ca in exposed media was monitored to deter-
.ine the quantity of cement-based Ca that was
solubilized. The results of the evaluation were
sufficiently encouraging to warrant further
stuches.

Waste forms used in the initial fed-batch study
were the INEL-supplied simulated resin and salts

Experimental Results

and the ASTM control. The study was designed so
that one each of the simuluted waste forms was
exposed to both the biotreatment and a sterile
medium control. To accomplish this, sterilized
waste forms (ethylene oxide treatment) were
placed individually into six 250-ml. flasks. Sterile
medium (~100 mL) moculated with N. europea
(with a final concentration of 1 x 107 cells/mL)
was added to flasks containing representative
samples of either the two waste forms or the
ASTM control (ireatments ). Sterile medium with-
out inocula was added to the remaining three
flasks (sterile controls). All the flasks were sealed
with sterile rubber stoppers modified to accept
influent and effluent tubes for the exchange of
medium. Prepared flasks were then pliced into a
covered, insulated water bath and incubated at
28°C in the dark. Every 48 hours, the liquid in all
flasks was removed and replaced with fresh sterile
medium (this medium was automatically inocu-
lated in those flasks containing the microbial treat-
ment). The pH of the collected effluent was
recorded, followed by quantitative determination
of the nitrite concentration. A decrease in sclution
pH with a concomitant increase in the con-
centration of nitrite were used as an indication of
metabolic activity by the bactenia. Confirmation
of bacterial growth was obtained by direct counts
of planktonic cells (unattached) using hght
MICTOsCopY.

Table 1. Results of most probable number enumeration of pellet surfaces.

Number of cells

(cm® )
ASTM Vendor PWR ASTM Vendor PWR
Sampling day inoculated inoculated inoculated control control  control
Day 26 8.5 x 104 >1.2 x 100 8.0 x 10° <12 <12 <12
Day 61 22x 10 >1.2 x 100 8.0 x 10° <12 <12 <12
Day 113 4.8 x 108 9.0 x 104 32x 108 <12 <12 <12

PWR = INEL-supphied specimens.
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Results from the first week of an mitial test
indicated that the bacteria were not active. There
had been no increase in nitrite content. solution
pH had not decreased from an initial high of
between 1 and 120 and direct counts showed that
cell numbers were decreasing. The apparent rea-
son tor the lack of microbial viability was an alka-
hine solution pH (>9). Nitrosomonas are known 1o
prefer a pH range between 7.5 and 8.5 (Bock. per-
sonal communication, 19931 However, data fron;
the literature (Diercks et al. 1991, Mansch and
Bock 1992) idicate that these bacteria do grow
on the surface of concrete under natural and lab-
oratory conditions. The gquestion of how 1o initi-
ate growth on fresh concrete was answered by
Bock. He pointed out that before growth occurs
on fresh concrete test specimens, it is necessary to
condition the exposed concrete surfaces to duphi-
cate the natural process of carbomzation (carbon-
ate formation ) that results in a decrease of surtace
pH. The conditioning process has been carried
out by Bock in test chambers by allowing
medium to percolate over a specimen for several
weeks before attempting inoculation. We elected
to accelerate conditioning by immersing speci-
mens in sterile water fortified with weak carbonic
acid generated by bubbling with carbon dioxide.
It was found that a | to 2-week treatment
(depending on waste formulation) in the resulting
solution was sufficient to duplicate the natural
process that reduces surface pH to near 8.5
Conditioned specimens were then used in subse-
quent studies

Results 48 hours after imtiation of the second
study using conditioned simulated waste-form
specimens indicated that the N. ewropea bacteria
were able 1o tolerate the presence of the test
specimens. By day 12, the pH of the inoculated
solutions had decreased te 6.0, 8.5, and 7.1,
respectively, for the ASTM control, resin, and
salts waste forms. In addition, nitrite concentra-
tons had increased to 6, 5, and 6 mM, respec-
tively. Results at the end of the 66-day study
clearly demonstrated a relationship between pH
and nitrite production. It was seen that as pH
decreased, the concentration of mitrite increased
(an inverse relationship). The pH during the study
fluctuated, but the average remained close to the
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day-12 values. A total of 5.5, 1.8, and 4.9 mM of

mitrite was produced in the ASTM, resin, and salts
waste-form specimen treatments, respectively.
This corresponded to 0.34, 0.11, and .31 mL of
concentrated nitric acid. The continued produc-
tion of relatively stable amounts of mitrite showed
that bacterial activity was maintained each time
after medium replacement.

It was noted in this study that after 2 weeks of
incubation, the treated waste-form specimens had
become contaminated with an additional micro-
bial species. Biochemical tests identified the con-
taminant as Pseudomonas fluorescence. This is a
heterotrophic bacteria that is capable of growth
using only minute gquantities of orgamc carbon
Initially, there was concern that these microbes
could affect the acuvity of the N. ewropea. How-
ever, the contamination ¢f the simulated waste-
form specimens in the sterile medium (after
45 days) showed that the presence of P fluores-
cence had no effect on solution pH or on the pro-
duction of nitrite. Steniie cotton swabs were used
to obtain surface samples of all the waste-form
specimens to determine if colonization by with
either species of bacteria had occurred. Results
from spreading on a heterotrophic medium and
incubation of inoculated sterile nitrnifier medium
showed that both species of bacteria had success-
fully colonized the surtace of the specimens.

At the end of 66 days. the waste-form speci-
mens were retrieved and prepared for analysis.
Their physical appearance can be seen in Fig-
ures 4 through 9. The ASTM controls and salts
formulations of both treatment and controls
remained intact while the resin waste-form speci-
mens disintegrated. Those specimens exposed to
the microbial treatment showed some color
change as well. A small porticy (o ¢ach specimen
was taken for image analysis usv 2 environmental
scanning electron microscopy (ESEM). Using a
sterile spatula, surface scrapings were taken from
these portions for further study using appropriate
staming techniques. The remainder of each por-
tion was rinsed in sterile water to remove plank-
tonic cells. This was followed by sonication of the
solids in sterile phosphate buffer to remove
attached biofilm and/or individual bacterial cells.
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Figure 6. INEL supplied simulated 1on
wChange resin waste-form specimen after being

immersed for 66 davs in stertle nitrifier medium

F:gUfe 8. INEL-supplied simulated evapora
tor bottoms waste-form specimen atter being
immersed for 66 days in medium contaming nitn

fving bacleria

,4 1 2 1 ‘V
Figure9. INEL-supplied simulated 1on
Figure 7. ASTM control waste-form speci exchange resin waste-form specimen after being
men after being immersed for 66 days in medium immersed for 66 days in medium containing nitn
containing mtrifying bacteria fying bactena
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Z20nV £sD

Uniyersity

Figure 10. ESEM photograph of ASTM control waste-form specimen after exposure to sterile medium

Figure 11. ESEM photograph of evaporater bottoms INEL-supplied simulated waste-form specimen
after exposure to sterile medium
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Figure 12. ESEM photograph of ASTM control waste-form specimen after exposure to nitrifying

arganism
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Figure 13. ESEM photograph of evaporator bottoms INEL-supplied simulated waste-form specimen

after exposuie to nitrtying organisms

NUREG/CR-618% 16



Experimental Results

86 55 2+
-
RSN v
14xV ESD “8nee D*B B P AT
University of MHew Mexico 40289 R332

Figure 15. Biofilm staining of INEL-supplied simulated waste-form specimen after exposure 1o nitrify

ing organisms (a) stained blue 1o demonstrate presence of biofilm EPS matenal and ib) fluorescent orange

stain demonstrating presence of viable cells
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Following that, each of the treatment flasks (a total
of three) was inoculated through the inlet tube with
approximately 100 mL of an N. ewropea solution
(strain “freitag” 1 x 107 cells/mL), which
entirely immersed the pellets in culture solution.
The pellets in the three control flasks were
immersed in sterile medium. The N. ewropea strain
had been cultured in the dark before pellet inocula-
tion in 500 mL of ammonia-oxidizer growth
medium (Schmidt and Belser 1982

After 2 days to allow for pellet colonization,
the solution from both inoculated and control
reactor flasks was removed and replaced with
fresh ammonia-oxidizer growth medium. After
the specimens were incubated for an additional
17 days (day 17), there was a second 3-day period
of colonization tollowing the procedures
described above. For the duration of the study, a
regime was established of growth medium
removal and replacement every 3 10 10 days.

Growth medium removed from both
inoculated and control reactor flasks was
analyzed for nitrite and Ca concentrations, pH,

and microbial number. Solution concentrations of

nitrite were quantitatively determined using a
form of the Greiss-Hosvay colorimetric test
(Garret and Nason 1969) in which nitrite
diazotizes sulfanilamide followed by coupling to
N-(1-naphthyl)-ethylenediamine dihydrochlo-
ride. Microbial numbers were obtained by direct
counting using a Hausser Scientific brightline
hemacytometer with 400x phase contrast
MICrOscopy

Besides periodic analysis of the hiquid, one of
the original five pellets was removed from each
treatment and one from the control reactor (for a
total of six samples) on days 26, 61, and 113. A
sterilized chisel was inserted into the bisecting
groove in each pellet to effect separation into two,
approximately equal subsamples. After rinsing
one subsample with sterile phosphate buffer to
remove planktonic cells, the surface was scraped
and then scrapings and pellet subsamples were
sonicated for 5 minutes in 10 mL of phosphate
buffer. A most-probable-number method

Experimental Results

(Schmidt and Belser 1982) was then used to enu-
merate ammonia-oxidizing bacteria present in the
buffer solution. The second pellet subsample was
prepared for viewing with a scanning electron
microscope (SEM). This was accomplished by
fixing it in 10 mL of 2% glutaraldehyde agueous
solution for 1 hour, followed by successive
15-20 minute treatments in 10 mL of 10%, 25%,
509, and 75% ethanol in agueous solution. The
subsamples were air-dried and then sputter-
coated with 30 nm of Au-Pd under high vacuum.
Then. the SEM was used to inspect pellet subsam-
ple surfaces for the presence of mitrifying
bacteria.

Figures 17 through 20 summarize data col-
lected over 194 days. Figure 17 displays mitrite
accumulation in inoculated and control reactor
flasks. These data show that no nitrite was pro-
duced in any of the control reactors, whereas
inoculated reactors had a very consistent accu-
mulation of 1-2 mM nitrite between sampling
events from about day 40 onward. This suggested
that there was stable activity of N. europea in the
inoculated reactors. A total of 5.9, 5.6, and
5.1 mM of nitrite were produced in the inoculated
ASTM control, resin, and salts waste-form reac-
tors, respectively. This corresponded to 0.37,
0.35. and 0.31 ml. of concentrated nitric acid.
These data are similar to day 66 and show little
increase in the nitrite content. One possible
explanation for this is that nitrite under prolonged
exposure to conditions of low pH (<pH §) can
undergo chemical oxidation and be lost.

Figure 17 also shows the effect of reinoculation
of the treated salts waste-form specimen. Nitrite
production in this reactor had decreased to nearly
nondetectable levels by day 19. The apparent rea-
son for the lack of continued bactenial activity in
this reactor was the initial high pH values, usually
above 8.5 and some as high as 9.3 (Figure 18).
The elevated pH was due to insufficient carbon-
ization of the waste-form specimens. The inocu-
lated reactor pH values ranged from 5.6 10 6.4 for
maost of the experimental period, whereas uninoc-
ulated controls were generally about 2.5 pH units
higher. Results at day 194 clearly show the same

NUREG/CR-6188
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correlation between pH and nitrite production
mentioned at the beginning of this section.

A comparison of the data for cumulative Ca
solubilized in inoculated reactors to the data for
the uninoculated controls shows that there was
microbial influence (lower pH and high nitrite)
responsible for an increase in Ca solubilization
(Figures 19 and 20). This was particularly appar-
ent for the ASTM and resin-containing peilet
reactors. However, for the reactors containing the
salts waste-form specimens, the control remained
continually higher in cumulative solubilized Ca
until about day 120, when levels began to
decrease. Conversely, camulative solubilized Ca
continued to steadily increase throughout the
study 1n the reactor that contained the inoculated
salts waste-form specimen, finally overtaking the
control at about day 135 (Figure 19).

The direct-count results that were used to
detect microbial numbers in solution showed that
the initial number of 1 x 107 cells/mL had
dropped to ~1 x 10%. However, the three most-
probable-number enumerations that were con-
ducted on pellet samples removed on day 26, 61,
and 113 showed the treated pellets to be heavily
inoculated with mitrifiers. These results are shown
in Table 1. The respective “> and <" numbers
associated with two of the data points for the
inoculated resin and with the controls reflect the
statistical nature of the most-probable-number
enumeration method. Absolute numbers are ot
expressed because serial dilutions were not car-
ried out past the 10°° dilution and because the 10!
dilutions were not sampled for enumeration. For
all intents and purposes, an actual value ot zero
was assumed for the controls since no nitnite pro-
duction was ¢ver detected in any of the reactors. It
can be concluded from the data that the N, ewro-
pea strain had colonized the pellet surfaces of the
inoculated simulated waste-form specimens and
the ASTM control by day 26. Day 61 bacterial
numbers reflect a relatively stable surface popula-
tion, which had already been established by day
26, although a 2.5-fold increase is indicated for
the ASTM reactor It is somewhat surprising that
day 113 values indicate a general tenfold decrease
in the surface population for all of the inoculated
reactors. This magnitude of surface population

NUREG/CR-6188
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decrease is not supported by the nitrite production
data (Figure 17), which indicate relatively stable
amounts of nitrite production in all inoculated
reactors during days 61 through 113, It is possible
that a systematic error involved with surface
scraping or sonication effectiveness was respon-
sible. This type of error would occur, for exam-
ple, if bacterial “sticking efficiency™ as a function
of EPS or biofilm formation increased.

SEM imaging of respective complementary
pellet subsamples also does not support a
decrease in the surface bacterial population
between days 61 and 113. These images are pres-
ented in Figures 21 and 22 and represent selected
examples of SEM micrographs from the three
respective chronological sampling times: days
26. 61, and 113. Because the SEM images repre-
sent only a very small area of the total pellet sub-
sample surface and of the total surface area
actually scanned and viewed by the SEM opera-
tor, subjective impressions of the operator
become important and can provide useful insights
in interpreting other relevant data. It should be
noted that the ease of locating areas on all pellet
surfaces suitably populated with bacteria for
imaging increased steadily over the sampling
period. For instance. at the first sampling time. it
was difficult to find bacteria on the surface of the
salts waste-form specimen. However, by day 61,
bacteria were apparent, and by day 13, they
seemed to be ubiguitous on the pellet surface.

Figure 21a shows an inoculated ASTM pellet
and is a 3x magnified image of Figure 21b. In
both images, the “pockmarks™ and the presence
of bacteria is unmistakable. It seems highly likely
that a relationship exists between bacteria and pits
because of their similar size (~1 um). These
images are similar to others obtained using ESEM
imaging of ASTM pellets examined after our ini-
tial fed-batch experiment. Figure 2i¢ shows the
appearance after 26 days of an uninoculated
vendor-supplied resin waste-form specimen. In
an image 250x the magnification of Figure 2l¢,
Figure 21d shows a well-colonized resin bead
from an inoculated vendor-supplied waste form
specimen. Many cells in this image appear to be
dividing, suggesting cell viability and growth.
Figure 22 shows the surfaces of pellet subsamples
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Figure 21. Electron micrographs of ASTM and vendor-supplied simulated waste-form specimens after
26 days exposure 1o nitrifying bacteria (a) ASTM trearment, (b) ASTM treatment. (¢) vendor control, and
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Figure 22. Electron micrographs of vendor-supplied simulated waste-form specimens after 61 days

exposure to mitrifying bacteria (a) vendor treatment and (b) PWR treatment
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removed at day 61, Figure 22a clearly shows
colonization pattern on a resin bead surtace,
defined by a line from near the upper left corner
”h' "L'm‘

i1s well colonized below this line. but

t the lower nght corner of the image
sutace
bacte 1a are not present above it It appears that a
miner il deposit (not present below the line) may
be preventing colonization of the upper area of
the resin bead surface. Although bacternia wer
also observed on the cement matrix between resin
beads, ¢ clonization was not as extensive l 1§
ure 22b shows the type of general colomzaton
pattern observed on the PWR salts waste-form
pellet. Figure 23 shows SEM images of the sur
tace ot P\v‘“\'i \uh\‘nnpln removed from the three
respective mnoculated reactors on day 113 Fig
ure 23a shows a simlar bacterial colomzation
pattern for the ASTM pellet subsample surface as
abserved in Figure 21b. indicating a relatively
dable surtace population from days 26 to 113, It
should be noted that the resin waste form cement
matrix between resin beads appeared to be much
more h\'.l\l!\ colomzed than ['I\.'\ll'll\l‘\ observed
bactenal colonies usually bemng associated with

pits or depressions in the matrx surface

Sulfur-Oxidizing Bacteria. A tcst was
devised in which evaporator bottoms and 1on
imens from the INEI

imulated waste torms

exchange resin speg vendor

formulations of and the
ASTM control waste form specimens were
exposed to hixiviant produced by T thiooxidans

AHH, l

continuous flow biroreactors

ferrooxidany 1solates grown in separate
Results of this work

were reported last year (Rogers et al. 1994)

This vear, an ASTM specimen and a vendor
supphied simulated evaporator bottoms waste
form specimen were exposed o 1. thiovoxidans
lixiviant for 30 days, then examined for the pres
ence of EPS and bactenal cells. The same proce
dure was used as described in the section on
Nitrifving Bacteria. Fragments of both specimens
examined by ESEM chowed the presence of bio
film (Figures 24 and 25). Scrapings from the
ASTM specimens were prepared and stained with

alcian blue and acnidine orange. The presence of
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Figure 24. ESEM photograph of ASTM control waste-form specimen after exposure to sulfur-oxidizing
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Figure 25. ESEM photograph of INEL-supplied simulated waste-form specimen after exposure to
sulfur-oxidizing organisms
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both EPS and bacterial cells was confirmed
(Figure 26). Again, the background blue color
confirms the presence of biofilm EPS material
(Figure 26a) and the bright, fluorescing orange
shows the presence of viable cells associated with

the biofilm matrix (Figure 26b)

Intermittent Immersion. A test similar to that
described 1in the section on total immersion was
Both INEI

fabricated and vendor-supplied simulated evapo

conducted using Thiobacillus

rator bottoms, 1on-exchange resin waste-torm
spectmens, and ASTM controls were exposed to
thiooxidany lixiviants, and
Ihis test
differed from total immersion in that test speci

I ferrooxidans. 1

the sterile microbial growth medium

mens were fully immersed in the respective
treatment hiquid for only 6 hours out of every
I 2 hours. Results of these tests were reported last
year (Rogers et al, 1994)

Intermittent Misting. Intermitient misting was
the third testing method evaluated. It was used to
I'he

design was such that igud was drawn away tfrom

expose test specimens to a hixiviant mist

the waste form specimens to prevent puddling. To
accomphlish this, exposed hixiviant (which con
tacted the specimens) was collected as it dripped
from specimen surfaces. In this way, the speci
men remained moist, but was not ever submersed

i hiximviant

I'he prototype for the musting chamber is seen

in Figure 27

I'he body of the chamber was a
2. 4-1 plastic container. It came fitted with a seal
tight, snap hid. The hid was modified to accommo
date the motor (covered by the square, perforated
box) and the misting generator. The misting gen
erator was taken from a “cool mist” vaporizer
Acid-bathed, washed, and sterilized glass marbles
were placed in the container to reduce the volume
ol lixiviant necessary to maintain a requisite
height. The marbles’™ weight acted as an “anchor”
for the modified 100-mL graduated cylinder
(foreground; cut off at a height to ailow collection
of 60 mL of hiquid). The cylinder shown in
Figure 27 had a teflon pedestal placed into it to
serve as a stage for the placement of a simulated
waste-form specimen (the dark. cylindrical object

directly above the top of the graduated cylinder)

NUREG/CR-6188%

I'wo modifications were made to the prototype
system before it was evaluated as a testing meth
odology. First, to help reduce differences due to
treatment apphication, it was decided to use only
one exposure chamber per lixiviant source. This
was done so a specimen of each of the waste form
types could be placed in the same chamber envi
ronment. Second, modified funnels were used as
the physical support structure tor the specimens
( gure 28). As mist collected on the specimens
and eventually ran off, it was collected by the fun
nels into individual graduated cylinders. Lixi
viant was then recovered from the graduated

cylindeis by a permanently installed tube that was

part ot & continuous effluent withdrawal system

ta)

(h)

Figure 26. Biofilm staining of INEL-supplied
simulated waste-form specimen after exposure to
sulfur-oxidizing organisms (a) stained blue to
demonstrate presence of biofilm EPS material
and (b) fluorescent orange stain demonstrating
presence of viabie cells



Figure 27. Prototype for intermittent misting
chamber
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I'his system brought the effluent to collection
flasks, and the contents of each collection flask

were monttored daily

I'he volume of lixiviant in the misting con
tainer was maintained at 300 ml. by a continuous
imfluent/effluent addition and withdrawal system
for the main chamber and by the separate effluent
systems from each of the three graduated cylin
ders. The mistng umit was timed (o operate for

S out of every 15 minutes

Specimens of the INEL-fabricated ASTM con
trol, the vendor-turnished simulated evaporator
bottoms (salts), and the 1won-exchange resin waste
form were exposed to mist generated from the
I ferrooxidans and the T thiooxidans lixiviants
and sterile growth medium. Lixiviant recovery
was generally sporadic with an average range of
3to 27 mL of effluent being collected from each
graduated cylinder per day. Once collected, efflu
ent from each treatment was analyzed for pH and
the concentration of Ca, Al and Si. The duration
of the intermttent misting test was 60 days, At the

conclusion of the test, the surface [‘“ of each

Figure 28. Waste form placement in misting chamber
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Peach Bottom and Nine M

Table 3.
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(d)

Figure 43. ASTM control waste-form specimens exposed over time to sterile medium (a) AS '™ dupli
cate 1 at day 20, (b) ASTM duplicate 2 at day 20, (¢) ASTM duplicate | at day 30, (d) ASTM duplicate 2 at

- &

day 30, (¢) ASTM duplicate | at day 60, and (f) ASTM duplicate 2 at day 60
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|
|

li lixiviant (a) ASTM

Figure 44. ASTM control waste-form specimens ¢ xposed over ume to thiobacl
at day 20, (b) ASTM duplicate 2 at day 20, (¢) ASTM duplicate 1 al day 30. (d) ASTM duphcate

duphicate |
> at day 30, (e) ASTM Ju;‘!ha(r | at \‘;Iv\ 60, and (f) ASTM \h!;‘i:\ ate 2 at day 60
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(d) (e) (f)

Figurﬁ 46. Vendor supphied waste-form specimens exposed over time to thiobacilh bixiviant (a) Peach
Bottom duphicate 1 at day 20, (b) Peach Bottom duplicate 2 at day 20, (¢) Peach Bottom duplicate 1 at
day 30, (d) Peach Bottom duplicate 2 at cay 30, (¢) Peach Bottom duphicate 1 at day 60, and (f) Peach

Botom duplicate 2 at day 60
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94 -0538 1

{cd) ) (D) (C)

94-0625

(Q) (e) {7

Figure 47. Vendor-supphed waste-form specimens exposed over time to stertle medium (a) Nine Mile
)l '

'), (b) Nine Mile Pomnt duphcate 2 at day 20. (¢) Nine Mile Point duplicate | at

day 30, (d) Nine Mile Point duplicate 2 at day 30, (¢) Nine Mile Point duplicate | at day 60, and (1) Nine

Mile Point duplicate 2 at day 6

Point duphcate 1 at day 2

Figure 48. Vendor-supphied waste-form specimens exposed over time to thiobacill lixiviant (a) Ning
Mile Point duphcate | at day 20, (b) Nine Mile Point duplicate 2 at day 20, (¢) Nine Mile Point duplicate |

at day 30, (d) Nine Mile Point duphcate 2 at day 30 Nine Mile Point duplicate 1 at day 60, and (f) Nine
Mile Point \!U;'&n ate 2 at day 60
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(a)

94-0926-1-¢ 14-0926-1

(d) (e)

Figure 49. Reccovered vendor-supplied Peach Bottom waste-form specimens (a) before exposure,
(b) duplicate | after 60-day exposure to sterile medium, (¢) duplicate 2 after 60 day exposure to stertle
medium, (d) duplicate 1 atter 60-day exposure to thiobacilli lixiviant. and (¢ ) duplicate 2 atier 60-day expo

sure o thuobacilh Tixaviant

94-0926-1-1 94-0026-1-2

Figure 50. Recovered veador-supplied Nine Mile Point waste-form specimens (a) before exposure,
(b) duplicate 1 after 60-day exposure 1o sterile medium, (¢) duplicate 2 after 60-day exposure to sterile
medium, (d) duphicate 1 after 60-day exposure to thiobacilli hxiviant, and (e) duplicate 2 atter 60-day expo
sure to thhobacilh hixiviant
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Table 4. Quantities of Co-60, Cs-137, and Cs-134 leached over time from Peach Bottom

cement-solidified low-level waste-form specimens as a result of the accelerated biotest.

Total pCi nuclide

Co-60 Cs-137 Cs-134
Treatment Week Rep | Rep 2 Rep | Rep 2 Rep | Rep 2
Medium I 60372.0 54470.0 156520 319800 0.0 0.0
2 258825 226200 3623 15665 0.0 0.0
3 126000 0 261800 1351.0 840.0 00 0.0
4 13370.0 11550.0 171.5 371.0 0.0 0.0
! 15960 0 131400 503.5 234.0 0.0 0.0
6 60400 52000 240.0 244 0 0.0 .0
7 7150.0 7975.0 250.0 253.0 0.0 0.0
L} 166750.0 1 350000 3553 546 %8 0.0 0.0
Laxiviant | 3740000 777150.0 20000.0 451935 0.0 0.0
2 265500.0 2875000 20550 1717.5 0.0 0.0
3 373500.0 2422500 11835 6413 0.0 0.0
4 165000.0 1 740000 0.0 632.0 0.0 0.0
5 52500000 434000 0 0.0 9170 0.0 0.0
6 3030000 3640000 0.0 1361 % 0.0 0.0
7 3230000 2737500 9520 00 0.0 00
8 225000 .0 391500.0 0.0 7338 0.0 0.0

Table 5. Quantities of Co-60, Cs-137, and Cs-134 leached over time from Nine Mile Point

cement-sohdified low-level waste-form specimens as a result of the accelerated biotest.

Total pCi nuchde

Co-60 Cs-137 Cs-134

Treatment Week Rep | Rep 2 Rep | Rep 2 Rep | Rep 2
Medium 1 1000 77259 1507500.0 1582500.0 4005.0 38400

2 4277.0 4550.0 338000 0 3510006 B45.0 B77.5

3 62216 5075.0 532000.0 469000.0 14140 1176.0

B 3206.0 3451.0 150500.0 175000.0 4025 465.5

S 5814.0 3543.0 266000.0 183750.0 7258 4183

6 29077 .0 3701 8 165325.0 1K7000.0 4123 501.5

7 2667.5 23925 187000.0 165000.0 555.5 380.6

L] 47385.0 S6980.0 188500.0 238000.0 5311 58K.0
Lixiviant i 169000.0 238000.0 20800000 2401250.0 §3300 5992 %

2 69000.0 75000.0 325500.0 379500 .0 837.0 95

3 175500.0 114750.0 643500.0 429250.0 1390.5 9

4 31500.0 67500.0 117000.0 193500.0 2123 -

5 227500.0 53625.0 234000.0 46540.0 0.0

6 168000.0 153000.0 105000.0 99000.0 2574 345.0

7 150000.0 165000.0 K1000.0 82500.0 0.0 0.0

8 187000.0 96000.0 89250.0 ROOOO.0 0.0 0.0
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Total quantity of C-14, Tc-99, and Sr-90 leached over 8 weeks from Peach Bottom and Nine

Mile Point cement-sohidified low-level waste-form specimens as a result of the accelerated biotest.

Total pCi nuchde

Te-99

Treatment

PB NMP NMP

Medium

Lixiviant

51.480
33.191

84 238
124 147

90,860
92.660

745
1.024

853
1,302

there was & considerable release (over 3 mil-
hon pCi) of Cs-137 from the NMP specimens.
This release appeared to be independent of treat-
ment type, although the thiobacilli treatment did
have nearly a 10% greater release. The same was
also true for Cs-134, although the difference
between treatment and control appear indistin-
guishable. On the other hand, the quantity of
Cs-137 leached from the PB specimens was not as
consistent. Total Cs-137 remeved from the dupli-
cated PB samples due to the thiobacilli lixiviant
was 51,196 and 25,000 pCi, while those of the
medium samples was 18,849 and 36,035 pCi
(Table 4). However, when these data are aver-
aged, based on treatment, the thiobacilli treatinent
appears to have released more Cs-137 than the
medium (38,143 versus 27,442 pCi). While there
may not be a significant difference between these
averages, they follow the trend established in
which more nuclides were leached due to the
thiobacilli treatment than by the medium. Analy-
ses of the composite effluent samples showed that
more total quantities of C-14 and Sr-90 were
remove . from the treated NMP specimens than
from the treated PB specimens (Table 5). The
amount of liberated Tc-99 was comparable for
both waste forr ypes (Table 6). Again, the
waste-form spec. nens exposed to the thiobacilli
lixiviant had more nuclides removed than the
control specimens. On average, there was approx-
imately 1.5, 8.5, z1.d 6.1 times more C-14, Tc-99,
and Sr-90, respe.tively, leached from the PB
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specimens treated with the thiobacilli ixiviant
than from the samples treated with the control
medium. For the NMP specimens, these values
were 99, 5.6, and 2.2, respectively.

Data for the cumulative removal of Co-60,
Cs-137, and Cs-134 over time from each treat-
ment and type of waste-form specimen is pres-
ented in Figures 51 through 55. Figures 51 and 53
show that the release of Co-60 from both types of
specimens was dependent on the thiobacilli treat-
ment and are very similar. Action by the sterile
medium occurred at almost a negligible rate when
compared with that of the treatment. The release
of Co-60 from all the specimens was being main-
tained a' a constant rate by the end of the eighth
week. There was a distinctly different pattern of
Cs release compared to thar of the Co-60, as seen
in Figures 52, 54, and 55. First, it is noted that Cs
release was not entirely dependent on the treat-
ment. There was a parallel Cs release for treat-
ments exposed to lixiviant and sterile medium.
Next, for the PB specimens (Figure 52), the
majority of Cs-137 loss occurred within the firs,
week, while for the NMP specimens exposed to
the biotreatment, the rate of Cs-137 and Cs-134
leaching decreased after the third week (Fig-
ures 54 and 55). The total amount of Cs leached
due 1o both treatments stabiliz=d by the end of the
eighth week. The figures, however, show that the
rate of the leaching process was greater in the
thiobacilli treatments.
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Figure 51. Cumulative Co-60 leached over uime from Peach Bottom waste-form specimens exposed to
either sterile medium or thiobacilli lixiviant,
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Figure 52. Cumulative Cs-137 leached over time from Peach Bottom waste forms exposed to either ster-
ile medium or thiobacilli lixiviant.
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Figure 53. Cumulative Co-60 leached over time fror: Nine Mile Point waste-form specimens exposed to

either sterile medium or thiobacilli hixiviant.
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Figure 54. Cumulative Cs-137 leached over time from Nine Mile Point waste-form specimens exposed
to either sterile medium or thiobacilli lixiviant.
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Other Activities

During the reporting period, the following con-

ferences were attended and presentations made:

made by M. A. Hamilton at the American
Soil Science Society Annual Meeting,
November 11, 1993, in Cincinnati, OH.

A paper titled “Development of Methodol-

e A paper titled “Microbially Influenced Deg- ogy to Evaluate Microbially Infiuenced
radation of Cement-Solidified Low-Level Degradation of Cement-Solidified Low-
Radioactive Waste Forms™ by R. D. Rogers, Level Radioactive Waste Forms™ by R. D.
M. A. Hamilton, R. H. Veeh, and J. W, Rogers, M. A. Hamilton, R. H. Veeh, and
McConnell, Jr., was presented by M. A J. W. McConnell, Jr., was presented by
Hamilton at the ASTM Symposium, R. D. Rogers at the Fall 1993 Materials
November 2, 1993, in Williamsburg, VA. Research Society Meeting, December |,
The paper will be published as a chapter in 1993, in Boston, MA.
the peer reviewed conference proceedings.

R. D. Rogers visited Germany, France, and

e A presentation titled “Activity of Sulfer England, and met with researchers in those

Oxidizers at Low-Level Radioactive Waste
Sites” by R. D. Rogers, M. A. Hamilton,
R. H. Veeh, and J. W. McConnell, Jr., was
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countries working on microbial degradation
of concrete and LLW. Those meetings were
held from RAay 11-17, 1993.




SUMMARY

The literature provides data showing that there
are microorganisms that can influence the degra-
dation of cement. Three groups have been identi-
fied as principals in the creation of conditions
conducive to the degradation of concrete integ-
rity. They include representatives of hetero-
trophic, nitrifying, and sulfur-oxidizing bacteria.
These microbes appear to be ubiquitous in the
environment. Work conducted for other tasks of
this program has demonstrated that it is possible
to isolate these species of microbes and grow
them under laboratory conditions. Representa-
tives of the three genera of MID bacteria have
been used in the development of prototype testing
methodologies for exposing waste-form speci-
mens to microbial effects. The evaluated methods
include exposure of waste-form specimens in
constant flow solutions containing microbial bio-
mass and metabolic products (lixiviant) using
total immersion, intermittent immersion, inter-
mittent lixiviant mist, and by a fed batch system.

Demonstration of the first three methods has
been completed with the sulfur-oxidizing bacteria
T. thiooxidans and T. ferrooxidans. When used
with these microorganisms, the exposure meth-
ods appear to be very conservative in nature
because they expose simulated waste-form speci-
mens to an environment that promotes active
microbially influenced degradation (MID).
Extensive damage to tested, simulated waste-
form specimens occurred from each exposure
methodology by the end of 60 days. Based on test
results, it was determined that the intermittent
immersion method, using Soxhlet columns for
exposure cells, provided more control of lixiviant
delivery to the test specimen and subsequent
effluent recovery.

As previously reported, exposure to hetero-
trophic bacteria did not have the same effect as
the thiobacilh. Effects similar to those described
above were not seen after 60 days of total immer-
sion of specimens in heterotrophic lixiviant. In
additon, imtial work with the nitrifying bacteria
using the fed batch method showed that exposure

periods over 60 days were suggested before
effects comparuble to the thiobaciili are obtained.

It was found with F<th the nitrifier and thioba-
cilli that the presence of the cement-solidified
waste did not hinder the active growth of plank-
tonic microbes. Further, it was established that
the microbes could colonize the cement waste-
form specimen surface and initiate the formation
of a biofilm. This information was confirmed by
both selective staining and SEM. These data were
considered important since the presence of bio-
film EPS on a waste form surface indicates that
the microorganisms are not only tolerating the
chemical conditions of the surface, but they are
also able to proliferate. The implication of these
findings 1s that biofilm formation wit. «ccompa-
nying microbial activity would contribute to deg-
radation of infected waste forms. This is an
important finding because MID microorganisms
have been shown to exist at actual and proposed
LLW disposal sites (Rogers et al. 1994), and it
indicates that in a natural, low-level waste dis-
posal setting, microbes could proliferate at the
soil/waste form interface or waste form surface.
Under such intimate conditions, the MID micro-
organisms would be protected from the e viron-
ment while challenging the integrity of the waste
form.

Ir: general, this work has shown that production
of acid as a function of obtaining energy for
metabolism can cause a signiticant decrease in
the pH of both waste form surfaces and solutions.
This is obvious from the strong inverse correla-
tion between oxidation of reduced forms of nitro-
gen and sulfur and the pH decrease observed in
inoculated treatments and uninoculaed controls.
The increase in solubilized Ca associated with the
biological treatments shows that the presence of
MID bactenia contributed to an increase in degra-
dation of the cemert matrix of both INEL and
vendor-supplied waste-form specimens and the
ASTM control formulation.

For the nitrifying bacteria, most-probable-
number enumeration of treated waste form types
and the ASTM control demonstrates the presence
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Summary

of a generally stable population of Nitrosomonas
europea on the respective pellet surfaces. SEM
imaging of the inoculated pellet surfaces corrobo-
rates bactenal colomzation.

Work with the thiobacilli has shown that the
effects of MID on treated waste forms can be
ascertained by physical, chemical, and biological
examination. Physically, exposed waste forms
appear o be in various degrees of degradation
ranging from eroded surfaces to complete disin-
tegration. The extent of damage appears to
depend on the specimen composition and the time
of lixiviant exposure. Chemical evidence of MID
includes a decrease in exposed lixiviant pH and a
decreased surface pH of the test specimen. Final
pH of both solutions and surfaces can range from
1 to =3, Also, it was found that a substantial num-
ber of elements composing the cement matrix of
the specimen were solubilized. indicating a loss
of waste form integrity,

Based on the stabihity of operational conditions
and the consistency of data, the intermittent
immersion exposure system using 7. thiooxidans
was selected for testing waste-form specimens
containing radionuclides. The conservative test
conditions were used because these waste forms
represented a new, untested material. Waste forms
used in this study were two varieties ef actual
cement-solidified low-level waste forms made
from power reactor wastes. One contained ion-
exchange resin waste from the Peach Bottom
(PB) Atomic Power Station Unit 3, and the other
contained sludge from the Nine Mile Point
(NMP) Nuclear Plant Unit 1. Effluents derived
from the testing of these specimens were ana-
lyzed for gross beta- and gamma-emitting 1s0-
topes. In addition, final composite samples were
analyzed for Sr-90, Tc-99, and C- 14,

Medium exposure had no visible effect on the
ASTM control, while there was minor swelling of
the NMP specimens (the waste form shape is still
well defined). Unlike some INEL studies with
other waste-form specimens containing ion-
exchange resin, the PB samples were not totaily
disintegrated, and the exposed individual resin
beads appeared to be firmly embedded in the
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cement matrix. NMP evaporator bottoms
waste-form specy s that were exposed to the
thiobacilli lixiviants gradually crumbled, and
material Joss was evident. Similar physical dam-
age was seen in the PB ion-exchange resin speci-
mens exposed to sterile lixiviant. Upon close
examination, however, there was more extensive
damage to all specimens in contact with the lixi-
viant than was first observed. The NMP speci-
mens were completely disintegrated. and the PB
waste-form specimens had crumbled, with evi-
dence of unattached resin beads.

When effluent from the power reactor samples
was analyzed for the presence of gross beta- and
gaumma-cmitting nuclides, the PB effluents, gen-
erally, were found to have Co-60 and Cs-137: the
effluents from the NMP samples contained these
nuclides and Cs-134. In addition, C-14, Tc-99,
and Sr-90 were found in the composite effluents
from both types of waste-form specimens. The
data show that the specimens exposed to the thio-
bacilh hixiviant had a greater loss of Co-60, C-14,
Tc-99, and Sr-90 when compared to the controls
treated with the sterile medium, while those
effects on Cs-137 and - 134 were less noticeable.
Analysis of the composite effluent samples
showed that more total quantities of C-14 and
Sr-90 were removed from the treated NMP speci-
mens than from the PB specimens, while the
amount of liberated Tc-99 was comparable for
both waste form types. Again, those specimens
exposed to the thiobucilli ixiviant had more
nuchides removed than did the controls. On aver-
age, the PB waste forms leached approximately
1.5, 8.5, and 6.1 times more C-14, Tc-99, and
Sr-90. respectively. when treated with the thioba-
cilli lixiviant than they did when treated with the
control medium. For the NMP specimens, these
values were 9.9, 5.6, and 2.2, respectively.

These data support the continued development
of appropriate tests necessary to determine the
resistance of cement-solidified LLW to micro-
bially induced degradation that could impact the
stability of the waste form. They also justify the
continued effort to define the conditions neces-
sary to support the microbiological growth and
population expansion.



CONCLUSIONS

This report provides data from three developed
biodegradation test methodologies that are suit-
able for testing cement-solidified low-level
waste. Data from several testing scenarios have
demonstrated conclusively that cementatious
materials can be substantially damaged by the
aggressive environment promoted by the activity
of specific microorganisms. Of the three genera

of bacteria used for testing, the two species of

sulfur-oxidizing thiobacilli bacteria were the
most aggressive. Use of these bacteria in three
different waste form exposure scenarios (total
immersion, mtermittent immersion, and mtermit-
tent misting ) has demonstrated that their presence
can promote physical damage to simulated waste
forms (those containing exchange resin or evapo-
rator bottoms). Previous work has shown that,
under conditions of total immersion (the only
exposure method used on these genera), the heter-
otrophic bacteria can initiate cement degradation.
This action occurs over an extended period and is
much less effective than the thiobacilli. Tt was
also demonstrated that the mitrifying bacterium
used in a fed batch system can initiate cement
degradation. It was shown that both the thiobacilh
and the nitrifving bacteria N. ewropea can form
biofilms on exposed surfaces of waste forms.
(The surface activity of the heterotrophic bactena
was not evaluated.) The active colonization of the
waste form surface and resulting formation of a
biofilm showed that the bacteria were not
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adversely affected by cement chemistry. These
data indicate that the colonization of the surfaces
of cementatious waste forms could occur under
natural conditions. It 1s therefore concluded that
prolonged exposure to microbial activity could
compromise the integrity of cement-based waste
forms. Furthermore. work with specimens of
actual waste forms has demonstrated the acceler-
ated release of radionuclides due to microbial
action. In an accelerated test, thiobacilli would be
the candidate organism of choice,

Based on stability of operational conditions
and consistency of data, the intermittent unmer-
sion exposure system should be used for testing
of actual LLW. Also, under present operating
conditions, the intermittent immersion system 1s
less likely to have loss of lixiviant through leak-
age or spills, and therefore will be most effective
in controlling the spread of solubilized radioac-
tive contaminants, Because samples of actual
radioactive waste forms will represent new,
untested material, it 1s suggested that the conser-
vative test conditions be used for the purposes of
the Branch Technical Position testing. This will
necessitate that the tests be conducted for at least
60 days and that a thiobacilli be used. While both
species of thiobacilli would be appropriate,
T. thiooxidans has been selected because it 1s the
microorganism most often cited in the hiterature
associated with MID of cement.
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